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Abstract 

 Mycobacterium avium subsp. paratuberculosis (MAP) is the pathogen 

responsible for Johne’s Disease (JD) in ruminants, a cause of substantial economic loss in 

the global dairy industry. JD is a major problem in dairy animals, and concerns have been 

raised regarding the association of MAP with Crohn’s Disease in humans. Mixed strain 

infections (MSI) refer to the concurrent infection of a susceptible host with multiple 

strains of a single pathogenic species. Microevolution refers to within-host changes in an 

infecting strain which lead to genetically distinguishable progeny. Both processes 

influence host-pathogen dynamics and disease progression, but not much is known about 

their prevalence and impact on JD.  

 In this thesis we first conducted a systematic review on how MSIs are defined in 

the literature, how widespread the phenomenon is among host species and how MSIs are 

detected. Next, we characterized MAP isolates from 67 cows using whole genome 

sequencing (WGS) based methods. SNP-based analysis of WGS data, when combined 

with animal movement data, was able to document disease transmission between herds. 

Finally, up to 10 MAP isolates from 14 high-shedding animals were examined using 

WGS to identify the prevalence of MSIs and microevolution. Two animals showed 

evidence of microevolution, while the remaining twelve showed evidence of both 

microevolution and MSIs. Our results showed a need for further investigation of MSIs 

within animal-based infections, that examination of short sequence repeats allows for 

greater discrimination between strains, and that differences in these repeats significantly 

alter protein structure.  
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General Summary 

 Mycobacterium avium subsp. paratuberculosis (MAP) is the pathogenic bacteria 

which causes Johne’s Disease (JD) in cattle and results in substantial economic loss in the 

global dairy industry. JD is a major problem in dairy animals, with concerns also raised 

regarding the association of MAP with a selection of human diseases. Mixed strain 

infections (MSI) refer to the simultaneous infection of an organism with multiple strains 

of a single pathogenic species. Microevolution refers to the slight changes of a strain that 

occur within an infected host, which results in genetically diverse strains over time. Both 

processes influence interactions between the host and pathogen, but not much is known 

about their prevalence and impact on JD. 

 To determine how MSIs in mycobacteria are defined, along with how common 

they are, what species they are found in, and how they can be detected, a review of the 

literature was conducted. 121 articles reported that mycobacterial MSIs could be found in 

both humans and animals, though most of the work was focused on bacteria more closely 

related to Mycobacterium tuberculosis (78.5%) than more distantly related mycobacteria 

(21.5%).  

 To gain an understanding of the variation present in different herds of MAP, 

whole genome sequencing was performed on MAP isolates grown from a selection of 

cows in 20 herds from Quebec and Ontario. Analysis using two methods, MIRU-VNTR 

and ML-SSR, showed that the latter was able to identify distinct strains much better than 

the former. Further genetic analysis, combined with information describing the movement 
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of animals between herds, has tracked the spread of MAP strains between herds. Select 

variations which may impact the infectious ability of some strains were also identified. 

 Finally, to examine the occurrence of MSIs and microevolution within a 

selection of animals, multiple MAP samples from 14 cattle were examined using genomic 

sequencing. Twelve animals showed signs of both microevolution and MSIs, though the 

remaining two only showed evidence of microevolution. Variations found in repeat 

sequences found at select locations within the MAP genome indicated the potential 

production of altered proteins, which may have implications for the infectivity of this 

pathogen. 
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CHAPTER I 

Introduction 

1.1 Importance of the Dairy Industry 

The Canadian dairy industry, which extends to both dairy farms and dairy 

production plants, is a significant contributor to the economy, with the total net farm cash 

receipts from dairying amounting to $8.23 billion in 2022 1. The close contact of a high 

number of animals within dairy farms makes animals more vulnerable to the spread of 

infectious diseases. Animal diseases caused by pathogens that spread throughout farms 

can be costly due to treatment expenses, a decrease in production or, in some cases, the 

need to cull the animal 2–4. Alongside the immediate costs from either a strictly economic 

or animal health perspective, some diseases are zoonotic, having the potential to spread to 

humans. Such zoonotic pathogens involve additional costs in both the food safety and 

human health fields, requiring further investment into the development and execution of 

biosecurity measures and control programs for at-risk farms. One such potentially 

zoonotic pathogen which deserves special attention is the causative pathogen of Johne’s 

Disease (JD), Mycobacterium avium subsp. paratuberculosis (MAP) 5–8. The annual 

economic impact of MAP has been estimated at $28 million USD in Canadian farms 9, 

due to reduced milk production, increased cattle mortality, and early culling of infected 

animals.  

1.2 The genus Mycobacterium 

The genus Mycobacterium includes 195 different species with diverse growth 

characteristics and host tropism 10–12. Mycobacteria can be categorized into three major 
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groups: those that cause tuberculosis (TB) and are part of the Mycobacterium tuberculosis 

complex (MTBC) 13, those that cause leprosy (including Mycobacterium leprae and 

Mycobacterium lepromatosis) 14, and all remaining members, collectively referred to as 

either atypical mycobacteria 15, non-tuberculous mycobacteria (NTM), or mycobacteria 

other than M. tuberculosis (MOTT) 10. Additionally, members from this genus can be 

further categorized based on their growth rates into rapid and slow growers, with the 

latter having prolonged doubling times that make cultivation difficult 16–18. Recent works 

using genomic analysis methods have noted the division of the larger Mycobacterium 

genus into five smaller clades, and have proposed a taxonomic reclassification which 

denotes each of these clades as separate genera 16,19. In addition to the reclassified 

Mycobacterium genus, which includes many major human pathogens, the other clades 

were renamed as Mycolicibacterium, Mycolicibacter, Mycolicibacillus, and 

Mycobacteroides 16,19,20. 

1.3 Mycobacterium avium subsp. paratuberculosis (MAP) 

1.3.1 The Mycobacterium avium complex 

Several species of non-tuberculous mycobacteria are naturally occurring 

opportunistic pathogens. They may inhabit several environments 21,22, including both 

natural and drinking water 23–25, soil 26–28, and dust or aerosols 29,30. Among non-

tuberculous mycobacteria, members of the slow-growing Mycobacterium avium complex 

(MAC) are the most frequent causative agents of disease in humans, able to cause 

pulmonary disease 26,31,32, lymphadenitis 33–35, and disseminated infections in severely 

immunocompromised hosts, such as those infected with human immunodeficiency virus 



 

3 
 

(HIV) 36,37 or those under treatment with immunosuppressants 38. Initially, only the 

species Mycobacterium avium and Mycobacterium intracellulare were classified within 

the MAC, differentiated based on whether the bacteria were pathogenic to birds (M. 

avium) or humans (M. intracellulare) 39. Through the use of modern molecular 

identification methods, several new species have been added to the MAC over time, 

namely Mycobacterium intracellulare subsp. chimaera, Mycobacterium colombiense, 

Mycobacterium arosiense, Mycobacterium vulneris, Mycobacterium marseillense, 

Mycobacterium timonense, Mycobacterium bouchedurhonse, Mycobacterium mantenii, 

Mycobacterium intracellulare subsp. yongonense, Mycobacterium paraintracellulare, and 

Mycobacterium senriense (Table 1.1) 40–48. Differentiation of MAC species is typically 

done through examination of the high-performance liquid chromatography (HPLC) 

patterns of the mycobacterial cell wall components 39,49 or through multi-locus sequence 

analysis of select portions of MAC genomes: the 16S rRNA gene, hsp65, rpoB, and the 

16S-23S rDNA internal transcribed spacer (ITS) 39–41,43,45–47. 

1.3.2 Mycobacterium avium subspecies 

All subspecies of M. avium are acid-fast, slow-growing bacterial pathogens which 

may cause infections in a variety of host species. M. avium subspecies are all closely 

related, sharing over 96% average nucleotide identity (ANI) and over 70% genome-to-

genome distance (GGD) 50–52. Comparing isolates to determine if they belong to the same 

species or subspecies is possible using select ANI or GGD thresholds. Pairs of taxa found 

to have < 95% ANI similarity (70% GGD) are different species, while those > 95% ANI 

similarity (70% GGD) are considered the same species 52. Similarly, any taxa pairs with > 
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97% ANI similarity (80% GGD) are classified as the same subspecies 52.  In addition to 

ANI or GGD based analysis, a selection of typing and subtyping methods, allowing for 

both the identification of a specific MAC subspecies along with the identification of 

subspecies specific lineages, is possible.  MAC subspecies typing is often performed 

through the analysis of select insertion elements, including IS1245, IS1311, IS900, and 

IS901 53–55, or based on the presence or absence of large sequence polymorphisms (LSPs) 

56. Confirmation of M. avium subsp. lepraemurium is possible through the confirmation 

of select polymorphisms found within the 16S rRNA gene 52,57. 

M. avium subsp. avium, alongside non-MAC species Mycobacterium genavense, 

is the causative element of avian tuberculosis; a disease with a global prevalence that 

results in emaciation, diarrhea and formation of caseous tubercular nodules and 

granulomas in the liver, spleen, intestine and bone marrow of birds 58–60. In addition to 

causing disease within both wild and domestic birds, M. avium subsp. avium can infect 

mammalian species, including humans 58,60–63.  

M. avium subsp. silvaticum, formerly referred to as the “wood pigeon 

mycobacteria”, has been known to infect a variety of species 64–67. Due to the high 

sequence similarity between M. avium subsp. silvaticum and M. avium subsp. avium, and 

the availability of only a single type strain, recent studies have suggested that M. avium 

subsp. silvaticum should not be counted as a separate subspecies 52,57,64. 

M. avium subsp. hominissuis is an opportunistic pathogen which favours infecting 

mammalian species such as humans 68, pigs 61 or dogs 69. This is currently the most 

clinically relevant M. avium subspecies in immunocompromised patients, with patients 
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acquiring disseminated infections, soft tissue infections, pulmonary infections or cervical 

lymphadenitis 32,61,68,70–72. 

M. avium subsp. lepraemurium (formerly M. lepraemurium) is the causative agent 

of both murine and feline leprosy. This subspecies was initially thought to be closely 

related to the human pathogen M. leprae due to both similar disease symptoms and the 

difficulty of growing both species in axenic culture 73–76. However, recent phylogenomic 

work has shown that this species is a member of the MAC, and has been incorporated as a 

subspecies of M. avium 52,57,77. 

Mycobacterium avium subsp. paratuberculosis (MAP) is a pathogenic organism 

which is the causative element of JD, a chronic granulomatous enteritis which primarily 

affects both wild and domestic ruminants 78–80. MAP has also been associated with several 

human diseases, the most notable of which is Crohn’s disease (CD). CD is both clinically 

and histopathologically similar to JD, and while this suggests that mycobacterial infection 

may have an impact on CD, the exact role of MAP in the development of CD remains 

controversial due to the lack of definitive evidence 81–84. MAP has also been associated 

with several other human diseases, including Blau syndrome 85, type I diabetes mellitus 

86–91, Hashimoto’s thyroiditis 92–94 and multiple sclerosis 95–102.  

MAP is closely related to M. avium subsp. avium, with a 16S rRNA sequence 

similarity of 99.9% 103. Like other members of the MAC, MAP is a slow-growing 

mycobacteria, with a doubling time exceeding 22-26 hours 17,104. MAP has some features 

that make it distinct from other members of the MAC and other subspecies of M. avium. 

One difference is that most strains of MAP require the compound mycobactin to be 
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present within media to grow under laboratory conditions, unlike other members of the 

MAC 66,105–107. Mycobactin is a siderophore, an iron-chelating compound that assists in 

the transport of iron across the cell membrane that is typically produced by members of 

the Mycobacterium genus to allow for enhanced survivability within macrophage 

phagosomes 108–110. Due to a truncation within the mtbA gene of the mycobactin cluster, 

MAP is unable to produce mycobactin 111,112, instead potentially using an alternate iron 

uptake pathway to compensate for this loss 113,114.  

Genomic features unique to MAP include the presence of insertion sequences 

IS900, a 1.4 kb multicopy (16-22) insertion sequence (IS) exclusive to the MAP genome 

57,115,116, and ISMap02, a multicopy (6) putative IS element found only within the MAP 

genome 117,118. IS900 has been used for strain typing of MAP strains through restriction 

fragment length polymorphism (RFLP) analysis 119. However, typing by RFLP using 

IS900 is limited, as some studies have indicated that PCR primers traditionally used for 

IS900 region amplification can amplify IS900-like sequences present in other 

mycobacterial species 120,121. Such studies have found that non-MAP isolates had IS900-

like sequences with 71% to 94% homology to IS900. Recent work has shown that primers 

previously used as the standard for IS900 typing have mismatches which cause 

amplification of these IS900-like sites, and recommend the use of updated primer pairs 

that are more specific to IS900 122,123. 

Similarly to IS900, the multicopy and MAP-exclusive nature of ISMap02 made it 

a target for PCR-based MAP-detection assays of fecal samples 124,125. However, like 

IS900, it was found that the PCR showed positive results with non-MAP samples, 
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suggesting a conserved region between ISMap02 and non-MAP IS elements 126. Aside 

from IS900, several single-copy genes unique to MAP have been identified 127 and some 

have been used for detection purposes including hspX 128–130, F57 131–133, and locus 251 

134–136. 

1.4 Johne’s Disease 

JD is a chronic granulomatous enteritis which is commonly found in domesticated 

ruminants such as cattle or sheep 137–145. Detection of MAP has also been recorded in wild 

ruminants 142,146–150 and a variety of non-ruminant species including birds, foxes and non-

human primates 151–155. The development of JD is a complex process, with MAP 

incubating for a period of two to ten years after the initial infection of cattle before the 

development of clinical signs 156–158. Shedding of MAP through feces is unpredictable and 

can occur within weeks of infection, contaminating the environment and spreading MAP 

throughout the herd 137,159,160. Transmission between animals typically occurs through the 

fecal-oral route, with young cattle becoming infected by adult stock 161,162. This is 

especially prevalent in calves younger than six months old, which are more susceptible to 

infection 163. Transmission of MAP from cow to calf has also been recorded through the 

direct ingestion of colostrum or milk 164,165, though in-utero infections 166–169.  Infections 

derived from the environment have also been described 170,171.  

1.4.1 Symptoms of Johne’s Disease 

JD is observed within cattle as part of a four-stage infection process, which is 

categorized based on the fecal shedding of MAP into the environment, the clinical 
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symptoms that are observed, and the ease at which MAP can be detected within infected 

organisms (Figure 1.1) 156,157,172.  

The first stage of infection is referred to as the “silent infection” phase and occurs 

in calves up to two years old 170,172. Contraction of MAP and progression to this phase 

typically occurs through the ingestion of contaminated milk, water or feed 164,165,173, as 

previously described. Cattle in the silent infection phase are asymptomatic, showing 

neither the sub-clinical nor clinical symptoms associated with later stages of JD, with no 

cost-effective manner to detect MAP at this stage 172. Only direct post-mortem tissue 

culturing of MAP, which may take a significant amount of time, or histological detection 

methods can confirm MAP infection during the silent phase 172.  

Animals in the second stage of infection, referred to as “subclinical infection” 172, 

show no clinical symptoms of infection at this phase, though reduced milk production and 

fertility has been reported 174. However, animals at this stage may have developed 

antibodies against MAP, along with altered cellular immune responses typically 

associated with disease 172,175,176. Detection through fecal cultures remains possible at this 

stage but, like fecal PCR, it is not sensitive due to the intermittent excretion of MAP 

159,177,178. Due to this intermittent shedding, MAP-positive cows with negative test results 

may continue to shed MAP into the environment, potentially allowing for the continued 

spread of MAP throughout the herd  157,162. While once considered to be the gold standard 

for MAP confirmation, factors of fecal culturing such as the limited sensitivity, and the 

costly, time consuming, labour intensive nature of culturing MAP limits the efficiency of 

MAP detection 179,180. MAP detection is also possible using fecal qPCR based methods, 
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which vary in efficiency depending on the commercial qPCR and DNA extraction kit 

used 178. Enzyme-linked immunosorbent assay (ELISA) antibody testing (though results 

for the latter are often low at subclinical stages), may also be used to confirm infections 

175,178. 

The third stage of infection, “clinical infection”, occurs when clinical symptoms 

emerge, and cattle health begins to noticeably deteriorate 157,172,181,182. Clinical symptoms 

of JD may not emerge until two to ten years of incubation, with initial symptoms 

including weight loss and a potentially increased appetite. Several weeks after these 

initial symptoms, intermittent periods of diarrhea become visible, with additional 

symptoms such as increased thirst and lowered milk production also becoming prominent. 

At this stage of JD, fecal culture-based tests should reliably test positive, as will 

commercial assays such as ELISA and agar gel immunodiffusion (AGID) tests 172,183. Due 

to the lowered milk production and deteriorating health conditions of the animal, along 

with any potentially positive JD results that are noticed in the regular screening of cow 

herds, infected cattle are often culled from the herd at the clinical stage 184. 

 If the infected animal is not culled at this point, a fourth stage of JD, referred to as 

“advanced clinical infection”, will develop 157,172,185. Animals at this extended stage of 

infection will become weak, lethargic, and emaciated. Diarrhea also changes from an 

intermittent state to a more consistent fluid-like state referred to as “pipe stream” diarrhea 

and additional symptoms, such as the development of intermandibular edema (bottle jaw) 

due to hyperproteinemia, cachexia and anemia. After the development of such symptoms, 

the cow will succumb to its infection. 
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1.4.2 Johne’s Disease Mechanism of Infection 

 Upon ingestion of MAP, primary cell invasion occurs within the small intestine, 

specifically within the jejunal and ileal regions 107,186,187. MAP primarily targets the 

microfold cells (M-cells) found within the Peyer’s patches. These are small regions of 

organized lymphoid tissue that respond to the presence of pathogens within the small 

intestine 188, though uptake through differentiated epithelial cells has also been recorded 

189,190. M-cells act as invasion points for several pathogens aside from MAP, including 

enteropathogenic Escherichia coli, Vibrio cholerae, Shigella flexini and some Salmonella 

and Yersinia species 191,192. Once in the small intestine, MAP expresses a series of 

fibronectin attachment proteins which promote bacterial attachment to fibronectin, and 

the subsequent opsonization of MAP 187,193,194. This fibronectin-dependant uptake of MAP 

may contribute to the favouring of invasion of MAP through M-cells, which are enriched 

with the β1 integrins that act as fibronectin receptors 195. Invasion of the M-cells occurs 

quickly, with cells able to pass through the barrier within 30 minutes 196. 

 Once MAP cells have crossed the epithelial layer of the intestinal mucosa, they 

are translocated into the submucosa, where they encounter dendritic cells 189,197–199 and 

subepithelial macrophages 186,200. Uptake of MAP by macrophages may involve one or 

more families of receptors which are associated with mycobacterial entry, with different 

routes of entry having different impacts on intracellular survival, cytokine secretion and 

immune response 186,201. An essential factor in the survivability of pathogenic 

mycobacterial species within the host is the manipulation of several macrophage 

functions, such as phagolysosome formation, macrophage responsiveness, and apoptosis 
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of the macrophage, to enhance immune evasion and allow for growth 186,187,202–205. Once 

the intracellular environment has been adjusted to allow for MAP growth, it undergoes 

the long asymptomatic period associated with the silent infection stage, with some fecal 

shedding possible 206. Once within the macrophage, granulomas begin to develop and 

grow within the host, progressing into complex, structured lesions as the infection 

continues 207,208. Granulomas begin as focal granulomas, small granulomas relegated to 

intestinal lymphoid tissue or lymph nodes, before progressing as multifocal granulomas, 

where several small granulomas develop beyond the Peyer’s patches, typically in 

lymphoid tissue or the lamina propria 207–209. Cattle showing clinical symptoms of MAP 

typically show diffuse lesions, with widespread granulomatous enteritis and a thickening 

of the cell wall 207–209. Diffuse lesions are described as being either paucibacillary, 

intermediate, or multibacillary, and have been shown in cattle, sheep, goats, and deer 

207,210–212. Lesions may be classified as paucibacillary when the enteric inflammatory 

infiltrate is primarily composed of lymphocytes with few mycobacteria 207–209. 

Intermediate lesions develop when most of the inflammatory cells are giant cells or when 

macrophages contain only a few mycobacteria 207–209. Multibacillary lesions occur when 

most inflammatory cells of the lesion are macrophages filled with numerous 

mycobacteria 207–209.  

1.4.3 Diagnosis of MAP infection 

 Diagnostic testing to confirm that an animal or herd is free from MAP infection 

may be performed to allow for the trade of individual animals, estimate the prevalence of 

infection for use in surveillance or eradication programs, and confirm clinical cases of JD 
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213–215. Test accuracies may vary depending on how valid certain tests are for specific 

purposes, with tests broadly categorized depending on if the test is detecting the agent of 

infection (MAP) or detecting the host immune response 215. 

 Post-mortem necropsy with culture and histopathology on multiple tissues 

throughout the digestive tract allows for definitive confirmation of JD infection 215. 

Histopathological examination (Ziehl-Neelsen staining) of tissue samples, such as the 

mesenteric and ileocecal lymph nodes, ileum, and liver 215,216, or fecal smears 217 allow 

for the detection of acid-fast bacteria within either lesions present throughout the tissue or 

fecal samples from shedding cattle. Confirmation of JD using culture-based methods is 

considered to have 100% specificity 215,218,219, allowing for the direct growth and 

subsequent confirmation of MAP from fecal or tissue samples. However, culturing MAP 

is labour intensive, as the fastidious nature of MAP causes cultures to take a long time to 

grow. In addition to this slow growth, culturing of fecal samples has a low sensitivity, as 

infection in animals with intermediate of low amounts of MAP being shed in the feces are 

not as easily detected using culture based methods 215,218,219. DNA probes targeting MAP 

specific sequences allow for the rapid identification of bacterial isolates from a number of 

different sample types, including blood, milk, feces, tissues or environmental samples 215. 

As previously discussed, analysis methods which rely on targeting MAP specific 

sequences include IS900-RFLP 119, and PCR targeting either hspX 128–130, F57 131–133, or 

locus 251 134–136. Real time qPCR using MAP specific targets also allows for the rapid 

detection of MAP, though the efficacy of the method is dependant on the quality of the 

DNA produced by the DNA extraction method used 178. 
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 As with fecal PCR based detection methods, the sensitivity of immune based 

detection methods is generally low. This is especially the case in earlier stages of MAP 

infection, as in these early stages, the host will show a strong cell-mediated response, 

with the humoral response typically activating as the infection progresses 209,218,220. 

ELISA tests for MAP are the most commonly used of currently available detection 

methods, being widely commercially available, rapid, cheap, and very specific, able to 

detect anti-MAP antibodies in both serum and milk samples 184,221. While both agar gel 

immunodiffusion (AGID) and complement fixation tests (CFT) also act as measures of 

humoral response, they are less commonly used than ELISA test and have lower 

sensitivity 215,222,223. 

1.5 Survival of MAP within the Environment 

 While MAP’s role as an obligate intracellular pathogen limits growth to the 

presence of a host organism, MAP can persist within the environment for an extended 

period of time in both soil and water. Examination of MAP within dam water and 

sediment showed survival of MAP for 48 weeks when under shade and 36 weeks when 

somewhat exposed, with survival in sediment being 12 to 26 weeks longer than survival 

within the water column 224. Similar survival experiments examining the persistence of 

MAP on soil and grass observed survival for up to 55 weeks in a fully shaded 

environment and only two weeks in environments without shade or covering vegetation 

225. MAP moves slowly through soils and tends to remain on the grass and upper layers of 

pasture soil, posing a risk of infection to grazing animals if a pasture is contaminated 

directly by an infected animal or indirectly through rainfall or irrigation 226,227.  
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While the exact mechanisms that allow for persistence outside of the host are not 

certain, one hypothesis suggests that the ability of MAP to survive ingestion by 

environmental protozoa may contribute to bacterial longevity 228,229. Prior work 

examining the interactions of M. avium with the water-borne free-living amoebae 

Acanthamoeba castellanii has shown that M. avium was able to survive within the 

protozoan, able to inhibit lysosomal fusion and replicate similarly to growth observed 

within macrophages 230, while also being protected from the effects of select 

antimicrobials 231. Additionally, the growth of M. avium within the amoeba was shown to 

be more virulent within mouse models than broth-grown bacteria 230. Similar experiments 

repeated with MAP showed that ingestion and growth within A. castellanii 229,232 or 

Acanthamoeba polyphaga 233, a protozoa species commonly found in the same soil 

environment as MAP 234, was also possible. It was also found that MAP ingested by 

amoebae were more resistant to inactivation by chlorine than free MAP cells, suggesting 

that ingestion by amoebae may enhance MAP survivability in chlorinated surface water 

229. Other work confirmed that both Cattle-type (C-type) and Sheep-type (S-type) MAP 

strains were able to be ingested by A. castellanii, 228.    

Additional hypotheses which may allow for the environmental persistence of 

MAP include the use of biofilms or the development of a spore-like morphotype. In 

certain circumstances, bacteria may form aggregates where cells are embedded within a 

matrix of extracellular polymeric substances, referred to as a biofilm 235. Biofilm 

formation has been described in Mycobacterium smegmatis, M. tuberculosis, and M. 

avium subsp. avium 236–239. The formation of glycopeptidolipids, species-specific 
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mycobacterial lipids found within the cell envelope 240,241, is an important factor in 

biofilm formation within both MAP and M. avium subsp. avium 242,243. While the exact 

mechanism for biofilm formation in MAP is uncertain, transposon insertions within the 

non-ribosomal peptide synthase gene pstA resulted in reduced biofilm formation with loss 

of a specific lipotripeptide, suggesting the involvement of this gene in biofilm formation 

243. In the environment, MAP is commonly found within mixed-species biofilms within 

pipes, faucets and water troughs, allowing for spread to both humans and animals alike 

244–246. In addition to biofilm formation, MAP has also been reported to develop a spore-

like form when placed under nutrient-starving conditions 247. While entry into such a state 

would allow for MAP to persist under harsh conditions within both aquatic and soil 

environments, the ability of mycobacteria to sporulate is a controversial topic 247,248 and 

no further work has been performed to examine the impact of these spore-like 

morphologies on MAP infections.  

1.6 Control of Johne’s Disease 

Protection of a herd against JD is a unique challenge. The combination of limited 

methods of early detection, the ability of MAP to spread throughout the herd through 

fecal shedding, and the observation of disease symptoms at a much later time than when 

the initial infection occurs or the infectious phase begins make any treatment ability a 

complicated matter. Initial vaccines for MAP were ineffective, with whole-cell-based 

vaccines that were either live attenuated or inactivated showing that while clinical 

symptoms and colonization of MAP can be limited, the actual infection is not prevented 

249. Additionally, whole-cell MAP vaccines are also not favoured, as their use for 
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preventing MAP infection causes interference with the diagnosis of both bovine 

tuberculosis and legitimate paratuberculosis infections, making already difficult detection 

even more ambiguous 250–252. Current vaccine developments for JD focus on the use of 

live attenuated vaccines 253–255 or subunits, such as recombinant MAP proteins with 

adjuvants 249,256–258. An ideal vaccine for MAP should be able to limit interference with 

the testing of bovine tuberculosis and paratuberculosis, prevent the organism from 

reaching the clinical stage of infection, limit premature culling, and be able to produce 

anti-MAP antibodies 249. 

Due to the limited options available for vaccines, a number of control programs 

have been developed in several countries to try and minimize the spread of MAP 

throughout herd populations 184,259. The goal and strategies applied through control 

methods may change depending on factors such as the size of the herd, whether complete 

eradication is possible, and how new cattle are introduced to the herd 184. Several control 

strategies use a combination of best management practices to limit the risk of cattle 

contracting MAP, in addition to a “test-and-cull” method that allows for the frequent 

examination of herds, the rapid removal of infected cattle, and the allowance of farmers to 

adjust to the loss 260,261.  

Due to its nature as an obligate intracellular pathogen, MAP requires host cells to 

survive and multiply, and the elimination of MAP-infected animals from the herd should 

theoretically lead to the eradication of disease within the herd 262. This idea is the 

foundation on which many JD control programs are based, and while some cases have 

shown a significant reduction in the prevalence of JD 263–265, complete eradication is only 



 

17 
 

achievable in some herds 266,267. The ability for MAP infections to exist within a host 

during the silent and sub-clinical stages before symptoms appear, the shedding of MAP 

into the environment, and the low sensitivity of available tests are all factors that lead to 

the enhanced spread of undetected MAP throughout the environment 157,162. While 

animals showing obvious signs of infection can be removed and culled, there may still be 

several animals with MAP that remain undetected by conventional testing and continue to 

spread it into the environment, referred to as the “iceberg effect” 156,172. Initial estimates 

proposed that for every cattle showing advanced clinical symptoms, up to 14 cattle were 

within the silent stage of disease and that more cattle were in the silent infection stage 

compared to the subclinical and clinical stages 172. However, more recent models suggest 

that there are fewer silent infections than previously suggested and that the majority of 

difficult-to-detect cattle are instead in the subclinical stage of infection (Figure 1.1) 156.  

1.7 Sub-typing and Strain Typing of MAP 

While on-farm biosecurity measures aim to limit the spread of infection 268, the 

introduction of novel cattle into a herd presents a risk of transmission. Due to the slow-

growing, persisting nature of JD, it is important to establish the source of infection as 

quickly as possible. Molecular characterization methods are proving to be powerful tools, 

able to track infections, and aid in forming legislation to enhance control methods, and 

limit the spread of JD 269–271. MAP strains can be broadly characterized into sheep-type 

(S-type/Type I and III) and cattle-type (C-type/Type II) sub-types, with the latter also 

comprising of the bison-type (B-type) sub-type. Differentiation between these subtypes 

can be determined based on the presence or absence of select large sequence 
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polymorphisms (LSP) 272,273 and differences within the IS1311 insertion sequence 274–276. 

The large sequence polymorphism LSPA20 is absent in S-type strains, while LSPA4 is 

absent in C-type strains 272,273. The confirmation of these LSP sequences through PCR 

allows for accurate sub-typing. Restriction enzyme assays targeting the IS1311 insertion 

sequence allow for the differentiation between S-Type and C-Type sub-types based on the 

presence of a HinfI cleavage site caused by a C/T SNP within select copies of the 

insertion sequence 277. The presence of this SNP within a C-type IS1311 PCR product 

allows for the visualization of a distinct HinfI restriction enzyme digestion profile after 

size separation by agarose gel electrophoresis 277. Additional works show that the division 

into two major sub-types can also be determined using IS900-RFLP or Pulse Field Gel 

Electrophoresis (PFGE) based methods, which are now referred to as Type I and Type II 

278,279.  

MAP isolates which would later be classified as part of the Type III sub-type were 

initially classified as an intermediate strain between Type I and II, based on hybridization 

patterns observed in restriction enzyme analysis with DNA probes, IS900-RFLP, and 

PFGE methods 274,275. Whole genome sequencing (WGS) results later confirmed that 

Type III isolates were a sub-type of Type I 53. Distinction of B-type isolates from Type II 

isolates was initially performed using IS1311 PCR restriction endonuclease assays 276,280, 

with both IS1311 PCR restriction endonuclease assays and WGS later confirming the 

presence of “American Bison” and “Indian Bison” lineages 281,282.  

It has been noted that MAP isolates from different lineages are not specific to a 

particular host; therefore, the Type I, II and III classification system is preferred 53,271,283–
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285. Over time, the examination of the MAP genome has also allowed for the development 

of strain typing methods based on analyzing the differences in the copy numbers or 

sequences of variable DNA repeats. These include the eight locus Mycobacterial 

Interspersed Repetitive Unit-Variable Number Tandem Repeat (MIRU-VNTR), and the 

eleven locus Short Sequence Repeat (SSR) typing methods, both of which are commonly 

used in epidemiology and source tracking studies 286,287. More recently, whole genome 

sequencing (WGS) followed by analysis of single nucleotide polymorphisms (SNPs) has  

enabled strain typing at a much higher resolution than previously possible, leading to a 

greater understanding of the MAP genome53,288–290. 

1.8 Mixed Strain Infection (MSI) 

 The progression and outcome of an infection is dependent on many factors, which 

include the resident-host microbiome and the presence of other pathogens, sometimes 

from the same genus (Figure 1.2) 291–293. Mixed-species infections refer to the 

phenomenon where different species belonging to the same genus concurrently infect a 

single host. Another important factor to consider is the potential for genetically distinct 

strains (or isolates) of the same pathogenic species to infect a single host at any given 

time, referred to as a polyclonal infection 294–296. Polyclonal infections can potentially 

arise if an isolate undergoes intra-host evolution (referred to as microevolution) following 

infection, leading to minor genetic differences in the resulting progeny 297–299. Another 

mechanism leading to polyclonal infections involves concomitant or sequential infection 

by genetically distinct strains, a process referred to as mixed strain infection (MSI). The 

presence of genetically distinct variants of a single pathogen species in an infected host, 
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whether it be due to MSI or microevolution, is collectively referred to as a mixed 

genotype infection (MGI).  

The presence of multiple strains with varying genotypes can result in altered 

physiological characteristics or pathogenicity, which in turn can affect transmission 

dynamics 296, or lead to treatment complications due to varying antibiotic resistance 

profiles (also known as heteroresistance) 300,301. In these cases, a single treatment regimen 

may not be optimal against all strains in an individual, causing the infection to persist or 

return after briefly subsiding. MSIs are particularly relevant in slow-growing pathogens 

such as M. tuberculosis, MAC members and other related mycobacteria, as these 

organisms can remain undetectable for long periods of time 172,302. If an MSI exists and 

the initial treatment is unsuccessful, the persistence of these infections may result in the 

development of more severe disease over time 303. Additionally, MSIs have the potential 

to interfere with host immune responses due to antigenic variations that might exist 

between different strains 294,304,305. 

1.9 Objectives of Thesis Research 

 The presence of MSIs influences both the progression, outcome, and transmission 

dynamics of tuberculosis infection in humans due to differences within the physiological 

characteristics of individual isolates 306–310. In tuberculosis, treatment complications may 

be caused by heteroresistance in MGIs 300,301 . While antibiotic resistance in MAP has 

been identified in certain studies 311, antibiotics have not typically performed to clear 

MAP infections of JD, though some treatments for Crohn’s Disease have been attempted 

81,312. This lack of approved antibiotic treatments against JD suggests that the 
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evolutionary pressure on MAP is not associated with antibiotic exposure, instead arising 

from prolonged infection of the host. The genome evolution rate of MAP is low, with 

estimates ranging from 0.1 to 0.5 SNPs/genome/year 53,290,313.  Due to the fact that cattle 

become infected with MAP  at ages younger than six months 163 with very long periods of 

incubation (5-7 years) caused by this slow-growing pathogen we hypothesize that MGIs, 

and especially MSIs, could have implications during infections caused by slow-growing 

pathogens like MAP. Detection of blood immune markers or other biomarkers such as 

MAP excretion in stools used to screen for JD is unpredictable in subclinical animals, a 

long period of 5 to 7 years during which the animal spends most of its life.  In other 

diseases, MGIs are known to interfere with the host immune response, possibly due to the 

different antigenic responses induced by the infecting strains 294,304,305. Since mixed-strain 

tuberculosis infections impact the treatment and control of tuberculosis 294,314, it is 

hypothesized that MGI may also influence the manifestation of biomarkers in cows with 

JD. The presence of MSIs was previously confirmed for  MAP within a single animal 

when combined with fragment analysis technology 315, which was later validated through 

WGS and SNP-based analysis 289. Despite this, there is still ambiguity as to the nature of 

MSIs in MAP, especially in their identification, prevalence, and dissemination potential 

which this thesis will seek to address. 

 In Chapter III of this thesis, a systematic review was conducted to gain a better 

understanding of the prevalence, species, and location of MSIs within the genus 

Mycobacterium found within the available literature and the methods used to detect them. 

Additionally, this Chapter intended to clarify the difference between true MSIs as 
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compared to similar events such as re-infection, relapses, polyclonal evolution, and 

microevolution, as the exact definitions vary between studies 316–320. 

 Chapter IV of this thesis examines genetic variations between 67 MAP isolates 

grown from subclinical cows shedding the bacterium in their feces. These animals were 

from dairy herds located in Quebec (QC) and Ontario (ON), two major dairy-producing 

provinces in Canada. The use of WGS-based methods allowed for the examination of 

these strains through ML-SSR, MIRU-VNTR and SNP-based comparative methods, and 

allowed for comparison of their discriminatory capabilities and identification of multiple 

unrelated strains infecting cattle at the herd level. This WGS data, combined with animal 

health and movement data, also allowed for the tracing of infections within individual 

herds. 

 Chapter V of this thesis used in-depth investigative methods to examine the 

presence of MAP MGIs within fourteen individuals from three dairy cattle herds. WGS 

analysis was used to examine genetic differences in multiple MAP isolates derived from 

individual animals shedding high levels of the bacterium. Examination of ML-SSR, 

MIRU-VNTR and SNP patterns within isolates both within the same animal and between 

different animals allowed for the identification of MGIs, and in some cases, provided 

evidence for either microevolution or MSI events. 

 Additional unpublished work is also described within Appendix III, which details 

the attempted development of PCR-based assays intended for cheap, reliable, and 

reproducible sequencing of SSR homopolymer repeats beyond 15-nucleotides in length. 
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Both a fragment analysis-based approach using four SSR loci (1, 2, 8 and 9), alongside an 

amplicon sequencing-based method targeting SSR1 were attempted.  

 

 

 

1.6 Figures and Tables 

1.6.1 Figures 

 

Figure 1.1: Stages of Johne’s Disease. Stages are coloured based on whether symptoms 

of each stage are observable (red) or not observable (blue). The number of cattle at each 

stage represents the “iceberg effect” model described by Magombedze et al.156, where for 

each cow within the advanced clinical stage, it is predicted that a select number of cattle 

are within earlier stages of Johne’s Disease, even if no symptoms can be observed.
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Figure 1.2: Schematic distinguishing between mixed species infections, mixed strain infections (MSI), and microevolution. 

Mixed species infections (left) describe instances where multiple species of pathogens infect a host (white rectangle) at the same 

time. During MSI, different strains of the same species infect a single host at the same time (middle). In microevolution, a single 

strain infects a host and undergoes within-host evolution, resulting in genetically related lineages (right). Both MSI and 

microevolution, but not mixed species infections, can be categorized under the umbrella term of mixed genotype infection 

(MGI). 
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1.6.2 Tables 

Table 1.1: Species contained within the Mycobacterium avium complex (MAC) and their associated diseases 

Species Initial species description Observed Infections 

Mycobacterium aroseiense 41 
Osteomyelitis and pulmonary infections in humans 

321,322. 

Mycobacterium avium 

subsp. avium 
Establishment of subspecies by 66. 

Primarily avian tuberculosis, some mammalian 

and human infections were noted 58,60–63. 

Mycobacterium avium 

subsp. hominissuis 
Establishment of subspecies by 323. 

Soft tissue infections, pulmonary infections and 

cervical lymphadenitis in humans and pigs 
32,61,68,70–72. 

Mycobacterium avium 

subsp. lepraemurium 

Initially described by 76, added to MAC by 
77, declared Mycobacterium avium 

subspecies by 52. 

Murine and feline leprosy 73–75. 

Mycobacterium avium 

subsp. paratuberculosis 
Establishment of subspecies by 66. 

Johne's Disease in ruminant organisms 157, 

potentially Crohn's Disease in humans 82,83. 

Mycobacterium avium 

subsp. silvaticum 
Establishment of subspecies by 66. 

Opportunistic infections in a variety of bird and 

mammal species 64,65,67. 

Mycobacterium 

bouchedurhonense 
42 Pulmonary Infections 42 
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Mycobacterium 

colombiense 

 
324 as MAC-X, 45 as Mycobacterium 

colombiense. 

 

Lymphadenopathy and pulmonary infections 

within humans with weakened immune systems, 

with fatal cases previously recorded 325–327. 

Mycobacterium 

intracellulare subsp. 

chimaera 

324 as MAC-A, 46 as Mycobacterium 

chimaera, later amended to be a subspecies 

of Mycobacterium intracellulare by 20. 

Pneumonia, opportunistic endocarditis after open 

heart surgeries 328–332. 

Mycobacterium 

intracellulare subsp. 

intracellulare 

Establishment of subspecies by 333. Pulmonary infections 334,335. 

Mycobacterium 

intracellulare subsp. 

yongonense 

Misidentified as a species by 43, later 

amended to be a subspecies of 

Mycobacterium intracellulare by 333. 

Pulmonary infections 336,337. 

Mycobacterium mantenii 48 Skin and soft tissue infections 48,338–340. 

Mycobacterium 

marseillense 
42 

Pulmonary infections, skin infections and 

lymphadenitis 341–345. 

Mycobacterium 

paraintracellulare 
44 Pulmonary infections 44. 
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Mycobacterium senriense 40 Pulmonary infections 40. 

Mycobacterium timonense 42 
Pulmonary infections, opportunistic infections 

346,347. 

Mycobacterium vulneris 
324 as MAC-Q, 47 as Mycobacterium 

vulneris. 
Suppurative wounds, cervical lymphadenitis 47. 
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CHAPTER II 

Materials and Methods 

2.1 Systematic Review Procedure 

A systematic review of the literature was performed to identify methods used for 

detecting MSIs caused by a single species of mycobacteria. This process was comprised 

of four stages, with the first stage entailing the use of a comprehensive search strategy to 

locate published studies. An initial limited search was conducted in Ovid MEDLINE to 

compile a list of keywords and index terms from relevant articles. A full search strategy 

was then developed by a librarian who tested search terms in MEDLINE and only those 

terms yielding unique results were retained for further use. The full search strategy was 

externally peer-reviewed by a second librarian using the Peer Review of Electronic 

Search Strategies (PRESS) guidelines 348. The search strategy was then adapted for 

EMBASE (Elsevier) following which both the MEDLINE and EMBASE were initially 

searched on June 11, 2020, with no prerequisite limits (Table 2.1 A and C). An updated 

search was performed on August 25th, 2020, to include the term “polyclonal” (Table 2.1 

B and D) Search results were collated and uploaded into Endnote version X8.2 (Clarivate 

Analytics, PA, USA) for organization followed by Covidence™ (Veritas Health 

Innovation Ltd., Melbourne, Australia), a screening and extraction tool for systematic 

reviews. After the removal of duplicates, reference lists of all selected studies were 

screened for additional articles of interest using Google Scholar (Figure 2.1). The second 

stage involved the screening of article titles and abstracts by two reviewers. The inclusion 

criteria for articles at this stage were as follows: (i) presence of both a title and abstract; 
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(ii) abstracts in English or French; (iii) primary article or review; (iv) explicit mention of 

mixed infection or other synonymous terms like double infection, multiple infection, 

simultaneous infection or polyclonal infection; (v) described molecular or phenotypic 

methods; and (vi) mention of M. tuberculosis (MTBC), non-tuberculous mycobacteria 

(NTM), mycobacteria other than tuberculosis (MOTT), atypical mycobacteria, 

environmental mycobacteria, or M. leprae. The presence of additional terms including 

“mixed, simultaneous, multiple, mycobacteria, concomitant, concurrent, co-infection, 

polyclonal, Mycobacterium, heterogeneity, subtype, sub-type, double, more than one, 

dual, and superinfection” were searched for within abstracts to assist in study 

identification. Articles were excluded if they were: (i) opinion pieces; (ii) commentaries; 

or (iii) not written in English or French. Conflicts on the inclusion/exclusion of specific 

articles were resolved after analysis by a third reviewer or by mutual agreement by the 

team.  

Full texts of articles were uploaded to Covidence™ and subsequently assessed for 

eligibility at the third screening stage using the following inclusion criteria: (i) full-text 

availability; (ii) article in English or French; and (iii) reported mixed infection, double 

infection, multiple infection, simultaneous infection or polyclonal infections involving 

one Mycobacterium species using molecular or phenotypic methods. Articles were 

excluded from the main list if: (i) they reported clonal variants suggestive of 

microevolution of a single strain; (ii) reported detected mixed-species infections, e.g., M. 

tuberculosis and M. bovis together; (iii) the full text of the article was unavailable; (iv) 

they were dissertations, conference, or poster presentation abstracts; (v) did not contain 
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sufficient information; or (vi) were not in English or French. In the last stage of the 

analysis, initial findings from the full-text screening were analyzed to identify data for 

extraction and use in the review. All articles citing the identified reports for use in the 

review were also examined for relevant information, which was included in the final 

results.  

2.2 Sample Selection, Growth of MAP, and Sequencing of Isolates 

 All reagents described in the following sections were purchased from Thermo-

Fisher Scientific or MilliporeSigma, unless otherwise stated. 

2.2.1 Animal Selection and Sample Isolation 

The source population of cattle for work described in Chapters IV and V was 

selected from 22 Canadian herds based on the reported incidence of JD in cows during 

the years 2013-2017. All animal procedures described in Chapters IV and V obtained 

ethical approval from the Agriculture and Agri-Food Canada Animal Ethics Committee 

(AAFC-545). 

Fecal samples were collected using a single-use veterinary glove. A blood sample 

was drawn from each JD-positive cow using an 8.5 mL Serum Separation Tube (Becton, 

Dickinson and Company, Franklin Lakes, NJ, SKU:367988). Blood tubes were 

centrifuged at 1,200 x g at 4°C for 10 minutes. Both fecal and blood samples were kept at 

4°C during transport to the laboratory and then aliquoted and stored at -80°C until further 

analysis, as described previously 178. Blood was tested using the IDEXX MAP Antibody 

test kit (IDEXX Laboratories, Inc., Westbrook, ME, Product No. 99-14444). The presence 

of MAP in feces was confirmed through qPCR using the VetMAX™-Gold MAP 
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Detection Kit (Life Technologies, Corp., Austin, TX, Thermo-Fisher Catalogue No. 

A29809) following DNA extraction using the ZR-96 Fecal DNA Kit (Zymo Research 

Corp., Irvine, CA, Zymo Research Catalogue No. D6011).  

555 cows from the 3,452 tested in triplicate displayed positive results for MAP 

infection using both the qPCR and ELISA assays (data not shown). Cows from each herd 

were selected based on the highest levels, i.e., those samples which had the lowest cycle 

threshold (Ct) value during qPCR. The mean age of the 67 cows for work described in 

Chapter IV, at the time of selection for MAP culture was, 5.26 ± 1.60 years. The mean age 

of the 14 high-shedding cows for work described in Chapter V, at the time of selection for 

MAP culture, was 5.94 years. The number of MAP bacteria excreted in feces was 

evaluated by qPCR using standard curves of the MAP K-10 strain (ATCC BAA-968D-5) 

made with nine serial dilutions (five and two-fold, alternatively) from 10 pg to 0.001 pg 

(2,000-0.2 genomic copies, respectively), based on a genome size of 4.83 Mb. Standard 

curves were used to extrapolate the genome copy number in one gram of feces 

(Appendix Figure A1.1). 

2.2.2 Fecal Decontamination Procedure 

The double incubation method, using hexadecylpyridinium chloride (HPC) and a 

mixture of antibiotics, was employed to decontaminate fecal samples as described 

previously (Figure 2.2) 349,350. Briefly, 2.0 g of feces was added to 35 mL (for high 

shedders) or 15 mL (for moderate and low shedders) of sterile water. Samples were 

vortexed and were left to sit at room temperature for 30 minutes to allow particles to 

settle. The supernatant (5 mL) was transferred to 25 mL of 1/2X Brain Heart Infusion 
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(BHI) broth (Hardy Diagnostics, Santa Maria, CA) containing 0.9% HPC (Sigma-

Aldrich, Saint-Louis, MO) and incubated at 37°C for 18-24 hours. After incubation, the 

sample tubes were centrifuged at 900 x g at room temperature for 30 minutes and, 

immediately after centrifugation, the supernatant was decanted and the pellet was 

resuspended in1 mL of 1/2X BHI broth containing 100 µg/mL of vancomycin (US 

Pharmacopeia, Rockville, MD), 100 µg/mL of nalidixic acid and 50 µg/mL of 

amphotericin B (Sigma-Aldrich). The sample was incubated at 37°C for 48 hours after 

which it was transferred to a cryogenic holding tube. The sample was then used to 

inoculate solid and liquid cultures, with an aliquot stored at -80°C. 

2.2.3 Growth of MAP Cultures 

 To obtain single colonies, slants of Herrold’s egg yolk agar with amphotericin, 

nalidixic acid, vancomycin and mycobactin J (Becton, Dickinson and Company, Franklin 

Lakes, NJ) were inoculated with up to 100 µL of a decontaminated MAP suspension. 

Slants were incubated at 37°C and observed every 2-4 weeks up to 25 weeks. Small white 

colonies usually appeared after 4-6 weeks of incubation, though incubation was continued 

beyond this point to ensure that single colonies would be collected, which are more 

visible when they reach > 0.5 mm in diameter. For cattle with high loads of MAP, a 1:10 

dilution of the decontamination product was performed to ensure collection of the isolated 

strain of MAP, as the high-density undiluted product would result in too high of a density 

to allow for the collection of individual colonies (Figure 2.3). 

 For low MAP-load samples which failed to grow sufficient colonies on solid 

media, some of which were analyzed in Chapter IV, an intermediate step in liquid media 
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between decontamination and growth on an agar slant was required (Figure 2.3). As 

previously described 351, two 50 mL tubes containing 6 mL of the M7H9C medium were 

inoculated with 100 and 400 µL of the decontaminated fecal suspension and were 

incubated at 37°C for up to 25 weeks. As a pellet of egg yolk, which contains MAP, had 

formed at the bottom of the tube as growth continued, the culture was lightly vortexed 

weekly. From the 9th week of incubation, then every 4-6 weeks after this point, the growth 

of MAP was monitored by the Morse staining method. Briefly, 2 µL of the pellet of egg 

yolk was spread on a microscope slide and was stained using the TB Fluorescent Stain 

Kit M (Becton, Dickinson, and Company, Franklin Lakes, NJ, SKU: 212519) according 

to the manufacturer’s protocol. Fluorescence of acid-fast bacilli was observed using the 

Evos FL Auto Microscope (Thermo Fisher Scientific, Waltham, MA) with the GFP 

fluorescence filter. When the density of MAP (assessed visually) was sufficient, solid 

cultures were processed as described above. The egg yolk pellet from the M7H9C culture 

was passed 4-5 times through a 26-gauge needle to dissociate as many MAP clumps as 

possible. Serial dilutions (1:10, 1:100. 1:1,000, 1:10,000 depending on the observed MAP 

density) were inoculated into Middlebrook 7H9 medium (Becton, Dickinson, and 

Company, Franklin Lakes, NJ,) supplemented with 10% Oleic-Albumin-Dextrose-

Catalase enrichment (OADC, Becton, Dickinson and Company, Franklin Lakes, NJ,) and 

0.05% Tween 80 (Sigma-Aldrich). 10 µL were used to inoculate Herrold’s egg yolk agar 

with amphotericin, nalidixic acid, vancomycin and mycobactin J.  

 After 9-15 weeks of incubation, selected colonies from each cow were cultured in 

1.5 mL of Middlebrook 7H9 broth supplemented with 10% OADC enrichment, 2% 
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glycerol (Wisent Inc., Saint-Jean-Baptiste, QC, Canada) and 2 mg/L of mycobactin J 

(Allied Monitor Inc., Fayette, MO) at 37°C with agitation (Figure 2.3). For Chapter IV, a 

single colony from each of the 67 cattle was selected for this portion of the study, and an 

axenic culture was made from this single colony to obtain a sufficient amount of MAP 

(~109) for DNA extraction. For Chapter V, instead of selecting a single colony from the 

14 animals examined, up to ten colonies were selected, each grown within their own 

axenic culture to the required concentration. From the 7th week, then every 2-4 weeks, 

absorbance at 600 nm was measured until it reached 0.7 (corresponding with the mid-log 

phase of bacterial growth). A portion of the culture was stored at -80°C in a preserving 

medium containing 5% Tryptic Soy Broth (Sigma-Aldrich) and 30% glycerol, after 15-

minute centrifugation at 4,000 x g. The remaining portion was centrifuged for 15 minutes 

at 14,000 x g and the pellet was stored at -80°C until DNA extraction could be carried 

out.  

2.2.4 DNA Extraction and Sequencing Preparation 

Genomic DNA was extracted using the Quick-DNA Fecal/Soil Microbe Miniprep 

Kit (Zymo Research Corp., Irvine, CA, Zymo Research Catalogue No. D6010) according 

to the manufacturer’s instructions. Homogenization of the MAP pellet was performed 

using an Omni Bead Ruptor 24 (Omni International Inc., Kennesaw, GA), twice for 1 

minute at 6 m/s. DNA concentration was quantified using a NanoDrop One and Qubit 4 

Fluorometer (Thermo Fisher Scientific). For the data shown in both Chapters IV and V of 

this thesis, shotgun libraries from a total of 67 and 139 DNA isolates, respectively, were 

prepared by the Centre d’expertise et de services Génome Québec (Montreal, QC, 
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Canada) and sequenced using 150-base pair (bp) paired-end reads with Illumina NovaSeq 

6,000 technology (SP flowcell).  

2.3 Processing of Sequencing Data for Chapter IV 

2.3.1 Initial Read Processing 

 Several bioinformatic tools were used to process the raw sequencing reads for 

each of the 67 isolates examined in Chapter IV (Figure 2.4). Fastp v. 0.23.2 was used to 

trim adapter sequences from the raw FASTQ files and to exclude any unpaired sequence 

reads that may be present 352. The trimmed FASTQ files were checked with FastQC to 

validate read quality 353. Except for three isolates with suspected contaminants, all results 

were considered acceptable. Kraken2 v. 2.1.2 was then used to perform taxonomic 

identification of the reads using a custom-built database 354 using the National Center for 

Biotechnology Information (NCBI) RefSeq database and 138 MAP sequences from the 

European Nucleotide Archive (ENA) 355. KrakenTools v. 1.2 was used to extract reads 

corresponding to the family Mycobacteriaceae (NCBI TXID 1762) 356, removing any 

suspected contaminant reads from all samples. The genome assembler SPAdes v. 3.15.4 

was run using six kmer sets (21, 33, 55, 77, 99, and 127) with the “isolate” setting to 

assemble the reads from each isolate into contigs 357,358. RagTag v. 2.1.0 was used to 

improve the contig assemblies produced by SPAdes 359. QUAST v. 5.0.2 was used on both 

SPAdes contig/scaffold and RagTag scaffold results to identify any outstanding quality 

control issues 360. The CheckM v. 1.2.0 lineage-based workflow was used on RagTag 

scaffold results to examine the completeness and level of contamination present within 

each of the assemblies 361.  
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2.3.2 Annotation of MAP genomes 

In addition to the 67 field isolates gathered from farms, 10 NCBI reference 

sequences were also downloaded for comparison. These publicly available genome 

sequences included that of MAP K-10 (GenBank accession No. NC_002944.2), Telford 

(No. NZ_CP033688.1), S397 (No. NZ_CP053749.1), MAPK_JB16/15 (No. 

NZ_CP033911.1), NL 89C (No. NZ_LGRY01000001-NZ_LGRY01000098), NL 93B 

(No. NZ_LGRZ 01000001-NZ_LGRZ01000090), NL 95A (No. NZ_LGSA01000001-

NZ_LGSA01000094), NL 95B (No. NZ_LGSB01000001-NZ_LGSB01 000090), NL 

95E (No. NZ_LGSC01000001-NZ_LGSC01000097), and NL 96E (No. 

NZ_LGSD01000001-NZ_LGSD01000090).  

 To annotate the assemblies (Figure 2.4), Prokka v. 1.14.5 was run using four of 

the NCBI sequences to act as trusted annotation files for each of the four different MAP 

types (representing type I, type II, type III, and type B MAP strains) 362. Prokka HMM 

databases were enhanced with Pfam and TIGRFam databases 363,364 to allow additional 

accurate protein annotations to be added. Prokka was also run for each of the downloaded 

RefSeq strains using their respective .gff files as a reference.  

2.3.3 Variant Analysis 

 Snippy v. 4.6.0 was used to call variants (including SNPs, insertions, deletions, 

multi-nucleotide polymorphisms, and complex variations) within both the reference 

genomes and the FASTQ files processed by trimming and quality assessment for each 

isolate (Figure 2.4) 365. Snippy was used four times, with each run using a different 

reference genome corresponding to type I, II, III, and B MAP strain types. The files 
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produced by the initial Snippy analysis were examined to determine the number, type, and 

location of variants with respect to each reference strain. For the construction of core SNP 

phylogenies based on each type of strain, further processing using snippy_core (for 

identifying and collecting core SNPs), snippy_clean (to remove SNPs of poor quality and 

any remaining gaps), gubbins v. 3.2.1 (to find and remove any regions which may be 

indicative of recombination) and SNP-sites v. 2.5.1 (to create the final multiple sequence 

alignment) was performed 366,367. Variant patterns and identification of unique SNPs were 

compared using Geneious Prime v. 2022.1.1 (Biomatters, Inc., USA). Statistical analysis 

was performed by analysis of variance (ANOVA) with unequal variances. A comparison 

of the herds was done with a Tukey correction. For the association with herd prevalence, 

Spearman Correlation analysis was performed in Statistical Analysis System (SAS, 

Release 9.4, 2002-2012. SAS Institute Inc., Cary, NC). 

2.3.4 Phylogeny Construction 

 Data on the variant analysis allowed for the construction of four core SNP 

phylogenies. Each core SNP tree was created with IQ-TREE v. 1.6.12 which selected the 

optimal model for tree building (GTR+ASC) and built each tree with 1,000 bootstraps 

368,369. Tree visualization was performed using ITOL v. 6.0 370. 

2.3.5 MIRU-VNTR and ML-SSR Typing 

 Geneious Prime v. 2022.1.1 (Biomatters, Inc., USA) was used to extract in-silico 

ML-SSR results from the assemblies 286. If the repeat number at an SSR locus was 

unclear, the individual reads were examined to validate the number of repeats. MIRU-

VNTR repeats were counted using the Tandem Repeats Finder 287,371. MIRU-VNTR and 
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ML-SSR data were reported in a datasheet file alongside the isolate number and herd ID 

(Table 2.2). Importing the data files into the Phandango visualization software, alongside 

the type II phylogeny and shedding data, allowed for a visual representation of the in-

silico analysis 372. ML-SSR and MIRU-VNTR patterns were compared with those found 

in the MAC-INMV database to compare analyzed strains with previously characterized 

isolates 373. The Hunter-Gaston discriminatory index (DI) 374, was used to calculate the 

discriminatory power of both the ML-SSR and MIRU-VNTR loci. The DI was calculated 

using the following equation: 

𝐷𝐼 = 1 − [
1

𝑁(𝑁 − 1)
∑ 𝑛𝑗(𝑛𝑗 − 1)

𝑠

𝑗=1
] 

where N is the total number of isolates being typed, s is the total number of distinct types 

being discriminated by the respective typing method, and nj is the number of isolates 

belonging to the jth type.  

 The MIRU-VNTR results for the 67 field isolates were confirmed with PCR using 

5 μL Green GoTaq buffer (Promega), 1.5 μL 25 mM MgCl2 (Promega), 2.5 μL 2 mM 

dNTPs (Promega), 0.1 μL (5 U/μL) GoTaq G2 Flexi DNA polymerase (Promega), 2.5 μL 

(10 μM) forward and reverse primers (Eurogentec), and 5 μL DNA (≥ 10 ng/μL). A 

volume of 1 μL of dimethylsulfoxide (DMSO) (Sigma D2650) and/or 5 μL of 5 M betaine 

(Sigma B0300) were added as indicated 287 and the total reaction volume was completed 

to 25 μL with molecular grade distilled water. The PCR was carried out using a Techne 

TC512 thermocycler according to the following reaction protocol: an initial incubation of 

5 minutes at 94°C, followed by 40 cycles of 30 seconds at 94°C, 30 seconds at the 
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temperature of specific hybridization of each locus, 30 seconds at 72°C, and a final cycle 

of 7 minutes at 72°C. PCR reaction products were analyzed by electrophoresis on a 1.5% 

agarose gel for 1 hour at 100 V to determine the number of repeats present at each of the 

eight loci. 

2.4 Processing of Sequencing Data for Chapter V 

2.4.1 Genome Assembly and Annotation, Phylogeny Construction and Strain Typing 

 Analysis of the 139 isolates described in Chapter V was conducted similarly to the 

procedures performed for those in Chapter IV with a few key differences designed to 

streamline the procedure (Figure 2.5). Both genome annotation and SNP analysis were 

performed using only the K-10 reference sequence (NC_002944.2), and snippy_core, 

snippy_clean, and gubbins were not used for variant analysis. Instead, the 

“consensus.subs.fa” FASTA files generated for each isolate by Snippy were combined 

into a single FASTA file, which was directly processed using SNP-sites. The “.vcf” files 

produced by Snippy for each isolate were mapped onto the K-10 genome sequence using 

Geneious Prime v. 2022.1.1 (Biomatters, Inc., USA), allowing for the visualization of 

variants such as indels and SNPs in the context of the reference genome. Variant analysis 

also allowed for the construction of SNP-based phylogenies containing all isolates from 

the 14 animals, as well as phylogenies for isolates from each animal. Each core SNP tree 

was created with IQ-TREE v. 1.6.12 which selected the optimal model for tree building in 

each case (Table 2.3) Analysis of the 8 MIRU-VNTR loci and 11 ML-SSR loci was 

performed using the same in-silico protocol described for Chapter IV (Table 2.4), 

however, no PCR of MIRU-VNTR loci was performed for Chapter V.  
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2.4.2 Prevalence of variable reading frames in SSR Loci 1 and 2  

 In addition to the 139 MAP genomes examined as part of Chapter V of this thesis, 

the sequences of 53 other isolates from our collection (those from Chapter IV) or publicly 

available in the NCBI database (n=41) (Appendix Table A1) were used for analyzing the 

prevalence of different nucleotide repeats associated with SSR loci 1 and 2 (henceforth 

referred to as simply SSR1 and SSR2, respectively) 286. The analysis included 1,388 

sequences from the NCBI Sequence Read Archive (SRA) as of December 14, 2022). 

FASTQ files corresponding to each record were downloaded and compressed using the 

“prefetch” and “fasterq-dump” commands from the SRA-Toolkit v. 3.0.2 375 along with 

the “gzip” Unix command. Cleaning and assembly of reads from the SRA and other 

NCBI records were performed using Fastp v. 0.23.2 and SPAdes v. 3.15.4, respectively 

352,357,358. Sequence selection and extraction of the information at the loci SSR1 and SSR2 

were performed using the in-silico-PCR software package 376. These shortened sequences 

were examined using Geneious Prime v. 2022.1.1 (Biomatters, Inc., USA), allowing for 

the compilation of SSR1 and SSR2 repeat numbers and the determination of the reading 

frame of the gene through examination of the number of variable repeats (Appendix 

Table A1). In some instances, the sequence from the SRA records had to be assembled 

before analysis, to obtain unambiguous results.  

2.4.3 Predictive modelling of proteins encoded by genes containing SSR1 and SSR2 

 Loci listed as proteins WP_010949291.1 and WP_134797017.1 in the K-10 

GenBank accession (NC_002944.2), referred to as ORF1 and ORF2 in this publication, 

contain the SSR1 and SSR2 repeats, respectively. Statistical analysis of both the reading 
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frames and SSR repeat sizes in ORF1 and ORF2 was performed using a χ2 test of 

independence using a p-value threshold of 0.05. The most prevalent repeat sizes for each 

of the three reading frames within these two loci were identified, and the complete 

nucleotide sequences of the loci containing these variants were extracted and translated 

into their amino acid sequences using Geneious Prime v. 2022.1.1 (Biomatters, Inc., 

USA). BLASTn searches filtered to detect DNA sequences with ≥80% percent identity 

and query coverage were used for detecting orthologous genes 377. Representative amino 

acid sequences of ORF1 and ORF2 from MAP in each reading frame were also queried 

using BLASTp 377. Conserved domains (if present) were detected using the NCBI 

conserved domain tool 378. SignalP v. 6.0 was used to detect the presence of signal 

peptides in the predicted proteins 379, whereas ColabFold v. 1.5.2 380 was used for protein 

structure prediction using Alphafold2 along with MMseqs2 with default settings 381,382. 

Protein structures were visualized in ChimeraX 383,384. 
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2.5 Figures and Tables 

2.5.1 Figures 

 

Figure 2.1: Flow diagram of the search strategy. Modified preferred reporting items for 

systematic reviews and meta-analysis (PRISMA) results for a search on mycobacterial MSI 

detection. Additional details are provided in Section 2.1 and Table 2.1 
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Figure 2.2: Procedure followed to decontaminate fecal samples and prepare samples for MAP culturing. Further details are 

provided in Section 2.2. 
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Figure 2.3: Pipeline of the procedure used to culture MAP isolates from both high and low-shedding cattle. Further details are 

provided in Section 2.2.  
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Figure 2.4: Pipeline of bioinformatic tools (blue) and files (white) used to analyze the whole genome sequencing data in 

Chapter IV of this thesis. The exact parameters used for each tool are described in Section 2.3. 
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Figure 2.5: Pipeline of bioinformatic tools (diamonds) and files (rectangles) used to analyze the whole genome sequencing data 

in Chapter V of this thesis. The exact parameters used for each tool are described in Section 2.4.
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2.5.2 Tables 

Table 2.1: Keywords, index terms, and strings used to search databases for reports on 

mycobacterial MSIs. Details regarding term selection are described in Section 2.1. 

A: Ovid MEDLINE(R) and Epub Ahead of Print, In-Process & Other Non-Indexed Citations, 

Daily and Versions(R) 1946 to June 9, 2020: Searched June 11, 2020. 

# Search string Results 

1 exp Whole Genome Sequencing/ 7158 

2 exp Bacteriophage Typing/ 4116 

3 ((Bacteriophage or phage) adj3 typing).ab,ti,kf. 2182 

4 IS6110 RFLP.ab,ti,kf. 261 

5 MIRU-VNTR.ab,ti,kf. 649 

6 Mycobacterial interspersed repetitive unit-variable number tandem repeat 

typing.ab,ti,kf. 

31 

7 VNTR.ab,ti,kf. 4993 

8 varia* number* tandem* rep* typ*.ab,ti,kf. 91 

9 MIRU.ab,ti,kf. 817 

10 Mycobacter* interspers* rep* unit*.ab,ti,kf. 614 

11 (molecular adj2 (detect* or typing or method* or technique* or 

diagnos*)).ab,ti,kf. 

72323 

12 whole genom* sequenc*.ab,ti,kf. 18071 

13 (assay adj2 (genom* or molecul*)).ab,ti,kf. 3169 

14 typing.ab,ti. 51409 

15 1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8 OR 9 OR 10 OR 11 OR 12 OR 13 

OR 14 

149327 

16 exp Mycobacterium/ 91603 

17 exp Mycobacterium Infections, Nontuberculous/ 34845 

18 exp Tuberculosis/ 191333 

19 Coinfection/ 10498 

20 "Mycobacteri* tuberculosis".ab,ti. 48894 

21 Mycobacter*.ab,ti,kf. 97999 

22 "m. tuberculosis".ab,ti. 18616 

23 "m. africanum".ab,ti. 267 

24 "m. bovis".ab,ti. 4581 

25 "mycobacteri* bovis".ab,ti. 7148 

26 "m. caprae".ab,ti. 98 

27 "m. orygis".ab,ti. 11 

28 "m. simiae".ab,ti. 211 

29 "M. abscessus".ab,ti. 1122 

30 "M. chelonae".ab,ti. 616 

31 "M. fortuitum".ab,ti. 1132 

32 "mycobacteri* gordonae".ab,ti. 320 

33 "M. intracellulare".ab,ti. 985 

34 "m. avium".ab,ti. 3710 

35 "mycobacteri* avium".ab,ti. 9189 
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36 "m. leprae".ab,ti. 3013 

37 "mycobacteri* leprae".ab,ti. 4383 

38 Nontuberculous.ab,ti. 4118 

39 "heteroresistan*".ab,ti. 580 

40 coinfection.ab,ti. 9484 

41 co-infection.ab,ti. 10853 

42 ((mixed or multiple or double or simultaneous or different) adj2 (infection* or 

strain*)).ab,ti. 

50700 

43 16 OR 17 OR 18 OR 19 OR 20 OR 21 OR 22 OR 23 OR 24 OR 25 OR 26 OR 

27 OR 28 OR 29 OR 30 OR 31 OR 32 OR 33 OR 34 OR 35 OR 36 OR 37 OR 

38 OR 39 OR 40 OR 41 OR 42 

356175 

44 15 AND 43 8932 
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B: Ovid MEDLINE(R) and Epub Ahead of Print, In-Process & Other Non-Indexed Citations, 

Daily and Versions(R) 1946 to August 24, 2020: Revised search to polyclonal and only retrieve 

results including this new term: Searched August 25, 2020 

# Search string Results 

1 exp Whole Genome Sequencing/ 8018 

2 exp Bacteriophage Typing/ 4117 

3 ((Bacteriophage or phage) adj3 typing).ab,ti,kf. 2187 

4 IS6110 RFLP.ab,ti,kf. 260 

5 MIRU-VNTR.ab,ti,kf. 654 

6 Mycobacterial interspersed repetitive unit-variable number tandem repeat 

typing.ab,ti,kf. 

31 

7 VNTR.ab,ti,kf. 5024 

8 varia* number* tandem* rep* typ*.ab,ti,kf. 91 

9 MIRU.ab,ti,kf. 822 

10 Mycobacter* interspers* rep* unit*.ab,ti,kf. 616 

11 (molecular adj2 (detect* or typing or method* or technique* or 

diagnos*)).ab,ti,kf. 

73468 

12 whole genom* sequenc*.ab,ti,kf. 18763 

13 (assay adj2 (genom* or molecul*)).ab,ti,kf. 3221 

14 typing.ab,ti. 50406 

15 polyclonal:ti,ab,kw 52613 

16 1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8 OR 9 OR 10 OR 11 OR 12 OR 13 

OR 14 OR 15 

200497 

17 exp Mycobacterium/ 92185 

18 exp Mycobacterium Infections, Nontuberculous/ 34993 

19 exp Tuberculosis/ 192193 

20 Coinfection/ 10824 

21 "Mycobacteri* tuberculosis".ab,ti. 45244 

22 Mycobacter*.ab,ti,kf. 98848 

23 "m. tuberculosis".ab,ti. 18600 

24 "m. africanum".ab,ti. 267 

25 "m. bovis".ab,ti. 4617 

26 "mycobacteri* bovis".ab,ti. 6847 

27 "m. caprae".ab,ti. 101 

28 "m. orygis".ab,ti. 12 

29 "m. simiae".ab,ti. 213 

30 "M. abscessus".ab,ti. 1131 

31 "M. chelonae".ab,ti. 619 

32 "M. fortuitum".ab,ti. 1138 

33 "mycobacteri* gordonae".ab,ti. 322 

34 "M. intracellulare".ab,ti. 984 

35 "m. avium".ab,ti. 3710 

36 "mycobacteri* avium".ab,ti. 9163 

37 "m. leprae".ab,ti. 3008 

38 "mycobacteri* leprae".ab,ti. 4270 

39 Nontuberculous.ab,ti. 3970 
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40 "heteroresistan*".ab,ti. 574 

41 coinfection.ab,ti. 9286 

42 co-infection.ab,ti. 10635 

43 ((mixed or multiple or double or simultaneous or different) adj2 (infection* or 

strain*)).ab,ti. 

50700 

44 17 OR 18 OR 19 OR 20 OR 21 OR 22 OR 23 OR 24 OR 25 OR 26 OR 27 OR 

28 OR 29 OR 30 OR 31 OR 32 OR 33 OR 34 OR 35 OR 36 OR 37 OR 38 OR 

39 OR 40 OR 41 OR 42 OR 43 

358223 

45 16 AND 44 9825 

46 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 148522 

47 44 AND 46 8930 

48 45 NOT 47 895 
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C: EMBASE (Elsevier): Searched June 11, 2020 

# Search string Results 

1 'mycobacterium'/exp 125,262 

2 'mycobacteriosis'/exp 310,109 

3 'tuberculosis'/exp 264,147 

4 'mixed infection'/exp 35,894 

5 'mycobacteri* tuberculosis':ti,ab,kw 54,301 

6 mycobacter*:ti,ab,kw 113,620 

7 'm. tuberculosis':ti,ab,kw 22,305 

8 'm. bovis':ti,ab,kw 4,882 

9 'm. caprae':ti,ab,kw 89 

10 'm. leprae':ti,ab,kw 3,742 

11 nontuberculous:ti,ab,kw 6,133 

12 heteroresistan*:ti,ab,kw 703 

13 'mixed infection':ti,ab,kw 4,176 

14 'm. canetti':ti,ab,kw 13 

15 'm. ulcerans':ti,ab,kw 648 

16 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11 

OR #12 OR #13 OR #14 OR #15 

388,584 

17 'whole genome sequencing'/exp 17,608 

18 'bacteriophage typing'/exp 3,993 

19 'mycobacterial interspersed repetitive unit-variable number tandem repeat 

typing':ti,ab,kw 

28 

20 'miru vntr':ti,ab,kw 771 

21 vntr:ti,ab,kw 6,275 

22 'varia* number* tandem* rep* typ*':ti,ab,kw 92 

23 'mycobacter* interspers* rep* unit*':ti,ab,kw 656 

24 'whole genom* sequenc*':ti,ab,kw 22,508 

25 (molecular NEAR/2 (detect* OR typing OR method* OR technique* OR 

diagnos*)):ti,ab,kw 

96,957 

26 (assay NEAR/2 (genom* OR molecul*)):ti,ab,kw 4,779 

27 ((bacteriophage OR phage) NEAR/3 typing):ti,ab,kw 2,159 

28 typing:ti,ab,kw 68,129 

29 miru:ti,ab,kw 983 

30 #17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25 OR #26 

OR #27 OR #28 OR #29  

194,819 

31 #16 OR #30 7,501 
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D: EMBASE (Elsevier): Revised search to polyclonal and only retrieve results including this new 

term: Searched August 25, 2020 

# Search string Results 

1 'mycobacterium'/exp 126,409 

2 'mycobacteriosis'/exp 312,545 

3 'tuberculosis'/exp 266,260 

4 'mixed infection'/exp 36,795 

5 'mycobacteri* tuberculosis':ti,ab,kw 54,980 

6 mycobacter*:ti,ab,kw 114,906 

7 'm. tuberculosis':ti,ab,kw 22,634 

8 'm. bovis':ti,ab,kw 4,985 

9 'm. caprae':ti,ab,kw 97 

10 'm. leprae':ti,ab,kw 3,761 

11 nontuberculous:ti,ab,kw 9,244 

12 heteroresistan*:ti,ab,kw 762 

13 'mixed infection':ti,ab,kw 4,214 

14 'm. canetti':ti,ab,kw 13 

15 'm. ulcerans':ti,ab,kw 655 

16 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11 

OR #12 OR #13 OR #14 OR #15 

422,591 

17 'whole genome sequencing'/exp 18,909 

18 'bacteriophage typing'/exp 3,998 

19 'mycobacterial interspersed repetitive unit-variable number tandem repeat 

typing':ti,ab,kw 

30 

20 'miru vntr':ti,ab,kw 781 

21 vntr:ti,ab,kw 6,340 

22 'varia* number* tandem* rep* typ*':ti,ab,kw 94 

23 'mycobacter* interspers* rep* unit*':ti,ab,kw 661 

24 'whole genom* sequenc*':ti,ab,kw 23,411 

25 (molecular NEAR/2 (detect* OR typing OR method* OR technique* OR 

diagnos*)):ti,ab,kw 

98,652 

26 (assay NEAR/2 (genom* OR molecul*)):ti,ab,kw 4,866 

27 ((bacteriophage OR phage) NEAR/3 typing):ti,ab,kw 2,161 

28 typing:ti,ab,kw 68,784 

29 miru:ti,ab,kw 993 

30 polyclonal:ti,ab,kw 62,078 

31 #17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25 OR #26 

OR #27 OR #28 OR #29 OR #30 

259,744 

32 #16 AND #31 9628 

33 #17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25 OR #26 

OR #27 OR #28 OR #29 

195,592 

34  #16 AND #33 8917 

35 #32 NOT #34 

  

711 
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Table 2.2: ML-SSR and MIRU-VNTR patterns identified within select isolates extracted from multiple herds in Quebec and Ontario 

(n=77) as discussed in Chapter IV.  
Strain  

IDa 

Herd  

IDb 
Province 

Shedding  

Status 
SSR1c SSR2c SSR3c SSR4c SSR5c SSR6c SSR7c SSR8c SSR9c SSR10c SSR11c 

INMV  

SSR Typed 
292c X3c 25c 47c 3c 7c 10c 32c 

INMV  

MIRU 

Typed 

117 ON-1 ON High 15 13 5 5 5 5 6 5 5 5 5 N/P 12a 3 2 3 3 2 2 2 8 INMV 2 

137 ON-1 ON High 20 10 5 5 5 5 6 5 5 5 5 N/P 15 3 2 3 3 2 2 2 8 INMV 2 

233 ON-1 ON High 19 13 5 5 5 5 5 5 5 5 5 MLSSR 93e 3 2 3 3 2 2 2 8 INMV 2 

236 ON-1 ON High 14 13 5 5 5 5 5 5 5 5 5 MLSSR 93b 3 2 3 3 2 2 2 8 INMV 2 

242 ON-1 ON High 22 13 5 5 5 5 6 5 5 5 5 N/P 12b 3 2 3 3 2 2 2 8 INMV 2 

252 ON-1 ON High 19 10 5 5 5 5 5 5 5 5 5 MLSSR 10d 3 2 3 3 2 2 2 8 INMV 2 

211 ON-2 ON Moderate 18 11 5 5 5 5 5 5 5 5 5 MLSSR 8b 3 2 3 3 2 2 1 8 INMV 3 

552 ON-2 ON Moderate 13 9 5 5 5 5 5 5 5 5 5 MLSSR 7a 3 2 3 3 2 2 1 8 INMV 3 

560 ON-2 ON High 11 9 5 5 5 5 4 5 5 5 5 N/P 8 3 2 3 3 2 2 1 8 INMV 3 

1452 ON-2 ON High 7 10 5 5 5 4 5 4 4 5 5 MLSSR 28 3 2 3 3 2 2 2 8 INMV 2 

325 ON-3 ON Moderate 7 11 5 5 5 5 5 5 5 5 5 MLSSR 17 3 2 3 3 2 2 2 8 INMV 2 

326 ON-3 ON High 7 10 5 5 5 5 5 5 5 5 5 MLSSR 11 3 2 3 3 2 2 2 8 INMV 2 

1240 ON-3 ON Low 7 14 5 5 5 5 5 5 5 5 5 N/P 3c 3 2 3 3 2 2 2 8 INMV 2 

1402 ON-3 ON High 7 10 5 5 5 5 5 5 5 5 5 MLSSR 11 3 2 3 3 2 2 2 8 INMV 2 

342 ON-4 ON Moderate 9 UNK 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

345 ON-4 ON Low 7 12 5 5 5 5 5 5 5 5 5 N/P 3a 3 2 3 3 2 2 2 8 INMV 2 

863 ON-4 ON High 9 17 5 5 5 5 5 5 5 5 5 N/P 6b 3 2 3 3 2 2 2 8 INMV 2 

464 ON-5 ON Moderate 15 12 5 5 5 5 5 5 5 5 5 MLSSR 93c 3 2 3 3 2 2 2 8 INMV 2 

897 ON-5 ON High 21 10 5 5 5 5 5 5 5 5 5 MLSSR 10f 3 2 3 3 2 2 2 8 INMV 2 

1409 ON-5 ON High 11 12 5 5 5 5 5 5 5 5 5 N/P 9a 3 2 3 3 2 2 2 8 INMV 2 

586 ON-6 ON Moderate 14 12 5 5 5 5 5 5 5 5 5 MLSSR 93a 3 2 3 3 2 3 2 8 INMV 8 

594 ON-6 ON High 7 13 5 5 5 5 4 5 5 5 5 N/P 4a 3 2 3 3 2 2 2 8 INMV 2 

1007 ON-6 ON High 7 12 5 5 5 5 5 5 5 5 5 N/P 3a 3 2 3 3 2 2 2 8 INMV 2 

1023 ON-6 ON High 7 14 5 5 5 5 4 5 5 5 5 N/P 4b 3 2 3 3 2 2 2 8 INMV 2 

1495 ON-6 ON High 9 11 5 5 5 5 6 5 5 5 5 N/P 5 3 2 3 3 2 2 2 8 INMV 2 

1512 ON-6 ON High 7 10 5 5 5 5 4 5 5 5 5 N/P 1 3 2 3 3 2 2 2 8 INMV 2 

631 ON-7 ON Low 7 10 5 5 5 5 4 5 5 5 5 N/P 1 3 2 3 3 2 2 2 8 INMV 2 

638 ON-7 ON Moderate 20 10 5 5 5 5 5 5 5 5 5 MLSSR 10e 3 2 3 3 2 2 2 8 INMV 2 
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648 ON-7 ON Low UNK 10 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

910 ON-8 ON High 7 13 5 5 5 5 4 5 5 5 5 N/P 4a 3 2 3 3 2 2 2 8 INMV 2 

918 ON-8 ON High 7 11 5 5 5 5 4 5 5 5 5 N/P 2 3 2 3 3 2 2 2 8 INMV 2 

928 ON-8 ON High 11 9 5 5 5 5 5 5 5 5 5 N/P 16 3 2 3 3 2 2 2 8 INMV 2 

1419 ON-8 ON High 7 11 5 5 5 5 4 5 5 5 5 N/P 2 3 2 3 3 2 2 2 8 INMV 2 

23 QC-1 QC High 12 10 5 5 5 5 5 5 5 5 5 MLSSR 10a 3 2 3 3 2 2 2 8 INMV 2 

32 QC-1 QC High 11 10 5 5 5 5 5 5 5 5 5 MLSSR 38 3 2 3 3 2 2 2 8 INMV 2 

219 QC-1 QC High 11 10 5 5 5 5 5 5 5 5 5 MLSSR 38 3 2 3 3 2 2 2 8 INMV 2 

366 QC-1 QC Moderate 12 10 5 5 5 5 5 5 5 5 5 MLSSR 10a 3 2 3 3 2 2 2 8 INMV 2 

160 QC-2 QC High 19 10 5 5 5 5 5 5 5 5 5 MLSSR 10d 3 2 3 3 2 2 2 8 INMV 2 

183 QC-2 QC High 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8a 3 2 3 3 2 2 2 8 INMV 2 

191 QC-2 QC High 14 10 5 5 5 5 5 5 5 5 5 MLSSR 10b 3 2 3 3 2 2 2 8 INMV 2 

171 QC-3 QC High 17 10 5 5 5 5 5 5 5 5 5 MLSSR 10c 3 2 3 3 2 2 2 8 INMV 2 

206 QC-3 QC High 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8a 3 2 3 3 2 2 2 8 INMV 2 

418 QC-3 QC Moderate 20 10 5 5 5 5 5 5 5 5 5 MLSSR 10e 3 2 3 3 2 2 2 8 INMV 2 

375 QC-4 QC High 18 10 5 5 5 5 4 5 5 5 5 N/P 14 3 2 3 3 2 2 1 8 INMV 3 

400 QC-4 QC High 20 11 5 5 5 5 4 5 5 5 5 N/P 10b 3 2 3 3 2 2 1 8 INMV 3 

869 QC-4 QC High 13 11 5 5 5 5 4 5 5 5 5 N/P 10a 3 2 3 3 2 2 1 8 INMV 3 

878 QC-4 QC High 15 16 5 5 5 5 4 5 5 5 5 N/P 13 3 2 3 3 2 2 1 8 INMV 3 

392 QC-5 QC Moderate 7 9 5 5 5 5 5 5 5 5 5 MLSSR 13 3 2 3 3 2 2 2 8 INMV 2 

885 QC-5 QC High 7 9 5 5 5 5 5 5 5 5 5 MLSSR 13 3 2 3 3 2 2 2 8 INMV 2 

1071 QC-5 QC Moderate 7 9 5 5 5 5 5 5 5 5 5 MLSSR 13 3 2 3 3 2 2 2 8 INMV 2 

441 QC-6 QC Low 14 9 5 5 5 5 4 5 5 5 5 N/P 11 3 2 3 3 2 2 1 8 INMV 3 

500 QC-7 QC Moderate 19 10 5 5 5 5 5 5 5 5 5 MLSSR 10d 3 2 3 3 2 2 1 8 INMV 3 

505 QC-7 QC Moderate 19 10 5 5 5 5 5 5 5 5 5 MLSSR 10d 3 2 3 3 2 2 1 8 INMV 3 

1144 QC-7 QC Moderate 18 9 5 5 5 5 5 5 5 5 5 MLSSR 7b 3 2 3 3 2 2 1 8 INMV 3 

508 QC-8 QC Moderate 7 10 5 5 5 5 5 5 5 5 5 MLSSR 11 3 2 3 3 2 2 2 8 INMV 2 

1157 QC-8 QC Moderate 7 13 5 5 5 5 5 5 5 5 5 N/P 3b 3 2 3 3 2 2 2 8 INMV 2 

1438 QC-8 QC High 7 10 5 5 5 5 5 5 5 5 5 MLSSR 11 3 2 3 3 2 2 2 8 INMV 2 

515 QC-9 QC Moderate 9 11 5 5 5 5 5 5 5 5 5 MLSSR 16 2 2 3 3 2 2 2 8 INMV 13 

516 QC-9 QC Moderate 9 13 5 5 5 5 5 5 5 5 5 N/P 6a 2 2 3 3 2 2 2 8 INMV 13 

1427 QC-9 QC High 10 12 5 5 5 5 5 5 5 5 5 MLSSR 58 2 2 3 3 2 2 2 8 INMV 13 
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531 QC-10 QC Moderate 21 10 5 5 5 5 5 5 5 5 5 MLSSR 10f 3 2 3 3 2 2 2 8 INMV 2 

938 QC-10 QC High 18 12 5 5 5 5 5 5 5 5 5 MLSSR 93d 3 2 3 3 2 2 2 8 INMV 2 

948 QC-10 QC High 11 17 5 5 5 5 5 5 5 5 5 N/P 9b 3 2 3 3 2 2 2 8 INMV 2 

1032 QC-11 QC Moderate 7 9 5 5 5 5 5 5 5 5 5 MLSSR 13 3 2 3 3 2 2 2 8 INMV 2 

1044 QC-11 QC High 7 11 5 5 5 5 5 5 5 5 5 MLSSR 17 3 2 3 3 2 2 2 8 INMV 2 

1517 QC-11 QC High 7 9 5 5 5 5 5 5 5 5 5 MLSSR 13 3 2 3 3 2 2 2 8 INMV 2 

1578 QC-12 QC High 10 16 5 5 5 5 4 5 5 5 5 N/P 7 3 2 3 3 2 2 1 8 INMV 3 

K-10 NCBI N/A N/A 19 10 5 5 5 5 5 5 5 5 5 MLSSR 10d 3 2 3 3 2 2 1 8 INMV 3 

MAPK_JB16/1

5 
NCBI N/A N/A 7 12 5 5 5 4 4 4 4 5 5 MLSSR 29 4 2 3 3 2 2 1 UNK UNK 

S397 NCBI N/A N/A 5 13 4 5 UNK 4 5 3 4 UNK 4 UNK 7 1 3 3 1 1 1 UNK UNK 

Telford NCBI N/A N/A 10 13 4 5 UNK 4 5 3 4 UNK 4 UNK 4 1 3 3 1 1 1 8 INMV 72 

NL-89C NCBI NL N/A 7 11 5 5 5 4 5 4 4 5 5 MLSSR 3 2 2 5 3 2 2 2 8 INMV 68 

NL-93B NCBI NL N/A 11 11 5 5 5 5 5 5 5 5 5 MLSSR 54 UNK 2 3 3 2 2 2 UNK UNK 

NL-95A NCBI NL N/A 10 11 5 5 5 5 5 5 5 5 5 MLSSR 52 4 2 3 3 2 2 1 UNK UNK 

NL-95B NCBI NL N/A 7 11 5 5 5 5 5 5 5 5 5 MLSSR 17 4 2 3 3 2 2 2 2 N/P 1 

NL-95E NCBI NL N/A 7 11 5 5 5 5 5 5 5 5 5 MLSSR 17 4 2 3 3 2 2 1 UNK UNK 

NL-96E NCBI NL N/A 11 10 5 5 5 5 5 5 5 5 5 MLSSR 38 4 2 3 3 2 2 2 UNK UNK 

Discriminatory Index (DI) Value 0.8508 0.8005 0.0000 0.0000 0.0000 0.0299 0.424242 0.0299 0.0299 0.0000 0.0000 0.9846 0.0868 0.0000 0.0000 0.0000 0.0000 0.0299 0.2985 0.0000 0.3740 

aTyping of isolates from Newfoundland Canada (NL-89C/93B/95A/95B/96E) have been previously published 289,315. 
bValues from the NCBI database are not included in DI calculations. 
cValues listed as UNK are not included in DI calculations. 
dN/P = New Patterns. Patterns are not recognized as a type in the INMV database 373. Patterns with the same number but different 

letters would be classified as the same type in the INMV database but have different repeat values. UNK = Unknown. These patterns 

can't be predicted due to a lack of certainty within specific loci. 
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Table 2.3: Models selected by the IQ-Tree model finder for construction of each phylogenetic 

tree 

Phylogeny Constructed Model Selecteda 

A19 Specific Isolates JC+ASC 

A20 Specific Isolates K2P+ASC 

A21 Specific Isolates K2P+ASC 

A22 Specific Isolates K2P+ASC 

A23 Specific Isolates  K2P+ASC 

A25 Specific Isolates TIM2e+ASC 

A26 Specific Isolates K2P+ASC 

A32 Specific Isolates TIM2e+ASC 

A34 Specific Isolates TVMe+ASC 

A36 Specific Isolates K2P+ASC  

A37 Specific Isolates JC+ASC 

AM1 Specific Isolates K2P+ASC 

AM2 Specific Isolates TIM3e+ASC 

AM3 Specific Isolates TVMe+ASC+R2 

All Isolates TVMe+ASC+R2 
aModels selected based on the "Model Finder" function within IQ-TREE for each phylogeny. 
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Table 2.4: ML-SSR and MIRU-VNTR patterns identified within select isolates extracted from multiple herds in Quebec and Ontario (n=139) as 

discussed in Chapter V. 

Herd 

ID 

Animal 

ID 

Isolate 

Number 
SSR1a SSR2a SSR3a SSR4a SSR5a SSR6a SSR7a SSR8a SSR9a SSR10a SSR11a 

INMV  

SSR  

Typeb 

292a X3a 25a 47a 3a 7a 10a 32a 

INMV 

MIRU 

Typeb 

QC-2 A19 #159 18 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(6) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #164 18 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(6) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #167 18 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(6) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #160 19 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #162 19 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #168 19 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #166 14 9 5 5 5 5 5 5 5 5 5 MLSSR 7 (2) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #161 15 9 5 5 5 5 5 5 5 5 5 MLSSR 7 (3) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #165 12 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(2) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A19 #163 UNK 10 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #175 12 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #174 14 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(3) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #171 17 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(5) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #176 21 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(9) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #177 12 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #172 15 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(11) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #173 15 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(11) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #169 17 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(16) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A20 #170 UNK 14 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #179 16 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(4) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #180 20 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(8) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #183 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (2) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #184 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (2) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #187 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (2) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #185 18 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (5) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #182 15 14 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(12) 
3 2 3 3 2 2 2 8 INMV 2 
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QC-2 A21 #186 17 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(16) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #188 19 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(20) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A21 #181 23 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(26) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #198 13 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(2) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #191 14 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(3) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #194 16 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(4) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #190 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (2) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #196 16 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (3) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #192 17 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (4) 3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #197 19 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(21) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #193 14 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #195 14 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

QC-2 A22 #189 14 14 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(9) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #202 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (2) 3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #206 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (2) 3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #208 12 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #199 15 15 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(13) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #204 15 16 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(14) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #200 19 15 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(23) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #201 12 18 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(3) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #205 13 15 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(6) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #203 14 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(8) 
3 2 3 3 2 2 2 8 INMV 2 

QC-3 A23 #207 14 14 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(9) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #23 12 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #24 12 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #27 12 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #28 13 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(2) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #213 20 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(8) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #30 11 10 5 5 5 5 5 5 5 5 5 MLSSR 38 3 2 3 3 2 2 2 8 INMV 2 
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QC-1 A25 #26 15 9 5 5 5 5 5 5 5 5 5 MLSSR 7 (3) 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #25 16 9 5 5 5 5 5 5 5 5 5 MLSSR 7 (4) 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #212 19 9 5 5 5 5 5 5 5 5 5 MLSSR 7 (5) 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A25 #29 16 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(15) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #215 12 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #38 12 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #216 16 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(4) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #214 10 10 5 5 5 5 5 5 5 5 5 MLSSR 35 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #32 11 10 5 5 5 5 5 5 5 5 5 MLSSR 38 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #35 11 11 5 5 5 5 5 5 5 5 5 MLSSR 54 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #36 11 11 5 5 5 5 5 5 5 5 5 MLSSR 54 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #33 13 9 5 5 5 5 5 5 5 5 5 MLSSR 7 (1) 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #37 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (2) 3 2 3 3 2 2 2 8 INMV 2 

QC-1 A26 #34 13 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(4) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #113 18 14 5 5 5 5 6 5 5 5 5 N/P 11 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #119 18 16 5 5 5 5 6 5 5 5 5 N/P 12 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #120 18 18 5 5 5 5 6 5 5 5 5 N/P 13 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #116 13 14 5 5 5 5 6 5 5 5 5 N/P 2 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #121 14 12 5 5 5 5 6 5 5 5 5 N/P 3 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #122 15 12 5 5 5 5 6 5 5 5 5 N/P 4 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #117 15 13 5 5 5 5 6 5 5 5 5 N/P 5 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #114 17 12 5 5 5 5 6 5 5 5 5 N/P 8 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #118 17 15 5 5 5 5 6 5 5 5 5 N/P 9 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A32 #115 14 UNK 5 5 5 5 6 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #129 17 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(5) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #133 15 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (2) 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #127 19 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (6) 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #132 22 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (8) 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #126 13 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(5) 
3 2 3 3 2 2 2 8 INMV 2 
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ON-1 A34 #130 14 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #236 14 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(8) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #237 14 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(8) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #131 14 14 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(9) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A34 #128 19 13 5 5 5 5 6 5 5 5 5 N/P 15 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #247 12 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #249 24 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(10) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #255 18 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(6) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #252 19 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #254 20 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(8) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #136 UNK 13 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #248 UNK 12 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #250 UNK 11 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #251 UNK 13 5 5 5 5 6 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A36 #253 UNK 12 5 5 5 5 6 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #262 13 10 5 5 5 5 6 5 5 5 5 N/P 1 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #259 18 10 5 5 5 5 6 5 5 5 5 N/P 10 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #263 19 10 5 5 5 5 6 5 5 5 5 N/P 14 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #265 19 10 5 5 5 5 6 5 5 5 5 N/P 14 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #137 20 10 5 5 5 5 6 5 5 5 5 N/P 16 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #264 16 10 5 5 5 5 6 5 5 5 5 N/P 6 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #261 17 10 5 5 5 5 6 5 5 5 5 N/P 7 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #256 UNK 11 5 5 5 5 6 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #258 UNK 10 5 5 5 5 6 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

ON-1 A37 #260 UNK 13 5 5 5 5 6 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #218 14 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(3) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #225 14 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(3) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #217 18 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(6) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #221 18 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(6) 
3 2 3 3 2 2 2 8 INMV 2 
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QC-1 AM1 #219 11 10 5 5 5 5 5 5 5 5 5 MLSSR 38 3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #220 11 11 5 5 5 5 5 5 5 5 5 MLSSR 54 3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #224 11 11 5 5 5 5 5 5 5 5 5 MLSSR 54 3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #222 12 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (1) 3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #223 12 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

QC-1 AM1 #226 15 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(10) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #231 12 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(1) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #228 18 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (5) 3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #229 15 14 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(12) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #125 17 15 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(18) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #234 18 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(19) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #233 19 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(21) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #124 19 14 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(22) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #232 20 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(24) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #230 20 14 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(25) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM2 #123 14 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #239 19 10 5 5 5 5 5 5 5 5 5 
MLSSR 10 

(7) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #241 16 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (3) 3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #240 20 11 5 5 5 5 5 5 5 5 5 MLSSR 8 (7) 3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #135 17 12 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(16) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #243 17 13 5 5 5 5 5 5 5 5 5 
MLSSR 93 

(17) 
3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #134 20 15 5 5 5 5 6 5 5 5 5 N/P 17 3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #242 22 13 5 5 5 5 6 5 5 5 5 N/P 18 3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #245 22 13 5 5 5 5 6 5 5 5 5 N/P 18 3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #244 22 14 5 5 5 5 6 5 5 5 5 N/P 19 3 2 3 3 2 2 2 8 INMV 2 

ON-1 AM3 #238 UNK 14 5 5 5 5 6 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2 

Discriminatory Index (DI) Value 0.9081 0.8051 0 0 0 0 0.3241 0 0 0 0 0.9839 0 0 0 0 0 0 0 0 0 

aValues listed as UNK are not included in DI calculations. 
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bN/P = New Patterns. Patterns are not recognized as a type in the INMV database. Patterns with the ML-SSR type but different 

numbers in brackets would be classified as the same type in the INMV database but have different repeat values. UNK = 

Unknown. These patterns can't be predicted due to a lack of certainty within specific loci. 
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CHAPTER III 

Methods for Detecting Mycobacterial Mixed Strain Infections – A Systematic 

Review 

3.1 Abstract 

Mixed strain infection (MSI) refers to the concurrent infection of a susceptible 

host with multiple strains of a single pathogenic species. Known to occur in humans and 

animals, MSIs deserve special consideration when studying transmission dynamics, 

evolution, and treatment of mycobacterial diseases, notably tuberculosis in humans and 

paratuberculosis (or Johne's Disease) in ruminants. Therefore, a systematic review was 

conducted to examine how MSIs are defined in the literature, how widespread the 

phenomenon is across the host species spectrum, and to document common methods used 

to detect such infections. The search strategy identified 121 articles reporting MSIs in 

both humans and animals, the majority (78.5%) of which involved members of the 

Mycobacterium tuberculosis complex (MTBC), while only a few (21.5%) examined non-

tuberculous mycobacteria (NTM). In addition, MSIs exist across various host species, but 

most reports focused on humans due to the extensive amount of work done on 

tuberculosis. This study reviewed several strain typing methods that allowed for MSI 

detection and found a few that were commonly employed but were associated with 

specific challenges. This review also notes the need for standardization of some methods, 

as some highly discriminatory methods are well adapted to distinguish between the 

microevolution of one strain and concurrent infections with multiple strains. Further 

research is also warranted to examine the prevalence of NTM MSIs in both humans and 

animals. In addition, it is envisioned that the accurate identification and a better 
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understanding of the distribution of MSIs in the future will lead to important information 

on the epidemiology and pathophysiology of mycobacterial diseases. 

3.2 Introduction 

 The genus Mycobacterium includes 195 different species with diverse growth 

characteristics 11,12 and host tropism 10. Mycobacteria can be categorized based on 

whether a species can cause either tuberculosis (MTBC) 13, leprosy (including 

Mycobacterium leprae and Mycobacterium lepromatosis) 14, or neither disease. All other 

mycobacteria are commonly referred to as atypical mycobacteria 15, non-tuberculous 

mycobacteria (NTM) or mycobacteria other than M. tuberculosis (MOTT) 10. Members of 

this genus can be further categorized based on their growth rates into rapid and slow 

growers, with the latter having prolonged doubling times, making it challenging to 

cultivate them 385. 

 Tuberculosis is caused by M. tuberculosis infecting the lungs of the host, though 

the pathogen can spread to other parts of the body 386. Members of the MTBC such as 

Mycobacterium africanum also cause tuberculosis in humans 387, while non-human host 

tropism is reported for other bacteria from the group. For example, Mycobacterium bovis 

causes bovine tuberculosis 388–390, Mycobacterium caprae can infect a variety of wild and 

domesticated animals, and Mycobacterium pinnipedii causes tuberculosis in pinniped 

species 391. Tuberculosis is an ancient disease afflicting humans, and while M. 

tuberculosis has been studied for over a century, the disease remains a significant cause of 

global morbidity and mortality 392. One reason why tuberculosis remains problematic is 

due to the complex interaction between MTBC members and their hosts, many aspects of 
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which are still not fully understood. In addition, the emergence and spread of drug-

resistant forms of M. tuberculosis further exacerbate the situation, leaving few effective 

treatment options in some cases 392. 

 The NTM group is comprised of over 150 different species, including several 

pathogens from the Mycobacterium avium and Mycobacterium abscessus complexes 393. 

Members of the MAC are commonly found in the environment and cause opportunistic 

infections 28,30,394,395, especially in immunocompromised individuals such as those 

suffering from acquired immunodeficiency syndrome (AIDS) 396–398. Furthermore, M. 

avium includes several subspecies, which may infect organs other than the lungs, 

including MAP. 

 The M. abscessus complex includes three fast-growing subspecies (abscessus, 

massiliense and bolletii), which are highly resistant to many antibiotics and cause a wide 

range of human infections 399–402. Another NTM of significance is M. genavense, an 

opportunistic pathogen that often causes disease in immunocompromised patients and has 

also been found to infect various domestic companion animals 403–409. The NTM 

discussed above are just a few of many that are of concern to human and animal health 

410–414, demonstrating the propensity of members from this group to cause diverse 

diseases if given the opportunity. 

 The progression and outcomes of an infection are dependent on many factors, 

including the resident host-microbiome and the presence of other pathogens, sometimes 

from the same genus (Figure 1.2) 291–293. Mixed-species infections refer to the 

phenomenon where different species belonging to the same genus concurrently infect a 
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single host. Another important factor to consider is the potential for genetically distinct 

strains (or isolates) of the same pathogenic species to infect a single host at any given 

time, which is sometimes referred to as a polyclonal infection 294–296. This situation can 

potentially arise if an isolate undergoes intra-host evolution (also referred to as 

microevolution) following infection, leading to minor genetic differences in the resulting 

progeny 297–299. Another mechanism leading to polyclonal infections involved 

concomitant or sequential infection by genetically distinct strains 294,304,305. Therefore, by 

examining MSIs and their transmission, successful treatment methods can be devised, and 

essential information might also be gained for use in future vaccine development 

endeavours. 

3.3 Objectives 

 The main objective of this study was to conduct a systematic review to gain a 

better understanding of MSIs across the genus Mycobacterium and the methods used to 

detect them. Typically, the detection of such infections is challenging due to the lack of 

distinct intraspecies markers that allow for the discrimination between isolates/strains. 

Despite this, MSIs in mycobacteria were found using a variety of strain typing methods, 

each with a different level of discriminatory ability and ease of use, with different 

methods focusing on specific aspects of the Mycobacterium genome. Mycobacterial strain 

discrimination is made possible by RFLP analysis in species-specific insertion sequences 

IS-elements such as IS6110 (associated with the MTBC, with some exceptions) 415,416, and 

IS1245 or IS1311 (both associated with the MAC) 55,417,418. Another general method used 

to discriminate between strains exploits the nucleotide sequences present in VNTRs, 
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which are dispersed throughout mycobacterial genomes. By examining differences in the 

number of nucleotide repeats present at distinct loci, individual strains can be typed. 

Different mycobacteria harbour a variety of VNTR loci, though depending on the species 

and loci examined, they may instead be referred to as multi-locus variable-number 

tandem repeats 419–421, MIRU-VNTR 422,423 or SSRs 286,315. Analysis of the entire genome 

at the individual nucleotide level using methods based on WGS also allows for 

examination of strain diversity but at a resolution unmatched by RFLP or VNTR-based 

methods. By using WGS, strains can be typed and compared without focusing on a given 

set of loci allowing for more accurate detection of MSIs, re-infections, and relapses 

417,424–426. Heterogeneous (also referred to as heterozygous) SNPs are predominantly used 

in strain comparisons, and the presence of many different SNPs in isolates from a single 

sample is suggestive of MSIs 427. 

 Another intention of this review was to help clarify what constitutes a true MSI as 

compared to similar events such as re-infection, relapses, and microevolution. While 

polyclonal infection may refer to microevolution, some studies have also used the term to 

describe infections that fit the criteria of an MSI 316–319,428. Due to this lack of consensus 

regarding the terminology used in the literature and to be consistent in this review, 

definitions for a selection of terms were developed to describe different events (Table 

3.1). For this review, MSIs refer to an infection where multiple unrelated strains, which 

did not evolve from an initial infecting strain, are present within a single host at the same 

time.  
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3.4 Results and Discussion 

 An initial screen of the literature yielded 14,952 records, and after the removal of 

duplicate and non-relevant entries based on abstracts and content, 253 articles were 

retained for full-text review (Figure 2.1). Examination of these articles resulted in the 

further exclusion of 156 entries for various reasons as described in Figure 2.1, leaving 97 

reports for inclusion in the review. Additionally, 24 other relevant studies cited in the 87 

reports were also included and presented in the modified Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) method, to adhere to the systematic 

review format (Figure 2.1).  

 Data was extracted from all 121 selected articles, and general information, 

including the publication year, primary author, study location, and bacterial and host 

species involved, was recorded (Appendix Table A2). The number of samples/isolates, if 

they were derived from clinical specimens or cultures, the prevalence of MSIs reported in 

each study and the human immunodeficiency virus (HIV) status of human subjects were 

also noted when possible. The studies were allocated into two separate groups based on 

MSI reports in humans and animals, respectively (Table 3.2).  

3.4.1 Mycobacterium tuberculosis Complex 

 One of the earlier methods developed to discriminate between strains of M. 

tuberculosis involved the use of mycobacteriophages (Table 3.3), which specifically lyse 

certain strains, leading to the formation of plaques on solid agar plates 429. Phage typing 

has also been used to identify cross-contamination, transmission dynamics and MSIs 

based on the sensitivities of M. tuberculosis isolates to a panel of selective phages 430–433, 
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but more modern methods are faster and offer better discriminatory power 433. The 

primary systematic review workflow did not find any reports on the identification of 

MSIs using phage typing, but secondary searches found two such studies. Mankiewicz & 

Liivak 432 sampled 233 patients, of which 33 (14.2%) showed evidence of MSIs due to 

the presence of multiple M. tuberculosis phage types in a single culture. In the other 

study, Bates et al.430 analyzed samples from 87 different patients and identified three 

(3.4%) as having mixed phage-typing profiles. While the possibility that the presence of 

multiple M. tuberculosis phage types within the same patient could indicate an MSI, the 

limited discriminatory power of the method prevents definitive confirmation and cannot 

completely rule out intra-host microevolution. 

 Until recently, RFLP based on the insertion sequence IS6110 was the standard 

method used for comparing the genetic relatedness of M. tuberculosis isolates 434,435. 

IS6110 (sometimes also referred to as IS986) belongs to the IS3 family, members of which 

are only present in the MTBC 436–438. M. tuberculosis and M. bovis strains can contain 0-

25 and 0-3 copies each of IS6110, respectively 439–447. Variations in the copy number of 

IS6110 elements within different M. tuberculosis strains make it an attractive target for 

epidemio-typing isolates containing multiple copies of the insertion sequence, but not in 

low copy number strains. Therefore, IS6110-typing has led to the development of 

extensively used standardized protocols (Table 3.3) 448. 

 In total, 26 (21.5%) of the publications reported herein include the use of IS6110-

typing methods for detecting MSIs involving MTBC members 301,303,316,449–471, 11 of 

which exclusively used IS6110-RFLP (Appendix Table A2), and one study used IS6110-
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inverse PCR 463. All of these studies employed cultures in their analysis, and IS6110-

inverse PCR was primarily used as a tool to identify strains belonging to the Beijing 

evolutionary lineage 463,472. The first report of MSI detection using IS6110-RFLP was by 

Yeh et al. 471, who noticed multiple bands of varying intensities in a sample from a patient 

due to the presence of two separate strains. Another study found an MSI with two drug-

susceptible isolates in an immunosuppressed patient 465, and similar infections with drug-

susceptible and drug-resistant M. tuberculosis have also been detected by IS6110-RFLP in 

separate reports 452,473. Overall, MSIs were identified in 0.4-100% of cases using IS6110-

RFLP in these studies (Appendix Table A2), where most reports with 100% MSI 

detection rates involving a single patient 451,465,471. In addition, a recent study detected 

MSIs in 3 out of 17 samples from patients using two probes for IS6110-RFLP instead of 

the conventionally used single probe 450. 

 Spacer oligotyping (spoligotyping) is a commonly used method for the 

simultaneous detection and identification of MTBC members (Table 3.3) 474. 

Spoligotyping exploits the nucleotide sequence diversity of clustered regularly 

interspaced short palindromic repeats (CRISPRs) 475, which are present in many bacteria 

and archaea 476. The chromosomal locus specifically used in this assay is known as direct 

repeat (DR) in mycobacteria 477. Spoligotyping is traditionally performed by amplifying 

the entire DR region using PCR with a pair of oligonucleotide primers, one of which is 

labelled with biotin to aid in the detection of products by hybridization. Membranes 

containing a unique set of 43 covalently bound synthetic oligonucleotide spacer 

sequences derived from M. tuberculosis and M. bovis Bacille Calmette-Guérin (BCG) are 
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used in the hybridization 474, and can differentiate between MTBC isolates based on the 

presence or absence of spacers. 

 Spoligotyping has been widely used in epidemiological studies to investigate the 

cause of recurrent tuberculosis (defined as endogenous reactivation of an initially 

infecting strain or exogenous reinfection with a different strain) 301,478–480, tracking 

epidemics 481–483, and investigating laboratory cross-contamination 484. Twenty (16.5%) 

publications reported using spoligotyping as one of the methods for detecting MSIs, with 

a majority employing one 419,455,460,465,485–492, or two 459,462,463,493,494 additional methods 

(Appendix Table A2). Only three reports used spoligotyping as the sole genotyping 

method and reported MSIs at frequencies ranging from 11.8-57.1% 478,495,496.  

 One significant limitation of spoligotyping is that it can underestimate MSIs, as 

hybridization signals from multiple strains in a sample can overlap and appear as a single 

pattern 496. For this reason, when spoligotyping is used to investigate MSIs, subculturing 

is usually performed to obtain single isolated colonies for testing 459,462,467. The ability to 

detect MSIs in the latter case is dependent upon the proportion of different strains in the 

initial sample and the number of colonies picked for analysis. To help resolve this 

problem, Lazzarini et al.497 developed a computational method which can predict if 

individual spoligotypes contain signatures from more than one of four major global 

lineages, which would indicate an MSI. In most cases, a secondary typing method like 

MIRU-VNTR, IS6110-RFLP, or WGS may be required to verify results that may appear 

to contain a single spoligotyping pattern. It is worth noting that although spoligotyping 

can be applied directly to clinical specimens, all the studies reported herein used cultures, 
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possible due to the requirement of purified DNA for other methods employed by the 

authors 467,473,498. Warren et al.499 used a combination of lineage-specific PCR and 

spoligotyping to distinguish between M. tuberculosis strains belonging to the Beijing- and 

non-Beijing evolutionary lineages. They detected MSIs in 19% of samples from patients 

associated with retreatment in their study. In addition, WGS was used as a secondary 

technique in three spoligotyping-based studies 426,485,494, one of which focused on animals. 

In their work, Silva-Pereira et al.494 detected an M. pinnipedii MSI in a South American 

sea lion (Otaria flavescens) using WGS, which was not suggested by in-silico 

spoligotyping or MIRU-VNTR initially. The above-mentioned studies demonstrate the 

importance of using more discriminatory methods along with traditional screening 

techniques to ensure the detection of different strains that might be present in a single 

sample.  

 VNTRs are short DNA sequences, which are dispersed throughout the genomes of 

many bacterial and eukaryotic species 500,501. They vary in repeat unit length and repeat 

number depending on the specific organism and locus being analyzed 502. Since the repeat 

unit length at specific VNTR loci is known for each species, determining the number of 

repeats present at the respective loci can be used to discriminate between strains (Table 

3.3). The use of VNTRs for typing M. tuberculosis strains was first reported in 1998 503, 

and since then the discriminatory power has been improved by using combinations of 

mycobacteria-interspersed repetitive units (MIRUs) located at different loci throughout 

the genome 504–507. Initially, a 12-locus MIRU-VNTR method was widely used 422, but the 

method has some limitations in its ability to discriminate between unrelated isolates 423. 
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To overcome this problem, the stability and resolution power of 29 MIRU-VNTR loci 

was evaluated using predominant M. tuberculosis lineages, resulting in the 

standardization of 24 MIRU-VNTR loci for high-resolution epidemiological studies 423. 

In addition, the 15 most discriminatory loci of the 24 were selected for use in routine 

epidemiological investigations involving M. tuberculosis 423.  

 To generate a MIRU-VNTR profile, several genomic regions known to contain 

VNTRs are amplified by PCR using specific primer pairs either individually (simplex) or 

in multiples (multiplex). In this way, the number of repeats at each VNTR locus can be 

determined using different DNA sizing techniques for comparing isolates. It was found 

that 50 studies used VNTR-typing to detect M. tuberculosis MSIs, where 28 studies used 

it was the sole discriminatory method for this purpose 300,307,309,310,317–320,419,449,453,461–

464,467,473,486–494,508–531. In addition, 24-locus MIRU-VNTR was the most commonly used 

method for detecting M. tuberculosis MSIs, and nearly all (47/50, 94.0%) of the reports 

used some form of culturing for the analysis. Comparatively, MIRU-VNTR detected 

more MSIs than any other method based on the current review (Table 3.2). One reason 

for this could be the use of PCR amplification during MIRU-VNTR, which increases the 

sensitivity and detection power of the method 468, especially in instances where different 

strains are not proportionally present in a single sample.  

 Among other PCR-based methods used to detect MSIs, the majority were focused 

on differentiating between M. tuberculosis strains belonging to the Beijing and non-

Beijing evolutionary lineages 301,304,499,532,533. For example, Warren et al.468 detected MSIs 

in 35 (18.8%) of the 186 sputum cultures from tuberculosis patients tested during an 
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epidemiologic study in South Africa. They reported that MSIs were more often associated 

with retreatment (23%) vs. new cases (17%), and the sensitivity and specificity of their 

method were comparable to IS6110-RFLP and spoligotyping 499. Using the same method, 

van Rie et al.301 also detected one case of MSI with drug-susceptible and drug-resistant 

M. tuberculosis isolates. While the method developed by Warren et al.499 used simplex 

PCR, Huang et al.304 utilized multiplex PCR to detect MSIs caused by Beijing and non-

Beijing lineage strains in 11.3% of the 185 sputum samples from patients without any 

prior history of tuberculosis treatment. Another group used quantitative PCR to detect 

MSIs based on the presence of both Beijing and non-Beijing lineages in 3% of 

tuberculosis patients <25 years of age using clinical specimens and cultures 533, whereas 

M. tuberculosis isolates belonging to the two lineages were also detected together in 

14.7% of cases by Mustafa et al.532. In contrast, a Latin American and Mediterranean 

(LAM) and non-LAM lineage-based PCR found MSIs in 4 out of 160 (2.5%) culture-

positive sputa analyzed 534, suggesting that such methods are useful in identifying MSIs 

under settings where the occurrence of M. tuberculosis isolates from mixed lineages is 

high. Therefore, by using an in-house PCR to identify isolates from the Beijing, Haarlem, 

S-family, and LAM evolutionary lineages, Hanekom et al.535 were able to detect MSIs in 

31 (15%) of the 206 samples analyzed in their study. 

 M. tuberculosis MSIs have also been reported in patients with discordant drug 

susceptibility profiles on more than one occasion. Isolates from 10 such tuberculosis 

patients out of 89 (11.2%) were confirmed to have MSIs using Beijing lineage-specific 

PCR 536 and 16-locus MIRU-VNTR 525. Other techniques such as linker PCR 537 and gyrA 
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PCR/sequencing 538,539 have also detected M. tuberculosis MSIs in cases involving 

discordant drug susceptibility profiles and also in archeological samples. In addition, two 

studies employed double repetitive PCR 303,540 based on the IS6110 and a GC-rich 

repetitive sequence described by Friedman et al.541.  Baldeviano-Vidalón et al.273 also 

observed multiple discrepancies in drug susceptibility testing results among follow-up 

samples from patients, which were attributed to MSIs based on IS6110-RFLP analysis. 

Such studies emphasize the importance of considering MSIs during tuberculosis drug 

susceptibility testing and while devising appropriate treatment regimens. 

 Methods based on WGS provide the ability to examine strain diversity at very 

high resolution, which cannot be achieved by other techniques such as RFLP or MIRU-

VNTR. Heterogeneous SNPs are predominantly used for strain discrimination, and the 

presence of many different SNPs in isolates from a single sample is suggestive of MSIs 

427. While the concept is simple, where a SNP is confirmed within several sequencing 

reads used to assemble the locus being examined (Table 3.3), the technical criteria used 

for identifying bona fide SNPs varies between studies. Factors that can affect SNP 

detection include the quality and depth of sequencing, experimental design, sample 

preparation and pathogen species, to name a few 542. Some reports require that the 

frequency of the alternative base at a specific locus be found from anywhere between 5% 

and 30% or more of the reads for SNP calling 543–545, or even just two reads in some deep 

sequencing studies 546. Some studies also include threshold nucleotide base quality scores 

to minimize artifacts 543,546,547. Additionally, several loci with heterogeneous bases must 

be identified between isolates to qualify them as MSIs. However, the minimum number of 
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SNPs used to qualify the presence of an MSI using isolates also varies, as anywhere over 

16 to 80 have been used for the purpose depending on the sequencing technology 543,546. 

In addition, WGS analysis cannot be performed directly on clinical samples in most cases 

because the genetic complexity of the sample limits the confidence at which SNPs are 

called. Therefore, WGS often requires axenic cultures for strain typing and MSI 

identification 289,548,549.  

 Of the 97 studies identified in Covidence, eight (8.2%) primarily used WGS to 

detect MSIs in humans 426,485,543,544,546,550–552, while three others (3.1%) used the method to 

detect MSIs in various animal species 289,494,553, only one of which focused on an MTBC 

bacteria 494. Secondary searches found four more human studies on WGS and 

mycobacterial MSIs 547,554–556, in addition to reports where the method was used to 

confirm such infection that was initially identified using other means (Appendix Table 

A2). For example, six isolates from 47 paired patient samples taken before and after 

treatment during the REMoxTB clinical trial were initially classified as relapses or re-

infections by MIRU-VNTR but were later determined to be MSIs by WGS analysis 543. A 

follow-up study re-examined the same data using QuantTB 550, a tool developed to 

identify MSIs through the iterative comparison of SNPs and suggested that only four of 

the six MSI cases could be classified as such. O’Donnell et al.551 used isolates from a 

patient where drug susceptibility testing alluded toward an MSI involving susceptible and 

resistant M. tuberculosis, which was confirmed using WGS. They showed that the patient 

was initially infected with a drug-susceptible strain followed by an extensively drug-

resistant M. tuberculosis isolate, which was selected during antibiotic therapy. The high 
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resolution of WGS underscores its importance in strain typing for devising individualized 

treatments for tuberculosis infections, although its widespread use may be limited in 

many high tuberculosis burden settings due to insufficient resources or technical 

capabilities. The ability to use traditional culture-based drug susceptibility testing 

methods has limitations for many slow-growing pathogenic mycobacteria, but genomics-

based technologies are more rapid and allow for the detection of resistance based on the 

presence of conferring mutations 557. While PCR methods targeting specific genes can 

detect important drug resistance mutations for early diagnosis, WGS can additionally 

infer potential resistance, allowing for individualized treatment regimens 557. 

 The use of WGS also enhances the detection of potential MSIs. For example, 

while examining pre- and post-treatment isolates from a tuberculosis patient,  Witney et 

al. 395 noticed 57 SNP differences between the two of them, indicating a re-infection by a 

second strain. More detailed analysis of the WGS data indicated a potential MSI in the 

pre-treatment sample at a 3:1 genotypic ratio by two strains, where the minor genotype 

was closely related to the post-treatment isolate. This suggested that recurrent disease was 

caused by a relapse, where one of the two strains from the MSI was eliminated during the 

initial course of therapy. Interestingly, 24-locus MIRU-VNTR typing did not detect the 

genotype of the post-treatment isolate in the pre-treatment sample, which is intriguing, as 

the method was previously shown to detect MSIs in proportions as low as 1:99 460. Such 

reports suggest that many MSIs might have gone undetected due to technical limitations 

and could have potentially affected disease outcomes. 
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 Although more tuberculosis MSIs are now being reported, evidence from 

archaeological studies indicates that the phenomenon has been around for a long time. 

Through metagenomics analysis of ancient DNA, one study identified an MSI (difference 

of 398 SNPs) within an eighteenth-century Hungarian mummy 554. A follow-up study by a 

related group reported five MSIs in eight mummified bodies examined from the 

archaeological site using similar metagenomics-based methods 556. In addition, a separate 

study employed gyrA PCR to successfully identify an MSI using ancient DNA from a 

variety of archaeological samples across Britain and France 538. The detection of MSIs 

using ancient DNA and complex samples is intriguing. Such reports also provide 

precedence for using metagenomics and other technologies to examine the prevalence and 

impact of such infections in future prospective and retrospective studies. 

3.4.2 Non-tuberculous and Other Mycobacteria 

 This review showed that MSIs involving NTM have not been investigated to the 

same extent as compared to those caused by M. tuberculosis (Table 3.2). Amongst the 

121 mycobacterial studies identified, 26 (21.5%) examined NTM, of which 17 (14.0%) 

and eight (6.6%) found MSIs in humans and animals, respectively, whereas one report 

identified MSIs in both human 428,558–573 and animal 289,315,488,553,574–578 populations 

simultaneously 579. Many early studies used pulse field gel electrophoresis (PFGE) to 

identify MSIs in 14.3-100% of patients infected with MAC bacteria 558,565,571–573. PFGE 

was also used as the sole method to identify MSIs associated with other NTMs. For 

example,  Legrand et al.532 found 33.3% M. simiiae MSI prevalence (3 of 9 hosts) in their 

study involving AIDS patients. In addition, PFGE was used in combination with other 
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methods in studies on NTM MSIs. A report by Picardeau et al.568 detected 3 M. avium 

MSIs while examining 93 samples from AIDS patients using simple double repetitive 

element PCR (MaDRE-PCR), which amplifies a region of the M. avium chromosome 

between IS1245 and IS1311 580. They confirmed these results using IS1245-RFLP, which 

showed the presence of multiple low-intensity bands in the same sample. PFGE was also 

able to pick up multiple banding patterns, including some samples from other patients 568, 

but the criteria for attributing them to different strains (≥3 differences) was not surpassed 

581. A similar study on 31 AIDS patients from the Caribbean islands initially identified 

three potential polyclonal M. avium infections based on IS1245-RFLP, but PFGE analysis 

showed that two isolates had identical banding patterns 564. Therefore, results from PFGE 

analysis do not corroborate those obtained by other methods on multiple occasions, which 

may allude to differences in their discriminatory powers.  

 IS1245 and IS1311 have also been used as general fingerprinting targets to 

identify an MSI (25.0%) involving MAC members from 25 patients 559. In a separate 

study, Oliveira et al.566 used RFLP analysis of hsp65 PCR products, IS1245 and IS1311, 

respectively, to detect an M. avium MSI. Though the presence of IS1245-RFLP may be 

supplemented using additional methods, studies have shown it alone is capable of 

identifying 2.6-100% of NTM MSIs in samples from human subjects, including those 

with positive HIV-AIDS status (Appendix Table A2) 560,567–569,579. In addition, a study 

examined 41 samples from 14 AIDS patients using MaDRE-PCR, which found four cases 

with multiple banding patterns, though re-evaluation using IS1245-RFLP only confirmed 

two as M. avium MSIs 570. Based on the reports mentioned above, the feasibility of using 
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IS1245-RFLP as a screening method for detecting NTM MSIs warrants further 

evaluation.  

 Kimizuka et al. 531 have also used a variety of VNTR loci, including 16 M. avium 

tandem repeats (MATR) and five Higashi Nagoya tandem repeats (HNTR) to identify M. 

avium MSIs in samples from nine patients (13.8%) out of 65 examined. Another study 

examined samples from 120 patients with pulmonary MAC infections (94 M. avium and 

26 M. intracellulare) 428. MIRU-VNTR analysis using 15 loci for M. avium and 16 loci 

for M. intracellulare successfully identified 20 and seven cases of M. avium and M. 

intracellulare MSIs, respectively. Other methods that have detected NTM MSIs in 

humans include random amplified polymorphic DNA (RAPD) analysis 582. Using RAPD-

based methods, García-Pedrazuela et al.561 identified MSIs involving several species, 

including M. abscessus, Mycobacterium chelonae, Mycobacterium fortuitum and 

Mycobacterium mucogenicum, while examining 64 isolates from Spanish patients.  

 Systematic screening through Covidence also identified some reports on NTM 

MSIs in animals, including a few involving MAP. Gerritsmann et al.575 examined 39 

MAP-containing samples from a variety of wild and domestic ruminant species, five of 

which were classified as MSIs using an 8-locus MIRU-VNTR method (Appendix Table 

A2). In another study, Gioffré et al.576 also used the 8-locus MIRU-VNTR method to 

identify a MAP MSI from a group of 97 cattle, sheep, and goats based on differences in 

two loci. MAP MSIs have also been identified using ML-SSR typing 315, which examines 

small repeat sequences that vary between isolates and allow for their discrimination 286. In 

addition, the use of DNA detection and sizing techniques such as fragment analysis of 
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labelled PCR products further improves the resolution of SSR typing 315,583. Using this 

strategy, Podder et al. 315 identified MAP MSIs in all 18 animals from their study, which 

was subsequently confirmed by WGS analysis using some of their isolates 289. MAP 

strains from the same animal had significantly different SNPs at high frequencies, which 

ruled out microevolution based on evolutionary rates 53. 

 In addition to MAP, there were reports on MSIs present within other NTM in 

animals. M. avium subsp. avium MSIs were described in domestic chickens using IS901-

RFLP, where multiple banding patterns were detected in 7 of the 16 (43.8%) tissue 

samples tested 578. 8-locus VNTR was used to detect M. avium subsp. hominissuis MSIs 

in pigs using isolates from multiple organs of a single animal 577. Another study that 

previously reported a single M. avium subsp. hominissuis MSI in a human (out of 26 

patients, 3.8%) using IS1245-RFLP also detected similar infections in 33 pigs (13.5%) 579. 

An additional study by  Pfeiffer et al. 522 used WGS to detect non-MAP MSIs from 113 

birds, reporting 12 cases of MSIs (2 involving M. avium and 10 involving M. genavense) 

based on differences in at least 12 SNPs, as suggested by Walker et al. 584. Therefore, 

NTM MSIs seem to occur in a variety of animal species, but studies examining their 

prevalence and impact are few and far between. 

 This review was unable to reveal the occurrence of MSIs within leprosy-causing 

mycobacteria. However, using artificially co-infected armadillos, Shin et al. 527 

demonstrated that distinct strains of M. leprae could simultaneously exist within the same 

host. It was noted that the in-vivo growth rate of the non-armadillo strain was 

significantly higher in the absence of competing strains, suggesting that pathological 
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variations exist between the different strain types. Due to the challenges associated with 

culturing M. leprae 585, the same experimental approaches used to study MTBC and NTM 

members might not be feasible, thereby limiting the potential for detecting M. leprae 

MSIs. Therefore, with the advent of more sensitive and powerful discriminatory methods, 

the use of culture-independent techniques such as metagenomics may help to shed light 

on MSIs involving M. leprae in the future.  

3.4.3 Challenges Faced in Defining MSIs 

 Many questions are raised regarding the use of standard strain typing methods for 

delineating true MSIs from microevolution. When using IS6110-RFLP and MIRU-VNTR 

on M. tuberculosis isolates derived from the same host, MSIs are identified based on 

differences in specific DNA/PCR fragment profiles (Table 3.4). IS6110-RFLP profiles 

that differ by at least 2-3 bands indicate the occurrence of concomitant infection by 

distinct strains 467,468,586. Conversely, minor variations, i.e., anything <2 discriminatory 

bands, are considered microevolution. In the case of MIRU-VNTR, MSIs are predicted 

based on heterogeneity at two or more loci 467,468,511,587, whereas differences in a single 

locus suggest microevolution 467,468,587. Therefore, allelic diversity at more than one locus 

is a criterion for differentiating microevolution from true MSI when using MIRU-VNTR. 

 Defining MSIs using WGS-based methods also has inherent challenges. However, 

the high discriminatory power of WGS allows for more definitive explanations for 

tuberculosis recurrence post-treatment 543–545. The classification of infections based on 

SNP differences between isolates from a single patient varies, where 5-10 suggest the 

occurrence of a relapse and anything over 100, a re-infection 543–545 (Table 3.4). These 
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differences in SNP numbers are set by taking into account the calculated evolutionary rate 

of M. tuberculosis, which ranges from 0.1-0.5 SNPs per genome per year, and limits the 

number of SNPs that can accumulate within strains in a defined period of time 

53,290,313,584,588,589. Varying SNP thresholds have been used to define MSIs, where Bryant et 

al. 543 called them such if isolates derived from the same patient had 80 or more different 

SNPs based on manual inspection. In comparison,  Guerra-Assunção et al. 514 used a 

threshold of 140 heterogeneous SNPs to define MSIs based on an empirical cut-off 

generated during their data analysis. Furthermore, Dippenaar et al. 544 did not define a 

specific threshold, as the numbers of heterogeneous SNPs in their study were either 

limited (1-2, classified as microevolution) or rather numerous (757-883, classified as 

MSI). These differences in SNP numbers used to identify M. tuberculosis MSIs show that 

the field requires some form of standardization so that results can be compared between 

studies. The lack of a clear definition for MSIs using WGS may hinder the identification 

of some reports for inclusion in this review. Although this is unlikely as only a few 

studies have used WGS technology for such purposes to date, and most of them were 

manually screened for relevance.  

 Considering that the criteria necessary for identifying different types of M. 

tuberculosis polyclonal infections using IS6110-RFLP and MIRU-VNTR are well-

defined, several studies were also found in the current review that reported on 

microevolution 308,310,590,591. The classification was not evident in some other reports that 

used IS6110-RFLP or MIRU-VNTR, due to results potentially indicating either an MSI or 

a microevolution event depending on the applied criteria 592,593, or due to WGS not having 
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a well-defined SNP threshold 594. While microevolution may initially appear to have little 

significance when compared to MSIs in terms of virulence and pathogenicity, one study 

found that the presence of highly evolvable repeats near genes (VNTR52, QUB26, or 

MIRU10/27) can influence gene expression in different M. tuberculosis isolates 595. In 

addition, microevolution has obvious implications for the emergence of drug resistance 

due to selective pressures applied during treatment regimens 596. 

 Microevolution-derived infections may not be as distinct as MSIs, but different 

clonal variants can still spread in unique patterns. While a strain undergoes a genetic drift, 

some of the progeny might spread both within and between hosts. For example, WGS 

identified separate M. tuberculosis clonal variants derived from within host 

microevolution at both respiratory and extrapulmonary sites in a patient 597,598. A study by 

Buff et al. 599 examined several tuberculosis cases where IS6110-RLFP and spoligotyping 

of isolates from community transmission events showed identical patterns but exhibited 

variations at a single locus during 12-locus MIRU-VNTR analysis. It was shown that M. 

tuberculosis isolates from the source patient also displayed varying MIRU-VNTR profiles 

that matched the secondary patients, suggesting that different clonal variants were 

transmitted individually. 

 In addition to the MSIs described in this review, there is also evidence for the 

microevolution of mycobacterial pathogens in animals. For example, microevolution 

events and MSIs involving M. avium subsp. hominissuis in bongo antelopes were 

identified using 8-locus MIRU-VNTR and IS1245-RFLP 600. Another study used 8-locus 

MIRU-VNTR to examine M. caprae from 55 different animal hosts (including goats, 
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cattle, sheep, and wild boar) in Portugal and identified microevolution-derived infections 

in 12 of them 601. Therefore, mycobacterial microevolution also occurs in animals, which 

is expected given the current state of knowledge regarding such infections in humans.  

3.5 Conclusion 

 As summarized in this systematic review, a variety of terminologies have been 

used for describing MSIs, some of which overlap with microevolution. Findings show 

that MSIs exist among many different mycobacteria, although the majority of studies 

have been conducted in humans and predominantly focus on M. tuberculosis. In addition, 

most studies used VNTR-based methods, though more recent reports involved WGS. This 

change in methodology may represent an overall shift as newer technologies are 

developed and used more widely for strain typing. With methods suitable for large-scale 

screening of genetic variations by the massively parallel sequencing approaches, the 

potential for the accurate identification of MSIs is now accessible at a lower cost. 

Methods based on WGS offer an unprecedented resolution but appear to lack uniform 

SNP thresholds 543–545, sometimes making it ambiguous to differentiate between a true 

MSI or microevolution event. Therefore, there is scope for further standardizing WGS 

criteria for discriminating MSIs from genomic drift or technical aberrations, but as of now 

a universal definition for calling mycobacterial MSIs using the technology is lacking. 

Consideration of both microevolution and MSI has potential implications for developing 

personalized medical treatments for diseases such as tuberculosis. A select number of 

publications examined the historical context of M. tuberculosis using ancient DNA 

538,554,556, suggesting that MSIs have likely been around for a long time. Furthermore, 
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reports on discrepant drug susceptibilities between one or more M. tuberculosis isolates 

from the same host during a single disease episode underscores the importance of 

considering MSIs when managing mycobacterial infections. Reports have shown that 

tuberculosis patients with MSIs associated with heteroresistance are at a higher risk of 

poor treatment outcomes 300,308,318,530. Therefore, additional strain typing is recommended 

under certain incidences where heteroresistance is detected, to determine if it is caused 

due to MSIs or microevolution. It was also noted that studies on NTM MSIs in humans 

and animals are limited, but such infections are found across many species. Given the 

importance of NTM in causing opportunistic and nosocomial infections in humans and 

diseases in farmed animals, the prevalence and impact of MSIs caused by this large and 

important group of mycobacteria warrant further investigation. 
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3.6 Figures and Tables 

3.6.1 Tables 

Table 3.1: Glossary of terms developed for the systematic review. 

Terma Descriptionb 

Sample/specimen 

A sputum, blood, feces, or otherwise 

uncultured biological sample from a 

host/patient, which is directly used for 

strain-typing analysis or is subsequently 

used for culturing. 

Culture 

Refers to the amplification of bacteria 

following growth on solid or in liquid 

media using a sample/specimen as an 

inoculant. Does not explicitly imply a pure 

or axenic culture. 

Isolate (strain, if characterized) 

Refers to a single colony from an agar 

plate or an axenic bacterial culture derived 

from a sample/specimen. 

Microevolution 

A co-infection that involves multiple 

strains/sub-strains in a single host that 

evolved from a single strain that caused 

the initial infection. 

Mixed genotype infection 

(MGI)/polyclonal infection 

A co-infection caused by two or more 

strains of the same species in a single host. 

Encompasses both microevolution and 

mixed-strain infections. 

Mixed strain infection (MSI) 

A co-infection caused by phylogenetically 

distinct strains of the same species in a 

single host (contrary to microevolution). 

Sometimes also referred to simply as 

mixed infection in review. 

Re-infection 

Recurrent disease caused by a strain that is 

unrelated to the one that caused the initial 

infection. 

Relapse 
Recurrent disease due to the same strain 

that caused the initial infection. 
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Table 3.2: General characteristics of reviewed mycobacterial studies involving MSIs 

(n=121). 

Attribute Human (%)a Animal (%)a 

Mycobacterial group 

responsible for MSIs 
  

M. tuberculosis complex 

(MTBC) 
87 (71.9%) 8 (6.6%) 

Non-tuberculous 

Mycobacteria (NTM)b 
18 (14.9%) 9 (7.4%) 

Geographic locationc   

Africab 28 (23.1%) 4 (3.3%) 

Asiab 31 (25.6%) 0 (0.0%) 

Europeb 20 (16.5%) 8 (6.6%) 

North America 15 (12.4%) 3 (2.5%) 

Oceania 1 (0.8%) 0 (0.0%) 

South Americab 11 (9.1%) 3 (2.5%) 

Publication year (decade)   

Pre-2000 12 (9.9%) 0 (0.0%) 

2000-2009b 32 (26.4%) 4 (3.3%) 

2010-2019 54 (44.6%) 13 (10.7%) 

2020 7 (5.8%) 1 (0.8%) 

MSI detection methodd   

Insertion Sequence Based 

RFLPb 
34 (28.1 %) 3 (2.5%) 

Variable Number Tandem 

Repeat 
44 (36.4%) 12 (9.9%) 

Whole Genome Sequencing 12 (9.9%) 3 (2.5%) 

Spoligotyping 14 (11.6%) 6 (5.0%) 

Region Specific PCRb 16 (13.2%) 0 (0.0%) 

Othere 11 (9.1%) 0 (0.0%) 
aStudies were grouped based on multiple criteria (host, geographical location, 

publication date and methods used). Totals for some sections may not add up to 100% as 

certain studies met multiple criteria and were therefore counted more than once. 
bThis subsection contains studies counted under more than one criterion. 
cExcluding one study 546, which used information on isolates from a global database. 
dNot counting methods that were unable to identify MSIs in the respective studies, 

Methods are briefly described in Table 3.3 and details are included in Appendix Table 

A2. 
eIncludes methods such as phage typing, PFGE, etc. Details are provided in Appendix 

Table A2. 
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Table 3.3: Overview of methods that were used to detect mycobacterial MSIs. 

Methoda Targetb Output or readoutc Sample typed 

Insertion sequence 

based RFLP 

Species-specific 

insertion sequences 

Differences in 

restriction enzyme 

band hybridization 

patterns 

Culture 

Variable number 

tandem repeat 

Species-specific 

tandem repeat loci 

Differences in copy 

numbers based on 

PCR 

Specimen or 

culture 

Whole genome 

sequencing 
Entire genome Heterogeneous SNPs 

Specimen or 

culture 

Spoligotyping 
Direct repeat spacers 

(CRISPR) 

Differences in spacer 

sequences based on 

hybridization 

Specimen or 

culture 

Phage typinge 
Lysis of colonies by 

mycobacteriophages 

Susceptibility to 

select 

mycobacteriophages 

Culture 

Pulse field gel 

electrophoresise 

Enzymatic digestion 

of chromosomal 

DNA 

Differences in 

restriction enzyme 

band patterns 

Culture 

pTBN12 digestione 

Species-specific 

plasmid 

fingerprinting 

Differences in 

restriction enzyme 

band patterns 

Culture 

hsp65 PCR-RFLPe hsp65 gene 

Differences in 

restriction enzyme 

band patterns 

Culture 

Random amplified 

polymorphic DNAe 

Species-specific 

chromosomal DNA 

Differences in PCR 

band patterns 
Culture 

Other RFLPe 
Species-specific 

DNA sequences 

Differences in 

restriction enzyme 

band hybridization 

patterns 

Specimen or 

culture 

aReferences for methods are present in the main text and Appendix Table A2. 
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bThe component or property of the bacterial cell analyzed by the respective methods. 
cThe result obtained for interpretation using the respective methods. 
dThe type of material that can be used for the assay. Note that all methods except for 

phage typing use extracted DNA for analysis. 
eMethods listed come under the “other” category in Table 3.2. 
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Table 3.4: Thresholds for distinguishing MSIs from microevolution events as per 

reviewed studies. 

Yeara Methodb Microevolutionc MSIc References 

2004 

IS6110 RFLP 
1-3 different 

bands 

>3 different 

bands 
467 

MIRU-VNTR 
Double allele at 

1 locus 

Double alleles 

at ≥2 loci 

2011 MIRU-VNTR 
Double allele at 

1 locus 

Double alleles 

at ≥2 loci 
511 

2013 WGS 

<80 

heterogeneous 

SNPs 

>80 

heterogeneous 

SNPs 

313 

2014 IS6110 RFLP 
1-2 different 

bands 

>2 different 

bands 
586 

2015 WGS 

≤140 

heterogeneous 

SNPs 

>140 

heterogeneous 

SNPs 

545 

2019 MIRU-VNTR 
Double allele at 

1 locus 

Double alleles 

at ≥2 loci 
587 

2019 WGS 

0-5 

heterogeneous 

SNPs 

757-833 

heterogeneous 

SNPs 

544 

aYear of publication in chronological order. 
bDetails regarding specific methods are included in the main text and Appendix Table A2. 
cThresholds or criteria used by the respective methods to differentiate between the two 

forms of infection. 
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CHAPTER IV 

Genomic epidemiology of Mycobacterium avium subsp. paratuberculosis isolates 

from Canadian dairy herds provides evidence for multiple infection events.  

4.1 Abstract 

Mycobacterium avium subsp. paratuberculosis (MAP) is the pathogen responsible 

for paratuberculosis or Johne’s Disease (JD) in ruminants, which results in substantial 

economic losses worldwide. MAP transmission primarily occurs through the fecal-oral 

route, and the introduction of a MAP-infected animal into a herd is an important 

transmission route. The current study characterized MAP isolates from 67 cows identified 

in 20 herds from the provinces of Quebec and Ontario, Canada. Whole genome 

sequencing (WGS) was performed and an average genome coverage (relative to K-10) of 

∼14.9 fold was achieved. The total number of SNPs present in each isolate varied from 

51 to 132 and differed significantly between herds. Isolates with the highest genetic 

variability were generally present in herds from Quebec. The isolates were broadly 

separated into two main clades and this distinction was not influenced by the province 

from which they originated. Analysis of 8 MIRU-VNTR loci and 11 SSR loci was 

performed on the 67 isolates from the 20 dairy herds and publicly available references, 

notably major genetic lineages and six isolates from the province of Newfoundland and 

Labrador. All 67 field isolates were phylogenetically classified as Type II (C-type). 

MIRU-VNTR typing showed that pattern INMV 2 (76.1%) was the most prominent 

pattern identified among four distinct patterns. ML-SSR typing identified 49 distinct 

INMV SSR patterns. The discriminatory index of the ML-SSR typing was 0.9846, which 

was much higher than MIRU-VNTR typing (0.3740). Although ML-SSR analysis 
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provides good discriminatory power, the resolution was not informative enough to 

determine inter-herd transmission. In select cases, SNP-based analysis was the only 

approach able to document disease transmission between herds, further validated by 

animal movement data. The presence of SNPs in several virulence genes, notably for 

PE/PPE, mce and mmpL, is expected to explain differential antigenic or pathogenetic host 

responses. SNP-based studies will provide insight into how MAP genetic variation may 

impact host-pathogen interactions. This study highlights the informative power of WGS 

which is now recommended for epidemiological studies and to document MGIs. 

4.2 Introduction 

 Mycobacterium avium subsp. paratuberculosis (MAP) is the pathogen responsible 

for paratuberculosis or Johne’s Disease (JD) in ruminants worldwide. Clinical expression 

of JD results in symptoms such as chronic diarrhea, progressive weight loss, and 

decreased milk production 172. In addition, this infection has raised concerns, in part due 

to the possible link between MAP and Crohn’s Disease (CD) in humans, leading to 

discussions related to the impact of MAP on chronic diseases and food safety 602–605. 

 MAP transmission primarily occurs through the fecal-oral route, which includes 

contaminated teats and milk or colostrum of infected animals allowing for direct 

transmission from cow to calf 167,169. Additional sources of MAP infection include 

environmental contamination 170,228,605 and the introduction of infected animals into a herd 

290,606. Once transmitted, JD typically progressed into four consecutive phases 172, with 

reliable detection of infection only occurring with the development of clinical symptoms 

after a period of incubation. 
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 On-farm biosecurity measures aim to limit the spread of infection 268. However, 

the introduction of MAP into a herd of new individuals presents a risk of transmission. 

Due to the slow-growing, persisting nature of this disease, it is difficult to establish a 

clear source of infection. Molecular characterization is proving to be a powerful 

infection-tracking strategy and may help formulate legislation that would further aid in 

limiting the spread of MAP. MAP can be broadly phylogenetically classified into sheep-

strains (S-type/Type I and III) and cattle-type (C-type/Type II) strains, where the latter 

also includes bison-type (B-type) isolates based on differences in the IS1311 insertion 

sequence 274–276. The type I, II and III classification is preferred, as it has been noted that 

MAP isolates from different lineages are not specific to a particular host 53,271,283–285. 

Examination of the MAP genome has also allowed for the development of a variety of 

strain typing methods based on variable repeating elements, which may vary between 

strains. For example, eight MAP genomic loci are used in the MIRU-VNTR method for 

strain typing 287. In comparison, analysis using the ML-SSR method consists of the 

examination of homopolymeric (monomeric or multimeric) repeats, 11 of which have 

been used for typing different MAP isolates 286. Recently, SNP analysis-based methods 

have allowed for the identification of unique strains within populations at much higher 

resolutions than previously possible 290. MAP is a slow-growing organism (in-vitro 

doubling time of 22-26 hours), and the mutation rate is likely to be low. Different studies 

have reported substitution rates ranging from 0.1-0.5 SNPs/genome/year 53,104,289,290,313. 
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4.3 Objectives 

 The purpose of this study was to examine genetic variations in MAP isolated from 

subclinical cows shedding the bacterium in their feces. Genome sequencing was 

conducted with 67 MAP isolates from 20 herds throughout the provinces of QC and ON. 

These provinces are the two largest dairy producers in Canada, making farms within these 

provinces an optimal choice for conducting a molecular epidemiology study. The use of 

WGS allowed for the detection of many distinct strains with significant genetic variation 

within a single herd, suggesting that cattle may have become infected with MAP through 

independent infection events, instead of originating from a single parent strain that 

infected a single animal at that farm. Such events have implications for infection source 

tracking and farm biosecurity. In addition, this study was performed in part as a proof of 

concept for the high-resolution mapping of MAP isolates within animals across multiple 

herds. Optimization of the methodology within this study allowed for validation of 

methods for use in examining relations of MAP at both the intra-herd level in this Chapter 

and the intra-cow level described in Chapter V of this thesis. 

4.4 Results and Discussion 

4.4.1 Animal Phenotypes and MAP Isolates 

 Serum ELISA measures the presence of MAP-specific antibodies, while fecal 

PCR is a direct measurement of the presence of MAP in the feces. While culture-based 

methods have the advantage of detecting live MAP, the use of quantitative PCR allows 

for the evaluation of bacterial shedding levels. Prior studies have compared different 

DNA extraction systems coupled with qPCR and evaluated the detection limit of MAP 
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present in feces 178. The most efficient protocol was used to quantify fecal MAP excretion 

in 555 MAP-infected cows from the 3,452 cows from 22 herds that were initially tested. 

Samples from most animals were collected on a semi-annual basis. The specificity of 

fecal MSP detection is 100%, as the ISMAP02 target is MAP-specific 125. True MAP 

infections were also confirmed by serum ELISA, where specificity reached 97.1-98.6% 

607,608 and fecal PCR 178. However, because of the potential passive fecal shedding of 

MAP, the phenomenon of MAP being ingested from contaminated feed and detected in 

the feces without causing disease 609, cultures were performed on some suspected samples 

to confirm MAP infections. Cows with low fecal excretion of MAP with a negative serum 

ELISA test were confirmed to be infected with MAP using culture (Figures 4.1 C and 4.1 

F). The detection limit of qPCR is equivalent to 100-500 colony-forming units (cfu)/g of 

feces, which corresponds to quantitative PCR values reported by the cycle threshold (Ct), 

of 37-38-ΔΔCT 178. Similarly, high-shedding cows are known to excrete levels of MAP 

approaching 1 million cfu/g of feces, which would correspond to Ct values <27 according 

to the extrapolation of the standard curves (Appendix Figure A1) that are also similar to 

previous observations 178. 

 To obtain MAP isolates from each herd, priority was given to the cows (up to six 

per herd) with the highest shedding levels per herd, as detected by qPCR. Examination of 

fecal qPCR data of these cattle, with multiple samples recorded over a period of 3-5 years 

in most cases, assigned the animals to three MAP shedding categories: low, moderate, and 

high. Some low-shedding cows were selected for the study as they were the only MAP-

shedding cows available from these farms during the longitudinal study. MAP isolates 
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were collected from 180 cows from 20 herds among the 376 cows analyzed by fecal 

culture. When analyzing feces from these cows, isolates were unable to be retrieved from 

two herds. Non-MAP microorganisms were able to resist the decontamination process, 

showing complete overgrowth of the medium with both the original culture and 

subsequent repeat cultures in these cases 610. The success of the culture depends on the 

ability to control the outgrowth of other microorganisms which may vary depending on 

the diet of the cattle and geographical regions 611,612. In addition, contamination can be 

grouped in samples from certain farms, which was noted in samples from the two herds 

where contamination was observed. Cultures were performed using aliquots of frozen 

MAP culture preserved at -80°C, corresponding to the highest MAP shedding period 

(Figure 4.1). Storage of samples at -80°C and the absence of freeze and thaw cycles kept 

samples in optimal condition 613, allowing for the collection of MAP isolates from 4-5 

years of historical samples, including from low-shedding cows (Figures 4.1 E and 4.1 F). 

Of the 67 cattle examined within this study (Table 4.1), 42 were classified as high 

shedders (Ct<27), 20 were classified as moderate shedders (27<Ct<33), and five cows 

were classified as low shedders (Ct>33). Select examples of the profiles of each category 

of shedder are shown in Figure 4.1. 

4.4.2 Phylogenetic SNP-based analysis 

 Of the 67 assemblies that resulted from the bioinformatic pipeline, an average 

genome size of ~4.78 Mb, with average GC content of 69.33% and average read coverage 

depth of ~14.9X (relative to K-10) was achieved (Appendix Figure A2). Verification of 

the assemblies using CheckM confirmed that all assemblies produced were of high 
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quality, with average completeness of ~99.28% (classified as “near” completion) and 

average contamination of ~1.13% (classified as “low” contamination) 361 (Appendix 

Table A4).  

 While type II isolates are typically seen in cattle, and type I/III isolates are 

typically found within sheep, previous studies have noted instances where these types 

were found in additional host organisms 271,283–285. While it may be expected that the 

isolates within this study belong to the type II category due to their cattle-based origin, it 

is not guaranteed. To verify that the isolates examined in this study were type II strains, 

genetic variant analysis based on core SNP phylogenies for each isolate was performed 

using Snippy against the following MAP strains: Telford (type I), K-10 (type II), S397 

(type III), and MAPK JB-16/15 (type B) (Appendix Figure A2). All 67 field isolates 

from the provinces of QC and ON were shown to be closely related to K-10 (Figure 4.2), 

with a range of 51-132 SNPs present across these 67 (Appendix Table A5). The genetic 

variant analysis performed on these 67 isolates based on type I, III and B strains showed 

much higher SNP ranges of 3,333-3,429, 3,297-3,400, and 564-653, respectively 

(Appendix Tables A6, A7 and A8, respectively). As expected, the lower number of 

variants in the K-10-based genetic variant comparison indicates that these isolates are 

type II strains. This claim was further validated using methods established in previously 

published works to examine the assemblies of each isolate and verify characteristics 

which match type II strains. Isolates were categorized as C-type strains through the 

confirmation of the C-type exclusive large sequence polymorphism (LSP) LSPA20 272,273. 
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None of the isolates contained the B-type specific “TG” deletion present in IS1311 locus 

2, confirming all isolates examined in this study as being type II strains 53,614. 

 The total number of SNPs found varied from 51-132 SNPs (Appendix Table A5 

and significantly varied among herds (Figure 4.3). Herds with isolates with the highest 

genetic variability were generally in the province of QC except for herd ON-3. Herd 

prevalence of MAP infection did not correlate (rs=-0.19) with the genetic variability of the 

isolates found in herds (Figure 4.3). The number of unique variants present within each 

assembly was also recorded (Appendix Table A9). Of the 67 field isolates examined in 

this study, 13 of them contain no unique SNPs. The highest number of unique SNPs was 

31 in strain 1452 (herd ON-2). When examining the number of unique SNPs within 

individual herds, all herds with multiple isolates were shown to have several isolates with 

their own unique MAP variant patterns.  

 As shown in Figure 4.2, the isolates are broadly separated into two main clades. 

This distinction is not influenced by the province from which they originate. In most 

cases, isolates derived from the same herds clustered together, except for herds ON-1, 

ON-2, ON-4, ON-6, ON-7, and ON-8. In these herds, as shown in Figure 4.2, the genetic 

diversity (standard deviation, SNP ranges) was much higher than many of the other herds 

examined. Interestingly, these herds were the largest of the dairy farms examined. Three 

of these herds (ON-6, ON-7, and ON-8) contained isolates found in both clades present. 

The presence of multiple distantly related strains present within individual farms suggests 

separate infection events with distinct MAP isolates.  
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 In some cases, the movements of animals between herds were known and could be 

related to results found within the core SNP phylogeny (Figure 4.2). Herds QC-2 and 

QC-3 are located 5 km from each other and have been trading animals for a very long 

time (>20 years). With recorded animal movements between the two long-standing dairy 

farms, it is not possible to trace the pattern of transmission between these two farms 

without having access to historical samples of early movements. Due to their frequent 

trade for decades, it is unsurprising that the isolates from these two independent 

commercial dairy farms cluster closely together within the core SNP phylogeny. Herds 

QC-5 and QC-11 cluster closely together as well, which can be partially explained by a 

recorded animal movement. The first MAP-positive cows in herd QC-5 were detected in 

2014. A 4-year-old JD-positive cow, which isolate 392 was collected from, was purchased 

from herd QC-11 at the age of 3 years old and started to excrete MAP the following year. 

As MAP infection generally occurs in young (<2 years old) livestock 170, it suggests that 

this cow was already infected with MAP when purchased. The introduction of this animal 

to herd QC-5 also coincided with the period of births of animals that were expected to 

become positive in 2016–2017, most notably including the cows which isolates 885 and 

1071 were collected from. This cow tracking data, along with the results observed in the 

core SNP tree seemingly confirm a direct ancestral transmission of MAP from herd QC-

11 to QC-5. 

 Another potential transmission event can be found in herd ON-7. This herd 

contained three isolates with two distinct genetic profiles, one within isolate 631 and 

another within isolates 638 and 648. The animal which isolate 631 was obtained from was 
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born within the herd in December of 2010, while the animal which isolate 638 was 

extracted from was born on a separate farm in October of 2010. This second cow (isolate 

638) was introduced to herd ON-7 in 2012 (at the age of 2 years, 2 months). The cow 

which isolate 648 was obtained from was born in 2013, leaving an age difference of ∼2.5 

years between this cow and the cow isolate 638 was obtained from. This timeframe would 

allow cow 638 to transmit its MAP strain to herd mates, including cow 648, explaining 

the clustering observed in Figure 4.2. 

 A third instance of potential transmission is observed in herd ON-6. This herd 

shows two distinct profile types, one shared by isolates 594, 1007, 1023, and 1512, and 

another shared by isolates 1495 and 586. The cow isolate 1512 was derived from is the 

oldest of these cows, which was born in December of 2008 on a separate farm from ON-

6. This cow was transferred to herd ON-6 at the age of 2 years and 4 months, while cow 

594, cow 1007 and cow 1023 were all born >2 years later in 2010. Cow 1512 was 5–6 

years old during their birth period, allowing these three cows to become infected by cow 

1512, as suggested by their similar genetic profile. Cows that resulted in isolates 586 and 

1495 were born within herd ON-6, in 2010 and 2012 respectively. Cow 586 was 

confirmed to be shedding MAP at 5 years and 6 months old, while confirmed MAP 

shedding for cow 1495 was found at 3 years and 8 months old. The difference in the 

variant profile presented by isolates 586 and 1495 compared to the other four isolated 

derived from this herd, alongside the fact that both cows were born and raised within herd 

ON-6, suggests that a secondary infection event was present in this herd for some time. 
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4.4.3 Genetics and virulence factors 

 As previously shown in Figure 4.1, the shedding of MAP within host feces can 

vary significantly, with some hosts shedding high amounts of MAP (Figure 4.1 A and 4.1 

B) while other hosts shed MAP at a very low level (Figures 4.1 E and 4.1 F). The exact 

reason for this variation in shedding difference, whether it be due to the host, the bacteria, 

or an interaction between the two, is currently unknown 615. Genetic variations in the 

virulence factors could impact the mechanisms allowing MAP to infect the host and 

thwart the mechanisms of the macrophage where it nests to ensure its survival and 

multiplication. Since the information available for MAP is limited, details regarding the 

mode of action of MAP virulence factors are imputed from functions observed in related 

mycobacteria, such as M. tuberculosis. In addition to examining the phylogeny of SNPs 

and transmission patterns in herds, the presence of many SNPs in several virulence gene 

families may help improve current knowledge of MAP virulence. The virulence factors 

explored in this study, namely the proline-glutamate/proline-proline-glutamate motif 

(PE/PPE) genes, mycobacterial membrane protein Large (mmpL), and the mammalian 

cell entry (mce) operons, were chosen based on studies on the pathogenicity of M. 

tuberculosis and M. avium 242,616. The presence of genetic polymorphisms in PE/PPE, 

mmpL, and mce genes from each of our field isolates and noted variations present within 

these genes (Tables 4.2, 4.3 and 4.4). 

 PE and PPE protein families are well-conserved proteins unique to mycobacteria 

and are suspected to have roles in the pathogenicity of the organism 617,618. These proteins 

are typically found at the cell surface, with conserved N-terminal and C-terminal domains 
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that broadly categorize these proteins into subfamilies 619. Some PE/PPE proteins have 

been shown to elicit B cell responses 617 and affect macrophage or dendritic cell function 

620,621. With some PE/PPE proteins expressed on the cell surface, one would expect to 

have a differential antigenic response or pathogenic variation associated with the different 

genetic patterns of these genes. The WGS analysis revealed several missense, frameshift, 

and synonymous mutations, along with a disruptive in-frame deletion in several PE/PPE 

genes (Table 4.2). Genetic variation was found in only one PE gene, found at locus 

MAC_P9 (Map4144 protein). In several isolates, the deletions (missense mutations) 

identified would truncate the Map4144 protein. Interestingly, virulence and antigenicity 

of MAP during macrophage infection are dominated by the up-regulation of Map4144 622. 

Whether the missense mutation observed affects the function of Map4144 is worth future 

investigation. Genetic variants were detected in 12 PPE genes, notable in loci 

MAC_PPE1, MAC_PPE7, MAC_PPE9, MAC_PPE10, MAC_PPE14, MAC_PPE16, 

MAC_PPE20, MAC_PPE30, MAC_PPE33, MAC_PPE33, and MAC_PPE41 (Table 

4.2). All of these genes are conserved in other MAC bacteria, though the exact function of 

each protein is uncertain. It has also been noted that seven of these proteins have no 

orthologue in M. tuberculosis 623, with the remaining six loci corresponding to Map0123 

(MAC_PPE1), Map2575c (MAC_PPE10), Map1518 (MAC_PPE20), Map3185 

(MAC_PPE33), MAP3725 (MAC_PPE41) and Map1734 (uncharacterized MAP locus) 

proteins, have orthologues in M. tuberculosis, corresponding to PPE20, PPE18, PPE32, 

PPE51, PPE3, and PPE37, respectively. Given the importance of the PE/PPE family for 

virulence, an importance which also extends to any mutations that could affect the host 
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antigenic response, further investigation into the PE/PPE genes with mutations identified 

in this study is recommended for future studies.  

 Factors that enable the pathogen to achieve infection and allow persistence are 

also considered to be virulence factors. Genetic variations in mammalian cell entry (mce) 

operons, implicated in the invasion of mycobacteria into host cells, are expected to 

influence MAP virulence as well. MAP contains eight mce operons instead of the four 

present in M. tuberculosis, with two copies of the mce5 and mce7 operons 624,625. The 

structure of mce genes in each operon is composed of eight genes (mceA-mceF and 

yrbEA-B). Several missense mutations were identified in mce1A, mce1F, mce5-2E, mce5-

2F, mce7-2F and yrbE1B and yrbE2B genes though their impact on MAP pathogenicity is 

unknown at this time (Table 4.3). 

 The cell envelope is a critical aspect of mycobacterial physiology and virulence. 

Mycobacterial membrane protein Large (mmpL) proteins are permeases which are an 

integral part of the membrane 626. These membrane transporters indirectly contribute to 

virulence in M. tuberculosis via the transport of substrates that directly influence bacterial 

survival. While information regarding the function of these mmpL proteins is more 

detailed for M. tuberculosis 626, their role in MAP is poorly understood 616. Future 

investigation into the role of mmpL proteins in MAP, alongside how the mutations listed 

in Table 4.4 may impact protein function, is recommended for future studies, 

4.4.4 In-silico analysis of repetitive elements 

 VNTRs such as those described in the MIRU or ML-SSR methods 286,287 are a 

significant source of genetic polymorphisms in mycobacteria, including MAP. Due to the 
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low mutation rate of this slow-growing organism, repetitive DNA elements become one 

of the main driving forces of genome evolution within this species, Multi-locus variant 

analysis (MLVA) methods provide a discriminatory power and, more importantly, the 

portability of the results (MLVA codes) facilitates their exchange between laboratories. 

In-silico analysis of eight MIRU-VNTR loci, namely MIRUs 292 and X3, and VNTRs 

25, 47, 3, 7, 10 and 32 287, and 11 SSR loci 286 was performed on both the 67 isolates from 

20 dairy herds, as well as ten strains downloaded from the NCBI genome database: 

Telford (type I), K-10 (type II), S397 (type III), MAPK JB16/15 (B-type), and six isolates 

previously found on the province of Newfoundland and Labrador (NL), Canada (NL-89C, 

NL-93B, NL-95A, NL-95B, NL-95E, NL-96E) 289,315. The repeat size at each locus was 

recorded manually for each isolate, along with the herd ID, province ID, and MAP 

shedding level of the 67 cows each isolate was sampled from (Table 2.2).   

 Among the 67 isolates examined with SSR markers, loci 1 and 2 showed the 

highest discriminatory index (DI) values at 0.8508 and 0.8005, respectively (Table 2.2). 

For SSR locus 1, a total of 15 distinct repeat patterns were identified, while SSR locus 2 

had a total of eight distinct repeat patterns (Table 2.2). Other SSR loci had only one 

repeat pattern, including SSRs 3, 4, 5, 10, and 11, thus excluding their discriminatory 

capability. Apart from the high discriminatory power of loci 1 and 2, SSR loci 7 (DI of 

0.4242) displayed three different patterns, followed by loci 6, 8, and 9 with a much lower 

DI (0.0299 each), with only two patterns. Among the MIRU-VNTR loci examined, locus 

10 was the most discriminatory locus (DI of 0.2985), followed by locus 292 (DI of 

0.0882) and locus 7 (0.0298), all with only two different repeat patterns present within the 
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67 field isolates examined. The remaining MIRU-VNTR loci were not informative. All 

MIRU-VNTR in-silico results matched those obtained by PCR (data not shown). As 

shown in Figure 4.4, ML-SSR markers were more informative than the MIRU-VNTR 

markers. The DI values reported for the MIRU-VNTR markers were globally lower than 

those found in the SSR markers, as previously shown in other studies 627,628. 

 Examination of the MIRU-VNTR and SSR loci was also performed using the web 

application “MAC-INMV-SSR” database, a database which contains the MIRU-VNTR 

and SSR profiles of several known strains of MAP 373. Using this database to examine the 

67 type II isolates from the provinces of QC and ON, four different INMV-MIRU patterns 

were identified (Table 2.2). The predominant type of field isolates in these provinces was 

INMV 2 (76.1%), followed by INMV 3 (17.9%), INMV 13 (4.5%) and INMV 8 (1.5%). 

The total DI using the INMV database patterns is 0.3740. 

 Analysis of the INMV-SSR pattern was obtained for 67 isolates from QC and ON. 

Some strains (n=8) had an ambiguous number of repeats in their assembly (for the field 

isolates assembled) or a lack of coverage over the entire repeat (for the reference 

sequences downloaded from NCBI). Manual examination of the repeats allowed for the 

confirmation of the SSR patterns of six of the field isolate assemblies, leaving the 

remaining two field isolates, along with two NCBI sequences, listed as having an 

unknown pattern. Of the remaining 74 isolates, 15 recognized patterns were detected, 

along with 16 novel patterns which were not present within the MAC-INMV-SSR 

database. An important point of consideration is that the MAC-INMV database has a 

slight limitation when examining SSR loci. If the repeat value is greater than 11, typically 
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shown within the longer mononucleotide repeats in SSR loci 1 and 2, then the repeat is 

called as “+”. This results in a slight underestimation of the true diversity of the 

population. Notwithstanding, the stability of the SSR locus 2 has previously been shown 

to be affected by in-vivo passage 629, which may not be suitable for epidemiological study. 

Four of the patterns within the database (SSR7, SSR8, SSR10, and SSR93), which called 

long repeats as “+”, were found to have several repeat “sub-patterns” within each called 

pattern (two in SSR7, two in SSR8, six in SSR10, and five in SSR93), showing further 

diversity within listed repeat patterns. Among the 16 novel patterns, six were found to 

have additional patterns that would not be recognized due to their high repeat values. 

When taking these additional patterns into account, the DI value increases from 0.9457 to 

0.9846, which is reported in Tables 2.2 and 4.4. 

 The INMV-MIRU-VNTR DI value of the 67 isolates was evaluated at 0.3740 

while the INMV-SSR was 0.9846. The capacity of INMV-SSR to differentiate MAP 

isolates exceeds that established using the alternative method previously reported (DI if 

0.795), which used a selection of novel tandem repeats 616, making the web application 

“MAC-INMV-SSR” database the best reference for reporting typed MAP. 

 Comparison of both ML-SSR and MIRU-VNTR patterns, as shown in both Table 

4.5 and Figure 4.4, allows for a clear visualization of how these patterns are spread 

throughout the isolates examined. Among the 18 herds with multiple isolates, MIRU-

VNTR was only able to identify multiple patterns in herds ON-2 and ON-6, each 

confirmed as having two patterns. All other herds contained a single INMV type. Using 

SSR loci, multiple patterns were confirmed in 17 of these 18 herds, with a minimum of 
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two confirmed profiles (seven herds) and a maximum of six confirmed profiles (ON-6). A 

single pattern (SSR13) was confirmed in the herd QC-9 (isolate 1427). While the isolates 

were shown to be closely related by core-SNP analysis using ~107 SNPs, each isolate was 

confirmed to have a unique pattern of variants, with no clonal isolates identified. The 

differentiation provided by both core-SNP analysis and ML-SSR typing supports previous 

work which has noted that repetitive elements, especially MIRU-VNTR, are often subject 

to homoplasy 53,630. In these cases, while the MIRU-VNTR pattern may be the same, 

further examination would reveal that the isolations are genetically distinct from one 

another and are unrelated. Homoplasy was obvious within the isolates examined in our 

study, as the broad classification of unrelated isolates as INMV 2 indicates. Homoplasy 

within INMV 2, itself a commonly identified MIRU-VNTR type in both Europe and 

Canada 284,290,630, was also noted as being an example of homoplasy in prior works 53,630. 

4.5 Conclusion 

 In summary, MAP isolates from 67 cattle in 20 herds within the provinces of QC 

and ON were genetically characterized using a selection of typing methods, including 

WGS analysis. The assemblies produced using our prospective pipeline were verified as 

being of high quality without contamination, which avoids the generation of misleading 

hypotheses. All isolates were type II, the cattle type. They were subtyped using both 

traditional MLVA typing methods such as MIRU-VNTR and ML-SSR. Examination of 

the SSR and MIRU-VNTR-based methods showed that SSR had significantly more 

discriminatory power than MIRU-VNTR, as it was able to identify more unique patterns 

both across the entire dataset and within each of the individual herds. However, the 
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limited discriminatory capacity of the multi-locus typing methods does not allow tracking 

of inter-herd MAP transmission. The core SNP-based analysis was the only approach 

leading to the assignment of individual signatures to each isolate and allowed for the 

documentation of disease transmission across herds, supported and confirmed by the 

animal movement data. While the structure of the 67 isolates within the phylogenetic tree 

was not correlated with the phenotypes recorded in the animals, the presence of genetic 

variations in several virulence genes, notable for PE/PPE, mce, and mmpL genes, could 

explain differential antigenic or pathogenetic responses, though further analysis of these 

SNPs is required to verify this hypothesis. Additional isolates are being studied and the 

analysis of a larger population should make it possible to study the impact of the genetic 

pattern of MAP virulence genes and their impact on the host in a context and controlled 

infection. 
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4.6 Figures and Tables 

4.6.1 Figures 

 

Figure 4.1: Graphical plots showing the relationship of fecal shedding of MAP (qPCR 

Ct value) and blood ELISA (Sample/Positive Ratio) to animal age. Panels (A) and (B) 

reflect the profile of phenotypes collected in “high shedding” animals (Ct <27), panels (C) 

and (D) reflect the trends present in “moderately shedding” animals (27<Ct<33), and panels 

(E) and (F) reflect the trends present in “low shedding” animals (Ct>33). The arrows 

present on each graph represent the timepoint in each animal that fecal samples were 

selected for the culture of MAP. The grey line with points represented by “O” represents 

the S/p-value of the serum ELISA at that point in time. The black line with points 

represented by “X” represents the Ct results (mean value) obtained from qPCR at that point 

in time. The dashed line along the bottom represents the minimum ELISA threshold for 

isolates to be suspected of being MAP-positive. 
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Figure 4.2: Core SNP phylogeny of Type II MAP strains. Phylogenetic tip labels are 

coloured by herd. Tip labels in grey represent type II strains used as reference sequences 

downloaded from the NCBI database. The isolates are divided into two major clades, 

represented by the main axis which is divided into two major branches. Arrows leading 

from one isolate to another are indicative of a confirmed transmission event as described 

in Section 4.4.2. Arrows with arrowheads at both ends are present at herds QC-2 and QC-

3 indicating that while transfer between herds has likely occurred, the exact transmission 

pattern of MAP between hosts is unknown. 
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Figure 4.3: Average number of SNPs detected in the strains isolated within each 

herd. The number of SNPs in each strain was recorded (Appendix Table A5). The 

average number of SNPs detected in strains isolated in each herd with different letters 

differ significantly (p<0.05) after the application of a Tukey correction. The number of 

strains analyzed by WGS is reported for each herd. Each strain is derived from a single 

isolated colony from a different cow. Statistical analysis of SNP counting was performed 

by Dr. N. Bissonnette. 
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Figure 4.4: Visualization of the distribution of shedding status, SSR type and MIRU-

VNTR type across different herds in ON and QC. Isolates are grouped by herd, with 

colours in each column reflecting a different value within their respective category. In the 

province column, isolates from QC are labeled in blue, while isolates from ON are 

labeled in red. Herd colours are the same as those in Figures 4.2 and 4.3, and are labelled 

long the side of the figure. The shedding status column identifies isolates from animals 

that were high shedders (red), moderate shedders (orange) and low shedders (yellow). 

Isolates with no shedding data were coloured grey. Both the SSSR type and MIRU-VNTR 

type columns use colours to represent patterns, with unknown patterns coloured white. 
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4.6.2 Tables 

 

 

aAll cows in this study were older than 24 months. Herd size reflects the number of cows over 24 months old when blood and 

feces were collected at the first visit to the dairy farm. 
bPrevalence (%) represents the true prevalence of MAP-infected cows recorded during the longitudinal study of 3-5 years. 
cThe number of strains analyzed by whole genome sequencing (WGS) is reported for each herd. Each strain is derived from a 

single isolated colony from the selected cow. 

 

 

 

 

 

 

 

 

Table 4.1: Herd size, prevalence of infection per-herd and samples examined per-herd for 14 herds examined. 

Herd ID QC-1   QC-2  QC-3  QC-4  QC-5   QC-6  QC-7  QC-8  QC-9  QC-10  QC-11  QC-12   ON-1  ON-2  ON-3  ON-4  ON-5  ON-6  ON-7  ON-8 

Herd Sizea 157 71 90 91 45 47 82 265 121 156 195 104 423 231 162 155 122 378 208 155 

Prevalence (%)b 7.0 29.6 10.0 2.2 15.5 6.4 14.7 11.7 18.2 19.2 4.1 16.4 11.1 11.7 11.1 8.4 4.9 32.5 10.1 24.6 

MAP-infected cows 11 21 9 2 7 3 12 31 22 30 8 17 47 27 18 13 6 123 21 38 

Number of strainsc 4 3 3 4 3 1 3 3 3 3 3 1 6 4 4 3 3 6 3 4 
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Table 4.2: Mutations identified in PE/PPE proteins in reference to the MAP K-10 genome. 

PE/PPE 

Namea 

MAP 

gene/protein 

(K-10) 

TB 

Orthologue 

Location of 

Variantb 

Variant 

Typec 

Nucleotide 

Alteration 

Protein 

Alteration 

Variant 

Effect 
Herd IDd 

MAC_PPE1 Map0123 PPE20 

Between 

131778 - 

131779 

INS +CGG 
Ala 

duplication 

Disruptive 

Inframe 

Insertion 

QC-2 (191), 

QC-3 (206), 

ON-2 (560) 

MAC_PPE30 Map1144c N/A 1198312 SNP C -> G Gln -> His 
Missense 

mutation 

QC-5, QC-8 

(1157), QC-

11 

MAC_PPE20 MapP1518 PPE32 
1668384 -

1668404 
DEL 

-

CGCCGCC

TATGAGAC

GGCCTT 

Shortening 

of Protein 

Conservative 

Inframe 

Deletion 

ON-3 (325) 

MAC_PPE16 Map1676 N/A 1831523 SNP G -> A Gly -> Glu 
Missense 

mutation 

ON-6 (594, 

1023, 1512), 

ON-7 (631), 

ON-8 (910, 

918, 1419) 

UNK Map1734 PPE37 

Between 

1896185 -

1896186 

INS +C 
Shortening 

of protein 

Frameshift 

mutation 

ON-7 (638, 

648) 
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MAC_PPE14 Map1813c N/A 
1990165 -

1990219 
DEL 

-

GCCGCGG

CGGCGCC

GACGGGC

CCGCGCC

TTCTTGCT

GCCCGCG

GCCGCCG

CCGCG 

Shortening 

of protein 

Frameshift 

mutation 

ON-6 (594, 

1512) 

MAC_PPE14 Map1813c N/A 1991288 SNP G -> A Ala ->Val 
Missense 

mutation 

QC-5, QC-8 

(1157), QC-

11 

MAC_PPE10 Map2575c PPE18 
2896134 -

2896145 
DEL 

-

CGCCGCC

GACCG 

Shortening 

of Protein 

Disruptive 

Inframe 

Deletion 

QC-10 

MAC_PPE9 Map2595 N/A 2920978 DEL -A 
Shortening 

of protein 

Frameshift 

mutation 
All Isolates 

MAC_PPE9 Map2595 N/A 2921144 SNP C -> T Pro -> Leu 
Missense 

mutation 
QC-2, QC-3 

MAC_PPE7 Map2601 N/A 2927781 SNP G -> A Gly -> Arg 
Missense 

mutation 

QC-5, QC-

11 
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MAC_PPE33 Map3185 PPE51 3536540 SNP C -> T Leu -> Leu 
Synonymous 

mutation 

QC-5, QC-

11 

MAC_PPE36 Map3490 N/A 

Between 

3881083 and 

3881084 

INS +G 
Shortening 

of protein 

Frameshift 

mutation 
QC-4 (400) 

MAC_PPE41 Map3725 PPE3 4146287 SNP C -> T Asn -> Asn 
Synonymous 

mutation 

ON-6 (594, 

1023, 1512), 

ON-7 (631), 

ON-8 (910, 

918, 1419) 

MAC_PE9 Map4144 N/A 4622682 DEL -T 
Shortening 

of protein 

Missense 

mutation, 

"intergenic 

region" 

QC-1, QC-2 

(183), QC-3 

(171), QC-4 

(375, 400, 

869), QC-5, 

QC-6, QC-8 

(1157), QC-9 

(516), ON-2 

(211, 1452), 

ON-3 (325, 

326), ON-7 

(638, 648) 
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MAC_PE9 Map4144 N/A 4622687 DEL -T 
Shortening 

of protein 

Missense 

mutation, 

"intergenic 

region" 

QC-1, QC-2 

(183), QC-4 

(375), QC-5 

(392), QC-9 

(515, 516), 

ON-3 (325, 

326), ON-7 

(648), QC-8 

(1157) 

MAC_PE9 Map4144 N/A 4622694 DEL -A 
Shortening 

of protein 

Missense 

mutation, 

"intergenic 

region" 

QC-1, QC-2 

(183), QC-3 

(171), QC-4 

(375, 869), 

QC-5 (392), 

QC-6, QC-9 

(515, 516), 

ON-3 (325), 

ON-7 (648), 

ON-8 (1419) 

aProteins identified as described in Mackenzie et al. (2009)623 (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2668356/). One 

protein, an orthologue of M. tuberculosis protein PPE 20, was not given an annotation by this publication and is listed as 

unknown (UNK). 
bMutations are sorted according to nucleotide locus in reference to the K-10 genome sequence (Accession ID: AE016958.1) 
cSNP = Single Nucleotide Polymorphism, INS = Insertion, DEL = Deletion 
dListing of the herd ID indicates that all isolates taken from that herd have the same mutation. If only certain isolates from a herd 

contain the mutation, they are listed in parenthesis. 



 

119 
 

Table 4.3: Mutations identified in mce proteins in reference to the MAP K-10 genome. 

mce Genea 

MAP 

gene/protein 

(K-10) 

Location of 

Variant (K-10)b 

Variant 

Typec 

Nucleotide 

Alteration 

Protein 

Alteration 

Variant 

Effect 
Herd IDd 

mce7-2F Map0113 124194 SNP C -> T Ile -> Ile 
Synonymous 

mutation 
QC-3 (171) 

mce7-2F Map0113 124251 SNP G -> T Lys -> Asn 
Missense 

mutation 
QC-12 

mce4F Map0569 594004 SNP T -> C Leu -> Pro 
Missense 

mutation 

QC-1, QC-

2, QC-3 

(171), QC-

7, ON-1 

(117, 137, 

242), ON-2 

(211, 552), 

ON-4 (342, 

863), ON-5, 

ON-6 (586, 

1495), ON-

7 (638, 648) 

mce3E Map2112c 2338751 SNP G -> A Pro -> Pro 
Synonymous 

mutation 
ON-5 
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mce5-2E Map2193 2436439 SNP C -> T Pro -> Leu 
Missense 

mutation 

QC-5, QC-

8, QC-11 

mce5-2E Map2193 2436501 SNP G -> T Ala -> Ser 
Missense 

mutation 

QC-1, QC-2 

(183, 191), 

QC-3 (206, 

418), QC-4 

(375, 400, 

869), QC-5 

(885, 1071), 

QC-7, QC-8 

(1157, 

1438), QC-

9, QC-10 

(938, 948), 

ON-1 (117, 

233, 236, 

252), ON-2 

(211, 552, 

560), ON-3 

(326, 1240), 

ON-4 (342), 

ON-5, ON-6 

(594, 1495, 

1512), ON-

7 (631), 

ON-8 
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mce5-2F Map2194 2437285 SNP G -> C Val -> Leu 
Missense 

mutation 

ON-1 (117, 

137 and 

242) 

mce5-2F Map2194 2437484 SNP C -> G Ala -> Gly 
Missense 

mutation 
All strains 

Independent 

mce 
Map3289c 3652375 SNP G -> C Pro -> Pro 

Synonymous 

mutation 
QC-6 

Independent 

mce 
Map3289c 3652383 SNP T -> G Ile -> Leu 

Missense 

mutation 
QC-6 

Independent 

mce 
Map3289c 3653470 SNP C -> G Thr -> Thr 

Synonymous 

mutation 
QC-6 

yrbE1B Map3603 3999143 DEL -G 
Extension of 

protein 

Frameshift 

mutation 
All Isolates 

mce1A Map3604 4000027 SNP C -> G Thr -> Thr 
Synonymous 

mutation 

QC-10 

(938) 

mce1A Map3604 4001149 SNP G -> C Pro -> Pro 
Synonymous 

mutation 

QC-5, QC-

8, QC-11 

mce1F Map3609 4006938 SNP C -> G His -> Gln 
Missense 

mutation 
QC-5 (885) 

yrbE2B Map4083 4553018 SNP T -> C Tyr -> His 
Missense 

mutation 

QC-5, QC-

8, QC-11 
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yrbE2B Map4083 
4553276  - 

4553278 
DEL -GTG 

-Val, Shortening 

of protein 

Disruptive 

Inframe 

Deletion 

QC-9, ON-3 

(326, 1240), 

ON-4 (345) 

yrbE2B/mce2A Map4083/ 

Map4084 
4553474 DEL -C 

Extension of 

protein mce2A 

Frameshift 

mutation 
All isolates 

mce2D Map4087 4557531 SNP T -> C Val -> Ala 
Missense 

mutation 
All isolates 

Independent 

mce 
Map3289c 

3653477 - 

3653478 
Complex GC -> TT Ala -> Asn 

Missense 

mutation 
QC-6 

mce1A Map3604 
4000019 - 

4000020 
MNP AA -> GC Asn -> Ala 

Missense 

mutation 

QC-10 

(938) 

aProteins identified as described in Hemati et al. (2019) 625 (https://pubmed.ncbi.nlm.nih.gov/31282842/).  
bMutations are sorted according to nucleotide locus in reference to the K-10 genome sequence (Accession ID: AE016958.1) 
cSNP = Single Nucleotide Polymorphism, INS = Insertion, DEL = Deletion, Complex = Combination of SNP/multi-nucleotide 

polymorphism 
dListing of the herd ID indicates that all isolates taken from that herd have the same mutation. If only certain isolates from a herd 

contain the mutation, they are listed in parenthesis. 
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Table 4.4: Mutations identified in mmpL proteins in reference to the MAP K-10 genome. 

MAP 

gene/protein 

(K-10)a 

Location of 

Variant (K-10)b 
Variant Typec 

Nucleotide 

Alteration 

Protein 

Alteration 

Variant 

Effect 

Herd ID 

(Isolate)d 

Map1738 1899360 SNP C -> T Ala -> Val 
Missense 

mutation 

ON-6 (594, 

1023, 1512) 

Map2232 2494145 SNP C -> T Ala -> Ala 
Synonymou

s mutation 

QC-4, QC-6, 

QC-12, ON-2 

(560) 

Map2239 2502885 SNP A -> G Asp -> Gly 
Missense 

mutation 
QC-2, QC-3 

Map2324c 2606590 SNP A -> T Leu -> Gln 
Missense 

mutation 

ON-8 (910, 

918, 1419) 

Map2324c 2606598 SNP G -> A Thr -> Thr 
Synonymou

s mutation 

QC-4, QC-6, 

QC-12, ON-2 

(560) 

Map2324c 2607271 SNP G -> A Ala -> Val 
Missense 

mutation 

QC-9, ON-3, 

ON-4 (345) 
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Map2324c 2607913 SNP T -> C Asn -> Ser 
Missense 

mutation 

ON-6 (594, 

1023, 1512), 

ON-7 (631), 

ON-8 (910, 

918, 1419) 

Map3049c 3393600 SNP G -> A Pro -> Ser 
Missense 

mutation 

QC-1, ON-6 

(1495) 

Map3751 4187170 SNP A -> G Asn -> Asp 
Missense 

mutation 
QC-10 

Map3751 4188170 DEL -A 

Shortening of 

protein, 

conversion of 

initial gene 

into two 

proteins 

annotated as 

"MMPL 

family 

transporter 

CDS" 

Frameshift 

mutation 

ON-1 (117, 

137, 242) 

Map3890 4354347 SNP G -> A Asp -> Asn 
Missense 

mutation 
ON-7 (631) 

aProteins identified as described in Marri et al. (2006) 631 (https://pubmed.ncbi.nlm.nih.gov/17064286/).  
bMutations are sorted according to nucleotide locus in reference to the K-10 genome sequence (Accession ID: AE016958.1) 
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cSNP = Single Nucleotide Polymorphism, INS = Insertion, DEL = Deletion, Complex = Combination of SNP/multi-nucleotide 

polymorphism 
dListing of the herd ID indicates that all isolates taken from that herd have the same mutation. If only certain isolates from a herd 

contain the mutation, they are listed in parenthesis. 
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Table 4.5: ML-SSR and MIRU-VNTR Patterns according to the MAC-INMV database. 

Strain IDa Herd IDb Province Shedding Status INMV SSR Typec INMV MIRU Typec 

23 QC-1 QC High MLSSR 10a INMV 2 

32 QC-1 QC High MLSSR 38 INMV 2 

117 ON-1 ON High N/P 12a INMV 2 

137 ON-1 ON High N/P 15 INMV 2 

160 QC-2 QC High MLSSR 10d INMV 2 

171 QC-3 QC High MLSSR 10c INMV 2 

183 QC-2 QC High MLSSR 8a INMV 2 

191 QC-2 QC High MLSSR 10b INMV 2 

206 QC-3 QC High MLSSR 8a INMV 2 

211 ON-2 ON Moderate MLSSR 8b INMV 3 

219 QC-1 QC High MLSSR 38 INMV 2 

233 ON-1 ON High MLSSR 93e INMV 2 

236 ON-1 ON High MLSSR 93b INMV 2 

242 ON-1 ON High N/P 12b INMV 2 
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252 ON-1 ON High MLSSR 10d INMV 2 

325 ON-3 ON Moderate MLSSR 17 INMV 2 

326 ON-3 ON High MLSSR 11 INMV 2 

342 ON-4 ON Moderate UNK INMV 2 

345 ON-4 ON Low N/P 3a INMV 2 

366 QC-1 QC Moderate MLSSR 10a INMV 2 

375 QC-4 QC High N/P 14 INMV 3 

392 QC-5 QC Medium MLSSR 13 INMV 2 

400 QC-4 QC High N/P 10b INMV 3 

418 QC-3 QC Moderate MLSSR 10e INMV 2 

441 QC-6 QC Low N/P 11a INMV 3 

464 ON-5 ON Moderate MLSSR 93c INMV 2 

500 QC-7 QC Moderate MLSSR 10d INMV 3 

505 QC-7 QC Moderate MLSSR 10d INMV 3 

508 QC-8 QC Moderate MLSSR 11 INMV 2 

515 QC-9 QC Moderate MLSSR 16 INMV 13 
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516 QC-9 QC Moderate N/P 6a INMV 13 

531 QC-10 QC Moderate MLSSR 10f INMV 2 

552 ON-2 ON Moderate MLSSR 7a INMV 3 

560 ON-2 ON High N/P 8 INMV 3 

586 ON-6 ON Moderate MLSSR 93a INMV 8 

594 ON-6 ON High N/P 4a INMV 2 

631 ON-7 ON Low N/P 1 INMV 2 

638 ON-7 ON Moderate MLSSR 10e INMV 2 

648 ON-7 ON Low UNK INMV 2 

863 ON-4 ON High N/P 6b INMV 2 

869 QC-4 QC High N/P 10a INMV 3 

878 QC-4 QC High N/P 13 INMV 3 

885 QC-5 QC High MLSSR 13 INMV 2 

897 ON-5 ON High MLSSR 10f INMV 2 

910 ON-8 ON High N/P 4a INMV 2 

918 ON-8 ON High N/P 2 INMV 2 
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928 ON-8 ON High N/P 16 INMV 2 

938 QC-10 QC High MLSSR 93d INMV 2 

948 QC-10 QC High N/P 9b INMV 2 

1007 ON-6 ON High N/P 3a INMV 2 

1023 ON-6 ON High N/P 4b INMV 2 

1032 QC-11 QC Moderate MLSSR 13 INMV 2 

1044 QC-11 QC High MLSSR 17 INMV 2 

1071 QC-5 QC Moderate MLSSR 13 INMV 2 

1140 QC-7 QC Moderate MLSSR 7b INMV 3 

1157 QC-8 QC Moderate N/P 3b INMV 2 

1240 ON-3 ON Low N/P 3c INMV 2 

1402 ON-3 ON High MLSSR 11 INMV 2 

1409 ON-5 ON High N/P 9a INMV 2 

1419 ON-8 ON High N/P 2 INMV 2 

1427 QC-9 QC High MLSSR 58 INMV 13 

1438 QC-8 QC High MLSSR 11 INMV 2 
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1452 ON-2 ON High MLSSR 28 INMV 2 

1495 ON-6 ON High N/P 5 INMV 2 

1512 ON-6 ON High N/P 1 INMV 2 

1517 QC-11 QC High MLSSR 13 INMV 2 

1578 QC-12 QC High N/P 7 INMV 3 

K-10 NCBI N/A N/A MLSSR 10d INMV 3 

NL-89C NCBI NL N/A MLSSR 3 INMV 68 

NL-93B NCBI NL N/A MLSSR 54 UNK 

NL-95A NCBI NL N/A MLSSR 52 UNK 

NL-95B NCBI NL N/A MLSSR 17 N/P 1 

NL-95E NCBI NL N/A MLSSR 17 UNK 

NL-96E NCBI NL N/A MLSSR 38 UNK 

MAPK_JB16/15 NCBI N/A N/A MLSSR 29 UNK 

S397 NCBI N/A N/A UNK UNK 

Telford NCBI N/A N/A UNK INMV 72 

Discriminatory Index 0.9846 0.3740 
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aTyping of isolates from Newfoundland Canada (NL-89C/93B/95A/95B/96E) were published 

(http://www.ncbi.nlm.nih.gov/pubmed/25927612). 
bValues from the NCBI database are not included in DI calculations. 
cN/P = New Patterns. Patterns are not recognized as a type in the INMV database. Patterns with the same number but different 

letters would be classified as the same type in the INMV database but have different repeat values. UNK = Unknown. These 

patterns can't be predicted due to a lack of certainty within specific loci and were not included in DI calculations. 
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CHAPTER V 

Investigating in-vivo Mycobacterium avium subsp. paratuberculosis microevolution and 

mixed strain infections 

5.1 Abstract 

 Mycobacterium avium subsp. paratuberculosis (MAP) causes Johne’s Disease (JD) in 

ruminants, which is responsible for significant economic loss to the global dairy industry. Mixed 

strain infection (MSI) refers to the concurrent infection of a susceptible host with genetically 

distinct strains of a pathogen, whereas within-host changes in an infecting strain leading to 

genetically distinguishable progeny is called microevolution. The two processes can influence 

host-pathogen dynamics, disease progression and outcomes, but not much is known about their 

prevalence and impact on JD. Therefore, we obtained up to 10 MAP isolates each from 14 high-

shedding animals and subjected them to whole genome sequencing. Twelve of the 14 animals 

examined showed evidence for the presence of MSIs and microevolution, while the genotypes of 

MAP isolates from the remaining two animals could be attributed solely to microevolution. All 

MAP isolates that were otherwise isogenic had differences in short sequence repeats (SSRs), of 

which SSR1 and SSR2 were the most diverse and homoplastic. Variations in SSR1 and SSR2, 

which are located in ORF1 and ORF2, respectively, affect the genetic reading frame, leading to 

protein products with altered sequences and computed structures. The ORF1 gene product is 

predicted to be a MAP surface protein with possible roles in host immune modulation, but 

nothing could be inferred regarding the function of ORF2. Both genes are conserved in 

Mycobacterium avium complex members, but SSR1-based modulation of ORF1 reading frames 

seems to only occur in MAP, which could have potential implications on the infectivity of this 

pathogen.  
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5.2 Introduction 

 Mycobacterium avium subsp. paratuberculosis (MAP) causes paratuberculosis or Johne’s 

Disease (JD) in ruminants; a disease which is associated with chronic diarrhea, progressive 

weight loss and decreased milk production in cattle 172. The disease is responsible for significant 

economic losses to the dairy industry due to reduced milk production, increased cattle mortality, 

and culling of infected animals, as there is currently no effective vaccine or treatment for JD 9. A 

better understanding of MAP pathogenicity and transmission mechanisms is also important from 

a public health perspective due to the potential link between MAP and Crohn’s disease in 

humans, and concerns have been raised regarding the impact of MAP on other chronic diseases 

and food safety 602–605. MAP is transmitted via the fecal-oral route 161,162 and can survive for 

extended periods in the environment 225,632. Therefore, JD control strategies must take a holistic 

approach to better understand MAP evolution dynamics, the diversity of strains circulating 

throughout a herd, and the impact of strain diversity on disease progression. 

 MAP is a member of the Mycobacterium avium complex (MAC), a group of slow-

growing non-tuberculous mycobacteria, which are opportunistic pathogens of humans and 

animals 39,633,634. Of the other subspecies of M. avium, MAP is most closely related to M. avium 

subsp. hominissuis, which typically infects pigs and humans 61,633–635. MAP strains are 

phylogenetically classified as either sheep-type (S-type/Type I and III) or cattle-type (C-

type/Type II) strains, with the “C-type” also comprising bison-type (B-type) isolates 274–276. 

Classification of strains using the type I, II and III system is preferred as MAP isolates from “S-

type” or “C-type” lineages are not limited to causing infections in sheep and cattle species, 

respectively 53,271,283–285. Over the years, additional MAP strain typing methods have been 

developed, which are based on analyzing differences in the copy numbers or sequences of 
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variable DNA repeats. These include the eight locus MIRU-VNTR, and the eleven locus ML-

SSR typing methods, both of which are commonly used in epidemiology and source tracking 

studies 286,287. More recently, WGS followed by SNP analysis has allowed for strain typing at a 

much higher resolution than previously possible, allowing for a greater understanding of the 

MAP genome 53,288,290. 

 Mixed strain infections (MSIs) refer to polyclonal or co-infections involving strains of a 

single pathogenic species 468,636,637. In some pathogens, an initially infecting strain may undergo 

within-host evolution to give rise to genetically distinct isolates, which is referred to as 

microevolution 297–299,310. The presence of genetically distinct variants of a single pathogen 

species in an infected host, whether it be due to MSI or microevolution, is collectively referred to 

as mixed genotype infection (MGI) (Figure 1.2). Such events are expected to influence the 

progression and outcome of an infection, along with transmission dynamics, due to differences in 

the physiological characteristics of isolates 296,306–309. In some pathogens, MGIs lead to treatment 

complications due to the presence of multiple antibiotic resistance profiles (also referred to as 

heteroresistance) 300,301. There is no approved treatment against JD 170 so the evolutionary 

pressure on MAP is not associated with antibiotic exposure but instead arises from prolonged 

infection of the host. Most cattle with JD are infected as calves at six months of age or younger 

and often display disease symptoms years later 163,172. The genome evolution rate of MAP is low, 

with estimates ranging from 0.1 to 0.5 SNPs/genome/year 53,290,313. Therefore, MGIs, and in 

particular MSIs, could have implications during infections caused by slow-growing pathogens by 

exposing the host to genetically and phenotypically distinct strains at the same time 156,172,304. 

Blood antigens or other markers that could be used to accurately predict (or diagnose) JD 

progression are still lacking 156,294, which could also be a consequence of MGIs. In the case of 
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other diseases, MGIs are known to interfere with the host immune response, possibly due to 

antigenic differences between the infecting strains 294,304,305.  

5.3 Objectives 

 While MAP MGIs have been reported in dairy animals using multi-locus SSR (ML-SSR) 

315 and SNP 116,289 based analysis, a focused study on the topic is lacking. To conduct an in-depth 

investigation into the presence of MAP MGIs in dairy cattle, WGS was used to examine genetic 

variations in multiple MAP isolates derived from animals shedding high levels of the bacterium. 

This study identified unique ML-SSR and SNP patterns from isolates both within the same 

animal and between different animals, allowing for the identification of MGIs, and in some 

cases, providing evidence for either microevolution or MSI events.  

5.4 Results and Discussion 

 Information on strain dynamics in animals infected with different MAP variants, whether 

it be due to MSIs or microevolution (collectively referred to as MGIs), is scarce in the current 

literature. Therefore, multiple MAP isolates from single infected animals were obtained for in-

depth genomics analysis. As part of a larger ongoing project in 2013-2017, 2-10.5-year-old JD-

positive dairy animals from herds located in the provinces of QC and ON in Canada were 

examined. These animals (n=555) served as the source of the blood and fecal samples that were 

collected on a semi-annual basis and were used in the described analysis.  

5.4.1 Host JD status and MAP strain isolation 

 Serum ELISA and fecal qPCR-based analysis of collected samples were performed as 

previously described in Chapter IV of this thesis. Serum ELISA measures the presence of 

specific anti-MAP antibodies which indicates whether the host has recognized the pathogen and 

mounted a humoral response against MAP. The fecal qPCR assay quantifies the amount of MAP 
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DNA present in fecal samples, while the fecal decontamination and culture protocol confirmed 

the presence of live MAP. To examine the presence of MGIs, 14 high-shedding animals from 

four farms (three from QC and one from ON), were selected for further analysis (Appendix 

Figure A3). The last fecal sample collected from each cow was cultured on solid media, 

confirming the high level of MAP shedding status as described previously 178. Isolation of 10 

MAP colonies was performed from each animal, except for animal A20, where only nine 

colonies could be obtained (Table 2.4). Each colony was individually grown in liquid media 

(n=139 axenic cultures) and used for isolating bacterial DNA for whole genome sequencing 

using Illumina NovaSeq 6000 technology, just as performed in Chapter IV.  

5.4.2 SNP-based Phylogenetic Analysis 

 After assembling the sequence data, the 139 genome sequences were qualified as being 

high-quality assemblies, with an average coverage of 14X, and approached near completeness 

(99.28%) (Appendix Tables A10 and A11) 361. Based on a selection of genomic markers 

272,273,313,614, all 139 isolates from the current study were classified as type II strains. To identify 

core genome SNPs for constructing phylogenies for the 139 isolates, MAP K-10, a prototypical 

type II strain associated with dairy cattle 112,638, was used as a reference sequence (Figure 5.1). 

Detailed analysis showed that the number of SNP variants detected across all isolates was low 

(67-101 SNPs), but the diversity increased to 125-158 variants when insertions and deletions 

were taken into consideration (Table 5.1).  

 Based on the constructed core SNP phylogeny, MAP isolates from the current study 

broadly clustered into four clades, where isolates derived from the same animal often clustered 

closely together (Figure 5.1). However, this was not the case for four animals (A25, A34, A36, 

and AM3), which had MAP isolates belonging to different clades (Figure 5.1), suggesting that 
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these animals were infected with phylogenetically distinguishable strains, and could be classified 

as having MSIs. Core genomes of MAP isolates derived from the same animal were directly 

compared to examine this further (Figure 5.2 and Appendix Figure A4). While pairwise 

comparisons of isolates from some animals showed that they were closely related (Figure 5.2 A), 

MAP isolates from animals A25, A34, A36, and AM3 showed large SNP differences, which 

confirms the presence of MSIs caused by substantially diverse isolates that could not have arisen 

by microevolution (Figure 5.1). Examination of MAP isolates from animal A25 showed that all 

isolates cluster together, except for isolate 26 (Figure 5.1), which shows a SNP difference of 37 

compared to the next closest related strain (Figure 5.2 B). Similarly, isolate 128 from animal 

A34 does not cluster with other isolates from this animal (Figure 5.1) and differed by 66 SNPs 

(Figure 5.2 C). MAP isolates from animal A36 are divided into two clades, with eight clustering 

together, and the remaining two isolates (251 and 253) clustering separately (Figure 5.1). A 

pairwise comparison of the closest related isolates between these two clades (251 and 254) 

showed a difference of 62 SNPs (Figure 5.2 D). The 10 isolates from animal AM3 clustered 

evenly into two different clades (Figure 5.1), where isolates 241 and 242 from the two clades 

differ by 69 SNPs (Figure 5.2 E). The differences in clustering patterns (Figure 5.1) and unique 

SNP numbers (Figure 5.2) of MAP isolates from these four animals strongly suggest instances of 

MSIs, indicating independent co-infection with different isolates. 

5.4.3 SNP evolution rates and MSIs 

 The distribution of MAP isolates from the same animal into different clades of the 

phylogenetic tree provides clear evidence in support of MSI events (Figure 5.1), but based on 

the data, it is possible to examine strain evolution trajectories at a finer level. The genome 

evolution rate of MAP is very slow, with studies suggesting that changes occur in the range of 



 

138 
 

0.1-0.5 SNPs/genome/year 53,290,313. The animals included in this study were between 4-10.5 

years of age at the time of sample collection. Working under the assumption that animals were 

infected shortly after birth and using a conservative genome evolution rate of 0.5 

SNPs/genome/year, the theoretical number of SNPs that would be observed in the sequenced 

isolates if they evolved from a strain that caused the initial infection can be calculated (Table 

5.2). By performing SNP analysis on isolates that grouped closely together in phylogenetic trees 

constructed on a per-animal basis (Figure 5.2 and Appendix Figure A4), it could be determined 

if the number of observed SNPs in each pairwise comparison matched theoretical calculations 

required to provide support for intra-host microevolution or potential MSI events. 

 Based on expected differences in MAP SNP frequencies, within-animal comparisons 

between isolates provided evidence for both microevolution and MSI events in all but two of the 

14 animals examined (Table 5.3). MAP isolates from animals A32 and AM2 only showed 

evidence for potential microevolution, but not MSI events, as SNP thresholds for all pairwise 

comparisons were within the expected range for microevolution-based changes, a threshold of 

three SNPs in both cases (Table 5.2). As previously mentioned, four animals showed clear 

indications of MSI events due to the presence of isolates from distinct clades (Figures 5.1 and 

5.2). The evidence provided by examining SNP patterns in pairwise comparisons supports these 

results and identifies potential MSIs at a higher resolution compared to other genotyping 

methods 53,290,313. Although these theoretical SNP calculations suggest clear differentiation 

between microevolution and MSIs, it cannot be completely ruled out if closely related MAP 

isolates with SNP differences below the assigned thresholds can infect animals through an MSI 

event instead of developing through microevolution.  In some instances, MAP isolates with 
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identical SNPs had different indels; due to which clonal isolates were not identified in the current 

study.  

5.4.4 In-silico analysis of repetitive DNA elements 

 Previous studies have indicated that MAP has a closed pangenome 57,288,616, implying that 

horizontal gene transfer does not significantly contribute to genome evolution in the bacterium 

639,640. The low SNP evolution rate and apparent lack of horizontal gene transfer in MAP make 

unstable repetitive elements both a driving force for evolution and attractive targets for strain 

differentiation using molecular methods 641,642. Both MIRU-VNTR and ML-SSR are significant 

sources of genetic polymorphisms in mycobacteria and are often used in strain typing 642–644. In-

silico analysis of eight MIRU-VNTR loci, specifically MIRUs 292 and X3 along with VNTRs 

25, 47, 3, 7, 10, and 32 287, and 11 SSR loci 286 was performed on the 139 isolates from the 

current study (Table 2.4) to determine how they compare with the SNP based phylogenies of the 

respective isolates.  

 Of the eight MIRU-VNTR loci analyzed, none showed variability in the 139 strains 

examined (DI=0), sharing only a single INMV-MIRU pattern 373, INMV 2 (Table 2.4). These 

results agree with prior observations described in Chapter IV, where INMV 2 was also the only 

INMV-MIRU pattern observed in MAP isolates from the same four herds. Complete ML-SSR 

profiles were also obtained for 127 isolates and were more informative than MIRU-VNTR 

markers (Figure 5.3 and Table 2.4), an observation that has been noted previously 627,628. The 

ML-SSR profiles of 12 of the 139 isolates could not be validated and were therefore not used in 

the analysis. Of the 11 SSR loci examined, SSR1 (n=128), SSR2 (n=138), and SSR7 (n=139) 

showed variations, whereas the remaining eight loci had identical repeat patterns across all 

isolates (Figure 5.3 and Table 2.4). SSR1 has the highest DI value (0.9081), followed by SSR2 
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(0.8051), then SSR7 (0.3241), which agrees with the previous observations described in Chapter 

IV. For SSR1 and SSR2, fifteen and nine distinct repeat pattern numbers were identified, 

respectively, whereas SSR7 only showed two different patterns (Table 2.4).  

 For the 127 isolates for which unambiguous SSR sizes could be assigned, a comparison 

of the results to the INMV-SSR database revealed seven matches along with 19 previously 

unreported ML-SSR patterns (Table 5.4) 373. Two of these novel patterns (named N/P 5 and N/P 

16) were previously described in Chapter IV (as N/P 12a and N/P 15, respectively), whereas the 

remaining 17 have not been previously reported within either the literature or available 

collections. As previously mentioned in Chapter IV, an important point of consideration is that 

the MAC-INMV database does not individually classify mononucleotide SSRs greater than 11 

nucleotides, but instead groups them (as “+”). This is normally due to the limitations of 

conventional DNA sequencing technologies to provide accurate sequences for such repeats 645. In 

both this chapter and Chapter IV, NovaSeq technology was used 646, which can provide sequence 

data for longer repeats leading to new ML-SSR types that would otherwise be categorized as 

“+”. Four of the INMV patterns identified in this study (ML-SSR 10, ML-SSR 7, ML-SSR 8, 

and ML-SSR 93) could be classified further using this increased resolution (Table 5.4), 

indicating greater MAP diversity than otherwise suggested by the MAC-INMV database. When 

accounting for the increased resolution, the total number of unique patterns and DI value 

increased from 9 to 71 and 0.7942 to 0.9839, respectively. All 14 animals examined in this study 

contained distinct MAP isolates with different ML-SSR patterns, with a minimum of five and a 

maximum of ten patterns found within MAP from each animal (Figures 5.1 and 5.3). Of the 71 

ML-SSR patterns found in this study, many were shared by MAP isolates distributed between he 

four major clades identified based on SNP profiling (Figure 5.1).  
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 Examination of certain MAP isolates from the same animal with identical SNPs, indels, 

and MIRU-VNTR loci, could still be easily differentiated due to variations in SSR1 and SSR2 

(Table 5.5). These findings agree with recent observations made while analyzing single MAP 

isolates from infected animals, suggesting that ML-SSR typing, like MIRU-VNTR 630, is subject 

to homoplasy, and does not directly correlate with SNP-based phylogenies, Previous studies have 

shown that microsatellite loci within bacterial genomes, such as the 11 SSR repeats examined 

here, have a faster rate of evolution compared to the rest of the genome 641,647. The presence of 

multiple isolates that are only different at these SSR loci, but are otherwise identical, suggests 

that the homopolymeric repeats found at SSR1 and SSR2 evolve at a faster rate than the rest of 

the MAP genome. Therefore, while SSRs might not be good targets for studying phylogenetic 

lineages due to homoplasy, their differential evolutionary rates as compared to the rest of the 

genome could have significant functional implications. 

5.4.5 SSR1 and SSR2 variation and distribution in diverse MAP isolates 

 Following the observation that MAP homopolymeric repeats associated with SSR1 and 

SSR2 are highly variable and homoplastic, it became necessary to examine the diversity and 

distribution of these repeat sequences within the genome sequences of all available MAP 

isolates, including those acquired from previous sequencing work (n=192) and those of 

comparable quality and coverage present in the public SRA and NCBI Nucleotide databases 

(n=1429) (Appendix Table A1). Of the 1621 MAP genomes examined, 182 and 53 sequences 

for SSR1 and SSR2, respectively, had to be discarded due to ambiguous coverage of the specific 

genomic loci (Appendix Table A1). For the remaining records, the repeat sizes (as nucleotides 

or nt) at both loci were recorded.   
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 SSR1 and SSR2 are located in open reading frames that are designated within this study 

as ORF1 (K-10 locus tag MAP_RS08325) and ORF2 (K-10 locus tag MAP_RS23340), 

respectively, in the annotated MAP K-10 genome 112,638. The DNA sequences of ORF1 and 

ORF2 in the reported MAP K-10 genome sequence contain 19 and 10 repeats for SSR1 and 

SSR2, respectively, and were assigned as Reading Frame-1 (RF-1) in this study (Appendix 

Table A1). Based on this assignment, different SSR1 and SSR2 repeat sizes were classified into 

three different reading frames (RF-1, RF-2, or RF-3) depending on how they affected the 

predicted amino acid sequence of the cognate gene product (Figures 5.4 and 5.5, and Table 5.6). 

SSR1 showed a total of 1107, 156, and 182 records which were categorized as RF-1, RF-2 and 

RF-3, respectively (Figure 5.4 A). In comparison, SSR2 had a total of 706 records classified as 

RF-1, 369 as RF-2, and 493 as RF-3 (Figure 5.4 B). Therefore, it appears that there is some bias 

in SSR length selection at both loci to maintain the respective ORFs in RF-1, which seems to be 

prominent for ORF1 (Figure 5.4 and Appendix Table A1). The prevalence of the most common 

mononucleotide repeat lengths for SSR1 and SSR2 were examined for each reading frame to 

determine if there were any preferences (Figures 5.4 and 5.5 A). The most common repeat sizes 

for the reading frames in SSR1 were 7-nt (RF-1, 88.71% of repeats), 8-nt (RF-2, 32.69% of 

repeats), and 9-nt (RF-3, 39.77% of repeats) (Figure 5.4 A), while the most common repeat sizes 

for the reading frames in SSR2 were 10-nt (RF-1, 86.12% of repeats), 11-nt (RF-2, 87.53% of 

repeats) and 9-nt (RF-3, 61.46%) (Figure 5.4 B). 

 The observed distribution of ORF1 and ORF2 reading frames and repeat numbers for 

SSR1 and SSR2 were found to be statistically significant according to a χ2 goodness of fit test, 

suggesting that they were not distributed equally among the population (Figures 5.4 and 5.5). 

Although there seems to be some preference for SSR1 and SSR2 lengths, variations result in the 
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shifting of the entire reading frame of the respective genes containing them. Several bacterial and 

fungal species have mechanisms that allow for phenotypic switching 648,649, enabling them to 

reversibly alter select phenotypes. One such mechanism used for phenotypic switching is slipped 

strand mispairing (SSM) during DNA replication, which is especially prevalent in SSR regions, 

making them prone to insertions and deletions 647,650,651. Therefore, the presence of hypervariable 

homoplastic repeats in ORF1 and ORF2 in the otherwise slowly evolving MAP genome, 

suggests that SSR1 and SSR2 provide a mechanism to promote genetic changes to alter the 

functions of the respective genes.  

5.4.6 Predicted influence of SSR1 and SSR2 on genes containing them in MAP 

 The predicted ORF1 product (WP_010949291.1) from MAP K-10 (RF-1) is comprised of 

207 amino acids, where the contained SSR1 encodes for a series of glycines beginning at residue 

107 (Figure 5.5 A). In addition, all three versions of ORF1 (RF-1, RF-2, and RF-3) contain Sec-

dependent secretion signals at their N-termini 379,652, with signatures that suggest signal peptidase 

II (SPII) dependent processing and membrane attachment 653–655 (Figure 5.6). Therefore, all 

ORF1 variants are predicted to be surface-exposed proteins in MAP and are homologous (80-

100% identity and coverage) to phosphatidylethanolamine-binding (PEB) domain (COG1881) 

containing mycobacterial hypothetical proteins listed as YbhB/YbcL family Raf-kinase inhibitor-

like proteins. Further examination of ORF1 confirmed that the gene is only found in 

mycobacteria, specifically members of the MAC, including M. avium subsp. lepraemurium, 

which has also been classified as a member of the complex recently (Appendix Table A12) 52,77. 

In addition, ORF1 orthologues from all MAC members match the RF-1 homologue, with no 

evidence of the variable region observed in MAP (Figure 5.5 A). Members from the PEB protein 

(PEBP) superfamily (also referred to as Raf-kinase inhibitor proteins, RKIP) are found in diverse 
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organisms where they serve a variety of roles, including regulating Raf/MAP kinase and NF-κB 

signalling pathways in mammals 656–658, which in turn control immunity, stress responses, 

apoptosis, and differentiation. In bacteria, PEPB/RKIP proteins from the YhbB/YbcL family 

have proposed roles in the phosphorylation-based regulation of signalling pathways 659, and 

YbcL has been noted to contribute to immune modulation in uropathogenic Escherichia coli 660. 

While many PEBP/RKIP proteins only have intracellular functions, some PEBP proteins, such as 

mammal protein PEBP4 (and its various homologues), can also be secreted 661,662. 

 In-silico examination of the three ORF1 variants expected to be produced due to reading 

frame shifts based on different SSR1 lengths indicates that the first 106 amino acid residues, 

including the Sec-signal sequence, are conserved in all of them (Figure 5.5A). The SSR1 

sequence encodes a series of glycine residues (starting at residue number 107), the number of 

which changes depending on the length of the repeat present. Different SSR1 lengths alter the 

reading frame, leading to the production of proteins with different sizes and amino acid 

sequences in the region following the glycine repeat (Figure 5.5A). In addition, the predicted 

PEBP domain of all three ORF1 variants begins at residue 39 and varies in size depending on the 

protein product. Differences were also observed in the predicted structures of the three ORF1 

variants obtained using Alphafold2 (Figure 5.5C), which was implemented using Colabfold 380. 

A high-confidence predicted structure for the C-terminal region of ORF1 could be obtained for 

RF-1, which was not the case for RF-2 and RF-3. This drop in proteins structure confidence 

suggests that the latter two variants adopt structures that are significantly different and cannot be 

confidently predicted based on currently available templates and algorithms 663–665. Due to 

evidence suggesting the export of ORF1 through the Sec/SPII pathway, this would allow for the 

expression of the predicted PEBP domain and subsequent region on the extracellular surface, 
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where the observed variability between reading frames may have an impact on antigenic 

variation or other host-pathogen interactions 666,667. 

 In comparison, the predicted ORF2 product from MAP K-10 (WP_134797017.1) 

comprises 91 amino acids, where SSR2 encodes a series of glycines starting at residue 56. All 

ORF2 variants arising from the three different reading frames are predicted to be cytoplasmic, 

and hypothetical proteins similar to ORF2 (with 80-100% identity and coverage) are only present 

in MAC members. In addition, the ORF2 orthologue from M. avium subsp. avium, M. avium 

subsp. hominissuis and M. avium subsp. lepraemurium sequences also contain the SSR2 

homopolymer sequence. Only a single M. avium subsp. lepraemurium ORF2 sequence 

(CP021238.1) where SSR2 comprised of 9-nt, was identified during homology searches 

(Appendix Table A12). In the reported M. avium subsp. avium and M. avium subsp. hominissuis 

sequences, SSR2 ranges from 9-11 nt, suggesting the production of protein variants in MAP, M 

avium subsp. avium and M. avium subsp. hominissuis due to frame shifting (Appendix Table 

A12). As with ORF1, the impact of reading frame shifts caused by SSR variation in MAP ORF2 

products was also examined. The first 55 residues preceding the glycine repeat are identical in all 

three ORF2 variants, which otherwise differ in their C-terminal sequences and overall sizes 

(Figure 5.5 B). The impact of these variations is highlighted in the predicted AlphaFold2 

generated high-confidence structures, suggesting that ORF2 RF-1 and RF-2 comprise two alpha 

helices, while RF-3, only contains one (Figure 5.5 D), which in theory should lead to major 

alterations in cognate protein activity.  

5.5 Conclusion 

 By analyzing the genome sequences of MAP isolates from the same animal, the 

identification of MGIs and the ability to distinguish between MSIs and microevolution-based 
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events was possible. MGIs could also be classified into different categories based on the genetic 

relatedness of MAP isolates, ranging from those caused by MAP with diverse SNP-based 

phylogenies to one where the isolates were more closely related to each other. It is important to 

note that while distinction between microevolution and MSI events can likely be determined 

using SNP-based calculations, the proposed stable nature of the MAP genome warrants further 

investigation on the in vivo contributions of the two processes. From the results in this Chapter, it 

was noted that SSRs allowed for enhanced discrimination between MAP isolates when 

complemented with SNP analysis, despite the homoplastic nature of the former, and both 

methods were more discriminatory than MIRU-VNTR. Maximum diversity was observed in the 

case of SSR1 and SSR2, and in some instances, they were the only sequences that differed 

between otherwise isogenic MAP isolates (Figure 5.2 and Table 5.5). It was also noted that all 

ORF1 sequences from other MAC subspecies corresponded to RF-1, almost all of which 

contained the seven-nucleotide “GGCGGGG” sequence instead of the “G” homopolymer present 

in MAP. M. avium subsp. lepraemurium had the most dissimilar sequence, which corresponded 

to “AGCGGGG”. This analysis showed that the most common SSR1 repeat size in MAP was 

seven (Figures 5.3, 5.4 and Appendix Table A1), resulting in a protein sequence that matches 

the predicted ORF1 and ORF2 sequences 67,633,634. As mentioned previously, the M. avium subsp. 

avium and M. avium subsp. hominissuis orthologous ORF1 contains a “GGCGGGG” sequence, 

raising the possibility that a  C→G transversion in the sequence of an ancestral MAC member 

led to the establishment of the unstable SSR1 mononucleotide homopolymer found in MAP 

668,669. This, in turn, resulted in the variety of repeat sizes reported for SSR1 in MAP, while also 

affecting the reading frame of ORF1 (Appendix Table A12). In the case of ORF2, the M. avium 

subsp. avium, M. avium subsp. hominissuis and M. avium subsp. lepraemurium orthologs also 
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contain the SSR2 homopolymer, where the M. avium subsp. avium and M. avium subsp. 

hominissuis sequences exhibit variations similar to those observed in MAP. As with MAP, this 

suggests that M. avium subsp. avium and M. avium subsp. hominissuis may have a similar 

capacity to produce different gene products using alternate reading frames.  

 In general, variations caused in the amino acid sequences and corresponding structures of 

MAP proteins due to the presence of variable SSRs in cognate genes have not received much 

attention. The ORF1 and ORF2 variants predicted in the current study reinforce the importance 

of variable genetic elements in affecting protein products, beyond just being used as molecular 

targets in strain typing studies. While the predictions described using in-silico protein analysis 

reveals novel information, not much is known about the functions of ORF1 and ORF2, beyond 

that ORF1 is a predicted surface-exposed protein possibly involved in modulating host responses 

based on its homology to other known proteins 659,670. It can be hypothesized that changes in the 

cognate ORF1 product caused by SSR-associated frame shifting could potentially affect the 

interaction of MAP with the host, a point that may be tested in future work. It is currently not 

known how these SSRs change or evolve in infecting MAP isolates, but regardless of their 

origin, MAP isolates with different SSRs from the same animal can be categorized as MGIs for 

now, as they are technically not isogenic.  

 There have been some studies on co-infections involving unrelated species of pathogens 

in humans and animals 671–674, and viral MGIs have also been documented 675–678. In comparison, 

not much is known about the implications of bacterial MGIs, but such phenomena have been 

modelled or studied using other unicellular eukaryotic pathogens 679. For example, MSIs in mice 

caused by either Plasmodium chabaudi 680 or Trypanosoma brucei 681, the causative agents of 

rodent malaria and human African sleeping sickness, respectively, can lead to mutual suppression 
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or decreased disease severity during the acute phase of infection. In comparison, during the 

chronic phase of infection, competition between different pathogen strains is low and MSIs are 

harder to control by the host immune system as compared to clonal infections caused by a single 

strain 676. Since JD is characterized by having a long subclinical phase of infection with 

unpredictable disease progress, it remains to be determined if an interplay by different MAP 

genotypes could have similar effects on either pathogen clearance or disease progression to full-

blown clinical JD. The fact that MAP can survive in the environment, multiple strains can infect 

animals, and the possibility that the pathogen can further evolve within the host due to unstable 

genetic elements, could have major implications on the spectrum of clinical outcomes and the 

ability to control JD. 
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5.6 Figures and Tables 

5.6.1 Figures 

 

Figure 5.1: Core SNP-based phylogeny of 139 MAP isolates obtained from the feces of 14 

animals examined. Isolates are distributed among four major clades based on SNP profiles, 

where each clade has been coloured differently as indicated. For each isolate the concentric 

circles indicate (from inside to outside): the herd where the animal came from (ID), the animal 

from which the isolate originated (ID), the ML-SSR pattern and the INMV MIRU-VNTR type. 

Colours used for depicting herd and animal IDs are included. ML-SSR patterns labelled in black 

are unknown, while all other colours represent individual strain types (details are provided in 

Table 2.4). All isolates in this study showed the same MIRU-VNTR pattern (INMV 2) as 

indicated by a single colour. The differently coloured stars indicate isolates from herds that are 

distributed among more than one of these four major clades, with the colour of the star reflecting 

the animal the isolate was derived from. 
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Figure 5.2: Core SNP phylogenetic trees of select MAP isolates constructed on a per-animal 

basis. SNPs in all isolates from each animal (n=10, except A20, where n=9) were used for tree 

construction. The arrows between related MAP pairs derived from the same animal indicate the 

number of core SNPs that are different between them, and whether this correlates with 

microevolution or MSI. (A) Core SNP phylogeny of MAP isolates from animal A32 as an 

example where all isolates are closely related, and any SNP differences can be explained on 

microevolution. (B-E) Individual phylogenies of MAP isolates from animals, A25, A34, A36 and 

AM3, respectively, were distributed across more than one clade in Figure 5.1. Isolates from 

these four animals had much higher SNP differences, alluding to more instances of MSIs.
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Figure 5.3: Visual depiction of the SSR diversity observed in MAP isolates. The phylogenetic tree shown is identical to the one in 

Figure 5.1. Each column represents SSR profiles at a specific locus (1-11), where each line indicates the SSR in a MAP isolate, which 

is colour coded according to repeat length. The SSR loci that did not show any diversity (were the same in all isolates: SSR3, 4, 5, 6, 

8, 9, 10 and 11) are indicated by the last column on the right for the sake of simplicity.
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Figure 5.4: Distribution of (A) SSR1 and (B) SSR2 repeat sizes in genome sequences of MAP isolates from the current study 

and those available in public databases. In MAP, SSR1 and SSR2 are situated in ORF1 and ORF2, respectively, and the sequences 

of the genes in the published MAP K-10 genome sequence were assigned reading frame one (RF-1). Based on this, any alteration in 

the copy number of SSR1 or SSR2 leads to reading frameshifting in the respective ORFs (designated as RF-2 and RF-3). (A and B) 

The first panel (from the left) shows the distribution of repeat sizes among the three possible reading frames for each ORF, whereas 

the following panels show the distribution of repeat sizes within RF-1, RF-2 and RF-3 for the respective ORFs. The number of 

genome sequences used in each analysis is included (n) along with the χ2 test of independence and p values obtained. 
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Figure 5.5: Predicted impacts of reading frame shifts caused by SSR1 and SSR2 variations on the putative ORF1 and 

ORF2 proteins, respectively. Protein alignments of (A) ORF1 and (B) ORF2 show products from each reading frame (RF-1 

RF-2 and RF-3), respectively. The most common SSR repeat sizes for each reading frame (as indicated in Figure 5.4) were used 

to obtain the amino acid sequences of the proteins shown. (A and B) The red arrows indicate the glycine repeat encoded by the 
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variable SSRs. For each ORF, amino acids that are identical across all three sequences are indicated by (*) while those conserved 

in two of the three variants in each alignment are indicated by (●). Stop codons (red hexagons) and the number of residues 

comprising each protein are also indicated. (A) The gray box indicates the Sec II signal peptide sequence in the three ORF1 

variants, while the red box represents the phosphatidylethanolamine-binding (PEBP) domain identified in each sequence. 

Predicted protein structures of (C) ORF1 and (D) ORF2 were obtained using Alphafold2. (C and D) The computed structures of 

protein variants corresponding to the three reading frames (RF-1, RF-2 and RF-3) are shown, and their N and C termini are 

indicated. Colouration is based on the predicted local distance difference test (pLDDT) score for confidence in the structures, 

where blue indicates high confidence and red regions low, as indicated by the scale. 
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Figure 5.6: SignalP 6.0 analysis result for the ORF-1 RF-1 amino acid sequence. Results indicate that the signal peptide is 

transported by the Sec translocon and is cleaved by Signal Peptidase II. The letters above the protein sequence and in the caption 

are indicative of the N-terminal region (N), the center hydrophobic region (H), and the conserved cysteine in the +1 cleavage site 

(CS) of lipoproteins (c) found within the signal peptide. Regions labelled “O” are not part of the signal peptide sequence. 
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5.6.2 Tables 

Table 5.1: Snippy Results of MAP strains (n=139) using type II strain K-10 as a reference sequence 

Isolate Number Farm ID Animal Number SNPs MNPs INS DEL COMPLEX TOTAL 

#159 QC-2 A19 91 2 9 42 5 149 

#160 QC-2 A19 94 1 9 42 7 153 

#161 QC-2 A19 93 0 9 43 7 152 

#162 QC-2 A19 93 2 9 44 5 153 

#163 QC-2 A19 93 2 9 42 5 151 

#164 QC-2 A19 91 1 9 42 6 149 

#165 QC-2 A19 92 2 13 42 5 154 

#166 QC-2 A19 95 1 9 43 6 154 

#167 QC-2 A19 93 1 9 45 5 153 

#168 QC-2 A19 94 1 9 44 6 154 

#169 QC-3 A20 92 1 10 42 6 151 

#170 QC-3 A20 95 2 9 42 5 153 

#171 QC-3 A20 91 1 9 44 6 151 

#172 QC-3 A20 94 1 11 43 6 155 

#173 QC-3 A20 94 1 10 42 6 153 

#174 QC-3 A20 94 2 10 43 5 154 

#175 QC-3 A20 93 1 10 43 6 153 

#176 QC-3 A20 92 0 10 42 7 151 

#177 QC-3 A20 91 2 11 44 5 153 

#179 QC-2 A21 92 1 9 43 6 151 

#180 QC-2 A21 93 2 12 42 5 154 

#181 QC-2 A21 91 0 10 43 7 151 

#182 QC-2 A21 94 1 11 45 6 157 
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#183 QC-2 A21 94 2 9 45 5 155 

#184 QC-2 A21 93 1 9 42 6 151 

#185 QC-2 A21 93 2 10 43 5 153 

#186 QC-2 A21 93 0 10 43 7 153 

#187 QC-2 A21 93 1 9 43 6 152 

#188 QC-2 A21 95 2 10 44 5 156 

#189 QC-2 A22 91 1 10 44 6 152 

#190 QC-2 A22 95 2 10 42 5 154 

#191 QC-2 A22 96 1 10 43 6 156 

#192 QC-2 A22 92 1 9 43 7 152 

#193 QC-2 A22 93 2 10 42 5 152 

#194 QC-2 A22 91 0 9 43 7 150 

#195 QC-2 A22 95 2 10 42 5 154 

#196 QC-2 A22 95 2 10 43 5 155 

#197 QC-2 A22 95 2 11 43 5 156 

#198 QC-2 A22 93 2 0 45 6 155 

#199 QC-3 A23 92 2 9 45 5 153 

#200 QC-3 A23 92 2 10 46 5 155 

#201 QC-3 A23 92 1 10 45 6 154 

#202 QC-3 A23 96 1 10 44 6 157 

#203 QC-3 A23 98 2 10 43 5 158 

#204 QC-3 A23 93 2 10 45 6 156 

#205 QC-3 A23 93 2 10 42 5 152 

#206 QC-3 A23 98 1 10 42 6 157 

#207 QC-3 A23 95 2 9 45 6 157 

#208 QC-3 A23 94 0 10 45 7 156 

#212 QC-1 A25 96 3 7 40 4 150 

#213 QC-1 A25 97 2 7 40 5 151 
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#23 QC-1 A25 100 3 7 43 4 157 

#24 QC-1 A25 98 3 8 41 4 154 

#25 QC-1 A25 98 3 7 42 4 154 

#26 QC-1 A25 82 1 10 40 6 139 

#27 QC-1 A25 101 2 8 39 5 155 

#28 QC-1 A25 99 1 7 41 6 154 

#29 QC-1 A25 97 1 7 39 6 150 

#30 QC-1 A25 100 1 7 40 6 154 

#214 QC-1 A26 97 3 7 44 4 155 

#215 QC-1 A26 97 0 8 43 7 155 

#216 QC-1 A26 98 2 8 41 5 154 

#32 QC-1 A26 100 2 8 43 5 158 

#33 QC-1 A26 97 2 8 43 5 155 

#34 QC-1 A26 97 2 7 40 5 151 

#35 QC-1 A26 98 3 9 40 4 154 

#36 QC-1 A26 96 1 7 40 6 150 

#37 QC-1 A26 97 2 6 40 6 151 

#38 QC-1 A26 99 1 6 39 7 152 

#113 ON-1 A32 86 1 9 40 5 141 

#114 ON-1 A32 84 2 9 40 4 139 

#115 ON-1 A32 87 1 9 40 5 142 

#116 ON-1 A32 87 2 9 40 4 142 

#117 ON-1 A32 86 1 9 41 5 142 

#118 ON-1 A32 86 1 9 40 5 141 

#119 ON-1 A32 87 1 9 43 5 145 

#120 ON-1 A32 86 2 9 40 4 141 

#121 ON-1 A32 84 2 8 40 5 139 

#122 ON-1 A32 86 0 9 41 6 142 
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#126 ON-1 A34 70 1 8 43 7 129 

#127 ON-1 A34 69 2 9 43 5 128 

#128 ON-1 A34 83 1 9 40 5 138 

#129 ON-1 A34 69 1 9 42 6 127 

#130 ON-1 A34 73 0 10 43 7 133 

#131 ON-1 A34 72 1 9 44 6 132 

#132 ON-1 A34 71 1 10 42 6 130 

#133 ON-1 A34 75 0 9 42 8 134 

#236 ON-1 A34 72 1 10 43 6 132 

#237 ON-1 A34 72 1 9 43 6 131 

#136 ON-1 A36 71 3 9 42 4 129 

#247 ON-1 A36 72 0 9 42 7 130 

#248 ON-1 A36 71 3 9 42 4 129 

#249 ON-1 A36 71 1 9 43 6 130 

#250 ON-1 A36 72 3 9 44 4 132 

#251 ON-1 A36 82 2 9 40 4 137 

#252 ON-1 A36 70 3 9 42 4 128 

#253 ON-1 A36 84 0 10 41 6 141 

#254 ON-1 A36 67 2 9 42 10 125 

#255 ON-1 A36 70 2 9 42 5 128 

#137 ON-1 A37 84 1 10 41 5 141 

#256 ON-1 A37 85 1 10 40 5 141 

#258 ON-1 A37 81 1 10 40 5 137 

#259 ON-1 A37 83 1 9 41 5 139 

#260 ON-1 A37 87 1 9 40 5 142 

#261 ON-1 A37 82 1 9 40 5 137 

#262 ON-1 A37 84 2 10 41 4 141 

#263 ON-1 A37 82 1 10 40 6 139 
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#264 ON-1 A37 84 1 10 40 5 140 

#265 ON-1 A37 84 1 9 40 6 140 

#217 QC-1 AM1 97 3 7 39 4 150 

#218 QC-1 AM1 97 0 7 42 7 153 

#219 QC-1 AM1 99 1 8 43 6 157 

#220 QC-1 AM1 97 1 10 39 6 153 

#221 QC-1 AM1 101 3 8 39 4 155 

#222 QC-1 AM1 97 2 7 40 5 151 

#223 QC-1 AM1 99 2 9 41 5 156 

#224 QC-1 AM1 98 3 8 40 4 153 

#225 QC-1 AM1 99 2 8 39 5 153 

#226 QC-1 AM1 96 3 9 40 4 152 

#123 ON-1 AM2 72 1 10 44 6 133 

#124 ON-1 AM2 71 2 10 42 5 130 

#125 ON-1 AM2 73 3 10 41 4 131 

#228 ON-1 AM2 72 1 10 41 6 130 

#229 ON-1 AM2 72 2 10 44 5 133 

#230 ON-1 AM2 73 2 10 43 5 133 

#231 ON-1 AM2 72 2 10 41 5 130 

#232 ON-1 AM2 72 2 11 42 5 132 

#233 ON-1 AM2 71 0 11 41 7 130 

#234 ON-1 AM2 72 1 11 41 6 131 

#134 ON-1 AM3 82 0 8 40 7 137 

#135 ON-1 AM3 69 3 9 44 4 129 

#238 ON-1 AM3 84 1 9 40 5 139 

#239 ON-1 AM3 69 1 9 42 6 127 

#240 ON-1 AM3 69 2 9 44 5 129 

#241 ON-1 AM3 69 1 9 42 6 127 
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#242 ON-1 AM3 84 2 9 40 4 139 

#243 ON-1 AM3 72 1 9 43 6 131 

#244 ON-1 AM3 82 0 8 40 6 136 

#245 ON-1 AM3 83 2 9 40 4 138 
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Table 5.2: Calculation of the Minimum Number of SNPs required to provide evidence of MSI events within each animal 

Animal ID 

Age at 

Sampling 

(Years) 

Minimum Number of SNPs 

(0.1 SNPs/Genome/Year)a 

Maximum Number of SNPs 

(0.5 SNPs/Genome/Year)b 

Threshold of SNPs 

required to show 

evidence of and MSI 

event (Rounded up 

from Maximum 

Number of SNPs 

calculation) 

A19 4 0.4 2.0 2 

A20 7.3333 0.7 3.7 4 

A21 5.4167 0.5 2.7 3 

A22 10.5833 1.1 5.3 6 

A23 7.25 0.7 3.6 4 

A25 4.3333 0.4 2.2 3 

A26 5.5833 0.6 2.8 3 

A32 5.25 0.5 2.6 3 

A34 7.5 0.8 3.8 4 

A36 5.0833 0.5 2.5 3 

A37 5.5 0.6 2.8 3 

AM1 4.5 0.5 2.3 3 

AM2 5.8333 0.6 2.9 3 

AM3 5 0.5 2.5 3 
aAs noted in 290 
bAs noted in 53 
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Table 5.3: Pairwise comparison of SNP differences of isolates within individual animals to 

provide evidence of microevolution or MSIs. 

Animal 

ID 

Isolate 

Comparisona 

SNP 

Difference 

MSI 

Thresholdb 

Evidence of MSI or 

Microevolutionc 

A19 160 and 168 9 2 MSI 

A19 168 and 166 7 2 MSI 

A19 166 and 161 6 2 MSI 

A19 161 and 165 4 2 MSI 

A19 165 and 162 6 2 MSI 

A19 162 and 163 2 2 MSI 

A19 163 and 167 4 2 MSI 

A19 167 and 164 5 2 MSI 

A19 164 and 159 1 2 Microevolution 

A20 170 and 171 6 4 MSI 

A20 171 and 177 2 4 Microevolution 

A20 177 and 175 2 4 Microevolution 

A20 175 and 176 3 4 Microevolution 

A20 176 and 169 0 4 Microevolution 

A20 169 and 172 2 4 Microevolution 

A20 172 and174 4 4 MSI 

A20 174 and 173 2 4 Microevolution 

A21 182 and 180 5 3 MSI 

A21 180 and 183 8 3 MSI 

A21 183 and 188 4 3 MSI 

A21 188 and 187 4 3 MSI 

A21 187 and 181 1 3 Microevolution 

A21 181 and 184 1 3 Microevolution 

A21 184 and 186 0 3 Microevolution 

A21 186 and 185 0 3 Microevolution 

A21 185 and 179 0 3 Microevolution 

A22 196 and 190 2 6 Microevolution 

A22 190 and 192 4 6 Microevolution 

A22 192 and 191 7 6 MSI 

A22 191 and 198 2 6 Microevolution 

A22 198 and 193 1 6 Microevolution 

A22 193 and 195 3 6 Microevolution 

A22 195 and 197 7 6 MSI 

A22 197 and 194 4 6 Microevolution 

A22 194 and 189 3 6 Microevolution 

A23 203 and 206 4 4 MSI 

A23 206 and 202 4 4 MSI 

A23 202 and 208 8 4 MSI 
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A23 208 and 199 2 4 Microevolution 

A23 199 and 204 3 4 Microevolution 

A23 204 and 205 4 4 MSI 

A23 205 and 201 2 4 Microevolution 

A23 201 and 207 7 4 MSI 

A23 207 and 200 7 4 MSI 

A25 26 and 212 37 3 MSI 

A25 212 and 25 6 3 MSI 

A25 25 and 28 9 3 MSI 

A25 28 and 30 7 3 MSI 

A25 30 and 23 0 3 Microevolution 

A25 23 and 27 9 3 MSI 

A25 27 and 29 7 3 MSI 

A25 29 and 24 4 3 MSI 

A25 24 and 213 3 3 MSI 

A26 33 and 215 2 3 Microevolution 

A26 215 and 35 3 3 MSI 

A26 35 and 214 5 3 MSI 

A26 214 and 38 7 3 MSI 

A26 38 and 32 6 3 MSI 

A26 32 and 216 6 3 MSI 

A26 216 and 36 4 3 MSI 

A26 36 and 37 2 3 Microevolution 

A26 37 and 34 3 3 MSI 

A32 121 and 113 2 3 Microevolution 

A32 113 and 116 2 3 Microevolution 

A32 116 and 115 2 3 Microevolution 

A32 115 and 118 1 3 Microevolution 

A32 118 and 119 1 3 Microevolution 

A32 119 and 114 2 3 Microevolution 

A32 114 and 120 1 3 Microevolution 

A32 120 and 122 0 3 Microevolution 

A32 122 and 117 0 3 Microevolution 

A34 128 and 129 66 4 MSI 

A34 129 and 132 3 4 Microevolution 

A34 132 and 126 12 4 MSI 

A34 126 and 133 4 4 MSI 

A34 133 and 127 4 4 MSI 

A34 127 and 237 8 4 MSI 

A34 237 and 130 3 4 Microevolution 

A34 130 and 236 1 4 Microevolution 

A34 236 and 131 0 4 Microevolution 
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A36 253 and 251 2 3 Microevolution 

A36 251 and 254 62 3 MSI 

A36 254 and 136 3 3 MSI 

A36 136 and 252 1 3 Microevolution 

A36 252 and 255 0 3 Microevolution 

A36 255 and 249 1 3 Microevolution 

A36 249 and 248 2 3 Microevolution 

A36 248 and 250 3 3 MSI 

A36 250 and 247 0 3 Microevolution 

A37 260 and 265 8 3 MSI 

A37 265 and 256 2 3 Microevolution 

A37 256 and 264 1 3 Microevolution 

A37 264 and 262 0 3 Microevolution 

A37 262 and 263 1 3 Microevolution 

A37 263 and 137 2 3 Microevolution 

A37 137 and 258 3 3 MSI 

A37 258 and 261 1 3 Microevolution 

A37 261 and 259 0 3 Microevolution 

AM1 219 and 226 5 3 MSI 

AM1 226 and 220 3 3 MSI 

AM1 220 and 218 2 3 Microevolution 

AM1 218 and 217 2 3 Microevolution 

AM1 217 and 221 8 3 MSI 

AM1 221 and 223 6 3 MSI 

AM1 223 and 222 2 3 Microevolution 

AM1 222 and 225 2 3 Microevolution 

AM1 225 and 224 3 3 MSI 

AM2 230 and 125 2 3 Microevolution 

AM2 125 and 124 2 3 Microevolution 

AM2 124 and 228 1 3 Microevolution 

AM2 228 and 233 0 3 Microevolution 

AM2 233 and 234 0 3 Microevolution 

AM2 234 and 231 0 3 Microevolution 

AM2 231 and 232 0 3 Microevolution 

AM2 232 and 229 0 3 Microevolution 

AM2 229 and 123 0 3 Microevolution 

AM3 245 and 238 2 3 Microevolution 

AM3 238 and 134 2 3 Microevolution 

AM3 134 and 244 4 3 MSI 

AM3 244 and 242 1 3 Microevolution 

AM3 242 and 241 69 3 MSI 

AM3 241 and 135 2 3 Microevolution 
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AM3 135 and 243 4 3 MSI 

AM3 243 and 239 4 3 MSI 

AM3 239 and 240 1 3 Microevolution 
aPairwise comparison of isolates as specified based on their relationships in the individual 

animal phylogenies described in Figure 5.2 and Appendix Figure A4. 
bMSI thresholds as calculated in Table 5.2. 
cSNP differences greater than the threshold provide evidence of MSI, while SNP differences less 

than the threshold provide evidence of microevolution.
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Table 5.4: ML-SSR and MIRU-VNTR patterns for 139 isolates from 14 animals as recorded 

in the MAC-INMV Database 

Animal ID Isolate ID INMV SSR Typea INMV MIRU Type 

A19 #159 MLSSR 10 (6) INMV 2 

A19 #164 MLSSR 10 (6) INMV 2 

A19 #167 MLSSR 10 (6) INMV 2 

A19 #160 MLSSR 10 (7) INMV 2 

A19 #162 MLSSR 10 (7) INMV 2 

A19 #168 MLSSR 10 (7) INMV 2 

A19 #166 MLSSR 7 (2) INMV 2 

A19 #161 MLSSR 7 (3) INMV 2 

A19 #165 MLSSR 93 (2) INMV 2 

A19 #163 UNK INMV 2 

A20 #175 MLSSR 10 (1) INMV 2 

A20 #174 MLSSR 10 (3) INMV 2 

A20 #171 MLSSR 10 (5) INMV 2 

A20 #176 MLSSR 10 (9) INMV 2 

A20 #177 MLSSR 93 (1) INMV 2 

A20 #172 MLSSR 93 (11) INMV 2 

A20 #173 MLSSR 93 (11) INMV 2 

A20 #169 MLSSR 93 (16) INMV 2 

A20 #170 UNK INMV 2 

A21 #179 MLSSR 10 (4) INMV 2 

A21 #180 MLSSR 10 (8) INMV 2 

A21 #183 MLSSR 8 (2) INMV 2 

A21 #184 MLSSR 8 (2) INMV 2 

A21 #187 MLSSR 8 (2) INMV 2 

A21 #185 MLSSR 8 (5) INMV 2 

A21 #182 MLSSR 93 (12) INMV 2 

A21 #186 MLSSR 93 (16) INMV 2 

A21 #188 MLSSR 93 (20) INMV 2 

A21 #181 MLSSR 93 (26) INMV 2 

A22 #198 MLSSR 10 (2) INMV 2 

A22 #191 MLSSR 10 (3) INMV 2 

A22 #194 MLSSR 10 (4) INMV 2 

A22 #190 MLSSR 8 (2) INMV 2 

A22 #196 MLSSR 8 (3) INMV 2 

A22 #192 MLSSR 8 (4) INMV 2 

A22 #197 MLSSR 93 (21) INMV 2 

A22 #193 MLSSR 93 (7) INMV 2 

A22 #195 MLSSR 93 (7) INMV 2 
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A22 #189 MLSSR 93 (9) INMV 2 

A23 #202 MLSSR 8 (2) INMV 2 

A23 #206 MLSSR 8 (2) INMV 2 

A23 #208 MLSSR 93 (1) INMV 2 

A23 #199 MLSSR 93 (13) INMV 2 

A23 #204 MLSSR 93 (14) INMV 2 

A23 #200 MLSSR 93 (23) INMV 2 

A23 #201 MLSSR 93 (3) INMV 2 

A23 #205 MLSSR 93 (6) INMV 2 

A23 #203 MLSSR 93 (8) INMV 2 

A23 #207 MLSSR 93 (9) INMV 2 

A25 #23 MLSSR 10 (1) INMV 2 

A25 #24 MLSSR 10 (1) INMV 2 

A25 #27 MLSSR 10 (1) INMV 2 

A25 #28 MLSSR 10 (2) INMV 2 

A25 #213 MLSSR 10 (8) INMV 2 

A25 #30 MLSSR 38 INMV 2 

A25 #26 MLSSR 7 (3) INMV 2 

A25 #25 MLSSR 7 (4) INMV 2 

A25 #212 MLSSR 7 (5) INMV 2 

A25 #29 MLSSR 93 (15) INMV 2 

A26 #215 MLSSR 10 (1) INMV 2 

A26 #38 MLSSR 10 (1) INMV 2 

A26 #216 MLSSR 10 (4) INMV 2 

A26 #214 MLSSR 35 INMV 2 

A26 #32 MLSSR 38 INMV 2 

A26 #35 MLSSR 54 INMV 2 

A26 #36 MLSSR 54 INMV 2 

A26 #33 MLSSR 7 (1) INMV 2 

A26 #37 MLSSR 8 (2) INMV 2 

A26 #34 MLSSR 93 (4) INMV 2 

A32 #113 N/P 11 INMV 2 

A32 #119 N/P 12 INMV 2 

A32 #120 N/P 13 INMV 2 

A32 #116 N/P 2 INMV 2 

A32 #121 N/P 3 INMV 2 

A32 #122 N/P 4 INMV 2 

A32 #117 N/P 5 INMV 2 

A32 #114 N/P 8 INMV 2 

A32 #118 N/P 9 INMV 2 

A32 #115 UNK INMV 2 

A34 #129 MLSSR 10 (5) INMV 2 
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A34 #133 MLSSR 8 (2) INMV 2 

A34 #127 MLSSR 8 (6) INMV 2 

A34 #132 MLSSR 8 (8) INMV 2 

A34 #126 MLSSR 93 (5) INMV 2 

A34 #130 MLSSR 93 (7) INMV 2 

A34 #236 MLSSR 93 (8) INMV 2 

A34 #237 MLSSR 93 (8) INMV 2 

A34 #131 MLSSR 93 (9) INMV 2 

A34 #128 N/P 15 INMV 2 

A36 #247 MLSSR 10 (1) INMV 2 

A36 #249 MLSSR 10 (10) INMV 2 

A36 #255 MLSSR 10 (6) INMV 2 

A36 #252 MLSSR 10 (7) INMV 2 

A36 #254 MLSSR 10 (8) INMV 2 

A36 #136 UNK INMV 2 

A36 #248 UNK INMV 2 

A36 #250 UNK INMV 2 

A36 #251 UNK INMV 2 

A36 #253 UNK INMV 2 

A37 #262 N/P 1 INMV 2 

A37 #259 N/P 10 INMV 2 

A37 #263 N/P 14 INMV 2 

A37 #265 N/P 14 INMV 2 

A37 #137 N/P 16 INMV 2 

A37 #264 N/P 6 INMV 2 

A37 #261 N/P 7 INMV 2 

A37 #256 UNK INMV 2 

A37 #258 UNK INMV 2 

A37 #260 UNK INMV 2 

AM1 #218 MLSSR 10 (3) INMV 2 

AM1 #225 MLSSR 10 (3) INMV 2 

AM1 #217 MLSSR 10 (6) INMV 2 

AM1 #221 MLSSR 10 (6) INMV 2 

AM1 #219 MLSSR 38 INMV 2 

AM1 #220 MLSSR 54 INMV 2 

AM1 #224 MLSSR 54 INMV 2 

AM1 #222 MLSSR 8 (1) INMV 2 

AM1 #223 MLSSR 93 (1) INMV 2 

AM1 #226 MLSSR 93 (10) INMV 2 

AM2 #231 MLSSR 10 (1) INMV 2 

AM2 #228 MLSSR 8 (5) INMV 2 

AM2 #229 MLSSR 93 (12) INMV 2 
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AM2 #125 MLSSR 93 (18) INMV 2 

AM2 #234 MLSSR 93 (19) INMV 2 

AM2 #233 MLSSR 93 (21) INMV 2 

AM2 #124 MLSSR 93 (22) INMV 2 

AM2 #232 MLSSR 93 (24) INMV 2 

AM2 #230 MLSSR 93 (25) INMV 2 

AM2 #123 MLSSR 93 (7) INMV 2 

AM3 #239 MLSSR 10 (7) INMV 2 

AM3 #241 MLSSR 8 (3) INMV 2 

AM3 #240 MLSSR 8 (7) INMV 2 

AM3 #135 MLSSR 93 (16) INMV 2 

AM3 #243 MLSSR 93 (17) INMV 2 

AM3 #134 N/P 17 INMV 2 

AM3 #242 N/P 18 INMV 2 

AM3 #245 N/P 18 INMV 2 

AM3 #244 N/P 19 INMV 2 

AM3 #238 UNK INMV 2 
aN/P = New Patterns. Patterns not recognized as a type in the INMV database. Patterns with the 

same number but different letters would be classified as the same type in the INMV database but 

have different repeat values. UNK = Unknown. These patterns can't be predicted due to a lack of 

certainty within specific loci. 
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Table 5.5: Isolates examined in the same animal that differ only by SSR1 and SSR2 repeat 

sizes. 

Animal 

ID 

Isolate 

ID 

SSR1 

Pattern 

SSR1 Reading 

Frame 

SSR2 

Pattern 

SSR2 Reading 

Frame 

A20 169 17 RF2 12 RF3 

A20 176 21 RF3 10 RF1 

A21 179 16 RF1 10 RF1 

A21 185 18 RF3 11 RF2 

A25 23 12 RF3 10 RF1 

A25 30 11 RF2 10 RF1 

A32 122 15 RF3 12 RF3 

A32 117 15 RF3 13 RF1 

A36 252 19 RF1 10 RF1 

A36 255 18 RF3 10 RF1 

A37 262 13 RF1 10 RF1 

A37 264 16 RF1 10 RF1 

AM2 229 15 RF3 14 RF2 

AM2 232 20 RF2 12 RF3 
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Table 5.6: Classification of homopolymer repeat sizes for SSR1 and SSR2 by reading 

frame 

SSR Locus Reading Frame SSR Repeat Size 

SSR1 RF-1 4 

SSR1 RF-1 7 

SSR1 RF-1 10 

SSR1 RF-1 13 

SSR1 RF-1 16 

SSR1 RF-1 19 

SSR1 RF-1 22 

SSR1 RF-1 25 

SSR1 RF-2 5 

SSR1 RF-2 8 

SSR1 RF-2 11 

SSR1 RF-2 14 

SSR1 RF-2 17 

SSR1 RF-2 20 

SSR1 RF-2 23 

SSR1 RF-2 26 

SSR1 RF-3 6 

SSR1 RF-3 9 

SSR1 RF-3 12 

SSR1 RF-3 15 

SSR1 RF-3 18 

SSR1 RF-3 21 

SSR1 RF-3 24 

SSR1 RF-3 27 

SSR2 RF-1 7 

SSR2 RF-1 10 

SSR2 RF-1 13 

SSR2 RF-1 16 

SSR2 RF-2 8 

SSR2 RF-2 11 

SSR2 RF-2 14 

SSR2 RF-2 17 

SSR2 RF-3 9 

SSR2 RF-3 12 

SSR2 RF-3 15 

SSR2 RF-3 18 
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CHAPTER VI  

Conclusions and Future Directions 

6.1 Conclusions 

 In Chapter III of this thesis, a systematic review was conducted to gain a greater 

understanding of MSIs across the genus Mycobacterium, with a specific focus directed to the 

prevalence of MSI events in both MTBC and NTM infections, whether these infections are 

observed within both human and animal species, which methods can reliably detect MSIs, and 

how true MSIs are differentiated from similar events such as re-infections, relapses and 

microevolution. Results of the systematic review show that MSIs exist in a variety of different 

mycobacteria, though unsurprisingly, most studies identified MSIs within studies conducted on 

humans and predominantly focused on M. tuberculosis (Table 3.2). In addition, among the 

variety of methods used to identify MSIs, most studies used a variety of VNTR-based methods 

for MSI confirmation, able to distinguish between true MSIs and microevolution based on 

whether multiple alleles can be detected within a certain number of VNTR loci (Table 3.4). 

Reports from more recent years have shown more reliance on WGS-based analysis, with this 

change in methodology possibly representing an overall shift as newer technologies are 

developed and become more widely used for strain typing. Methods based on WGS offer an 

unprecedented resolution compared to other methods, but lack uniform SNP thresholds, making 

it difficult to differentiate between true MSI events and microevolution. While the use of specific 

thresholds may have previously been used to identify MGIs in older methods, such as PFGE or 

VNTR, a definitive threshold to distinguish strains using WGS methods has not been clearly 

established. Due to the extensive volume of WGS data and the organism-specific variability that 

arises due to varying rates of genomic evolution, the establishment of guidelines that work across 

a spectrum of species becomes difficult 682,683. Outbreak variability may be affected by both the 
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species involved, the mutation rates of each strain/species, and the initial genetic distance of any 

strains of the same species involved in the initial infection event. With the variability of these 

factors in mind, recent studies recommend that strain-distinguishing thresholds using WGS 

should be used on a case-by-case basis, with the epidemiological contexts of each outbreak 

accounted for. This approach was kept in consideration when performing WGS-based analysis in 

both Chapters IV and V of this thesis. It was also noted in this Chapter that studies on NTM 

MSIs in humans and animals are limited, but such infections are found across a variety of 

species. Given the importance of NTM in causing opportunistic and nosocomial infections in 

humans and diseases in farmed animals, such as JD, the prevalence and impact of MSIs caused 

by this large and important group of mycobacteria warrant further investigation.  

 In Chapter IV of this thesis, the genetic variations present in a selection of MAP isolates 

grown from 67 MAP-shedding cattle from the provinces of QC and ON were analyzed using a 

selection of typing methods previously identified in Chapter III, including WGS analysis. The 

assemblies produced using the bioinformatic pipeline were verified as being of high quality 

without contamination, avoiding the generation of misleading hypotheses due to sequencing or 

assembly errors. All isolates were confirmed as type II strains, also referred to as cattle-type 

strains. All strains were subtyped using traditional MLVA methods, such as MIRU-VNTR and 

ML-SSR. Based on the results provided by the ML-SSR and MIRU-VNTR methods, it was 

found that the loci used in the ML-SSR method had significantly more discriminatory power 

than those used by the MIRU-VNTR method, as they were able to identify more unique patterns 

both across the entire dataset and within each of the individual herds. However, the limited 

discriminatory capacity of both MLVA methods did not allow for tracking of inter-herd MAP 

transmission. The core SNP-based analysis was the only approach leading to the assignment of 
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individual signatures to each isolate and allowed for the documentation of disease transmission 

across herds. This was further supported by animal movement records, which noted when cattle 

were introduced to specific herds and if they had been delivered from another farm. The structure 

of the 67 isolates examined in this Chapter did not correlate with animal phenotypic data, though 

the presence of genetic variations in several virulence factor genes, namely from the PE/PPE, 

mce, and mmpL families, may potentially explain differential antigenic or pathogenetic 

responses.  

 In Chapter V of this thesis, an in-depth investigation of the presence of MAP MGIs in 

dairy cattle was conducted, selecting up to 10 isolates from 14 cattle, and analyzing them using a 

WGS-based approach. By analyzing the genome sequences of multiple MAP isolates from the 

same animal, the identification of MGIs and the ability to differentiate between true MSIs and 

microevolution-based events is possible. MGIs were able to be classified into different categories 

based on the genetic relatedness of MAP isolates, ranging from those caused by MAP strains 

with result in a diverse SNP-based phylogeny, to instances where the isolates were much more 

closely related. It was noted in both this Chapter and Chapter IV, that the ML-SSR method 

allowed for enhanced discrimination between MAP isolates when complemented with SNP 

analysis, and both methods were more discriminatory than MIRU-VNTR. Maximum diversity in 

both Chapters was noted within ML-SSR loci SSR1 and SSR2, and as in some cases in Chapter 

V, were the only sequences that differed between otherwise isogenic MAP isolates (Figure 5.2 

and Table 5.5). It was noted that all ORF1 sequences from other MAC subspecies corresponded 

to RF-1, almost all of which contained the seven-nucleotide “GGCGGGG” sequence instead of 

the “G” homopolymer present in MAP. Analysis of the SSR1 and SSR2 repeat sizes within all 

available MAP strains confirmed that the most common SSR1 repeat size in MAP was seven 
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(Figures 5.3, 5.4 and Appendix Table A1), which resulted in a protein sequence that matches 

the predicted ORF1 sequence 67,633,634. These results also suggest the possibility that a C→G 

transversion event in an ancestral MAC bacteria resulted in the establishment of the SSR1 

mononucleotide homopolymer observed in MAP ORF1 668,669. This, in turn, resulted in the 

variety of repeat sizes reported for SSR1 in MAP, while also affecting the reading frame of 

ORF1 (Appendix Table A12). In the case of ORF2, the M. avium subsp. avium, M. avium subsp. 

hominissuis and M. avium subsp. lepraemurium orthologs also contain the SSR2 homopolymer, 

where the M. avium subsp. avium and M. avium subsp. hominissuis sequences exhibit variations 

similar to those observed in MAP. As with MAP, this suggests that M. avium subsp. avium and 

M. avium subsp. hominissuis may have a similar capacity to produce different gene products 

using alternate reading frames. 

 Variations caused in the amino acid sequences and corresponding structures of MAP 

proteins due to the presence of variable SSRs in cognate genes have not received much attention. 

The ORF1 and ORF2 variants predicted in Chapter V reinforce the importance of variable 

genetic elements in affecting protein products, beyond use as molecular targets for strain typing 

methods. While not much is known about the functions of ORF1 and ORF2, it can be 

hypothesized that changes in the cognate ORF1 product caused by SSR-associated frame shifting 

could potentially affect the interaction of MAP with the host. It remains unknown how these 

SSRs change or evolve in infecting MAP isolates, but for the purposes of this work, MAP 

isolates with different SSRs are currently classified as MGIs for now, as they are technically not 

isogenic. 
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6.2 Future Directions  

 As mentioned in Chapter III, there is an underrepresentation of studies examining MSIs 

throughout the genus Mycobacterium in both NTMs and infections involving non-human hosts. 

Both groups are the focus of this work, though examination of MSIs in non-MAP NTMs and 

animal hosts beyond cattle are also of interest. As noted in Chapter IV, variation in the PE/PPE, 

mce, and mmpL virulence factor gene families may have an impact on antigenic variation and 

pathogenetic responses of MAP within some cattle. However, work involving the direct 

examination of such mutations, and the impact such changes have on the immune response of 

cattle, must be done to determine the validity of such a claim. The use of bovine monocyte-

derived macrophage, in combination with strains that contain mutations of interest within these 

virulence factor families, may allow for the determination of the exact impact of these mutations. 

Work conducted in Chapter V showed variation within both SSR1 and SSR2 and the impact that 

alteration of this homopolymer sequence has on ORF1 and ORF2. Of particular interest were 

select instances where strains differed only at one or both of these loci, with no other differences 

identified in either strain (Table 5.5). Further work using these almost identical strains will allow 

for the direct examination of how these repeat differences, and subsequence reading frame 

alterations, impact infection. 

 In addition to the future work described above, current work not ready for inclusion in 

this thesis may also offer new insights into the impact of MAP MSIs and how they change over 

time. In some ongoing work, a selection of ten isolates taken at two time points from seven cattle 

are undergoing the same bioinformatic analysis described in Chapters IV and V of this thesis. 

This analysis, and further examination using molecular clock analysis, may help identify how 

both individual strains and MSI events, are change between two points in time. A long-term goal 
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of this project is the comparison between both MAP and host animal genomes to identify 

correlations between the two for factors such as shedding value, the speed and severity of disease 

progression, and variant identification in the hope of identifying host factors that promote MAP 

infection resistance or MAP targets which may allow for the development of a viable vaccine.
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APPENDICES 

Appendix I: Appendix Figures 

 

Appendix Figure A1: Detection of the K-10 strain of MAP by qPCR. Serial dilutions 

of DNA corresponding to known quantities of genome equivalents (Ge) were quantified 

by qPCR. Three independent serial dilution curves were made. Each dilution point was 

quantified eight times for the dilutions of 0.2, 1 and 2 Ge, four times for 10 and 20 Ge, 

and three times for the dilutions of 100, 200, 1000 and 2000 Ge. 
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Appendix Figure A2: Core SNP phylogenies of MAP isolates (n=67) from ON and 

QC herds along with select reference sequences from NCBI (n=10). Each phylogeny 

was constructed based on 7 four separate core SNP analyses, each done using a different 

reference strain. A) used the type I reference strain Telford (NZ_CP033688.1), B) used 

the type II reference strain K-10 (NC_002944.2), C) used the type III reference strain 

S397 (NZ_CP053749.1), and D) used the type B reference strain MAPK_JB16/15 

(NZ_CP033911.1). Each of the 67 field isolates are coloured by herd according to the 

listed key, while NCBI reference sequences are all coloured in grey.
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Appendix Figure A3: Graphical plots depicting the relationship of animal age to both shedding of MAP in feces (qPCR Ct 

Value) and blood ELISA (% S/P) in all 14 animals examined in this study. All animals were classified as high-shedding 

animals (Ct < 27) and the arrows on each graph represent the time point that fecal samples were collected for MAP culture in 

each animal. The grey line with “O” points represents the % S/P values of the serum ELISA. The black line with “X” points 

represents the Ct values obtained from fecal qPCR analysis. The dashed lines along the bottom of each graph represent the 

ELISA threshold (45% S/P) for a cow to be suspected of being MAP-infected positive (light gray), and the ELISA threshold 

(55% S/P) for a cow to be considered JD positive, as recommended by the manufacturer. Data collected for these graphs was 

provided by Dr. Bissonnette and AAFC.
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A A19 Core SNP Phylogeny (>2 SNPs required for MSI classification)  

 

B A20 Core SNP Phylogeny (>4 SNPs required for MSI classification) 
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C A21 Core SNP Phylogeny (>3 SNPs required for MSI classification) 

 

 

D A22 Core SNP Phylogeny (>6 SNPs required for MSI classification) 
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E A23 Core SNP Phylogeny (>4 SNPs required for MSI classification) 

 

 

F A26 Core SNP Phylogeny (>3 SNPs required for MSI classification) 
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G A37 Core SNP Phylogeny (>3 SNPs required for MSI classification) 

 

H AM1 Core SNP Phylogeny (>3 SNPs required for MSI classification) 
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I AM1 Core SNP Phylogeny (>3 SNPs required for MSI classification) 

 

Figure A4: Phylogenetic trees constructed on a per-animal basis. The SNPs for all isolates from a single animal (n=10 for all 

except A20, where n=9) were used for tree construction by IQ-TREE and visualization using iTOL V6. A) Phylogeny for A19, 

B) Phylogeny for A20, C) Phylogeny for A21, D) Phylogeny for A22, E) Phylogeny for A23, F) Phylogeny for A26, G) 

Phylogeny for A37, H) Phylogeny for AM1, I) Phylogeny for AM2.
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Appendix II: Appendix Tables 

 

Appendix Table A1: Repeat Sizes of SSR1 and SSR2 for 1621 isolates retrieved from our personal collection and publicly 

available datasets as examined in Chapter V 

Data Sourcea Sequence Identifierb Sample Name 
Country of 

Origin 

Continent  

of Origin 

SSR1 

Repeat Size 

SSR1 Reading 

Framec 

SSR2 

Repeat Size 

SSR2 Reading 

Framed 

NCBI Nucleotide Database GCA_000504725.1 08-8281 USA 
North 

America 
10 RF-1 9 RF-3 

NCBI Nucleotide Database GCA_000504785.1 10-4404 USA 
North 

America 
6 RF-3 9 RF-3 

NCBI Nucleotide Database GCA_000504845.1 10-5864 USA 
North 

America 
10 RF-1 10 RF-1 

NCBI Nucleotide Database GCA_000504865.1 10-5975 USA 
North 

America 
7 RF-1 8 RF-2 

NCBI Nucleotide Database GCA_000504885.1 10-8425 USA 
North 

America 
8 RF-2 UNK UNK 

NCBI Nucleotide Database GCA_000504995.1 11-1786 USA 
North 

America 
UNK UNK 9 RF-3 

NCBI Nucleotide Database GCA_001904575.1 2015WD-1 China Asia 7 RF-1 11 RF-2 

NCBI Nucleotide Database GCA_001904595.1 2015WD-2 China Asia 7 RF-1 11 RF-2 

NCBI Nucleotide Database GCA_016749935.1 42-13-1 Japan Asia 9 RF-3 10 RF-1 

NCBI Nucleotide Database GCA_000240425.2 4B USA 
North 

America 
7 RF-1 12 RF-3 

NCBI Nucleotide Database GCA_002180005.1 A3 Portugal Europe 20 RF-2 11 RF-2 

NCBI Nucleotide Database GCA_000240525.2 ATCC 19698 USA 
North 

America 
7 RF-1 11 RF-2 

NCBI Nucleotide Database GCA_002174295.1 C4A4 Portugal Europe 8 RF-2 12 RF-3 

NCBI Nucleotide Database GCA_013357385.1 DSM 44135 Germany Europe 7 RF-1 9 RF-3 

NCBI Nucleotide Database GCA_000240445.2 DT 3 USA 
North 

America 
11 RF-2 UNK UNK 

NCBI Nucleotide Database GCA_000835225.1 E1 Egypt Africa 17 RF-2 10 RF-1 

NCBI Nucleotide Database GCA_000835265.1 E93 Egypt Africa 19 RF-1 11 RF-2 

NCBI Nucleotide Database GCA_000240425.2 ENV 210 USA 
North 

America 
7 RF-1 11 RF-2 

NCBI Nucleotide Database GCA_002211525.1 JII-1961 Germany Europe 10 RF-1 10 RF-1 

NCBI Nucleotide Database GCA_002232005.2 JIII-386 Germany Europe 7 RF-1 13 RF-1 

NCBI Nucleotide Database GCA_000240345.2 JQ5 Saudi Arabia Asia 22 RF-1 15 RF-3 

NCBI Nucleotide Database GCA_000240365.2 JQ6 Saudi Arabia Asia 16 RF-1 15 RF-3 
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NCBI Nucleotide Database GCA_000240385.2 JTC 1281 USA 
North 

America 
7 RF-1 8 RF-2 

NCBI Nucleotide Database GCA_000240405.2 JTC 1285 USA 
North 

America 
12 RF-3 11 RF-2 

NCBI Nucleotide Database GCA_000007865.1 K-10 USA 
North 

America 
19 RF-1 10 RF-1 

NCBI Nucleotide Database GCA_001653355.1 MAP/TANUVAS/TN/India/2008 India Asia 19 RF-1 10 RF-1 

NCBI Nucleotide Database GCA_000390085.1 MAP4 - - 7 RF-1 12 RF-3 

NCBI Nucleotide Database GCA_003815795.1 MAPK_CN4/13 South Korea Asia 7 RF-1 9 RF-3 

NCBI Nucleotide Database GCA_003713025.1 MAPK_CN7/15 South Korea Asia 7 RF-1 11 RF-2 

NCBI Nucleotide Database GCA_003713045.1 MAPK_CN9/15 South Korea Asia 13 RF-1 9 RF-3 

NCBI Nucleotide Database GCA_003815815.1 MAPK_JB16/15 South Korea Asia 7 RF-1 12 RF-3 

NCBI Nucleotide Database GCA_003816035.1 MAPK_JJ1/13 South Korea Asia 7 RF-1 11 RF-2 

NCBI Nucleotide Database GCA_000218115.2 Pt154 Australia Oceania UNK UNK 10 RF-1 

NCBI Nucleotide Database GCA_000219085.3 S397 USA 
North 

America 
5 RF-2 13 RF-1 

NCBI Nucleotide Database GCA_000330785.1 S5 India Asia 7 RF-1 9 RF-3 

NCBI Nucleotide 

Database/SRA Database 

GCA_000218035.2, 

SRR136596 
Pt139 Australia Oceania 20 RF-2 10 RF-1 

NCBI Nucleotide 

Database/SRA Database 

GCA_000218055.2, 

SRR136755 
Pt144 Australia Oceania UNK UNK 10 RF-1 

NCBI Nucleotide 

Database/SRA Database 

GCA_000218075.2,  

SRR197999 
Pt145 Australia Oceania UNK UNK 10 RF-1 

NCBI Nucleotide 

Database/SRA Database 

GCA_000218095.2, 

SRR198001 
Pt146 Australia Oceania 19 RF-1 11 RF-2 

NCBI Nucleotide 

Database/SRA Database 

GCA_000218135.2, 

SRR201792 
Pt155 Australia Oceania UNK UNK 10 RF-1 

NCBI Nucleotide 

Database/SRA Database 

GCA_000218155.2,  

SRR198003 
Pt164 Australia Oceania UNK UNK 10 RF-1 

QC/ON Isolate WGS SRR23179856 AAFC_MAP_23 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326312 AAFC_MAP_#24 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326311 AAFC_MAP_#25 Canada 
North 

America 
16 RF-1 9 RF-3 

QC/ON Isolate WGS SRR24326254 AAFC_MAP_#26 Canada 
North 

America 
15 RF-3 9 RF-3 

QC/ON Isolate WGS SRR24326226 AAFC_MAP_#27 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326214 AAFC_MAP_#28 Canada 
North 

America 
13 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326204 AAFC_MAP_#29 Canada 
North 

America 
16 RF-1 12 RF-3 

QC/ON Isolate WGS SRR24326193 AAFC_MAP_#30 Canada 
North 

America 
11 RF-2 10 RF-1 
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QC/ON Isolate WGS SRR23179855 AAFC_MAP_32 Canada 
North 

America 
11 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326239 AAFC_MAP_#33 Canada 
North 

America 
13 RF-1 9 RF-3 

QC/ON Isolate WGS SRR24326310 AAFC_MAP_#34 Canada 
North 

America 
13 RF-1 12 RF-3 

QC/ON Isolate WGS SRR24326298 AAFC_MAP_#35 Canada 
North 

America 
11 RF-2 11 RF-2 

QC/ON Isolate WGS SRR24326267 AAFC_MAP_#36 Canada 
North 

America 
11 RF-2 11 RF-2 

QC/ON Isolate WGS SRR24326261 AAFC_MAP_#37 Canada 
North 

America 
15 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326260 AAFC_MAP_#38 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326228 AAFC_MAP_#113 Canada 
North 

America 
18 RF-3 14 RF-2 

QC/ON Isolate WGS SRR24326248 AAFC_MAP_#114 Canada 
North 

America 
17 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326227 AAFC_MAP_#115 Canada 
North 

America 
14 RF-2 UNK UNK 

QC/ON Isolate WGS SRR24326225 AAFC_MAP_#116 Canada 
North 

America 
13 RF-1 14 RF-2 

QC/ON Isolate WGS SRR23179835 AAFC_MAP_117 Canada 
North 

America 
15 RF-3 13 RF-1 

QC/ON Isolate WGS SRR24326224 AAFC_MAP_#118 Canada 
North 

America 
17 RF-2 15 RF-3 

QC/ON Isolate WGS SRR24326222 AAFC_MAP_#119 Canada 
North 

America 
18 RF-3 16 RF-1 

QC/ON Isolate WGS SRR24326221 AAFC_MAP_#120 Canada 
North 

America 
18 RF-3 18 RF-3 

QC/ON Isolate WGS SRR24326220 AAFC_MAP_#121 Canada 
North 

America 
14 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326223 AAFC_MAP_#122 Canada 
North 

America 
15 RF-3 12 RF-3 

QC/ON Isolate WGS SRR24326219 AAFC_MAP_#123 Canada 
North 

America 
14 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326218 AAFC_MAP_#124 Canada 
North 

America 
19 RF-1 14 RF-2 

QC/ON Isolate WGS SRR24326217 AAFC_MAP_#125 Canada 
North 

America 
17 RF-2 15 RF-3 

QC/ON Isolate WGS SRR24326209 AAFC_MAP_#126 Canada 
North 

America 
13 RF-1 13 RF-1 

QC/ON Isolate WGS SRR24326208 AAFC_MAP_#127 Canada 
North 

America 
19 RF-1 11 RF-2 

QC/ON Isolate WGS SRR24326207 AAFC_MAP_#128 Canada 
North 

America 
19 RF-1 13 RF-1 

QC/ON Isolate WGS SRR24326206 AAFC_MAP_#129 Canada 
North 

America 
17 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326205 AAFC_MAP_#130 Canada 
North 

America 
14 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326203 AAFC_MAP_#131 Canada 
North 

America 
14 RF-2 14 RF-2 
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QC/ON Isolate WGS SRR24326202 AAFC_MAP_#132 Canada 
North 

America 
22 RF-1 11 RF-2 

QC/ON Isolate WGS SRR24326201 AAFC_MAP_#133 Canada 
North 

America 
15 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326199 AAFC_MAP_#134 Canada 
North 

America 
20 RF-2 15 RF-3 

QC/ON Isolate WGS SRR24326198 AAFC_MAP_#135 Canada 
North 

America 
17 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326188 AAFC_MAP_#136 Canada 
North 

America 
UNK UNK 13 RF-1 

QC/ON Isolate WGS SRR23179791 AAFC_MAP_137 Canada 
North 

America 
20 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326270 AAFC_MAP_#159 Canada 
North 

America 
18 RF-3 10 RF-1 

QC/ON Isolate WGS SRR23179790 AAFC_MAP_160 Canada 
North 

America 
19 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326268 AAFC_MAP_#161 Canada 
North 

America 
15 RF-3 9 RF-3 

QC/ON Isolate WGS SRR24326246 AAFC_MAP_#162 Canada 
North 

America 
19 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326245 AAFC_MAP_#163 Canada 
North 

America 
UNK UNK 10 RF-1 

QC/ON Isolate WGS SRR24326269 AAFC_MAP_#164 Canada 
North 

America 
18 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326244 AAFC_MAP_#165 Canada 
North 

America 
12 RF-3 13 RF-1 

QC/ON Isolate WGS SRR24326243 AAFC_MAP_#166 Canada 
North 

America 
14 RF-2 9 RF-3 

QC/ON Isolate WGS SRR24326242 AAFC_MAP_#167 Canada 
North 

America 
18 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326241 AAFC_MAP_#168 Canada 
North 

America 
19 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326238 AAFC_MAP_#169 Canada 
North 

America 
17 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326237 AAFC_MAP_#170 Canada 
North 

America 
UNK UNK 14 RF-2 

QC/ON Isolate WGS SRR23179854 AAFC_MAP_171 Canada 
North 

America 
17 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326240 AAFC_MAP_#172 Canada 
North 

America 
15 RF-3 13 RF-1 

QC/ON Isolate WGS SRR24326236 AAFC_MAP_#173 Canada 
North 

America 
15 RF-3 13 RF-1 

QC/ON Isolate WGS SRR24326235 AAFC_MAP_#174 Canada 
North 

America 
14 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326234 AAFC_MAP_#175 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326233 AAFC_MAP_#176 Canada 
North 

America 
21 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326232 AAFC_MAP_#177 Canada 
North 

America 
12 RF-3 12 RF-3 

QC/ON Isolate WGS SRR24326231 AAFC_MAP_#179 Canada 
North 

America 
16 RF-1 10 RF-1 
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QC/ON Isolate WGS SRR24326230 AAFC_MAP_#180 Canada 
North 

America 
20 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326309 AAFC_MAP_#181 Canada 
North 

America 
23 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326307 AAFC_MAP_#182 Canada 
North 

America 
15 RF-3 14 RF-2 

QC/ON Isolate WGS SRR23179853 AAFC_MAP_183 Canada 
North 

America 
15 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326306 AAFC_MAP_#184 Canada 
North 

America 
15 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326305 AAFC_MAP_#185 Canada 
North 

America 
18 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326308 AAFC_MAP_#186 Canada 
North 

America 
17 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326304 AAFC_MAP_#187 Canada 
North 

America 
15 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326303 AAFC_MAP_#188 Canada 
North 

America 
19 RF-1 12 RF-3 

QC/ON Isolate WGS SRR24326302 AAFC_MAP_#189 Canada 
North 

America 
14 RF-2 14 RF-2 

QC/ON Isolate WGS SRR24326301 AAFC_MAP_#190 Canada 
North 

America 
15 RF-3 11 RF-2 

QC/ON Isolate WGS SRR23179851 AAFC_MAP_191 Canada 
North 

America 
14 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326299 AAFC_MAP_#192 Canada 
North 

America 
17 RF-2 11 RF-2 

QC/ON Isolate WGS SRR24326297 AAFC_MAP_#193 Canada 
North 

America 
14 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326300 AAFC_MAP_#194 Canada 
North 

America 
16 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326296 AAFC_MAP_#195 Canada 
North 

America 
14 RF-2 12 RF-3 

QC/ON Isolate WGS SRR24326295 AAFC_MAP_#196 Canada 
North 

America 
16 RF-1 11 RF-2 

QC/ON Isolate WGS SRR24326294 AAFC_MAP_#197 Canada 
North 

America 
19 RF-1 13 RF-1 

QC/ON Isolate WGS SRR24326293 AAFC_MAP_#198 Canada 
North 

America 
13 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326291 AAFC_MAP_#199 Canada 
North 

America 
15 RF-3 15 RF-3 

QC/ON Isolate WGS SRR24326290 AAFC_MAP_#200 Canada 
North 

America 
19 RF-1 15 RF-3 

QC/ON Isolate WGS SRR24326289 AAFC_MAP_#201 Canada 
North 

America 
12 RF-3 18 RF-3 

QC/ON Isolate WGS SRR24326292 AAFC_MAP_#202 Canada 
North 

America 
15 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326266 AAFC_MAP_#203 Canada 
North 

America 
14 RF-2 13 RF-1 

QC/ON Isolate WGS SRR24326265 AAFC_MAP_#204 Canada 
North 

America 
15 RF-3 16 RF-1 

QC/ON Isolate WGS SRR24326264 AAFC_MAP_#205 Canada 
North 

America 
13 RF-1 15 RF-3 
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QC/ON Isolate WGS SRR23179850 AAFC_MAP_206 Canada 
North 

America 
15 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326263 AAFC_MAP_#207 Canada 
North 

America 
14 RF-2 14 RF-2 

QC/ON Isolate WGS SRR24326262 AAFC_MAP_#208 Canada 
North 

America 
12 RF-3 12 RF-3 

QC/ON Isolate WGS SRR23179849 AAFC_MAP_211 Canada 
North 

America 
18 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326283 AAFC_MAP_#212 Canada 
North 

America 
19 RF-1 9 RF-3 

QC/ON Isolate WGS SRR24326272 AAFC_MAP_#213 Canada 
North 

America 
20 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326259 AAFC_MAP_#214 Canada 
North 

America 
10 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326258 AAFC_MAP_#215 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326257 AAFC_MAP_#216 Canada 
North 

America 
16 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326256 AAFC_MAP_#217 Canada 
North 

America 
18 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326255 AAFC_MAP_#218 Canada 
North 

America 
14 RF-2 10 RF-1 

QC/ON Isolate WGS SRR23179843 AAFC_MAP_219 Canada 
North 

America 
11 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326253 AAFC_MAP_#220 Canada 
North 

America 
11 RF-2 11 RF-2 

QC/ON Isolate WGS SRR24326252 AAFC_MAP_#221 Canada 
North 

America 
18 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326251 AAFC_MAP_#222 Canada 
North 

America 
12 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326250 AAFC_MAP_#223 Canada 
North 

America 
12 RF-3 12 RF-3 

QC/ON Isolate WGS SRR24326249 AAFC_MAP_#224 Canada 
North 

America 
11 RF-2 11 RF-2 

QC/ON Isolate WGS SRR24326247 AAFC_MAP_#225 Canada 
North 

America 
14 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326229 AAFC_MAP_#226 Canada 
North 

America 
15 RF-3 12 RF-3 

QC/ON Isolate WGS SRR24326216 AAFC_MAP_#228 Canada 
North 

America 
18 RF-3 11 RF-2 

QC/ON Isolate WGS SRR24326213 AAFC_MAP_#229 Canada 
North 

America 
15 RF-3 14 RF-2 

QC/ON Isolate WGS SRR24326212 AAFC_MAP_#230 Canada 
North 

America 
20 RF-2 14 RF-2 

QC/ON Isolate WGS SRR24326215 AAFC_MAP_#231 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326211 AAFC_MAP_#232 Canada 
North 

America 
20 RF-2 12 RF-3 

QC/ON Isolate WGS SRR23179800 AAFC_MAP_233 Canada 
North 

America 
19 RF-1 13 RF-1 

QC/ON Isolate WGS SRR24326210 AAFC_MAP_#234 Canada 
North 

America 
18 RF-3 13 RF-1 
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QC/ON Isolate WGS SRR23179829 AAFC_MAP_236 Canada 
North 

America 
14 RF-2 13 RF-1 

QC/ON Isolate WGS SRR24326200 AAFC_MAP_#237 Canada 
North 

America 
14 RF-2 13 RF-1 

QC/ON Isolate WGS SRR24326196 AAFC_MAP_#238 Canada 
North 

America 
UNK UNK 14 RF-2 

QC/ON Isolate WGS SRR24326195 AAFC_MAP_#239 Canada 
North 

America 
19 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326194 AAFC_MAP_#240 Canada 
North 

America 
20 RF-2 11 RF-2 

QC/ON Isolate WGS SRR24326197 AAFC_MAP_#241 Canada 
North 

America 
16 RF-1 11 RF-2 

QC/ON Isolate WGS SRR23179819 AAFC_MAP_242 Canada 
North 

America 
22 RF-1 13 RF-1 

QC/ON Isolate WGS SRR24326192 AAFC_MAP_#243 Canada 
North 

America 
17 RF-2 13 RF-1 

QC/ON Isolate WGS SRR24326191 AAFC_MAP_#244 Canada 
North 

America 
22 RF-1 14 RF-2 

QC/ON Isolate WGS SRR24326190 AAFC_MAP_#245 Canada 
North 

America 
22 RF-1 13 RF-1 

QC/ON Isolate WGS SRR24326288 AAFC_MAP_#247 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326287 AAFC_MAP_#248 Canada 
North 

America 
UNK UNK 12 RF-3 

QC/ON Isolate WGS SRR24326189 AAFC_MAP_#249 Canada 
North 

America 
24 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326286 AAFC_MAP_#250 Canada 
North 

America 
UNK UNK 11 RF-2 

QC/ON Isolate WGS SRR24326285 AAFC_MAP_#251 Canada 
North 

America 
UNK UNK 13 RF-1 

QC/ON Isolate WGS SRR23179792 AAFC_MAP_252 Canada 
North 

America 
19 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326284 AAFC_MAP_#253 Canada 
North 

America 
UNK UNK 12 RF-3 

QC/ON Isolate WGS SRR24326282 AAFC_MAP_#254 Canada 
North 

America 
20 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326281 AAFC_MAP_#255 Canada 
North 

America 
18 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326280 AAFC_MAP_#256 Canada 
North 

America 
UNK UNK 11 RF-2 

QC/ON Isolate WGS SRR24326279 AAFC_MAP_#258 Canada 
North 

America 
UNK UNK 10 RF-1 

QC/ON Isolate WGS SRR24326278 AAFC_MAP_#259 Canada 
North 

America 
18 RF-3 10 RF-1 

QC/ON Isolate WGS SRR24326276 AAFC_MAP_#260 Canada 
North 

America 
UNK UNK 13 RF-1 

QC/ON Isolate WGS SRR24326275 AAFC_MAP_#261 Canada 
North 

America 
17 RF-2 10 RF-1 

QC/ON Isolate WGS SRR24326274 AAFC_MAP_#262 Canada 
North 

America 
13 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326277 AAFC_MAP_#263 Canada 
North 

America 
19 RF-1 10 RF-1 
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QC/ON Isolate WGS SRR24326273 AAFC_MAP_#264 Canada 
North 

America 
16 RF-1 10 RF-1 

QC/ON Isolate WGS SRR24326271 AAFC_MAP_#265 Canada 
North 

America 
19 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179852 AAFC_MAP_325 Canada 
North 

America 
7 RF-1 11 RF-2 

QC/ON Isolate WGS SRR23179848 AAFC_MAP_326 Canada 
North 

America 
7 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179845 AAFC_MAP_342 Canada 
North 

America 
9 RF-3 UNK UNK 

QC/ON Isolate WGS SRR23179842 AAFC_MAP_345 Canada 
North 

America 
7 RF-1 12 RF-3 

QC/ON Isolate WGS SRR23179841 AAFC_MAP_366 Canada 
North 

America 
12 RF-3 10 RF-1 

QC/ON Isolate WGS SRR23179840 AAFC_MAP_375 Canada 
North 

America 
18 RF-3 10 RF-1 

QC/ON Isolate WGS SRR23179837 AAFC_MAP_392 Canada 
North 

America 
7 RF-1 9 RF-3 

QC/ON Isolate WGS SRR23179838 AAFC_MAP_400 Canada 
North 

America 
20 RF-2 11 RF-2 

QC/ON Isolate WGS SRR23179811 AAFC_MAP_418 Canada 
North 

America 
20 RF-2 10 RF-1 

QC/ON Isolate WGS SRR23179810 AAFC_MAP_441 Canada 
North 

America 
14 RF-2 9 RF-3 

QC/ON Isolate WGS SRR23179807 AAFC_MAP_464 Canada 
North 

America 
15 RF-3 12 RF-3 

QC/ON Isolate WGS SRR23179799 AAFC_MAP_500 Canada 
North 

America 
19 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179798 AAFC_MAP_505 Canada 
North 

America 
19 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179795 AAFC_MAP_508 Canada 
North 

America 
7 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179836 AAFC_MAP_515 Canada 
North 

America 
9 RF-3 11 RF-2 

QC/ON Isolate WGS SRR23179833 AAFC_MAP_516 Canada 
North 

America 
9 RF-3 13 RF-1 

QC/ON Isolate WGS SRR23179831 AAFC_MAP_531 Canada 
North 

America 
21 RF-3 10 RF-1 

QC/ON Isolate WGS SRR23179828 AAFC_MAP_552 Canada 
North 

America 
13 RF-1 9 RF-3 

QC/ON Isolate WGS SRR23179827 AAFC_MAP_560 Canada 
North 

America 
11 RF-2 9 RF-3 

QC/ON Isolate WGS SRR23179826 AAFC_MAP_586 Canada 
North 

America 
14 RF-2 12 RF-3 

QC/ON Isolate WGS SRR23179825 AAFC_MAP_594 Canada 
North 

America 
7 RF-1 13 RF-1 

QC/ON Isolate WGS SRR23179815 AAFC_MAP_631 Canada 
North 

America 
7 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179814 AAFC_MAP_638 Canada 
North 

America 
20 RF-2 10 RF-1 

QC/ON Isolate WGS SRR23179813 AAFC_MAP_648 Canada 
North 

America 
UNK UNK 10 RF-1 
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QC/ON Isolate WGS SRR23179846 AAFC_MAP_863 Canada 
North 

America 
9 RF-3 17 RF-2 

QC/ON Isolate WGS SRR23179844 AAFC_MAP_869 Canada 
North 

America 
13 RF-1 11 RF-2 

QC/ON Isolate WGS SRR23179839 AAFC_MAP_878 Canada 
North 

America 
15 RF-3 16 RF-1 

QC/ON Isolate WGS SRR23179812 AAFC_MAP_885 Canada 
North 

America 
7 RF-1 9 RF-3 

QC/ON Isolate WGS SRR23179809 AAFC_MAP_897 Canada 
North 

America 
21 RF-3 10 RF-1 

QC/ON Isolate WGS SRR23179806 AAFC_MAP_910 Canada 
North 

America 
7 RF-1 13 RF-1 

QC/ON Isolate WGS SRR23179805 AAFC_MAP_918 Canada 
North 

America 
7 RF-1 11 RF-2 

QC/ON Isolate WGS SRR23179803 AAFC_MAP_928 Canada 
North 

America 
11 RF-2 9 RF-3 

QC/ON Isolate WGS SRR23179802 AAFC_MAP_938 Canada 
North 

America 
18 RF-3 12 RF-3 

QC/ON Isolate WGS SRR23179801 AAFC_MAP_948 Canada 
North 

America 
11 RF-2 17 RF-2 

QC/ON Isolate WGS SRR23179823 AAFC_MAP_1007 Canada 
North 

America 
7 RF-1 12 RF-3 

QC/ON Isolate WGS SRR23179822 AAFC_MAP_1023 Canada 
North 

America 
7 RF-1 14 RF-2 

QC/ON Isolate WGS SRR23179820 AAFC_MAP_1032 Canada 
North 

America 
7 RF-1 9 RF-3 

QC/ON Isolate WGS SRR23179817 AAFC_MAP_1044 Canada 
North 

America 
7 RF-1 11 RF-2 

QC/ON Isolate WGS SRR23179834 AAFC_MAP_1071 Canada 
North 

America 
7 RF-1 9 RF-3 

QC/ON Isolate WGS SRR23179797 AAFC_MAP_1144 Canada 
North 

America 
18 RF-3 9 RF-3 

QC/ON Isolate WGS SRR23179796 AAFC_MAP_1157 Canada 
North 

America 
7 RF-1 13 RF-1 

QC/ON Isolate WGS SRR23179816 AAFC_MAP_1240 Canada 
North 

America 
7 RF-1 14 RF-2 

QC/ON Isolate WGS SRR23179847 AAFC_MAP_1402 Canada 
North 

America 
7 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179808 AAFC_MAP_1409 Canada 
North 

America 
11 RF-2 12 RF-3 

QC/ON Isolate WGS SRR23179804 AAFC_MAP_1419 Canada 
North 

America 
7 RF-1 11 RF-2 

QC/ON Isolate WGS SRR23179794 AAFC_MAP_1427 Canada 
North 

America 
10 RF-1 12 RF-3 

QC/ON Isolate WGS SRR23179830 AAFC_MAP_1438 Canada 
North 

America 
7 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179832 AAFC_MAP_1452 Canada 
North 

America 
7 RF-1 10 RF-1 

QC/ON Isolate WGS SRR23179821 AAFC_MAP_1495 Canada 
North 

America 
9 RF-3 11 RF-2 

QC/ON Isolate WGS SRR23179824 AAFC_MAP_1512 Canada 
North 

America 
7 RF-1 10 RF-1 
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QC/ON Isolate WGS SRR23179818 AAFC_MAP_1517 Canada 
North 

America 
7 RF-1 9 RF-3 

QC/ON Isolate WGS SRR23179793 AAFC_MAP_1578 Canada 
North 

America 
10 RF-1 16 RF-1 

SRA Database SRR13214443 3324 Spain Europe UNK UNK 11 RF-2 

SRA Database SRR13214442 3326 Spain Europe UNK UNK 10 RF-1 

SRA Database SRR13214444 3410 Australia Oceania 10 RF-1 10 RF-1 

SRA Database SRR13214445 3413 Australia Oceania 8 RF-2 10 RF-1 

SRA Database SRR13214448 3443 Australia Oceania 8 RF-2 12 RF-3 

SRA Database SRR19395037 005-1467 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR19395036 005-1469 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR19394963 005-1473 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR19394952 005-8538 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394941 005-8626 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394930 005-8630 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR13214446 110b Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR18116652 110c Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR18116703 111a Australia Oceania 12 RF-3 12 RF-3 

SRA Database SRR18116702 111c Australia Oceania 12 RF-3 11 RF-2 

SRA Database SRR18116701 112a Australia Oceania 10 RF-1 10 RF-1 

SRA Database SRR18116699 112b Australia Oceania 12 RF-3 12 RF-3 

SRA Database SRR18116698 112c Australia Oceania 10 RF-1 12 RF-3 

SRA Database SRR18116686 115a Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR18116685 115b Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR18116684 115c Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR18116649 117b Australia Oceania 9 RF-3 13 RF-1 

SRA Database SRR18116648 117c Australia Oceania 9 RF-3 UNK UNK 

SRA Database SRR18116663 118a Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR18116660 121b Australia Oceania 9 RF-3 12 RF-3 

SRA Database SRR18116659 121c Australia Oceania 9 RF-3 UNK UNK 

SRA Database SRR18116657 123b Australia Oceania UNK UNK UNK UNK 
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SRA Database SRR18116651 126a Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR18116650 126b Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR18116697 127a Australia Oceania 12 RF-3 12 RF-3 

SRA Database SRR18116696 127b Australia Oceania 11 RF-2 11 RF-2 

SRA Database SRR18116695 127c Australia Oceania 11 RF-2 11 RF-2 

SRA Database SRR18116683 128b Australia Oceania 11 RF-2 12 RF-3 

SRA Database SRR18116682 128c Australia Oceania 10 RF-1 11 RF-2 

SRA Database SRR18116681 129c Australia Oceania 9 RF-3 12 RF-3 

SRA Database SRR18116692 130a Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR18116691 130b Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR18116690 130c Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR14863475 13-2711 Ireland Europe 8 RF-2 10 RF-1 

SRA Database SRR18116647 132a Australia Oceania 9 RF-3 12 RF-3 

SRA Database SRR18116646 132c Australia Oceania 10 RF-1 13 RF-1 

SRA Database SRR18116688 133b Australia Oceania 12 RF-3 11 RF-2 

SRA Database SRR18116687 133c Australia Oceania 12 RF-3 11 RF-2 

SRA Database SRR14863474 13-4284 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863366 13-4516 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863355 13-4573 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR12593860 1347_498_INMV2 Argentina 
South 

America 
7 RF-1 11 RF-2 

SRA Database SRR14863344 13-4959 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863333 13-4961 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863322 13-5083 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863311 13-5941 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863300 13-5950 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863289 13-5985 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR18116694 135a Australia Oceania 11 RF-2 UNK UNK 

SRA Database SRR13214447 135b Australia Oceania 11 RF-2 UNK UNK 

SRA Database SRR18116693 135c Australia Oceania 10 RF-1 10 RF-1 
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SRA Database SRR14863473 13-6371 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863462 13-6806 Ireland Europe 8 RF-2 12 RF-3 

SRA Database SRR14863451 13-6823 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863440 13-6914 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863429 13-8781 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863418 14-1252 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863407 14-2603 Ireland Europe UNK UNK 13 RF-1 

SRA Database SRR14863396 14-2607 Ireland Europe 15 RF-3 9 RF-3 

SRA Database SRR14863385 14-2622 Ireland Europe UNK UNK 10 RF-1 

SRA Database SRR14863374 14-2629 Ireland Europe 12 RF-3 11 RF-2 

SRA Database SRR14863365 14-3230 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863364 14-3720 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863363 14-3851 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863362 14-3861 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863361 14-3960 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863360 14-3966 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863359 14-4569 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863358 14-4946 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863357 14-5165 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863356 14-5172 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863354 14-5298 Ireland Europe 8 RF-2 11 RF-2 

SRA Database SRR14863353 14-5300 Ireland Europe UNK UNK 12 RF-3 

SRA Database SRR14863352 14-5600 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863351 14-5700 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863350 14-6194 Ireland Europe 7 RF-1 8 RF-2 

SRA Database SRR14863349 14-6195 Ireland Europe 7 RF-1 8 RF-2 

SRA Database SRR14863348 14-6254 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863347 14-6255 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863346 14-6342 Ireland Europe 7 RF-1 10 RF-1 
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SRA Database SRR14863345 14-6430 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863343 14-6538 Ireland Europe 8 RF-2 11 RF-2 

SRA Database SRR14863342 14-6670 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863341 14-6677 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863340 14-7252 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863339 14-7486 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863338 14-7488 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863337 14-7489 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863336 14-7530 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863335 14-7534 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863334 14-7535 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863332 14-7626 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863331 14-7736 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863330 14-7739 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863329 14-8576 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863328 14-9252 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863327 14-9294 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR18116680 14a Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR18116679 14b Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR12593859 1543_481_INMV2 Argentina 
South 

America 
7 RF-1 11 RF-2 

SRA Database SRR14863326 16-1173 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863325 16-1297 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863324 16-1298 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863323 16-1734 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863321 16-1735 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863320 16-2363 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863319 16-2463 Ireland Europe 8 RF-2 9 RF-3 

SRA Database SRR14863318 16-2468 Ireland Europe 8 RF-2 10 RF-1 

SRA Database SRR14863317 16-2480 Ireland Europe 8 RF-2 10 RF-1 



 

292 
 

SRA Database SRR14863316 16-2495 Ireland Europe 8 RF-2 10 RF-1 

SRA Database SRR14863315 16-2502 Ireland Europe 8 RF-2 11 RF-2 

SRA Database SRR14863314 16-2504 Ireland Europe 8 RF-2 10 RF-1 

SRA Database SRR14863313 16-2620 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863312 16-3075 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863310 16-3373 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863309 16-3374 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863308 16-406 Ireland Europe 10 RF-1 11 RF-2 

SRA Database SRR14863307 16-4251 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863306 16-4796 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863305 16-4870 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863304 16-4934 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863303 16-4936 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863302 16-5154 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863301 16-5285 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR19394919 16-5548 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395007 16-5552 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863299 16-5561 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394996 16-5567 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394910 16-5577 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395035 16-5578 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863298 16-5757 Ireland Europe 8 RF-2 10 RF-1 

SRA Database SRR14863297 16-5836 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863296 16-5947 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863295 16-6024 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863294 16-665 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863293 16-666 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863292 16-844 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863291 16-845 Ireland Europe 7 RF-1 10 RF-1 
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SRA Database SRR18116705 16a Australia Oceania 10 RF-1 13 RF-1 

SRA Database SRR18116704 16b Australia Oceania 10 RF-1 12 RF-3 

SRA Database SRR14863290 17-1627 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863288 17-1729 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863287 17-2127 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863286 17-2523 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863285 17-2658 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863284 17-2705 Ireland Europe 10 RF-1 10 RF-1 

SRA Database SRR14863283 17-2827 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863282 17-2860 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863281 17-2963 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863280 17-3112 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863279 17-3451 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863472 17-3523 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863471 17-3831 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863470 17-4108 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863469 17-4774 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863468 17-4775 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863467 17-4776 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863466 17-5544 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863465 17-5546 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR19395024 17-5556 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394990 17-5559 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394978 17-5560 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394969 17-5561 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394968 17-5564 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394967 17-5566 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394966 17-5567 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394965 17-5569 Ireland Europe 7 RF-1 10 RF-1 
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SRA Database SRR19394964 17-5570 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394962 17-5571 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR19394961 17-5572 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR19394960 17-5583 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394959 17-5584 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR19394958 17-5586 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394957 17-5588 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394956 17-5589 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394955 17-5600 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394954 17-5606 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394953 17-5608 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394951 17-5610 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394950 17-5612 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394949 17-5615 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394948 17-5617 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394947 17-5618 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR19394946 17-5619 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394945 17-5620 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394944 17-5621 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394943 17-5629 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394942 17-5630 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394940 17-5635 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394939 17-5645 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394938 17-5646 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394937 17-5648 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394936 17-5650 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394935 17-5652 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394934 17-5653 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394933 17-5655 Ireland Europe 7 RF-1 10 RF-1 
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SRA Database SRR14863464 17-6354 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863463 17-6652 Ireland Europe UNK UNK 13 RF-1 

SRA Database SRR14863461 17-6654 Ireland Europe UNK UNK 11 RF-2 

SRA Database SRR14863460 17-670 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863459 17-6751 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863458 17-7446 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863457 17-7447 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863456 17-7448 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863455 17-7451 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863454 17-7457 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR19394932 18-6537 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394931 18-6540 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR19394929 18-6544 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394928 18-6545 Ireland Europe 7 RF-1 14 RF-2 

SRA Database SRR19394927 18-6549 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR19394926 18-6552 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR19394925 18-6555 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394924 18-6556 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394923 18-6560 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394922 18-6573 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394921 18-6574 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394920 18-6580 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394918 18-6587 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394917 18-6588 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394916 18-6590 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394915 18-6599 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395013 18-6602 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395012 18-6608 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19395011 18-6611 Ireland Europe 7 RF-1 10 RF-1 
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SRA Database SRR19395010 18-6612 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395009 18-6613 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395008 18-6614 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395006 18-6615 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395005 18-6616 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395004 18-6618 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395003 18-6619 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395002 18-6622 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19395001 18-6623 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19395000 18-6624 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR19394999 18-6625 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394998 18-6626 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394997 18-6627 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394995 18-6628 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394994 18-6629 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394993 18-6630 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394992 18-6631 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394991 18-6632 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394989 18-6633 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394914 18-6634 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394913 18-6635 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394912 18-6636 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394911 18-6637 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394909 18-6638 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394908 18-6639 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394907 18-6640 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394906 18-6641 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394905 18-6642 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394904 18-6643 Ireland Europe 7 RF-1 10 RF-1 
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SRA Database SRR19394903 18-6645 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394902 18-6646 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR18116662 18b Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR18116661 18c Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR14863453 19-10903 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863452 19-10905 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863450 19-11225 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863449 19-11568 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863448 19-11570 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863447 19-2458b Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863446 19-2698 Ireland Europe UNK UNK 11 RF-2 

SRA Database SRR14863445 19-2811 Ireland Europe 11 RF-2 12 RF-3 

SRA Database SRR14863444 19-2812 Ireland Europe 11 RF-2 11 RF-2 

SRA Database SRR14863443 19-3268 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394901 19-3336 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863442 19-3343 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863441 19-3474 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863439 19-3640 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863438 19-3680 Ireland Europe 14 RF-2 10 RF-1 

SRA Database SRR14863437 19-3829 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863436 19-3830 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863435 19-3831 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863434 19-4608 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863433 19-4819 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863432 19-4820 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863431 19-4934 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863430 19-4935 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863428 19-5000 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863427 19-5575 Ireland Europe 7 RF-1 10 RF-1 
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SRA Database SRR14863426 19-5811 Ireland Europe 9 RF-3 12 RF-3 

SRA Database SRR14863425 19-5812 Ireland Europe 9 RF-3 12 RF-3 

SRA Database SRR14863424 19-5813 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394900 19-6407 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863423 19-6408 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863422 19-6576 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863421 19-6663 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863420 19-6893 Ireland Europe UNK UNK 10 RF-1 

SRA Database SRR14863419 19-7585 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863417 19-7588 Ireland Europe UNK UNK 9 RF-3 

SRA Database SRR14863416 19-7590 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19395034 19-7591 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863415 19-7592 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395033 19-7601 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395032 19-7608 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19395031 19-7611b Ireland Europe 9 RF-3 11 RF-2 

SRA Database SRR19395030 19-7613 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395029 19-7615 Ireland Europe 9 RF-3 10 RF-1 

SRA Database SRR19395028 19-7617 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19395027 19-7618 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395026 19-7619 Ireland Europe UNK UNK 12 RF-3 

SRA Database SRR19395025 19-7620 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19395023 19-7621 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395022 19-7622 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19395021 19-7623 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395020 19-7624 Ireland Europe UNK UNK 11 RF-2 

SRA Database SRR19395019 19-7626 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395018 19-7628 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863414 19-7774 Ireland Europe 7 RF-1 11 RF-2 
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SRA Database SRR14863413 19-7917 Ireland Europe 10 RF-1 11 RF-2 

SRA Database SRR14863412 19-7964 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863411 19-7966 Ireland Europe 8 RF-2 10 RF-1 

SRA Database SRR14863410 19-7984 Ireland Europe 9 RF-3 UNK UNK 

SRA Database SRR14863409 19-7985 Ireland Europe 8 RF-2 11 RF-2 

SRA Database SRR14863408 19-8272 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863406 19-8717 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863405 19-8936 Ireland Europe 8 RF-2 10 RF-1 

SRA Database SRR18116656 21b Australia Oceania 11 RF-2 10 RF-1 

SRA Database SRR18116655 21c Australia Oceania 11 RF-2 10 RF-1 

SRA Database SRR18116654 22b Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR18116707 22c Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR12593858 6611_INMV1 Argentina 
South 

America 
7 RF-1 12 RF-3 

SRA Database SRR1793661 A1011 Canada 
North 

America 
10 RF-1 13 RF-1 

SRA Database SRR1793662 A1012 Canada 
North 

America 
UNK UNK 17 RF-2 

SRA Database SRR1793663 A1013 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793664 A1014 Canada 
North 

America 
13 RF-1 9 RF-3 

SRA Database SRR1793665 A1016 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793666 A1018 Canada 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR1793667 A1019 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR1793668 A1020 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR1793669 A1021 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050003 A1023 Canada 
North 

America 
17 RF-2 10 RF-1 

SRA Database SRR3050004 A1028 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793672 A1034 Canada 
North 

America 
9 RF-3 11 RF-2 

SRA Database SRR1793673 A1035 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793674 A1037 Canada 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR1793675 A1038 Canada 
North 

America 
UNK UNK 13 RF-1 
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SRA Database SRR1793676 A1047 Canada 
North 

America 
9 RF-3 11 RF-2 

SRA Database SRR1793677 A1052 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR1793678 A1053 Canada 
North 

America 
9 RF-3 10 RF-1 

SRA Database SRR1793679 A1054 Canada 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR1793680 A1057 Canada 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR1793681 A1060 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR1793683 A1067 Canada 
North 

America 
UNK UNK 14 RF-2 

SRA Database SRR3050015 A1071 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793684 A1072 Canada 
North 

America 
11 RF-2 10 RF-1 

SRA Database SRR1793685 A1075 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793686 A1076 Canada 
North 

America 
16 RF-1 11 RF-2 

SRA Database SRR1793687 A1082 Canada 
North 

America 
UNK UNK 14 RF-2 

SRA Database SRR1793688 A1085 Canada 
North 

America 
15 RF-3 10 RF-1 

SRA Database SRR1793689 A1092 Canada 
North 

America 
7 RF-1 13 RF-1 

SRA Database SRR1793690 A1095 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR3050026 A1099 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793691 A1102 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793693 A1105 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR1793696 A1110 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR3050037 A1112 Canada 
North 

America 
7 RF-1 15 RF-3 

SRA Database SRR1793697 A1113 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR3050048 A1114 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR1793698 A1124 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR1793699 A1125 Canada 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR1793700 A1127 Canada 
North 

America 
UNK UNK 8 RF-2 

SRA Database SRR3050059 A1129 Canada 
North 

America 
UNK UNK 11 RF-2 
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SRA Database SRR1793701 A1130 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050068 A1131 Canada 
North 

America 
10 RF-1 9 RF-3 

SRA Database SRR1793702 A1132 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR1793703 A1135 Canada 
North 

America 
13 RF-1 10 RF-1 

SRA Database SRR1793704 A1136 Canada 
North 

America 
UNK UNK UNK UNK 

SRA Database SRR1793705 A1137 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793706 A1138 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793707 A1139 Canada 
North 

America 
UNK UNK UNK UNK 

SRA Database SRR1793708 A1146 Canada 
North 

America 
9 RF-3 10 RF-1 

SRA Database SRR1793709 A1148 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793710 A1149 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR1793711 A1150 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR1793712 A1152 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR1793713 A1154 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR1793714 A1155 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR1793715 A1157 Canada 
North 

America 
13 RF-1 13 RF-1 

SRA Database SRR1793716 A1158 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793717 A1159 Canada 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR1793718 A1161 Canada 
North 

America 
14 RF-2 9 RF-3 

SRA Database SRR1793719 A1164 Canada 
North 

America 
7 RF-1 14 RF-2 

SRA Database SRR1793720 A1165 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793721 A1167 Canada 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR1793722 A1172 Canada 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR1793723 A1175 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793724 A1179 Canada 
North 

America 
UNK UNK UNK UNK 

SRA Database SRR1793725 A1180 Canada 
North 

America 
UNK UNK 10 RF-1 
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SRA Database SRR1793726 A1182 Canada 
North 

America 
10 RF-1 14 RF-2 

SRA Database SRR3050069 A1193 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR1793727 A1194 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793728 A1195 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR1793729 A1196 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR1793730 A1200 Canada 
North 

America 
12 RF-3 13 RF-1 

SRA Database SRR3050070 A1202 Canada 
North 

America 
7 RF-1 UNK UNK 

SRA Database SRR1793731 A1203 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793733 A1214 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR1793734 A1216 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050005 A1223 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793737 A1229 Canada 
North 

America 
UNK UNK UNK UNK 

SRA Database SRR1793738 A1252 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR1793740 A1255 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050006 A1279 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793741 A1285 Canada 
North 

America 
12 RF-3 14 RF-2 

SRA Database SRR1793742 A1286 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR1793743 A1288 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR3050007 A1291 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793744 A1293 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793745 A1310 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793746 A1312 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR1793747 A1320 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR1793749 A1326 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR1793750 A1331 Canada 
North 

America 
12 RF-3 9 RF-3 

SRA Database SRR1793752 A1334 Canada 
North 

America 
UNK UNK 13 RF-1 
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SRA Database SRR1793753 A1335 Canada 
North 

America 
8 RF-2 10 RF-1 

SRA Database SRR1793754 A1339 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR1793755 A1341 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR1793757 A1345 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR1793758 A1354 Canada 
North 

America 
UNK UNK 14 RF-2 

SRA Database SRR1793759 A1356 Canada 
North 

America 
7 RF-1 8 RF-2 

SRA Database SRR1793760 A1357 Canada 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR1793761 A1362 Canada 
North 

America 
7 RF-1 13 RF-1 

SRA Database SRR1793762 A1364 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR1793765 A1370 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR1793766 A1371 Canada 
North 

America 
13 RF-1 9 RF-3 

SRA Database SRR1793767 A1374 Canada 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR1793769 A1376 Canada 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR1793770 A1377 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR1793771 A1378 Canada 
North 

America 
8 RF-2 UNK UNK 

SRA Database SRR1793772 A1380 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR3050008 A1512 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR3050009 A1514 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR3050010 A1522 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR3050011 A1525 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR3050012 A1526 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050013 A1527 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050014 A1529 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR3050016 A1530 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050017 A1534 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050018 A1536 Canada 
North 

America 
7 RF-1 10 RF-1 
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SRA Database SRR3050019 A1538 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR3050020 A1545 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR3050021 A1546 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR3050022 A1547 Canada 
North 

America 
10 RF-1 10 RF-1 

SRA Database SRR3050023 A1548 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR3050024 A1590 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR3050025 A1622 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR3050027 A1627 Canada 
North 

America 
UNK UNK UNK UNK 

SRA Database SRR3050028 A1629 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR3050029 A1635 Canada 
North 

America 
UNK UNK UNK UNK 

SRA Database SRR3050030 A1636 Canada 
North 

America 
UNK UNK UNK UNK 

SRA Database SRR3050031 A1637 Canada 
North 

America 
10 RF-1 12 RF-3 

SRA Database SRR3050032 A1638 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050033 A1639 Canada 
North 

America 
11 RF-2 12 RF-3 

SRA Database SRR3050034 A1640 Canada 
North 

America 
10 RF-1 12 RF-3 

SRA Database SRR3050035 A1641 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR3050036 A1643 Canada 
North 

America 
13 RF-1 9 RF-3 

SRA Database SRR3050038 A1644 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR3050039 A1645 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050040 A1646 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR3050041 A1647 Canada 
North 

America 
10 RF-1 11 RF-2 

SRA Database SRR3050042 A1648 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR3050043 A1649 Canada 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR3050044 A1650 Canada 
North 

America 
10 RF-1 10 RF-1 

SRA Database SRR3050045 A1652 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR3050046 A1653 Canada 
North 

America 
UNK UNK 12 RF-3 
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SRA Database SRR3050047 A1654 Canada 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR3050049 A1655 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR3050050 A1656 Canada 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR3050051 A1659 Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR3050052 A1661 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050053 A1664 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050054 A1667 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR3050055 A1668 Canada 
North 

America 
11 RF-2 10 RF-1 

SRA Database SRR3050056 A1669 Canada 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR3050057 A1672 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050058 A1681 Canada 
North 

America 
8 RF-2 12 RF-3 

SRA Database SRR3050060 A1682 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR3050061 A1683 Canada 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR3050062 A1684 Canada 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR3050063 A1685 Canada 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR3050064 A1686 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR3050065 A1NL1 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050066 A1NL2 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR3050067 A1NL3 Canada 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR14863400 AFBI1 Ireland Europe 9 RF-3 13 RF-1 

SRA Database SRR14863404 AFBI10 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863403 AFBI11 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863402 AFBI13 Ireland Europe 8 RF-2 UNK UNK 

SRA Database SRR14863401 AFBI14 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863399 AFBI2 Ireland Europe UNK UNK 9 RF-3 

SRA Database SRR14863398 AFBI3 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863397 AFBI4 Ireland Europe 7 RF-1 11 RF-2 
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SRA Database SRR14863395 AFBI5 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863394 AFBI6 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863393 AFBI7 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863392 AFBI8 Ireland Europe 10 RF-1 12 RF-3 

SRA Database SRR19395017 AFBI9 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR13195562 AFIF   UNK UNK 13 RF-1 

SRA Database SRR19395016 c1 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394985 c10 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394984 c11 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR19394983 c12 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394982 c13 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394981 c14 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394980 c15 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394979 c16 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863391 c17 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863390 c18 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394977 c19 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19395015 c2 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863389 c20 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863388 c21 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863387 c22 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863386 c23 Ireland Europe 7 RF-1 13 RF-1 

SRA Database SRR14863384 c24 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863383 c25 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863382 c26 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863381 c28 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863380 c29 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR19395014 c3 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863379 c30 Ireland Europe 7 RF-1 UNK UNK 
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SRA Database SRR14863378 c31 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863377 c32 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863376 c33 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863375 c34 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR19394976 c35 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR19394975 c36 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394974 c37 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394973 c38 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR19394972 c39 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR14863369 c4 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863373 c40 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863372 c41 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR14863371 c42 Ireland Europe 7 RF-1 9 RF-3 

SRA Database SRR14863370 c43 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR14863368 c5 Ireland Europe 7 RF-1 10 RF-1 

SRA Database SRR19394988 c6 Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394987 c7 Ireland Europe 7 RF-1 UNK UNK 

SRA Database SRR19394986 c8 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR14863367 c9 Ireland Europe 7 RF-1 12 RF-3 

SRA Database SRR19394971 CIT Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR19394970 CITP Ireland Europe 7 RF-1 11 RF-2 

SRA Database SRR5413272 FDAARGOS_305 USA 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR15101044 GT-9 India Asia 7 RF-1 11 RF-2 

SRA Database SRR14335547 MAP 001 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335546 MAP 003 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335535 MAP 017 USA 
North 

America 
10 RF-1 9 RF-3 

SRA Database SRR14335524 MAP 071 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR14335513 MAP 120 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335502 MAP 122 USA 
North 

America 
7 RF-1 10 RF-1 
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SRA Database SRR14335491 MAP 123 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335480 MAP 127 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335472 MAP 128 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR14335471 MAP 130 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335545 MAP 131 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335544 MAP 132 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335543 MAP 133 USA 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR14335542 MAP 134 USA 
North 

America 
UNK UNK 14 RF-2 

SRA Database SRR14335541 MAP 135 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335540 MAP 136 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335539 MAP 137 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335538 MAP 145 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335537 MAP 146 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335536 MAP 147 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335534 MAP 148 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335533 MAP 149 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335532 MAP 172 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335531 MAP 173 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335530 MAP 174 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335529 MAP 175 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335528 MAP 176 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335527 MAP 177 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335526 MAP 178 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335525 MAP 186 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR14335523 MAP 199 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335522 MAP 237 USA 
North 

America 
7 RF-1 10 RF-1 
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SRA Database SRR14335521 MAP 238 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335520 MAP 239 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335519 MAP 240 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335518 MAP 313 USA 
North 

America 
14 RF-2 13 RF-1 

SRA Database SRR14335517 MAP 321 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335516 MAP 331 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335515 MAP 332 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335514 MAP 333 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335512 MAP 335 USA 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR14335511 MAP 336 USA 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR14335510 MAP 337 USA 
North 

America 
UNK UNK 12 RF-3 

SRA Database SRR14335509 MAP 339 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335508 MAP 340 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335507 MAP 341 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR14335506 MAP 353 USA 
North 

America 
11 RF-2 11 RF-2 

SRA Database SRR14335505 MAP 355 USA 
North 

America 
11 RF-2 12 RF-3 

SRA Database SRR14335504 MAP 356 USA 
North 

America 
11 RF-2 11 RF-2 

SRA Database SRR14335503 MAP 357 USA 
North 

America 
10 RF-1 9 RF-3 

SRA Database SRR14335501 MAP 358 USA 
North 

America 
11 RF-2 12 RF-3 

SRA Database SRR14335500 MAP 388 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335499 MAP 425 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335498 MAP 435 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335497 MAP 460 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335496 MAP 469 USA 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR14335495 MAP 470 USA 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR14335494 MAP 486 USA 
North 

America 
7 RF-1 10 RF-1 
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SRA Database SRR14335493 MAP 494 USA 
North 

America 
UNK UNK 13 RF-1 

SRA Database SRR14335492 MAP 519 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335490 MAP 520 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335489 MAP 521 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335488 MAP 522 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335487 MAP 523 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335486 MAP 562 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335485 MAP 565 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335484 MAP 573 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335483 MAP 576 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335482 MAP 579 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335481 MAP 585 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335479 MAP 603 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR14335478 MAP 617 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335477 MAP 618 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335476 MAP 619 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335475 MAP 620 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335474 MAP 621 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR14335473 MAP 622 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR12237016 Map 907-K32 Argentina 
South 

America 
7 RF-1 10 RF-1 

SRA Database SRR12237017 Map L80 Argentina 
South 

America 
7 RF-1 11 RF-2 

SRA Database SRR22426156 Map LN20 Canada 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR5320599 MAP NL 89C Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR5320598 MAP NL 93B Canada 
North 

America 
11 RF-2 11 RF-2 

SRA Database SRR5320597 MAP NL 95A Canada 
North 

America 
10 RF-1 11 RF-2 

SRA Database SRR5320596 MAP NL 95B Canada 
North 

America 
UNK UNK 11 RF-2 
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SRA Database SRR5320595 MAP NL 95E Canada 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR5320594 MAP NL 96E Canada 
North 

America 
12 RF-3 10 RF-1 

SRA Database SRR201793 MAP_CLIJ361 Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR201790 MAP_CLIJ623 Australia Oceania 19 RF-1 10 RF-1 

SRA Database SRR201791 MAP_CLIJ644 Australia Oceania 7 RF-1 19 RF-1 

SRA Database SRR13395951 MAP004 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395950 MAP007 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395839 MAP008 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395728 MAP009 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396016 MAP010 USA 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR13396006 MAP011 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395995 MAP012 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395984 MAP014 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR13395973 MAP015 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395962 MAP016 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395949 MAP018 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395938 MAP019 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395927 MAP020 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395916 MAP021 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395905 MAP022 USA 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR13395894 MAP023 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395883 MAP025 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395872 MAP028 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395861 MAP029 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395850 MAP030 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395838 MAP032 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395827 MAP033 USA 
North 

America 
7 RF-1 10 RF-1 
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SRA Database SRR13395816 MAP050 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395805 MAP051 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395794 MAP054 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395783 MAP055 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395772 MAP058 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395761 MAP059 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395750 MAP060 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395739 MAP061 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395727 MAP066 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396033 MAP082 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396024 MAP083 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396023 MAP086 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13396022 MAP087 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396021 MAP091 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396020 MAP092 USA 
North 

America 
8 RF-2 11 RF-2 

SRA Database SRR13396019 MAP094 USA 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR13396018 MAP097 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR17460194 Map1 France Europe 7 RF-1 9 RF-3 

SRA Database SRR13396017 MAP102 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839016 MAP-102 Australia Oceania 7 RF-1 UNK UNK 

SRA Database SRR11839015 MAP-106 Australia Oceania 13 RF-1 11 RF-2 

SRA Database SRR13396015 MAP107 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396014 MAP108 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839093 MAP-108 Australia Oceania UNK UNK UNK UNK 

SRA Database SRR13395717 MAP109 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396013 MAP110 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13396012 MAP111 USA 
North 

America 
7 RF-1 11 RF-2 
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SRA Database SRR13396011 MAP112 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839082 MAP-112 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR13396010 MAP113 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839071 MAP-113 Australia Oceania 13 RF-1 13 RF-1 

SRA Database SRR11839060 MAP-114 Australia Oceania 12 RF-3 12 RF-3 

SRA Database SRR11839027 MAP-118 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13396009 MAP119 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839003 MAP-120 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13396008 MAP121 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838992 MAP-121 France Europe UNK UNK 9 RF-3 

SRA Database SRR11838981 MAP-122 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11838970 MAP-123 Australia Oceania 11 RF-2 9 RF-3 

SRA Database SRR13396007 MAP124 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838959 MAP-125 Australia Oceania UNK UNK 12 RF-3 

SRA Database SRR13396005 MAP126 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838948 MAP-127 Australia Oceania 14 RF-2 11 RF-2 

SRA Database SRR11838937 MAP-128 Australia Oceania 7 RF-1 13 RF-1 

SRA Database SRR11838926 MAP-129 Australia Oceania 13 RF-1 11 RF-2 

SRA Database SRR11839145 MAP-131 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR11839133 MAP-132 Australia Oceania 18 RF-3 9 RF-3 

SRA Database SRR11839122 MAP-134 Australia Oceania 7 RF-1 13 RF-1 

SRA Database SRR11839111 MAP-135 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR11839100 MAP-138 Australia Oceania 15 RF-3 13 RF-1 

SRA Database SRR13396004 MAP139 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR17460193 Map139 France Europe UNK UNK 12 RF-3 

SRA Database SRR11839099 MAP-139 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR17460192 Map14 France Europe 7 RF-1 10 RF-1 

SRA Database SRR17460191 Map140 France Europe 7 RF-1 11 RF-2 

SRA Database SRR11839098 MAP-140 Australia Oceania 7 RF-1 10 RF-1 
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SRA Database SRR11839097 MAP-141 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13396003 MAP142 USA 
North 

America 
8 RF-2 10 RF-1 

SRA Database SRR11839096 MAP-142 Australia Oceania 7 RF-1 13 RF-1 

SRA Database SRR13396002 MAP143 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR11839095 MAP-143 Australia Oceania 11 RF-2 11 RF-2 

SRA Database SRR13396001 MAP144 USA 
North 

America 
7 RF-1 13 RF-1 

SRA Database SRR11839094 MAP-144 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11839092 MAP-147 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR11839091 MAP-148 Australia Oceania UNK UNK 13 RF-1 

SRA Database SRR11839090 MAP-149 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR13396000 MAP150 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839089 MAP-150 Australia Oceania 10 RF-1 9 RF-3 

SRA Database SRR13395999 MAP151 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395998 MAP152 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839088 MAP-152 Australia Oceania 14 RF-2 10 RF-1 

SRA Database SRR11839087 MAP-153 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395997 MAP154 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839086 MAP-154 Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR13395996 MAP155 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839085 MAP-155 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395994 MAP156 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839084 MAP-156 Australia Oceania 12 RF-3 9 RF-3 

SRA Database SRR11839083 MAP-157 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13395993 MAP158 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839081 MAP-158 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395992 MAP159 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR17460190 Map159 France Europe 7 RF-1 11 RF-2 

SRA Database SRR11839080 MAP-159 Australia Oceania 7 RF-1 13 RF-1 
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SRA Database SRR13395991 MAP160 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839079 MAP-160 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395990 MAP161 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839078 MAP-161 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13395989 MAP162 USA 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR11839077 MAP-162 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR13395988 MAP163 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839076 MAP-163 Australia Oceania 13 RF-1 11 RF-2 

SRA Database SRR11839075 MAP-164 Australia Oceania 10 RF-1 10 RF-1 

SRA Database SRR13395987 MAP165 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839074 MAP-165 Australia Oceania 7 RF-1 9 RF-3 

SRA Database SRR13395986 MAP166 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839073 MAP-166 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395985 MAP167 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839072 MAP-167 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13395983 MAP168 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395982 MAP169 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839070 MAP-169 Australia Oceania 11 RF-2 9 RF-3 

SRA Database SRR11839054 MAP-170 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11839069 MAP-170 Australia Oceania 11 RF-2 9 RF-3 

SRA Database SRR13395981 MAP171 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839053 MAP-171 Australia Oceania 13 RF-1 10 RF-1 

SRA Database SRR11839068 MAP-171 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR11839052 MAP-172 Australia Oceania 17 RF-2 UNK UNK 

SRA Database SRR11839067 MAP-172 Australia Oceania 12 RF-3 9 RF-3 

SRA Database SRR11839051 MAP-174 France Europe 7 RF-1 9 RF-3 

SRA Database SRR11839066 MAP-174 France Europe 7 RF-1 11 RF-2 

SRA Database SRR11839050 MAP-175 France Europe 7 RF-1 11 RF-2 
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SRA Database SRR11839065 MAP-175 France Europe 7 RF-1 11 RF-2 

SRA Database SRR11839048 MAP-176 France Europe 7 RF-1 12 RF-3 

SRA Database SRR11839064 MAP-176 France Europe 7 RF-1 9 RF-3 

SRA Database SRR13395980 MAP179 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395979 MAP180 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395978 MAP181 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395977 MAP182 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395976 MAP183 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395975 MAP184 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395974 MAP185 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395972 MAP187 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR17460189 Map187B France Europe 7 RF-1 11 RF-2 

SRA Database SRR13395971 MAP189 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR17460188 Map19 France Europe UNK UNK 11 RF-2 

SRA Database SRR13395970 MAP190 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR13395969 MAP191 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395968 MAP193 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395967 MAP194 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395966 MAP195 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395965 MAP196 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395964 MAP197 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395963 MAP198 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395961 MAP200 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395960 MAP201 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395959 MAP202 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839047 MAP-202 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11839063 MAP-202 Australia Oceania 7 RF-1 12 RF-3 
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SRA Database SRR11839046 MAP-203 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11839062 MAP-203 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13395958 MAP204 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR11839045 MAP-204 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR11839061 MAP-204 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13395957 MAP205 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR11839044 MAP-205 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR11839059 MAP-205 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13395956 MAP206 USA 
North 

America 
8 RF-2 11 RF-2 

SRA Database SRR11839043 MAP-206 Australia Oceania 7 RF-1 13 RF-1 

SRA Database SRR11839058 MAP-206 Australia Oceania 16 RF-1 10 RF-1 

SRA Database SRR13395955 MAP207 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839042 MAP-207 Australia Oceania 11 RF-2 10 RF-1 

SRA Database SRR11839057 MAP-207 Australia Oceania 10 RF-1 9 RF-3 

SRA Database SRR13395954 MAP208 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839041 MAP-208 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11839056 MAP-208 Australia Oceania 13 RF-1 10 RF-1 

SRA Database SRR11839040 MAP-209 Australia Oceania 7 RF-1 15 RF-3 

SRA Database SRR11839055 MAP-209 Australia Oceania 13 RF-1 11 RF-2 

SRA Database SRR13395953 MAP210 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395952 MAP211 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395948 MAP213 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395947 MAP214 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395946 MAP215 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395945 MAP216 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395944 MAP217 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395943 MAP220 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395942 MAP221 USA 
North 

America 
7 RF-1 10 RF-1 
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SRA Database SRR13395941 MAP222 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395940 MAP223 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395939 MAP224 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395937 MAP225 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839039 MAP-225 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13395936 MAP226 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839037 MAP-226 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR13395935 MAP227 USA 
North 

America 
7 RF-1 13 RF-1 

SRA Database SRR11839036 MAP-227 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395934 MAP228 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839035 MAP-228 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR11839034 MAP-229 Australia Oceania 15 RF-3 10 RF-1 

SRA Database SRR13395933 MAP230 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839033 MAP-230 Australia Oceania 16 RF-1 13 RF-1 

SRA Database SRR11839032 MAP-233 Australia Oceania 11 RF-2 10 RF-1 

SRA Database SRR11839031 MAP-235 Australia Oceania 10 RF-1 10 RF-1 

SRA Database SRR13395932 MAP241 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839030 MAP-241 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR11839029 MAP-242 Australia Oceania 13 RF-1 12 RF-3 

SRA Database SRR11839028 MAP-243 Australia Oceania UNK UNK 12 RF-3 

SRA Database SRR11839026 MAP-244 Australia Oceania 13 RF-1 11 RF-2 

SRA Database SRR11839025 MAP-245 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR11839024 MAP-246 Australia Oceania 13 RF-1 10 RF-1 

SRA Database SRR11839023 MAP-247 Australia Oceania 13 RF-1 12 RF-3 

SRA Database SRR11839022 MAP-249 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR11839021 MAP-250 Australia Oceania 13 RF-1 12 RF-3 

SRA Database SRR11839020 MAP-251 Australia Oceania 15 RF-3 11 RF-2 

SRA Database SRR11839019 MAP-252 Australia Oceania 12 RF-3 10 RF-1 
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SRA Database SRR11839018 MAP-253 Australia Oceania 14 RF-2 10 RF-1 

SRA Database SRR11839017 MAP-254 Australia Oceania 18 RF-3 11 RF-2 

SRA Database SRR11839013 MAP-271 Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR11839012 MAP-273 Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR11839011 MAP-274 Australia Oceania 9 RF-3 12 RF-3 

SRA Database SRR13395931 MAP283 USA 
North 

America 
12 RF-3 10 RF-1 

SRA Database SRR13395930 MAP284 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395929 MAP285 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395928 MAP286 USA 
North 

America 
12 RF-3 12 RF-3 

SRA Database SRR13395926 MAP287 USA 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR13395925 MAP288 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR13395924 MAP289 USA 
North 

America 
13 RF-1 10 RF-1 

SRA Database SRR13395923 MAP290 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395922 MAP291 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395921 MAP292 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839010 MAP-304 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR11839009 MAP-305 Australia Oceania 7 RF-1 13 RF-1 

SRA Database SRR11839008 MAP-306 Australia Oceania 9 RF-3 18 RF-3 

SRA Database SRR13395920 MAP307 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR13395919 MAP308 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395918 MAP312 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR13395917 MAP319 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395915 MAP320 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839007 MAP-320 Australia Oceania 15 RF-3 12 RF-3 

SRA Database SRR11839006 MAP-322 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR11839005 MAP-323 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395914 MAP324 USA 
North 

America 
7 RF-1 13 RF-1 

SRA Database SRR11839004 MAP-324 Australia Oceania 9 RF-3 14 RF-2 
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SRA Database SRR13395913 MAP327 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839002 MAP-327 Australia Oceania 9 RF-3 13 RF-1 

SRA Database SRR11839001 MAP-328 Australia Oceania 9 RF-3 16 RF-1 

SRA Database SRR13395912 MAP329 USA 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR11839000 MAP-330 Australia Oceania 9 RF-3 13 RF-1 

SRA Database SRR11838999 MAP-332 Australia Oceania 13 RF-1 10 RF-1 

SRA Database SRR11838998 MAP-333 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395911 MAP334 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395910 MAP338 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11838997 MAP-339 Australia Oceania 8 RF-2 11 RF-2 

SRA Database SRR11838996 MAP-340 Australia Oceania 8 RF-2 12 RF-3 

SRA Database SRR11838995 MAP-341 Australia Oceania 8 RF-2 10 RF-1 

SRA Database SRR13395909 MAP342 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838994 MAP-342 Australia Oceania 8 RF-2 12 RF-3 

SRA Database SRR13395908 MAP343 USA 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR13395907 MAP344 USA 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR13395906 MAP345 USA 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR13395904 MAP346 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR11838993 MAP-346 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR13395903 MAP347 USA 
North 

America 
21 RF-3 10 RF-1 

SRA Database SRR11838991 MAP-347 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR11838990 MAP-348 Australia Oceania 8 RF-2 10 RF-1 

SRA Database SRR13395902 MAP349 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838989 MAP-349 Australia Oceania 9 RF-3 14 RF-2 

SRA Database SRR13395901 MAP350 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838988 MAP-350 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395900 MAP351 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838987 MAP-351 Australia Oceania 9 RF-3 12 RF-3 
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SRA Database SRR13395899 MAP352 USA 
North 

America 
UNK UNK 10 RF-1 

SRA Database SRR11838986 MAP-353 Australia Oceania 17 RF-2 11 RF-2 

SRA Database SRR13395898 MAP359 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395897 MAP362 USA 
North 

America 
UNK UNK 9 RF-3 

SRA Database SRR11838985 MAP-372 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395896 MAP374 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395895 MAP376 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395893 MAP378 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR17460187 Map38 France Europe 7 RF-1 UNK UNK 

SRA Database SRR13395892 MAP380 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395891 MAP381 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395890 MAP383 USA 
North 

America 
11 RF-2 13 RF-1 

SRA Database SRR13395889 MAP384 USA 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR13395888 MAP387 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395887 MAP391 USA 
North 

America 
14 RF-2 11 RF-2 

SRA Database SRR13395886 MAP392 USA 
North 

America 
UNK UNK 11 RF-2 

SRA Database SRR13395885 MAP393 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395884 MAP394 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395882 MAP396 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395881 MAP398 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR17460186 Map40 France Europe 7 RF-1 12 RF-3 

SRA Database SRR13395880 MAP401 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395879 MAP402 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838984 MAP-403 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR13395878 MAP404 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838983 MAP-404 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR13395877 MAP407 USA 
North 

America 
7 RF-1 9 RF-3 
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SRA Database SRR11838982 MAP-407 Australia Oceania 7 RF-1 14 RF-2 

SRA Database SRR13395876 MAP408 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838980 MAP-408 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395875 MAP409 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838979 MAP-409 Australia Oceania 14 RF-2 10 RF-1 

SRA Database SRR11838978 MAP-411 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR11838977 MAP-413 Australia Oceania 11 RF-2 10 RF-1 

SRA Database SRR11838976 MAP-414 Australia Oceania 9 RF-3 14 RF-2 

SRA Database SRR13395874 MAP415 USA 
North 

America 
8 RF-2 9 RF-3 

SRA Database SRR11838975 MAP-415 Australia Oceania UNK UNK 9 RF-3 

SRA Database SRR11838974 MAP-416 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11838973 MAP-417 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR13395873 MAP418 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838972 MAP-418 Australia Oceania 7 RF-1 9 RF-3 

SRA Database SRR11838971 MAP-419 Australia Oceania 13 RF-1 10 RF-1 

SRA Database SRR11838969 MAP-420 Australia Oceania 7 RF-1 16 RF-1 

SRA Database SRR13395871 MAP422 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11838968 MAP-422 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13395870 MAP423 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838967 MAP-423 Australia Oceania 11 RF-2 10 RF-1 

SRA Database SRR13395869 MAP424 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838966 MAP-424 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11838965 MAP-425 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11838964 MAP-426 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR11838963 MAP-428 Australia Oceania 15 RF-3 10 RF-1 

SRA Database SRR13395868 MAP429 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838962 MAP-429 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11838961 MAP-431 Australia Oceania UNK UNK 9 RF-3 

SRA Database SRR11838960 MAP-434 Australia Oceania 18 RF-3 10 RF-1 
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SRA Database SRR11838958 MAP-435 Australia Oceania UNK UNK 13 RF-1 

SRA Database SRR13395867 MAP436 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838957 MAP-436 Australia Oceania 13 RF-1 10 RF-1 

SRA Database SRR13395866 MAP437 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395865 MAP438 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838956 MAP-438 Australia Oceania 7 RF-1 14 RF-2 

SRA Database SRR13395864 MAP439 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838955 MAP-439 Australia Oceania UNK UNK 12 RF-3 

SRA Database SRR13395863 MAP440 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838954 MAP-440 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395862 MAP442 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838953 MAP-442 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395860 MAP443 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838952 MAP-443 Australia Oceania UNK UNK 10 RF-1 

SRA Database SRR11838951 MAP-444 Australia Oceania UNK UNK 9 RF-3 

SRA Database SRR11838950 MAP-445 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR13395859 MAP450 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395858 MAP452 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395857 MAP453 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395856 MAP454 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395855 MAP455 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395854 MAP456 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395853 MAP457 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395852 MAP458 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395851 MAP459 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395849 MAP461 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838949 MAP-461 Australia Oceania 7 RF-1 13 RF-1 
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SRA Database SRR13395848 MAP464 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395847 MAP465 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395846 MAP471 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395845 MAP473 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395844 MAP474 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395843 MAP475 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395842 MAP476 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395841 MAP477 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395840 MAP478 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395837 MAP479 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395836 MAP480 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395835 MAP481 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395834 MAP482 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395833 MAP483 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395832 MAP484 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395831 MAP485 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395830 MAP487 USA 
North 

America 
13 RF-1 10 RF-1 

SRA Database SRR13395829 MAP488 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395828 MAP489 USA 
North 

America 
7 RF-1 12 RF-3 

SRA Database SRR13395826 MAP490 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395825 MAP491 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395824 MAP492 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395823 MAP493 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395822 MAP495 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395821 MAP496 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395820 MAP497 USA 
North 

America 
7 RF-1 9 RF-3 
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SRA Database SRR13395819 MAP498 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395818 MAP499 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395817 MAP500 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395815 MAP501 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395814 MAP502 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395813 MAP503 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395812 MAP504 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395811 MAP505 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395810 MAP506 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838947 MAP-506 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13395809 MAP507 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395808 MAP508 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395807 MAP509 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838946 MAP-509 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13395806 MAP510 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395804 MAP511 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395803 MAP512 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395802 MAP513 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838945 MAP-513 Australia Oceania 7 RF-1 9 RF-3 

SRA Database SRR13395801 MAP514 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838944 MAP-514 Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR13395800 MAP515 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838943 MAP-515 Australia Oceania 10 RF-1 12 RF-3 

SRA Database SRR13395799 MAP516 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395798 MAP517 USA 
North 

America 
8 RF-2 10 RF-1 

SRA Database SRR11838942 MAP-517 Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR13395797 MAP518 USA 
North 

America 
7 RF-1 9 RF-3 
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SRA Database SRR11838941 MAP-520 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11838940 MAP-521 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395796 MAP524 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11838939 MAP-524 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13395795 MAP525 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838938 MAP-525 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395793 MAP526 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838936 MAP-526 Australia Oceania UNK UNK 12 RF-3 

SRA Database SRR13395792 MAP527 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838935 MAP-527 Australia Oceania 12 RF-3 10 RF-1 

SRA Database SRR13395791 MAP528 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395790 MAP529 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838934 MAP-529 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395789 MAP531 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395788 MAP532 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395787 MAP533 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838933 MAP-533 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13395786 MAP534 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838932 MAP-534 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR11838931 MAP-535 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13395785 MAP536 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838930 MAP-536 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395784 MAP537 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR13395782 MAP538 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838929 MAP-538 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395781 MAP539 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838928 MAP-539 Australia Oceania 7 RF-1 9 RF-3 

SRA Database SRR11838927 MAP-540 Australia Oceania 7 RF-1 13 RF-1 
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SRA Database SRR13395780 MAP541 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838925 MAP-541 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13395779 MAP542 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395778 MAP543 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395777 MAP544 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395776 MAP545 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395775 MAP546 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395774 MAP547 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395773 MAP548 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395771 MAP549 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395770 MAP550 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395769 MAP551 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838924 MAP-551 Australia Oceania UNK UNK 9 RF-3 

SRA Database SRR13395768 MAP552 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838923 MAP-552 Australia Oceania 17 RF-2 9 RF-3 

SRA Database SRR13395767 MAP553 USA 
North 

America 
9 RF-3 11 RF-2 

SRA Database SRR13395766 MAP554 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838922 MAP-554 Australia Oceania 9 RF-3 11 RF-2 

SRA Database SRR13395765 MAP555 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838921 MAP-555 Australia Oceania 7 RF-1 14 RF-2 

SRA Database SRR13395764 MAP556 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838920 MAP-556 Australia Oceania 15 RF-3 9 RF-3 

SRA Database SRR13395763 MAP557 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838919 MAP-557 Australia Oceania 16 RF-1 9 RF-3 

SRA Database SRR13395762 MAP558 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11838918 MAP-558 Australia Oceania 8 RF-2 12 RF-3 

SRA Database SRR13395760 MAP559 USA 
North 

America 
7 RF-1 9 RF-3 
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SRA Database SRR11839147 MAP-559 Australia Oceania 8 RF-2 12 RF-3 

SRA Database SRR13395759 MAP560 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839146 MAP-560 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR11839144 MAP-561 Australia Oceania UNK UNK UNK UNK 

SRA Database SRR11839143 MAP-562 Australia Oceania 8 RF-2 12 RF-3 

SRA Database SRR13395758 MAP563 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395757 MAP564 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839142 MAP-564 Australia Oceania 14 RF-2 12 RF-3 

SRA Database SRR13395756 MAP566 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395755 MAP567 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839141 MAP-567 Australia Oceania 13 RF-1 12 RF-3 

SRA Database SRR13395754 MAP568 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839140 MAP-568 Australia Oceania 14 RF-2 13 RF-1 

SRA Database SRR13395753 MAP569 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395752 MAP570 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839139 MAP-570 Australia Oceania 13 RF-1 15 RF-3 

SRA Database SRR13395751 MAP571 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839138 MAP-571 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395749 MAP572 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395748 MAP574 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395747 MAP575 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395746 MAP577 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839137 MAP-577 Australia Oceania 16 RF-1 11 RF-2 

SRA Database SRR13395745 MAP578 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839136 MAP-579 Australia Oceania 14 RF-2 11 RF-2 

SRA Database SRR13395744 MAP580 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839135 MAP-580 Australia Oceania 11 RF-2 11 RF-2 

SRA Database SRR13395743 MAP581 USA 
North 

America 
7 RF-1 9 RF-3 
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SRA Database SRR11839132 MAP-581 Australia Oceania 11 RF-2 11 RF-2 

SRA Database SRR13395742 MAP582 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395741 MAP583 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839131 MAP-583 Australia Oceania 13 RF-1 10 RF-1 

SRA Database SRR13395740 MAP584 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839130 MAP-584 Australia Oceania 12 RF-3 12 RF-3 

SRA Database SRR11839129 MAP-585 Australia Oceania 16 RF-1 10 RF-1 

SRA Database SRR13395738 MAP586 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839128 MAP-586 Australia Oceania 15 RF-3 10 RF-1 

SRA Database SRR13395737 MAP587 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839127 MAP-587 Australia Oceania 15 RF-3 11 RF-2 

SRA Database SRR13395736 MAP588 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839126 MAP-588 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR11839125 MAP-589 Australia Oceania UNK UNK 11 RF-2 

SRA Database SRR13395735 MAP590 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395734 MAP591 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839124 MAP-592 Australia Oceania 18 RF-3 10 RF-1 

SRA Database SRR13395733 MAP593 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395732 MAP594 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839123 MAP-594 Australia Oceania 11 RF-2 9 RF-3 

SRA Database SRR13395731 MAP595 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839121 MAP-595 Australia Oceania 15 RF-3 11 RF-2 

SRA Database SRR13395730 MAP596 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839120 MAP-596 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13395729 MAP597 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839119 MAP-597 Australia Oceania 11 RF-2 10 RF-1 

SRA Database SRR13395726 MAP598 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839118 MAP-598 Australia Oceania 9 RF-3 12 RF-3 
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SRA Database SRR13395725 MAP599 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839117 MAP-599 Australia Oceania 7 RF-1 15 RF-3 

SRA Database SRR17460185 Map6 France Europe 7 RF-1 13 RF-1 

SRA Database SRR13395724 MAP600 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395723 MAP601 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395722 MAP602 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839116 MAP-602 Australia Oceania 8 RF-2 10 RF-1 

SRA Database SRR13395721 MAP604 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR13395720 MAP605 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395719 MAP606 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13395718 MAP607 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839115 MAP-607 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13395716 MAP608 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839114 MAP-608 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13396032 MAP609 USA 
North 

America 
7 RF-1 11 RF-2 

SRA Database SRR11839113 MAP-609 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR13396031 MAP610 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839112 MAP-610 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR13396030 MAP611 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839110 MAP-611 Australia Oceania 7 RF-1 11 RF-2 

SRA Database SRR13396029 MAP612 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839109 MAP-612 Australia Oceania 9 RF-3 13 RF-1 

SRA Database SRR13396028 MAP613 USA 
North 

America 
7 RF-1 10 RF-1 

SRA Database SRR11839108 MAP-613 Australia Oceania 10 RF-1 14 RF-2 

SRA Database SRR13396027 MAP614 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13396026 MAP615 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR13396025 MAP616 USA 
North 

America 
7 RF-1 9 RF-3 

SRA Database SRR11839107 MAP-617 Australia Oceania 15 RF-3 11 RF-2 
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SRA Database SRR11839106 MAP-618 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR11839105 MAP-619 Australia Oceania 7 RF-1 10 RF-1 

SRA Database SRR11839104 MAP-620 Australia Oceania 9 RF-3 9 RF-3 

SRA Database SRR11839103 MAP-621 Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR11839102 MAP-622 Australia Oceania 9 RF-3 10 RF-1 

SRA Database SRR11839101 MAP-623 Australia Oceania 7 RF-1 12 RF-3 

SRA Database SRR11802323 
Mycobacterium avium subsp. 

paratuberculosis DSM 44135 
Germany Europe 7 RF-1 10 RF-1 

SRA Database ERR6415108 PICSAR1 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415109 PICSAR10 France Europe 9 RF-3 13 RF-1 

SRA Database ERR6415110 PICSAR100 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415111 PICSAR102 France Europe 9 RF-3 11 RF-2 

SRA Database ERR6415112 PICSAR103 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415113 PICSAR104 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415114 PICSAR106 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415115 PICSAR107 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415116 PICSAR11 France Europe UNK UNK 10 RF-1 

SRA Database ERR6415117 PICSAR110 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415118 PICSAR111 France Europe 13 RF-1 13 RF-1 

SRA Database ERR6415119 PICSAR113 France Europe 7 RF-1 13 RF-1 

SRA Database ERR6415288 PICSAR114 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415120 PICSAR117 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415121 PICSAR118 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415122 PICSAR119 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415123 PICSAR120 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415125 PICSAR124 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415124 PICSAR124B France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415126 PICSAR126 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415253 PICSAR127 France Europe 12 RF-3 10 RF-1 

SRA Database ERR6415289 PICSAR128 France Europe 7 RF-1 10 RF-1 
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SRA Database ERR6415127 PICSAR13 France Europe 8 RF-2 11 RF-2 

SRA Database ERR6415128 PICSAR131 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415129 PICSAR132 France Europe 7 RF-1 13 RF-1 

SRA Database ERR6415130 PICSAR135 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415131 PICSAR136 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415240 PICSAR138 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415255 PICSAR139 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415132 PICSAR14 France Europe 8 RF-2 10 RF-1 

SRA Database ERR6415133 PICSAR140 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415134 PICSAR141 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415135 PICSAR142 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415136 PICSAR143 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415249 PICSAR144 France Europe 7 RF-1 13 RF-1 

SRA Database ERR6415137 PICSAR145 France Europe 8 RF-2 14 RF-2 

SRA Database ERR6415256 PICSAR146 France Europe 7 RF-1 UNK UNK 

SRA Database ERR6415138 PICSAR147 France Europe 7 RF-1 13 RF-1 

SRA Database ERR6415139 PICSAR148 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415290 PICSAR149 France Europe 10 RF-1 11 RF-2 

SRA Database ERR6415140 PICSAR15 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415291 PICSAR153 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415141 PICSAR154 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415142 PICSAR157 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415143 PICSAR16 France Europe 9 RF-3 10 RF-1 

SRA Database ERR6415144 PICSAR160 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415145 PICSAR162 France Europe 8 RF-2 13 RF-1 

SRA Database ERR6415146 PICSAR164 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415148 PICSAR168 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415147 PICSAR168B France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415292 PICSAR17 France Europe 8 RF-2 11 RF-2 
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SRA Database ERR6415244 PICSAR171 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415149 PICSAR172 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415150 PICSAR178 France Europe 8 RF-2 11 RF-2 

SRA Database ERR6415151 PICSAR179 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415152 PICSAR18 France Europe 7 RF-1 UNK UNK 

SRA Database ERR6415153 PICSAR180 France Europe UNK UNK 11 RF-2 

SRA Database ERR6415154 PICSAR181 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415155 PICSAR182 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415156 PICSAR184 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415157 PICSAR189 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415158 PICSAR19 France Europe 8 RF-2 14 RF-2 

SRA Database ERR6415248 PICSAR190 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415159 PICSAR191 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415160 PICSAR192 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415161 PICSAR196 France Europe 8 RF-2 10 RF-1 

SRA Database ERR6415162 PICSAR197 France Europe 8 RF-2 10 RF-1 

SRA Database ERR6415163 PICSAR198 France Europe 7 RF-1 8 RF-2 

SRA Database ERR6415164 PICSAR2 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415293 PICSAR20 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415245 PICSAR200 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415165 PICSAR201 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415166 PICSAR202 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415263 PICSAR203 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415167 PICSAR204 France Europe 8 RF-2 10 RF-1 

SRA Database ERR6415168 PICSAR205 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415169 PICSAR206 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415170 PICSAR208 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415171 PICSAR209 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415172 PICSAR21 France Europe 7 RF-1 10 RF-1 
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SRA Database ERR6415173 PICSAR210 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415174 PICSAR211 France Europe UNK UNK 9 RF-3 

SRA Database ERR6415264 PICSAR212 France Europe 8 RF-2 12 RF-3 

SRA Database ERR6415242 PICSAR213 France Europe 8 RF-2 11 RF-2 

SRA Database ERR6415175 PICSAR214 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415176 PICSAR215 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415177 PICSAR216 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415178 PICSAR218 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415265 PICSAR219 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415179 PICSAR22 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415180 PICSAR222 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415266 PICSAR223 France Europe 10 RF-1 12 RF-3 

SRA Database ERR6415181 PICSAR23 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415182 PICSAR232 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415183 PICSAR235 France Europe 7 RF-1 UNK UNK 

SRA Database ERR6415246 PICSAR236 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415184 PICSAR238 France Europe 8 RF-2 11 RF-2 

SRA Database ERR6415185 PICSAR24 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415186 PICSAR240 France Europe 11 RF-2 12 RF-3 

SRA Database ERR6415273 PICSAR245 France Europe 8 RF-2 UNK UNK 

SRA Database ERR6415187 PICSAR246 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415274 PICSAR247 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415188 PICSAR248 France Europe 7 RF-1 14 RF-2 

SRA Database ERR6415189 PICSAR249 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415190 PICSAR25 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415191 PICSAR250 France Europe 7 RF-1 8 RF-2 

SRA Database ERR6415294 PICSAR251 France Europe 7 RF-1 8 RF-2 

SRA Database ERR6415192 PICSAR252 France Europe 7 RF-1 8 RF-2 

SRA Database ERR6415193 PICSAR253 France Europe 7 RF-1 10 RF-1 
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SRA Database ERR6415194 PICSAR254 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415195 PICSAR255 France Europe 7 RF-1 UNK UNK 

SRA Database ERR6415275 PICSAR257 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415196 PICSAR26 France Europe 9 RF-3 11 RF-2 

SRA Database ERR6415276 PICSAR27 France Europe 9 RF-3 9 RF-3 

SRA Database ERR6415197 PICSAR28 France Europe 10 RF-1 10 RF-1 

SRA Database ERR6415198 PICSAR29 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415199 PICSAR3 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415200 PICSAR30 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415247 PICSAR35 France Europe 7 RF-1 UNK UNK 

SRA Database ERR6415201 PICSAR36 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415202 PICSAR38 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415239 PICSAR39 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415203 PICSAR4 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415238 PICSAR42 France Europe UNK UNK 10 RF-1 

SRA Database ERR6415204 PICSAR43 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415205 PICSAR46 France Europe 9 RF-3 11 RF-2 

SRA Database ERR6415206 PICSAR47 France Europe 9 RF-3 11 RF-2 

SRA Database ERR6415207 PICSAR48 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415208 PICSAR49 France Europe UNK UNK 10 RF-1 

SRA Database ERR6415209 PICSAR5 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415210 PICSAR51 France Europe 10 RF-1 12 RF-3 

SRA Database ERR6415211 PICSAR52 France Europe 10 RF-1 11 RF-2 

SRA Database ERR6415212 PICSAR53 France Europe 10 RF-1 10 RF-1 

SRA Database ERR6415213 PICSAR55 France Europe 9 RF-3 10 RF-1 

SRA Database ERR6415214 PICSAR56 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415215 PICSAR58 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415280 PICSAR59 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415216 PICSAR6 France Europe 7 RF-1 10 RF-1 
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SRA Database ERR6415217 PICSAR61 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415218 PICSAR63 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415219 PICSAR64 France Europe 7 RF-1 UNK UNK 

SRA Database ERR6415220 PICSAR65 France Europe 8 RF-2 11 RF-2 

SRA Database ERR6415283 PICSAR67 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415221 PICSAR68 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415222 PICSAR7 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415223 PICSAR70 France Europe 13 RF-1 11 RF-2 

SRA Database ERR6415224 PICSAR71 France Europe UNK UNK 10 RF-1 

SRA Database ERR6415225 PICSAR72 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415226 PICSAR73 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415227 PICSAR74 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415228 PICSAR75 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415229 PICSAR76 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415230 PICSAR77 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415231 PICSAR78 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415232 PICSAR8 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415233 PICSAR81 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415234 PICSAR85 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415243 PICSAR87 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415235 PICSAR9 France Europe 9 RF-3 11 RF-2 

SRA Database ERR6415236 PICSAR94 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415241 PICSAR97 France Europe 9 RF-3 12 RF-3 

SRA Database ERR6415237 PICSAR98 France Europe 7 RF-1 12 RF-3 

SRA Database ERR4388993 SAMEA7098499 Italy Europe 7 RF-1 17 RF-2 

SRA Database ERR6415250 SAMEA8989788 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415251 SAMEA8989789 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415252 SAMEA8989790 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415254 SAMEA8989791 France Europe 11 RF-2 10 RF-1 
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SRA Database ERR6415257 SAMEA8989792 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415258 SAMEA8989793 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415259 SAMEA8989794 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415260 SAMEA8989795 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415261 SAMEA8989796 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415262 SAMEA8989797 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415267 SAMEA8989798 France Europe 10 RF-1 13 RF-1 

SRA Database ERR6415268 SAMEA8989799 France Europe 10 RF-1 11 RF-2 

SRA Database ERR6415269 SAMEA8989800 France Europe 7 RF-1 10 RF-1 

SRA Database ERR6415270 SAMEA8989801 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415271 SAMEA8989802 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415272 SAMEA8989803 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415277 SAMEA8989804 France Europe 10 RF-1 10 RF-1 

SRA Database ERR6415278 SAMEA8989805 France Europe 7 RF-1 13 RF-1 

SRA Database ERR6415279 SAMEA8989806 France Europe 9 RF-3 11 RF-2 

SRA Database ERR6415281 SAMEA8989807 France Europe 7 RF-1 9 RF-3 

SRA Database ERR6415282 SAMEA8989808 France Europe 7 RF-1 11 RF-2 

SRA Database ERR6415284 SAMEA8989809 France Europe 12 RF-3 12 RF-3 

SRA Database ERR6415285 SAMEA8989810 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415286 SAMEA8989811 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415287 SAMEA8989812 France Europe 7 RF-1 12 RF-3 

SRA Database ERR6415295 SAMEA8989813 France Europe 7 RF-1 10 RF-1 

SRA Database SRR8177401 Telford1 Australia Oceania 10 RF-1 13 RF-1 

aData retrieved either based on WGS of QC/ON samples our group has directly processed, sent for sequencing, and uploaded to 

the SRA database, sequencing reads from other groups already present within the SRA database, or complete 

sequences/incomplete assemblies present in the NCBI Nucleotide Database. Highlighted cases had ambiguous repeat sizes 

within their available assemblies, so manual assembly with their respective SRA records was performed. 
bSequence Identifiers based on the Sequence Read Archive ID, or the Genome Assembly ID. 
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cReading Frames (RF) categorized by repeat size for SSR1. SSR sizes are called as RF-1 (red), RF-2 (yellow), or RF-3 (blue). 

Instances where SSR size could not be determined are listed as UNK (grey). 
dReading Frames (RF) categorized by repeat size for SSR2. SSR sizes are called as RF-1 (green), RF-2 (orange), or RF-3 

(purple). Instances where SSR size could not be determined are listed as UNK (grey). 
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Appendix Table A2: Details of studies on MSIs identified in the current review (n=121) 

Title of 

Publication 

Location of 

Study  

(Primary)a 

Total No. of 

Cases 

Analyzed 

(Specimens) 

No. (%) of 

Mixed 

Infections 

Host Species with 

MSIb 

Bacterial 

Species with 

MSIc 

Method of Mixed 

Infection 

Detectiond 

Specimen  

or  

Culture 

Total (MSI) 

HIV Status 

of Patients 

Year of 

Publicatione 
First Author 

Phage Types of 
Mycobacterium 

tuberculosis in 

Cultures 
Isolated from 

Eskimo Patients 

Canada 233 (699) 33 (14.16 %) H. sapiens 
M. 

tuberculosis 
Phage Typing Culture N/A 1975 Mankiewicz 

Phage Type of 

Tubercle Bacilli 
Isolated from 

Patients with 
Two or More 

Sites of Organ 

lnvolvement 

USA 87 (199) 3 (3.5 %) H. sapiens 
M. 

tuberculosis 
Phage Typing Culture N/A 1976 Bates 

Genetic 
diversity among 

strains of 

Mycobacterium 
avium causing 

monoclonal and 

polyclonal 
bacteremia in 

patients with 

AIDS 

USA 14 2 (14.3 %) H. sapiens 
*M. avium 

Complex 
PFGE Culture Positive 1993 Arbeit 

Polyclonal 
infections due 

to 

Mycobacterium 
avium complex 

in patients with 

AIDS detected 

by pulsed-field 

gel 

electrophoresis 
of sequential 

clinical isolates 

USA 12 (55) 4 (33.3 %) H. sapiens 
*M. avium 

Complex 
PFGE Culture Positive 1994 Slutsky 
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Mixed-strain 

infection with a 
drug-sensitive 

and multidrug-

resistant strain 
of 

Mycobacterium 

tuberculosis 

Nepal 1 1 (100%) H. sapiens 
M. 

tuberculosis 
Mixed-linker PCR Culture N/A 1995 Theisen 

Polyclonal 
Mycobacterium 

avium 

Infections in 
Patients with 

AIDS: 
Variations in 

Antimicrobial 

Susceptibilities 
of Different 

Strains of M. 

avium Isolated 
from the Same 

Patient 

USA 5 (75) 5 (100%) H. sapiens 
*M. avium 

Complex 
PFGE Culture Positive 1995 Von Reyn 

Use of different 

molecular 
typing 

techniques for 

bacteriological 
follow-up in a 

clinical trial 

with AIDS 
patients with 

Mycobacterium 

avium 
bacteremia 

France 93 3 (3.2 %) H. sapiens *M. avium 

IS1245-RFLP, 

Strain Specific 
PCR,*PFGE 

Culture Positive 1997 Picardeau 

Computer-

assisted 

analysis of 
Mycobacterium 

avium 

fingerprints 
using insertion 

elements 

IS1245 and 
IS1311 in a 

Caribbean 

setting 

French 

Guiana, 
Martinique, 

Guadeloupe 

25 (33) 1 (4.0 %) H. sapiens *M. avium  

IS1245 

Fingerprinting, 
IS1311 

Fingerprinting 

Culture 
22 (1) 

Positive 
1997 Devallois 
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Polyclonal 

Mycobacterium 
avium complex 

infections in 

patients with 
nodular 

bronchiectasis 

USA 

26 (17 Nodular 

Bronchiectasis 
Cases, 9 

Cavitary Cases) 

16 (61.5 %) 

[15 Nodular 
Bronchiectasi

s Cases (88.2 

%), 1 
Cavitary Case 

(11.1 %)] 

H. sapiens 

M. 

intracellulare 
and *M. 

avium 

PFGE Culture Positive 1998 Wallace Jr.  

Evidence of 

exogenous 
reinfection and 

mixed infection 

with more than 
one strain of 

Mycobacterium 
tuberculosis 

among Spanish 

HIV-infected 
inmates 

Spain 28 1 (3.6 %) H. sapiens 
M. 

tuberculosis 

IS6110-RFLP, 
pTBN12 

Digestion 

Culture 
28 (1) 

Positive 
1999 Chaves 

Simultaneous 

infection with 

two drug-
susceptible 

Mycobacterium 

tuberculosis 
strains in an 

immunocompet

ent host 

Austria 1 1 (100 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP, 

Spoligotyping 
Culture N/A 1999 Pavlic 

Simultaneous 
infection with 

two strains of 

Mycobacterium 
tuberculosis 

identified by 

restriction 
fragment length 

polymorphism 

analysis 

USA 1 1 (100 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture N/A 1999 Yeh 
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Genetic 

diversity of 
Mycobacterium 

avium 

recovered from 
AIDS patients 

in the 

Caribbean as 
studied by a 

consensus 

IS1245-RFLP 
method and 

pulsed-field gel 
electrophoresis 

French 

Guiana, 

Martinique, 
Guadeloupe 

31 (45) 2 (6.45 %) H. sapiens *M. avium 
IS1245-RFLP, 

PFGE 
Culture 31 Positive 2000 Legrand 

Genotypic 

patterns of 

multiple 
isolates of M. 

tuberculosis 

from 
tuberculous 

HIV patients 

Brazil 32 3 (9.38 %) H. sapiens 
M. 

tuberculosis 
DRE-PCR Culture 

32 (3) 

Positive 
2000 Lourenço 

Multiple 

Isolates from 
Aids Patients: 

Aspects of an 

Analysis by a 
Genotypic 

Marker and 

Antimicrobial 
Susceptibilities 

Variations 

Brazil 10 2 (20.0 %) H. sapiens *M. avium IS1245-RFLP N/A 
10 (2) 

Positive 
2000 Saad 
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PCR-

Restriction 
Enzyme 

Analysis of a 

Bone Marrow 
Isolate from a 

Human 

Immunodeficie
ncy Virus-

Positive Patient 

Discloses 
Polyclonal 

Infection with 
Two 

Mycobacterium 

avium Strains 

Brazil 1 1 (100 %) H. sapiens 
*M. avium 
Complex 

hsp65 PCR-
restriction enzyme 

analysis, IS1245-

RFLP, IS1311-
RFLP 

Culture Positive 2000 Oliveira 

A Molecular 
Epidemiologica

l Study of 

Mycobacterium 
simiae Isolated 

from AIDS 

Patients in 

Guadeloupe 

Guadeloupe 9 3 (33.3 %) H. sapiens M. simiae 
PFGE, *RAPD 

Analysis 
Culture 7 (2) Positive 2000 Legrand 

Simultaneous 

infection with 

multiple strains 
of 

Mycobacterium 

tuberculosis 

USA 2 2 (100 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture Negative 2001 Braden 
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Demonstration 

of reinfection 
and reactivation 

in HIV-negative 

autopsied cases 
of secondary 

tuberculosis: 

multilesional 
genotyping of 

Mycobacterium 

tuberculosis 
utilizing IS 

6110 and other 
repetitive 

element-based 

DNA 
fingerprinting 

South Africa 13 2 (15.4 %) H. sapiens 
M. 

tuberculosis 

IS6110-RFLP, 
DR-RFLP, 

MTB484-RFLP 

Culture Negative 2001 Du Plessis 

Multiple 

Mycobacterium 

tuberculosis 
Strains in Early 

Cultures from 

Patients in a 

High-Incidence 

Community 

Setting 

South Africa 131 3 (2.3 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture Negative 2002 Richardson 

IS1311 and 
IS1245 

Restriction 

Fragment 
Length 

Polymorphism 

Analyses, 
Serotypes, and 

Drug 

Susceptibilities 

of 

Mycobacterium 

avium Complex 
Isolates 

Obtained from a 

Human 
Immunodeficie

ncy Virus-

Negative 
Patient 

Czech 

Republic 

1 (6 sputum 

isolates) 
1 (100%) H. sapiens 

*M. avium 

Complex 

IS1245-RFLP, 

*IS1311-RFLP 
Culture Negative 2002 Dvorska 
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IS1245 

restriction 
fragment length 

polymorphism 

typing of 
Mycobacterium 

avium from 

patients 
admitted to a 

reference 

hospital in 
Campinas, 

Brazil 

Brazil 39 (43) 1 (2.6 %) H. sapiens *M. avium IS1245-RFLP Culture 35 Positive 2003 Panunto 

Polyclonal and 
Compartmentali

zed Infection by 

Mycobacterium 
tuberculosis in 

Patients with 

Both 
Respiratory and 

Extrarespiratory 

Involvement 

Spain 50 (107) 3 (6.0 %) H. sapiens 
M. 

tuberculosis 

Spoligotyping, 

DRE-PCR, 
IS6110-RFLP 

Culture 
42 (3) 

Positive 
2003 

García De 

Viedma 

Utility of fast 
mycobacterial 

interspersed 

repetitive unit-
variable number 

tandem repeat 

genotyping in 
clinical 

mycobacteriolo

gical analysis 

Belgium 3 1 (33.3 %) H. sapiens 
M. 

tuberculosis 

IS6110-RFLP, 12-

locus MIRU-
VNTR 

Culture N/A 2004 Allix 

Simultaneous 
infection with 

multiple strains 

of 
Mycobacterium 

tuberculosis 

identified by 
restriction 

fragment length 

polymorphism 
analysis 

India 543 2 (0.4 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture N/A 2004 Das 
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Genotypic and 

phenotypic 
heterogeneity 

among 

Mycobacterium 
tuberculosis 

isolates from 

pulmonary 
tuberculosis 

patients 

Bangladesh 97 2 (2.1 %) H. sapiens 
M. 

tuberculosis 

13-locus MIRU-

VNTR, IS6110-

RFLP 

Culture N/A 2004 Shamputa 

Patients with 

active 
tuberculosis 

often have 
different strains 

in the same 

sputum 
specimen. 

South Africa 186 35 (18.8 %) H. sapiens 
M. 

tuberculosis 

Lineage Specific 

PCRs, 

*Spoligotyping 

Culture N/A 2004 Warren 

Differential 

virulence of 

Mycobacterium 
avium strains 

isolated from 

HIV-infected 
patients with 

disseminated M. 

avium complex 
disease 

USA 8 2 (25.0 %) H. sapiens 
*M. avium 

Complex 
PFGE Culture Positive 2004 Ohkusu 

Multiple 

infection with 

resistant and 
sensitive M. 

tuberculosis 

strains during 
treatment of 

pulmonary 

tuberculosis 
patients 

Peru 10 3 (33.3 %) H. sapiens 
M. 

tuberculosis 

IS6110-RFLP, 

DRE-PCR 
Culture 

(1) Positive, 2 

(Negative) 
2005 

Baldeviano-

Vidalón 

The Beijing 

genotype and 

drug resistant 
tuberculosis in 

the Aral Sea 

region of 
Central Asia 

Uzbekistan 
and 

Turkmenistan 

397 15 (3.8 %) H. sapiens 
M. 

tuberculosis 

IS6110-RFLP, 

Spoligotyping 
Culture N/A 2005 Cox 
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Mycobacterium 

avium 
restriction 

fragment lenght 

polymorphism-
IS IS1245 and 

the simple 

double 
repetitive 

element 

polymerase 
chain reaction 

typing method 
to screen 

genetic 

diversity in 
Brazilian strains 

Brazil 
14 (41) H. 

sapiens, (10) 

Environmental 

2 (14.3 %) H. 

sapiens Only 

H. sapiens, G. gallus 

domesticus, S. scrofa 

domesticus, 
Unknown Vegetable 

*M. avium 
IS6110-RFLP, 

MaDRE-PCR 
Culture 

14 (2) 

Positive 
2005 De Sequeira 

Characterizatio

n of clonal 

complexity in 
tuberculosis by 

mycobacterial 

interspersed 

repetitive unit–

variable-

number tandem 
repeat typing.  

Spain 12 1 (8.3 %) H. sapiens 
M. 

tuberculosis 

IS6110-RFLP and 

Spoligotyping 
Culture 1 Positive 2005 

García de 

Viedma 

Reinfection and 

mixed infection 

cause changing 
Mycobacterium 

tuberculosis 

drug-resistance 
patterns 

South Africa 48 5 (10.4 %) H. sapiens 
M. 

tuberculosis 

IS6110-RFLP, 
Strain-Specific 

PCR 

Culture N/A 2005 Van Rie 

Mixed infection 

and clonal 

representativene
ss of a single 

sputum sample 

in tuberculosis 
patients from a 

penitentiary 

hospital in 
Georgia 

Georgia 199 (597) 26 (13.1 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture N/A 2006 Shamputa 
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Risk of 

Acquired Drug 
Resistance 

during Short-

Course Directly 
Observed 

Treatment of 

Tuberculosis in 
an Area with 

High Levels of 

Drug 
Resistance  

Uzbekistan 

and 
Turkmenistan 

397 15 (3.8 %)  H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture N/A 2007 Cox 

Avian 

tuberculosis in 
naturally 

infected captive 

water birds of 
the Ardeideae 

and 

Threskiornithid
ae families 

studied by 

serotyping, 

IS901 RFLP 

typing, and 

virulence for 
poultry 

Czech 

Republic 

20 Birds (92 

randomly 

selected M. 
avium subsp. 

avium isolates; 

71 
tissues and 21 

faecal isolates) 

1 (5.0 %) 

E. garzetta, B. ibis, 
E. alba, B. stellaris, 

T. athiopicus, P. 

leucorodia 

M. avium 

subsp. avium 

IS901-RFLP, 

*IS1245-RFLP 
Culture N/A 2007 Dvorska 

Molecular 

investigation of 

recurrent 
tuberculosis in 

patients from 

Rwanda 

Rwanda 710 1/22 (4.5%) H. sapiens 
M. 

tuberculosis  

Spoligotyping, 12-

locus MIRU-

VNTR 

Culture N/A 2007 Umubyeyi 

Multiple 
Mycobacterium 

tuberculosis 

infections in an 
HIV-infected 

patient 

Netherlands 1 1 (100 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture 1 Positive 2007 

Van der 

Zanden 
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Exogenous 

Reinfection as a 
Cause of 

Multidrug 

Resistant and 
Extensively 

Drug-Resistant 

Tuberculosis in 
Rural South 

Africa 

South Africa 17 2 (11.8 %) H. sapiens 
M. 

tuberculosis 
Spoligotyping Culture 15 Positive 2008 Andrews 

Mixed 

infections of 
Mycobacterium 

tuberculosis in 
tuberculosis 

patients in 

Shanghai, 
China 

China 

22 (660) VNTR 

Validation, 249 
Mixed Infection 

Identification 

2 (9.1 %), 14 
(5.6 %) 

H. sapiens 
M. 

tuberculosis 
7-locus VNTR Culture N/A 2008 Fang 

Mycobacterium 

avium subsp. 

avium 
distribution 

studied in a 

naturally 
infected hen 

flock and in the 

environment by 
culture, 

serotyping and 

IS901 RFLP 
methods 

Czech 

Republic 

21 (16 tissue 

samples tested 

with RFLP)  G. 
gallus 

domesticus, 35 

Environmental 
Samples 

7/16 (43.8 %) 
G. gallus 

domesticus 

G. gallus domesticus 
M. avium 

subsp. avium  
IS901-RFLP Culture N/A 2008 Shitaye 

IS1245 RFLP-

based 

genotyping 
study of 

Mycobacterium 

avium subsp. 
hominissuis 

isolates from 

pigs and 
humans 

Slovenia 
26 (57) H. 

sapiens, 33 (57) 

Sus Samples 

1 (3.8 %) H. 
sapiens, 5 

(13.5 %) Sus  

H. sapiens, Sus. Spp. 
M. avium 

subsp. 

hominissuis 

IS1245-RFLP Culture 1 Positive 2008 Pate 
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Phenotypic and 

genotypic 
variant of 

MDR-

Mycobacterium 
tuberculosis 

multiple 

isolates in the 
same 

tuberculosis 

episode, Rio de 
Janeiro, Brazil 

Brazil 1 1 (100 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture 1 (1) Positive 2009 Andrade 

Mechanisms of 

heteroresistance 
to isoniazid and 

rifampin of 

Mycobacterium 
tuberculosis in 

Tashkent, 

Uzbekistan 

Uzbekistan 17 5 (18.5 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR, *IS6110-

RFLP,*Spoligoty
ping 

Culture 15 Positive 2009 
Hofmann-

Theil 

Penitentiary 
population of 

Mycobacterium 

tuberculosis in 
Kyrgyzstan: 

Exceptionally 

high prevalence 
of the Beijing 

genotype and its 

Russia-specific 
subtype 

Kyrgyzstan 56 8 (14.2 %) H. sapiens 
M. 

tuberculosis 

IS6110 Inverse 

PCR , 12-locus 
MIRU-VNTR, 

Spoligotyping 

N/A Negative 2009 Mokrousov 

High diversity 

of 

Mycobacterium 
tuberculosis 

genotypes in 

South Africa 
and 

preponderance 

of mixed 
infections 

among ST53 

isolates 

South Africa 

(252), (54) 

Analyzed with 

MIRU-VNTR 

10 isolates 
(18.5 %) 

H. sapiens 
M. 

tuberculosis 

15-locus MIRU-

VNTR, 
*Spoligotyping, 

*IS6110-RFLP 

Culture 
112 isolates 

Positive 
2009 Stavrum 
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Detection of 

multiple strains 
of 

Mycobacterium 

tuberculosis 
using MIRU-

VNTR in 

patients with 
pulmonary 

tuberculosis in 

Kampala, 
Uganda 

Uganda 113 8 (7.1 %) H. sapiens 
M. 

tuberculosis 

15-locus MIRU-

VNTR 
Culture (3) Positive 2010 Dickman 

Mixed Infection 

with Beijing 
and Non-

Beijing Strains 

and Drug 
Resistance 

Pattern of 

Mycobacterium 
tuberculosis 

Taiwan 185 21 (11.4 %) H. sapiens 
M. 

tuberculosis 

Lineage Specific 

PCRs 
Culture 1 Positive 2010 Huang 

Molecular 

Detection of 

Mixed 
Infections of 

Mycobacterium 

tuberculosis 
Strains in 

Sputum 

Samples from 
Patients in 

Karonga 

District, Malawi 

Malawi 

72 patients (160 

sputum samples 
+ 377 clinical 

isolates) 

4 (3.2%) 

sputua. 4 

(1.1%) 
isolates 

(Spoligotype 

only) 

H. sapiens 
M. 

tuberculosis 

Strain Specific 

PCR, *24-locus 

MIRU-VNTR 

Specimen 
and Culture 

37/59 
Positive 

2010 Mallard 

Diversity of 
Mycobacterium 

tuberculosis 

genotypes 
circulating in 

Ndola, Zambia 

Zambia 156 5 (3.2 %) H. sapiens 
M. 

tuberculosis 

15-locus MIRU-

VNTR 
Culture N/A 2010 Mulenga 
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Mixed-strain 

Mycobacterium 
tuberculosis 

infections 

among patients 
dying in a 

hospital in 

KwaZulu-Natal, 
South Africa 

South Africa 56 5 (8.9 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture 

54 (5) 

Positive 
2011 Cohen 

Whole-Genome 

Sequencing and 

Social Network 
Analysis of a 

Tuberculosis 
Outbreak 

Canada 32 4 (12.5 %) H. sapiens 
M. 

tuberculosis 

WGS Analysis, 

24-locus MIRU-
VNTR, IS6110-

RFLP 

Culture Negative 2011 Gardy 

Systematic 

survey of clonal 

complexity in 
tuberculosis at a 

populational 

level and 
detailed 

characterization 

of the isolates 
involved 

Spain 

703 Respiratory 

+ 71 
Respiratory 

extraoulmonary 

= 774 

9 (1.2 %) H. sapiens 
M. 

tuberculosis 

15-locus MIRU-

VNTR, 24-locus 

MIRU-VNTR, 
IS6110-RFLP 

Culture N/A 2011 Navarro 

Mixed infection 

with Beijing 

and non-Beijing 
strains in 

pulmonary 

tuberculosis in 
Taiwan: 

prevalence, risk 

factors, and 
dominant strain 

Taiwan 466 14 (3.0 %) H. sapiens 
M. 

tuberculosis 

Lineage Specific 

PCRs 
Culture N/A 2011 Wang 

Disseminated 

tuberculosis in 

human 
immunodeficien

cy virus 

infection: 
ineffective 

immunity, 

polyclonal 
disease and 

high mortality 

Tanzania 

1955 Non-

disseminated 
TB, 20 

Disseminated 

TB (Typed with 
IS6110-RFLP) 

3/20 (15.0 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture Positive 2011 Von Reyn 
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Molecular 

epidemiology 
of HIV-

associated 

tuberculosis in 
Dar es Salaam, 

Tanzania: strain 

predominance, 
clustering, and 

polyclonal 

disease 

Tanzania 14 6 (42.9 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture 

14 (6) 

Positive 
2012 Adams 

A first insight 
on the 

population 
structure of 

Mycobacterium 

tuberculosis 
complex as 

studied by 

spoligotyping 
and MIRU-

VNTRs in 

Bogota, 

Colombia 

Colombia 146 1 (0.7 %) H. sapiens 
M. 

tuberculosis 

15-locus MIRU-
VNTR, IS6110-

RFLP 

Culture 1 (1) Positive 2012 Cerezo 

DNA Typing of 

Mycobacterium 

bovis Isolates 
from Badgers 

(Meles meles) 

Culled from 
Areas in Ireland 

with Different 

Levels of 
Tuberculosis 

Prevalence 

Republic of 

Ireland 
52 (93) 3 (5.8 %) M. meles M. bovis 

6-locus VNTR, 

Spoligotyping 
Culture N/A 2012 Furphy 

Mixed 

tuberculosis 
infections in 

rural South 

Vietnam 

Vietnam 1248 39 (3.1 %) H. sapiens 
M. 

tuberculosis 

15-locus MIRU-

VNTR, 

Spoligotyping, 
IS6110-RFLP 

Culture N/A 2012 Huyen 
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Whole-genome 

sequencing to 
establish 

relapse or re-

infection with 
Mycobacterium 

tuberculosis: a 

retrospective 
observational 

study 

Malaysia, 

South Africa, 

Thailand 

47 6 (12.8 %) H. sapiens 
M. 

tuberculosis 
WGS Analysis Culture Negative 2013 Bryant 

Metagenomic 

Analysis of 
Tuberculosis in 

a Mummy 

Hungary 1 1 (100%) H. sapiens 
M. 

tuberculosis 
WGS 

(Metagenomics) 
Specimen N/A 2013 Chan 

Population 
structure of 

mixed 

Mycobacterium 
tuberculosis 

infection is 

strain genotype 
and culture 

medium 

dependent 

South Africa 206 31 (15.1 %) H. sapiens 
M. 

tuberculosis 

Strain Specific 

PCR 
Culture N/A 2013 Hanekom 

Undetected 
Multidrug-

Resistant 

Tuberculosis 
Amplified by 

First-line 

Therapy in 
Mixed Infection 

Portugal 1 1 (100 %) H. sapiens 
M. 

tuberculosis 
24-locus MIRU-

VNTR 
Culture Negative 2013 

Hingley-
Wilson 

Molecular 

investigation of 

multiple strain 
infections in 

patients with 

tuberculosis in 
Mubende 

district, Uganda 

Uganda 72 8 (11.1 %) H. sapiens 
M. 

tuberculosis 

15-locus MIRU-

VNTR 
Culture 

48/74 (65%) 

positive 
2013 Muwonge 
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Multiple 

samples 
improve the 

sensitivity for 

detection of 
mixed 

Mycobacterium 

infections 

China 89 10 (11.2 %) H. sapiens 
M. 

tuberculosis 

Strain Specific 
PCR, 16-locus 

VNTR 

Culture N/A 2013 Peng 

Association 
between 

polyclonal and 

mixed 
mycobacterial 

Mycobacterium 
avium complex 

infection and 

environmental 
exposure 

Japan 

120 (94 M. 
avium subsp. 

avium, 26 M. 
intracellulare) 

27 (22.5 %), 
20 M. avium 

subsp. avium 
(21.3 %), 7 

M. 

intracellulare 
(26.9 %) 

H. sapiens 

M. avium 
subsp. avium 

and M. 
intracellulare 

15-locus MIRU-

VNTR (M. 
avium), 16-locus 

MIRU-VNTR (M. 

intracellulare) 

Culture Negative 2014 Fujita 

Multi-locus 

variable-

number tandem 
repeat analysis 

(MLVA) 

reveals 
heterogeneity of 

Mycobacterium 

bovis strains 
and multiple 

genotype 

infections of 
cattle in 

Ethiopia 

Ethiopia 26 10 (38.5 %) B. taurus M. bovis 

MLVA 28-locus 

VNTR, 
Spoligotyping 

Culture N/A 2014 Biffa 

Contribution of 

spoligotyping 
and MIRU-

VNTRs to 

characterize 
prevalent 

Mycobacterium 

tuberculosis 
genotypes 

infecting 

tuberculosis 
patients in 

Morocco 

Morocco 208 (219) 4 (1.9 %) H. sapiens 
M. 

tuberculosis 

12-locus MIRU-

VNTR, 

Spoligotyping 

Culture N/A 2014 Chaoui 
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Multiple strain 

infections and 
high genotypic 

diversity among 

Mycobacterium 
avium subsp. 

paratuberculosi

s field isolates 
from diseased 

wild and 

domestic 
ruminant 

species in the 
eastern Alpine 

region of 

Austria 

Austria 37 2 (5.4 %) 

C. capreoulus, C. 
elaphus, R. 

rupicapra, O. 

orientalis musimon, 
C. ibex 

M. avium 

subsp. 
paratubercul

osis 

8-locus MIRU-
VNTR 

Culture N/A 2014 Gerritsmann 

Genotypic 
characterization 

by 

spoligotyping 
and VNTR 

typing of 

Mycobacterium 
bovis and 

Mycobacterium 

caprae isolates 
from cattle of 

Tunisia 

Tunisia 48 (35) 1 (2.08 %) B. taurus M. bovis 
6-locus VNTR, 

Spoligotyping 
Culture N/A 2014 

Lamine-

Khemiri 

Genotyping of 

ancient 
Mycobacterium 

tuberculosis 

strains reveals 
historic genetic 

diversity 

Britain/France 10 1 (10.0 %) H. sapiens 
M. 

tuberculosis 
gyrA-PCR Specimen N/A 2014 Müller 
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Mixed 

Mycobacterium 
tuberculosis 

Complex 

Infections and 
False-Negative 

Results for 

Rifampin 
Resistance by 

GeneXpert 

MTB/RIF Are 
Associated with 

Poor Clinical 
Outcomes 

USA 370 37 (10.0 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture N/A 2014 Zetola 

Mycobacterium 

avium subsp. 

hominissuis 
Infection in 

Swine 

Associated with 
Peat Used for 

Bedding 

Norway 

46 Sus 

Samples, 23 
Environmental 

Samples, 16 

Peat Bedding 
Samples 

8/20 (40.0 %)  

Sus Samples 
with isolates 

from more 

than one 
organ 

Sus spp. 

M. avium 

subsp. 
hominissuis 

8-locus MATR-

VNTR 
Culture N/A 2014 Johansen 

Polyclonality 

among clinical 
strains of 

nonpigmented 

rapidly growing 
mycobacteria: 

phenotypic and 

genotypic 
differences and 

their potential 

implications 

Spain 64 13 (20.3 %) H. sapiens 

M. abscessus, 

M. chelonae, 
M. fortuitum, 

M. 

mucogenicum 

RAPD Analysis Culture N/A 2015 
García-

Pedrazuela 
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Predominant 

Mycobacterium 
tuberculosis 

Families and 

High Rates of 
Recent 

Transmission 

among New 
Cases Are Not 

Associated with 

Primary 
Multidrug 

Resistance in 
Lima, Peru 

Peru 844 12 (1.4 %) H. sapiens 
M. 

tuberculosis 

15-locus MIRU-

VNTR 
Culture N/A 2015 Barletta 

Molecular 

typing of 

Argentinian 
Mycobacterium 

avium subsp. 

paratuberculosi
s isolates by 

multiple-locus 

variable 

number-tandem 

repeat analysis 

Argentina 

(97) (78 B. 

taurus, 16 C. 

aegagrus 
hircus, 3 O. 

aries) 

1 B. taurus 

(N/A) 

B. taurus, C. 

aegagrus hircus, O. 
aries 

M. avium 
subsp. 

paratubercul

osis 

8-locus MIRU-

VNTR 
Specimen N/A 2015 Gioffré 

Eighteenth-

century 
genomes show 

that mixed 

infections were 
common at time 

of peak 

tuberculosis in 
Europe 

Hungary 8 5 (62.50 %) H. sapiens 
M. 

tuberculosis 

WGS 

(Metagenomics) 
Specimen N/A 2015 Kay 

Discrepancies 

in Drug 

Susceptibility 
Test for 

Tuberculosis 

Patients 
Resulted from 

the Mixed 

Infection and 
the Testing 

System 

China 
(20 paired 

isolates) 
3/12 (25 %) H. sapiens 

M. 

tuberculosis 
12-MIRU-VNTR Culture N/A 2015 Mei 
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Multiple 

sampling and 
discriminatory 

fingerprinting 

reveals clonally 
complex and 

compartmentali

zed infections 
by M. bovis in 

cattle 

Spain 55 6 (10.0 %) B. taurus M. bovis 

9-locus MIRU-

VNTR, 24-locus 
MIRU-VNTR, 

Spoligotyping 

Culture N/A 2015 Navarro 

Prevalence and 

risk factors of 
mixed 

Mycobacterium 
tuberculosis 

complex 

infections in 
China 

China 3248 48 (1.5 %) H. sapiens 
M. 

tuberculosis 
24-locus MIRU-

VNTR 
Culture N/A 2015 Pang 

Typing of 

Mycobacterium 

avium 
subspecies 

paratuberculosi

s isolates from 
Newfoundland 

using fragment 

analysis 

Canada 18 (85) 18 (100 %) B. taurus 

M. avium 

subsp. 
paratubercul

osis 

4-locus SSR 

typing (VNTR) 
Culture N/A 2015 Podder 

Advanced 
immune 

suppression is 

associated with 
increased 

prevalence of 

mixed-strain 
Mycobacterium 

tuberculosis 

infections 
among persons 

at high risk for 

drug-resistant 
tuberculosis in 

Botswana 

Botswana 370 37 (10.0 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture 

279 (32) 

Positive 
2015 Shin 
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High Genotypic 

Discordance of 
Concurrent 

Mycobacterium 

tuberculosis 
Isolates from 

Sputum and 

Blood of HIV-
Infected 

Individuals 

Uganda 51 

2 (3.9 %), 

Potentially 26 
others (51.0 

%) 

H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR, 

Spoligotyping 

Culture Positive 2015 Ssengooba 

Mycobacterium 

tuberculosis 
polyclonal 

infections and 
microevolution 

identified by 

MIRU-VNTRs 
in an 

epidemiological 

study 

Guyana and 

Suriname 
161 1 (0.6 %) H. sapiens 

M. 

tuberculosis 

15-locus MIRU-

VNTR, 
*Spoligotyping 

Culture (1) Positive 2015 Streit 

An 
investigation on 

the population 

structure of 
mixed 

infections of 

Mycobacterium 
tuberculosis in 

Inner Mongolia, 

China 

China 

(Mongolia) 
384 12( 3.1 %) H. sapiens 

M. 

tuberculosis  

Spoligotyping, 15-

locus MIRU-
VNTR 

Culture N/A 2015 Wang 

Mixed 
Infections and 

Rifampin 

Heteroresistanc
e among 

Mycobacterium 

tuberculosis 
Clinical Isolates 

China 499 12 (2.4 %) H. sapiens 
M. 

tuberculosis 
24-locus MIRU-

VNTR 
Specimen N/A 2015 Zheng 
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Outbreak of 

tuberculosis in a 
closed setting: 

views on 

transmission 
based on results 

from molecular 

and 
conventional 

methods 

Russia 7 1 (14.3 %) H. sapiens 
M. 

tuberculosis 
15-locus MIRU-

VNTR 
Culture Negative 2016 Antusheva 

Examination of 

Mycobacterium 
avium 

subspecies 
paratuberculosi

s mixed 

genotype 
infections in 

dairy animals 

using a whole 
genome 

sequencing 

approach 

Canada 4 (6) 1 (25.0 %) B. taurus 

M. avium 
subsp. 

paratubercul

osis 

WGS Analysis  Culture N/A 2016 Davidson 

Deep Whole-
Genome 

Sequencing to 

Detect Mixed 
Infection of 

Mycobacterium 

tuberculosis 

Various 782 47 (6.0 %) H. sapiens 
M. 

tuberculosis 
WGS Analysis Culture N/A 2016 Gan 

High 
prevalence of 

Mycobacterium 

tuberculosis 
mixed infection 

in the capital of 

moderate 
tuberculosis 

incidence 

country 

Iran 75 20 (26.7 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture Negative 2016 Hajimiri 
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Drug resistance 

characteristics 
and cluster 

analysis of M. 

tuberculosis in 
Chinese 

patients with 

multiple 
episodes of 

anti-

tuberculosis 
treatment 

China 166 32 (19.3 %) H. sapiens 
M. 

tuberculosis 

28-locus MIRU-

VNTR 
Culture N/A 2016 Hu 

Emergence of 

mixed infection 
of Beijing/Non-

Beijing strains 

among multi-
drug resistant 

Mycobacterium 

tuberculosis in 
Pakistan 

Pakistan 102 15 (14.7 %) H. sapiens 
M. 

tuberculosis 

Lineage Specific 

PCRs 
Culture N/A 2016 Mustafa 

Outcomes, 

infectiousness, 

and 
transmission 

dynamics of 

patients with 
extensively 

drug-resistant 

tuberculosis and 
home-

discharged 

patients with 
programmatical

ly incurable 

tuberculosis: a 

prospective 

cohort study 

South Africa 273 11 (4.0 %) H. sapiens 
M. 

tuberculosis 

WGS Analysis 

and *IS6110-
RFLP 

Culture N/A 2017 Dheda 

Molecular 

epidemiology 
of 

Mycobacterium 

bovis in 
Cameroon 

Cameroon 207 (317) 32 (15.5 %) B. taurus M. bovis 

24-locus MIRU-

VNTR, 
Spoligotyping 

Culture N/A 2017 Egbe 
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Bias in 

detection of 
Mycobacterium 

tuberculosis 

polyclonal 
infection: Use 

clinical samples 

or cultures? 

Iran 38 21 (55.3 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture N/A 2017 

Farmanfarma

ei 

Tuberculosis in 
Swiss captive 

Asian 

elephants: 
microevolution 

of 
Mycobacterium 

tuberculosis 

characterized 
by multilocus 

variable-

number 
tandem-repeat 

analysis and 

whole-genome 

sequencing 

Switzerland 3 1 (33.3 %) E. maximus 
M. 

tuberculosis 

26-locus MIRU-

VNTR, 

*Spoligotyping, 
*WGS Analysis 

Culture N/A 2017 Ghielmetti 

Evaluation of 

the impact of 

polyclonal 
infection and 

heteroresistance 

on treatment of 
tuberculosis 

patients 

Iran 

66 (98 clinical 

samples, 288 
colonies) 

35 (53.03 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Specimen N/A 2017 Kamakoli 

Genetic 

diversity of 
multidrug-

resistant 

Mycobacterium 
tuberculosis 

strains isolated 

from 
tuberculosis 

patients in Iran 

using MIRU-
VNTR 

technique 

Iran 88 (88) 1 (1.13 %) H. sapiens 
M. 

tuberculosis 
12-locus MIRU-

VNTR 
Culture N/A 2017 Khosravi 
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Tuberculosis 

cases caused by 
heterogeneous 

infection in 

Eastern Europe 
and their 

influence on 

outcomes 

Lithuania, 

Latvia, Russia 
220 (512) 13 (5.91 %) H. sapiens 

M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture 13 Positive 2017 Kontsevaya 

Polyclonal 
Pulmonary 

Tuberculosis 

Infections and 
Risk for 

Multidrug 
Resistance, 

Lima, Peru 

Peru 3098 161 (5.2 %) H. sapiens 
M. 

tuberculosis 
24-MIRU-VNTR Culture 

108 (3.5%) 
Positive 

2017 
Nathavitharan

a 

Whole-genome 

analysis of 
mycobacteria 

from birds at 

the San Diego 
Zoo 

USA 

113 (132), 49 

birds with M. 
avium species, 

48 birds with 

M. genavense 
species 

12 total (10.6 

%), 2 M. 
avium (4.1 

%), 10 M. 

genavense 
(20.8 %) 

Multiple Unknown 

Bird Species 

M. avium 
subsp. avium 

and M. 

genavense 

WGS Analysis Culture N/A 2017 Pfeiffer 

Pros and cons 

of direct 

genotyping on 
tuberculosis 

clinical samples 

Iran 32 25 (79.1 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture N/A 2017 Sadegh 

Use of whole-

genome 
sequencing to 

distinguish 

relapse from 
reinfection in a 

completed 

tuberculosis 
clinical trial 

South Africa, 
Zambia, 

Botswana and 

Zimbabwe 

(36 paired 

isolates) 
1 (2.8 %) H. sapiens 

M. 

tuberculosis 

WGS Analysis, 
*24-locus MIRU-

VNTR, *in-silico 

Spoligotyping 

Culture N/A 2017 Witney 
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Mixed 

Mycobacterium 
tuberculosis-

Strain 

Infections Are 
Associated 

With Poor 

Treatment 
Outcomes 

Among Patients 

With Newly 
Diagnosed 

Tuberculosis, 
Independent of 

Pretreatment 

Heteroresistanc
e 

Botswana 260 21 (8.1 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture N/A 2018 Shin 

Challenge in 

direct 

Spoligotyping 
of 

Mycobacterium 

tuberculosis: a 

problematic 

issue in the 

region with 
high prevalence 

of polyclonal 

infections 

Iran 14 8 (57.1 %) H. sapiens 
M. 

tuberculosis 
Spoligotyping Culture N/A 2018 Kamakoli 

Drug-
Susceptible and 

Multidrug-

Resistant 
Mycobacterium 

tuberculosis in 

a Single Patient 

USA 1 1 (100 %) H. sapiens 
M. 

tuberculosis 

Spoligotyping, 

WGS Analysis 
Culture 1 (1) Positive 2019 

Baffoe-

Bonnie 



 

366 
 

Usefulness of 

3’- 5’ IS6110-
RFLP 

genotyping and 

spoligotyping 
of 

Mycobacterium 

tuberculosis 
isolated in a 

tertiary 

hospital: a 
retrospective 

study detecting 
unsuspected 

epidemiological 

events 

Brazil 106 3 (2.8 %) H. sapiens 
M. 

tuberculosis 
IS6110-RFLP Culture N/A 2019 De Almeida 

Whole genome 
sequencing 

provides 

additional 
insights into 

recurrent 

tuberculosis 

classified as 

endogenous 

reactivation by 
IS6110 DNA 

fingerprinting 

South Africa 25 2 (8.0 %) H. sapiens 
M. 

tuberculosis 
WGS Analysis Culture 

1 Positive, 11 
Negative, 13 

Unknown 

2019 Dippenaar 

Comparison of 

MIRU-VNTR 
genotyping 

between old and 

fresh clinical 
samples in 

tuberculosis 

Iran 
14 old samples, 
9 new samples 

0 (0.00 %), 4 
(44.44 %) 

H. sapiens 
M. 

tuberculosis 
24-locus MIRU-

VNTR 
Specimen 

and Culture 
N/A 2019  Kamakoli 

Early detection 

of emergent 
extensively 

drug-resistant 

tuberculosis by 
flow cytometry-

based 

phenotyping 
and whole-

genome 

sequencing 

South Africa 20 1/20 (5.00 %) H. sapiens 
M. 

tuberculosis 

*φ2GFP10 phage 
Flow Cytometry, 

WGS Analysis 

Culture N/A 2019 O’Donnell 
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Genome 

sequencing of 
Mycobacterium 

pinnipedii 

strains: Genetic 
characterization 

and evidence of 

superinfection 
in a South 

American sea 

lion (Otaria 
flavescens) 

Peru 1 1 (100 %) O. flavescens M. pinnipedii 

Spoligotyping, 24-
locus MIRU-

VNTR, WGS 

Analysis 

Culture N/A 2019 Silva-Pereira 

Diversity of 

Mycobacterium 
tuberculosis in 

the Middle Fly 

District of 
Western 

Province, Papua 

New Guinea: 
microbead-

based 

spoligotyping 

using DNA 

from Ziehl-

Neelsen-stained 
microscopy 

preparations 

 Papua New 
Guinea 

162, 80 typed 

with 

Spoligotyping 

20/80 (25.0 
%) 

H. sapiens 
M. 

tuberculosis 
Spoligotyping Specimen N/A 2019 

Guernier-
Cambert 

Retrospective 

evaluation of 
natural course 

in mild cases of 

Mycobacterium 
avium complex 

pulmonary 

disease 

Japan 
65 (50 

Observation, 15 

Treatment) 

9 (13.8 %), [4 

Observation 
(8.0 %), 5 

Treatment 

(33.3 %)] 

H. sapiens 
*M. avium 

Complex 

16-locus MATR-

VNTR (M.avium), 

5-locus HNTR 
(VNTR) (M. 

avium), *16-locus 

VNTR (M. 
intracellulare) 

Culture N/A 2019 Kimizuka 
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Screening of 

inmates 
transferred to 

Spain reveals a 

Peruvian prison 
as a reservoir of 

persistent 

Mycobacterium 
tuberculosis 

MDR strains 

and mixed 
infections 

Spain 6 1 (16.7 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture N/A 2020 Abascal 

QuantTB - a 

method to 
classify mixed 

Mycobacterium 

tuberculosis 
infections 

within whole 

genome 
sequencing data 

Malaysia, 

South Africa, 
Thailand 

50 4 (8.0 %) H. sapiens 
M. 

tuberculosis 

QuanTB WGS 

Analysis 
Culture Negative 2020 Anyansi 

Possible 

Transmission 

Mechanisms of 
Mixed 

Mycobacterium 

tuberculosis 
Infection in 

High HIV 

Prevalence 
Country, 

Botswana 

Botswana 2051 34 (1.4 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture 

(18) Positive, 
(14) 

Negative, (2) 

Unknown 

2020 Baik 

Prediction of 

the hidden 
genotype of 

mixed infection 

strains in 
Iranian 

tuberculosis 

patients 

Iran 45 25 (55.6 %) H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 
Culture Negative 2020 Kamakoli 
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Application of 

MIRU–VNTR 
on smear slides: 

a shortcut for 

detection of 
polyclonal 

infections in 

tuberculosis 
patients 

Iran 

14 (14 Smear 

Slides, 14 

Clinical 
Specimens, 14 

Cultures) 

6 Smear 
Slides (42.86 

%), 8 Clinical 

Specimens 
(57.14 %), 1 

Culture (7.14 

%) 

H. sapiens 
M. 

tuberculosis 

24-locus MIRU-

VNTR 

Specimen 

and Culture 
N/A 2020 Kamakoli 

Dynamics of 

within-host 

Mycobacterium 
tuberculosis 

diversity and 
heteroresistance 

during 

treatment 

South Africa 352 21 (6.00 %) H. sapiens 
M. 

tuberculosis 
WGS Analysis Culture N/A 2020 Nimmo 

Tracing cross 
species 

transmission of 

Mycobacterium 
bovis at the 

wildlife/livestoc

k interface in 
South Africa 

South Africa 

(51) B. taurus, 
(41) S. caffer, 

(4) P. leo, (2) 

Papio spp., (1) 

P. africanus 

1 B. taurus 

MGI (UNK 

%) 

S. caffer, B. taurus, 

P. leo, Papio spp, P. 

africanus 

M. bovis 
13-locus MIRU-

VNTR 
Culture N/A 2020 Sichewo 

A retrospective 

genomic 

analysis of 
drug-resistant 

strains of M. 

tuberculosis in 
a high-burden 

setting, with an 

emphasis on 
comparative 

diagnostics and 

reactivation and 
reinfection 

status 

Moldova 278 4 (1.4 %) H. sapiens 
M. 

tuberculosis 
WGS Analysis Culture N/A 2020 Wollenberg 

aStudy locations were based on the origin of the samples. Study locations are coloured by continent, grouped as 

African (orange), Asian (purple), Europe (light blue), North American (red), South American (light green), and 

Oceanian (dark blue). Studies with samples from more than one continent were coloured dark green. 
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bHost identities are coloured based on whether samples originated from humans (yellow), non-human animals 

(purple), or both (grey). 
cDiscrimination of MAC or M. avium subspecies not performed, possibility of mixed species infection exists. 

Bacterial species are coloured based on whether they are classified as members of the MTBC (orange) or NTM 

(blue). 
dMethods marked with an "*" were unable to identify MSIs. 
eYear each study was conducted is coloured based on whether it was conducted Pre-2000 (red), from 2000-2009 

(green), from 2010-2019 (blue), or in 2020 (purple). 
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Appendix Table A3: Assembly statistics for MAP isolates (n=67) from Quebec and Ontario Herds 

Strain ID 
Herd 

ID 

Provinc

e 

Genome Size 

(bp) 

GC Content 

(%) 

Average Coverage 

(X) 

# 

Contigs 

Average Contig 

Size 
N50 

23 QC-1 QC 4781165 69.33% 18 79 32434.6 118495 

32 QC-1 QC 4779851 69.33% 13 81 34752.6 118495 

117 ON-1 ON 4780632 69.33% 16 83 29830.5 128709 

137 ON-1 ON 4779052 69.33% 14 78 33780.2 118498 

160 QC-2 QC 4781128 69.33% 12 83 33321.4 118496 

171 QC-3 QC 4781233 69.33% 15.5 73 30997.6 131207 

183 QC-2 QC 4780754 69.33% 13 78 34271.9 128709 

191 QC-2 QC 4781072 69.33% 16 85 31784.2 118164 

206 QC-3 QC 4781381 69.33% 16.5 77 32442.6 122818 

211 ON-2 ON 4780009 69.33% 17 77 29839.1 122818 

219 QC-1 QC 4781551 69.33% 14.5 76 36069.7 131207 

233 ON-1 ON 4780255 69.33% 13 86 34009.7 118071 

236 ON-1 ON 4780663 69.33% 12.5 89 30377.5 106432 

242 ON-1 ON 4780978 69.33% 16 74 27639.3 131207 

252 ON-1 ON 4780633 69.33% 13 80 36331.1 118164 

325 ON-3 ON 4767492 69.33% 14 81 31096.9 118495 

326 ON-3 ON 4786390 69.33% 18.5 76 28482.3 128697 

342 ON-4 ON 4782026 69.33% 18 78 30221.6 122818 

345 ON-4 ON 4787043 69.33% 16 78 27208 118495 

366 QC-1 QC 4780530 69.33% 15 78 32218.4 118495 

375 QC-4 QC 4787090 69.34% 17 77 32482 122818 

392 QC-5 QC 4786337 69.34% 14 78 33141.7 118495 

400 QC-4 QC 4786604 69.33% 15 82 32470.2 118164 

418 QC-3 QC 4781018 69.33% 15 81 30787 118496 

441 QC-6 QC 4786572 69.34% 17 80 33831.6 122816 

464 ON-5 ON 4780427 69.33% 13 77 33558.4 128712 
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500 QC-7 QC 4781571 69.33% 16 74 33809.1 128709 

505 QC-7 QC 4779206 69.33% 16 81 30388.3 118164 

508 QC-8 QC 4785715 69.33% 8 84 36357.9 118041 

515 QC-9 QC 4787793 69.34% 16 77 34326.6 122816 

516 QC-9 QC 4786333 69.33% 16 82 33132.6 118164 

531 QC-10 QC 4787797 69.34% 15 91 31407.1 106431 

552 ON-2 ON 4781331 69.33% 17.5 73 35813.4 124763 

560 ON-2 ON 4787009 69.33% 17 85 29869 118164 

586 ON-6 ON 4780734 69.33% 12.5 88 35510 106432 

594 ON-6 ON 4786810 69.33% 12.5 88 35296.1 102085 

631 ON-7 ON 4786285 69.33% 14 79 35313.5 118165 

638 ON-7 ON 4780241 69.33% 12.5 81 33320.3 111104 

648 ON-7 ON 4779900 69.33% 16.5 84 31990.5 118469 

863 ON-4 ON 4780994 69.33% 15 79 35530.6 122818 

869 QC-4 QC 4785898 69.34% 16.5 87 28797.2 111129 

878 QC-4 QC 4786648 69.33% 15 81 35056.9 118437 

885 QC-5 QC 4786162 69.33% 16 92 30800.2 99340 

 897 ON-5 ON 4780095 69.33% 17 83 31784.3 118154 

910 ON-8 ON 4787058 69.33% 13 78 35321.9 118493 

918 ON-8 ON 4787128 69.33% 15 80 35574.7 118493 

928 ON-8 ON 4794312 69.33% 14.5 84 25518.4 118579 

938 QC-10 QC 4786667 69.34% 13 81 32688.4 122818 

948 QC-10 QC 4787670 69.34% 14 81 35060.7 118164 

1007 ON-6 ON 4786380 69.33% 13.5 85 35300 111105 

1023 ON-6 ON 4786749 69.33% 12.5 77 34319.8 118433 

1032 QC-11 QC 4787318 69.33% 13.5 86 33358.5 118164 

1044 QC-11 QC 4786152 69.34% 14 84 36917.2 118164 

1071 QC-5 QC 4786936 69.33% 16.5 84 29330.7 118495 
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1144 QC-7 QC 4781871 69.33% 16 82 35268.9 122816 

1157 QC-8 QC 4786071 69.34% 15.5 85 31007.7 114281 

1240 ON-3 ON 4787247 69.33% 13 74 35591.2 122813 

1402 ON-3 ON 4787104 69.33% 12.5 77 36381.5 128697 

1409 ON-5 ON 4780899 69.33% 16 75 34770.8 131207 

1419 ON-8 ON 4786295 69.33% 14.5 79 32693.1 118493 

1427 QC-9 QC 4787137 69.34% 15.5 75 32930 125592 

1438 QC-8 QC 4785625 69.34% 14.5 77 32260.1 122818 

1452 ON-2 ON 4786015 69.34% 13.5 80 37795 118493 

1495 ON-6 ON 4779823 69.33% 16 80 34019.6 118498 

1512 ON-6 ON 4787075 69.33% 15.5 79 34075.9 118433 

1517 QC-11 QC 4787035 69.34% 17.5 80 30439.9 122818 

1578 QC-12 QC 4785883 69.33% 19 87 30611.9 118164 

Average 4783833.70 69.33% 14.93 80.66 32882.38 
119603.0

9 
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Appendix Table A4: CheckM Results to Determine Assembly Completeness and Contamination in MAP isolates (n=67) from 

Quebec and Ontario Herds and select reference genomes from NCBI (n=7) 

Strain 

ID 
Marker Lineage 

# 

genomes 

# 

markers 

# marker 

sets 
0 1 2 3 4 5+ Completeness Contamination 

Strain 

Heterogeneity 

23 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.4 50 

32 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.39 50 

117 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 1.11 75 

137 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.36 0 

160 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.42 50 

171 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

183 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.67 50 

191 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

206 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 50 

211 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.73 75 

219 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.88 50 

233 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.27 0.33 0 

236 
g_Mycobacterium 

(UID1816) 
100 693 300 3 685 5 0 0 0 99.28 1.28 80 

242 
g_Mycobacterium 

(UID1816) 
100 693 300 3 685 5 0 0 0 99.28 0.85 60 

252 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

325 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

326 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.5 66.67 



 

375 
 

342 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 0 

345 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.37 50 

366 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 50 

375 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.45 66.67 

392 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 50 

400 
g_Mycobacterium 

(UID1816) 
100 693 300 3 685 5 0 0 0 99.28 0.93 60 

418 
g_Mycobacterium 

(UID1816) 
100 693 300 3 685 5 0 0 0 99.28 0.83 80 

441 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.64 75 

464 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 50 

500 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 39 50 

505 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

508 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.83 75 

515 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 1 66.67 

516 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

531 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 50 

552 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

560 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.56 75 

586 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.38 50 

594 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

631 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.37 50 
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638 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.5 66.67 

648 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.83 66.67 

863 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

869 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.5 66.67 

878 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

885 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 1.17 50 

897 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.78 66.67 

910 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.67 66.67 

918 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 1 66.67 

928 
g_Mycobacterium 

(UID1816) 
100 693 300 4 687 2 0 0 0 99.21 0.4 50 

938 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.39 66.67 

948 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.67 50 

1007 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

1023 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 50 

1032 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 50 

1044 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

1071 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.27 0.56 66.67 

1144 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.58 66.67 

1157 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

1240 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 1.33 75 
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1402 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 50 

1409 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

1419 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 1 33.33 

1427 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 50 

1438 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

1452 
g_Mycobacterium 

(UID1816) 
100 693 300 2 689 2 0 0 0 99.61 0.67 50 

1495 
g_Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.47 66.67 

1512 
g_Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 50 

1517 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

1578 
g_Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.78 75 

K-10 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

NL_89C 
g_Mycobacterium 

(UID1816) 
100 693 300 2 690 1 0 0 0 99.61 0.33 0 

NL_93B 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

NL_95A 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

NL_95B 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

NL_95E 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 

NL_96E 
g_Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 0 
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Appendix Table A5: Snippy Results of MAP strains (n=77) using type II strain K-10 as a reference sequence 

Strain ID Province Herd SNPs MNPs INS DEL COMPLEX TOTAL 

23 QC QC-1 100 3 7 43 3 156 

32 QC QC-1 100 2 8 43 5 158 

117 ON ON-1 86 1 9 41 5 142 

137 ON ON-1 84 1 10 41 5 141 

160 QC QC-2 94 1 9 42 7 153 

171 QC QC-3 91 1 9 44 6 151 

183 QC QC-2 94 2 9 45 5 155 

191 QC QC-2 96 1 10 43 6 156 

206 QC QC-3 98 1 10 42 6 157 

211 ON ON-2 86 2 13 41 5 147 

219 QC QC-1 99 1 8 43 6 157 

233 ON ON-1 71 0 11 41 7 130 

236 ON ON-1 72 1 10 43 6 132 

242 ON ON-1 84 2 9 40 4 139 

252 ON ON-1 70 3 9 42 4 128 

325 ON ON-3 121 2 10 46 5 184 

326 ON ON-3 126 3 9 46 5 189 

342 ON ON-4 104 3 10 42 4 163 

345 ON ON-4 122 2 8 43 6 181 

366 QC QC-1 96 2 7 42 5 152 

375 QC QC-4 127 1 11 47 5 191 

392 QC QC-5 120 0 10 51 11 192 

400 QC QC-4 127 1 12 45 6 191 

418 QC QC-3 93 2 10 42 5 152 

441 QC QC-6 126 2 13 46 6 193 
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464 ON ON-5 106 3 11 42 4 166 

500 QC QC-7 99 2 9 42 5 157 

505 QC QC-7 101 2 9 43 5 160 

508 QC QC-8 119 2 9 45 9 184 

515 QC QC-9 124 2 12 46 5 189 

516 QC QC-9 121 2 11 48 5 187 

531 QC QC-10 115 1 10 43 5 174 

552 ON ON-2 84 1 12 40 6 143 

560 ON ON-2 128 2 12 43 7 192 

586 ON ON-6 92 1 13 41 6 153 

594 ON ON-6 126 2 13 46 4 191 

631 ON ON-7 125 3 13 44 5 190 

638 ON ON-7 89 2 9 43 7 150 

648 ON ON-7 90 0 10 44 9 153 

863 ON ON-4 99 2 10 42 4 157 

869 QC QC-4 127 1 11 46 6 191 

878 QC QC-4 127 2 11 45 5 190 

885 QC QC-5 123 1 11 49 10 194 

897 ON ON-5 108 1 11 39 6 165 

910 ON ON-8 132 1 14 44 5 196 

918 ON ON-8 129 1 12 44 6 192 

928 ON ON-8 51 1 6 39 5 102 

938 QC QC-10 114 2 11 43 5 175 

948 QC QC-10 111 1 9 44 5 170 

1007 ON ON-6 76 1 7 42 5 131 

1023 ON ON-6 127 2 12 45 5 191 

1032 QC QC-11 123 0 10 48 11 192 
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1044 QC QC-11 125 1 11 48 10 195 

1071 QC QC-5 120 2 10 50 9 191 

1144 QC QC-7 98 2 9 44 5 158 

1157 QC QC-8 115 2 10 48 9 184 

1240 ON ON-3 127 3 9 44 5 188 

1402 ON ON-3 125 2 8 44 6 185 

1409 ON ON-5 104 3 11 40 4 162 

1419 ON ON-8 132 2 13 45 4 196 

1427 QC QC-9 124 3 11 43 4 185 

1438 QC QC-8 117 1 10 45 10 183 

1452 ON ON-2 84 1 8 46 5 144 

1495 ON ON-6 96 2 10 40 5 153 

1512 ON ON-6 130 2 13 46 4 195 

1517 QC QC-11 122 2 10 47 9 190 

1578 QC QC-12 132 1 12 44 8 197 

K-10 N/A NCBI 0 0 0 0 0 0 

MAPK_JB15/16 N/A NCBI 641 0 47 98 13 799 

NL 89C NL NCBI 219 0 19 56 9 303 

NL 93B NL NCBI 99 0 9 43 7 158 

NL 95A NL NCBI 122 0 9 42 7 180 

NL 95B NL NCBI 100 0 8 44 7 159 

NL 95E NL NCBI 111 0 13 48 8 180 

NL 96E NL NCBI 97 0 8 43 7 155 

S397 N/A NCBI 3358 0 161 252 91 3862 

Telford N/A NCBI 3381 0 167 234 85 3867 
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Table A6: Snippy Results of MAP strains (n=77) using type I strain Telford as a reference sequence 

Strain ID Province Herd SNPs MNPs INS DEL COMPLEX TOTAL 

23 QC QC-1 3422 28 169 169 65 3853 

32 QC QC-1 3418 26 167 167 64 3842 

117 ON ON-1 3412 27 169 170 64 3842 

137 ON ON-1 3401 26 163 170 66 3826 

160 QC QC-2 3405 27 165 168 62 3827 

171 QC QC-3 3415 28 165 171 64 3843 

183 QC QC-2 3416 25 163 172 68 3844 

191 QC QC-2 3413 28 168 172 62 3843 

206 QC QC-3 3415 23 173 173 69 3853 

211 ON ON-2 3409 31 171 171 63 3845 

219 QC QC-1 3423 27 166 171 69 3856 

233 ON ON-1 3403 26 168 169 66 3832 

236 ON ON-1 3396 29 161 173 62 3821 

242 ON ON-1 3408 28 171 168 64 3839 

252 ON ON-1 3402 23 166 172 69 3832 

325 ON ON-3 3391 24 159 171 65 3810 

326 ON ON-3 3418 30 162 173 61 3844 

342 ON ON-4 3426 25 165 171 66 3853 

345 ON ON-4 3416 26 166 170 65 3843 

366 QC QC-1 3418 28 170 166 67 3849 

375 QC QC-4 3418 29 166 173 59 3845 

392 QC QC-5 3412 22 168 175 73 3850 

400 QC QC-4 3414 25 171 173 62 3845 

418 QC QC-3 3415 27 170 170 64 3846 
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441 QC QC-6 3418 30 172 174 62 3856 

464 ON ON-5 3423 23 168 169 67 3850 

500 QC QC-7 3421 27 170 172 64 3854 

505 QC QC-7 3421 27 167 173 65 3853 

508 QC QC-8 3392 17 162 169 73 3813 

515 QC QC-9 3415 23 169 173 67 3847 

516 QC QC-9 3410 22 171 173 72 3848 

531 QC QC-10 3419 26 165 170 64 3844 

552 ON ON-2 3406 28 169 170 62 3835 

560 ON ON-2 3423 28 172 172 62 3857 

586 ON ON-6 3411 28 167 167 61 3834 

594 ON ON-6 3407 23 167 170 68 3835 

631 ON ON-7 3411 27 168 173 67 3846 

638 ON ON-7 3402 24 160 170 66 3822 

648 ON ON-7 3415 29 164 172 68 3848 

863 ON ON-4 3417 26 168 170 63 3844 

869 QC QC-4 3415 23 171 170 68 3847 

878 QC QC-4 3416 21 168 172 67 3844 

885 QC QC-5 3417 24 170 173 76 3860 

897 ON ON-5 3429 24 170 167 72 3862 

910 ON ON-8 3418 28 165 172 63 3846 

918 ON ON-8 3415 28 172 173 64 3852 

928 ON ON-8 3365 24 164 165 69 3787 

938 QC QC-10 3417 28 164 170 62 3841 

948 QC QC-10 3418 31 161 168 59 3837 

1007 ON ON-6 3361 25 164 166 67 3783 

1023 ON ON-6 3409 25 173 175 66 3848 
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1032 QC QC-11 3413 29 165 174 64 3845 

1044 QC QC-11 3414 23 171 175 72 3855 

1071 QC QC-5 3411 25 169 174 78 3857 

1144 QC QC-7 3417 24 172 171 68 3852 

1157 QC QC-8 3403 26 170 174 75 3848 

1240 ON ON-3 3409 29 173 173 61 3845 

1402 ON ON-3 3411 24 168 172 68 3843 

1409 ON ON-5 3425 23 166 167 69 3850 

1419 ON ON-8 3421 28 171 171 64 3855 

1427 QC QC-9 3413 24 169 167 64 3837 

1438 QC QC-8 3409 23 163 173 72 3840 

1452 ON ON-2 3333 25 165 167 66 3756 

1495 ON ON-6 3420 31 170 171 62 3854 

1512 ON ON-6 3417 27 170 175 64 3853 

1517 QC QC-11 3416 24 170 176 71 3857 

1578 QC QC-12 3423 29 173 171 64 3860 

K-10 N/A NCBI 3370 0 217 177 91 3855 

MAPK_JB15/16 N/A NCBI 3379 0 185 185 76 3825 

NL 89C NL NCBI 3327 0 186 173 68 3754 

NL 93B NL NCBI 3327 0 183 170 66 3746 

NL 95A NL NCBI 3337 0 181 171 65 3754 

NL 95B NL NCBI 3332 0 181 174 66 3753 

NL 95E NL NCBI 3309 0 181 173 63 3726 

NL 96E NL NCBI 3325 0 184 173 66 3748 

S397 N/A NCBI 1645 0 82 116 49 1892 

Telford N/A NCBI 0 0 0 0 0 0 
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Appendix Table A7: Snippy Results of MAP strains using type III strain S397 as a reference sequence 

Strain ID Province Herd SNPs MNPs INS DEL COMPLEX TOTAL 

23 QC QC-1 3396 24 193 161 76 3850 

32 QC QC-1 3391 23 188 159 72 3833 

117 ON ON-1 3381 24 188 161 70 3824 

137 ON ON-1 3370 21 188 162 75 3816 

160 QC QC-2 3378 22 182 158 74 3814 

171 QC QC-3 3387 25 191 162 72 3837 

183 QC QC-2 3385 24 188 164 71 3832 

191 QC QC-2 3385 21 183 161 74 3824 

206 QC QC-3 3388 23 195 164 77 3847 

211 ON ON-2 3386 28 192 161 72 3839 

219 QC QC-1 3395 25 191 161 78 3850 

233 ON ON-1 3381 23 186 158 74 3822 

236 ON ON-1 3380 24 179 162 73 3818 

242 ON ON-1 3380 24 190 158 72 3824 

252 ON ON-1 3380 23 184 162 74 3823 

325 ON ON-3 3364 20 188 162 73 3807 

326 ON ON-3 3390 25 188 163 74 3840 

342 ON ON-4 3400 25 188 161 75 3849 

345 ON ON-4 3383 23 189 160 71 3826 

366 QC QC-1 3393 25 187 159 78 3842 

375 QC QC-4 3395 25 190 164 69 3843 

392 QC QC-5 3384 21 192 166 77 3840 

400 QC QC-4 3395 24 192 161 71 3843 

418 QC QC-3 3387 26 187 164 73 3837 

441 QC QC-6 3398 27 193 162 70 3850 
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464 ON ON-5 3393 22 192 161 76 3844 

500 QC QC-7 3391 25 194 164 74 3848 

505 QC QC-7 3391 23 187 164 73 3838 

508 QC QC-8 3368 14 185 161 81 3809 

515 QC QC-9 3388 21 193 163 76 3841 

516 QC QC-9 3379 22 190 160 78 3829 

531 QC QC-10 3394 23 181 159 75 3832 

552 ON ON-2 3388 26 191 160 72 3837 

560 ON ON-2 3396 27 190 160 70 3843 

586 ON ON-6 3382 24 185 158 73 3822 

594 ON ON-6 3384 24 188 156 70 3822 

631 ON ON-7 3383 25 190 162 73 3833 

638 ON ON-7 3375 22 183 159 74 3813 

648 ON ON-7 3390 25 185 163 79 3842 

863 ON ON-4 3389 24 186 158 74 3831 

869 QC QC-4 3391 22 193 157 76 3839 

878 QC QC-4 3388 22 191 163 72 3836 

885 QC QC-5 3389 20 186 163 85 3843 

897 ON ON-5 3400 23 190 159 85 3857 

910 ON ON-8 3389 24 192 159 71 3835 

918 ON ON-8 3390 23 196 162 75 3846 

928 ON ON-8 3339 21 186 159 73 3778 

938 QC QC-10 3390 26 188 164 68 3836 

948 QC QC-10 3390 27 184 159 69 3829 

1007 ON ON-6 3338 21 185 156 76 3776 

1023 ON ON-6 3385 24 194 162 68 3833 

1032 QC QC-11 3387 25 189 166 73 3840 
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1044 QC QC-11 3382 18 198 166 84 3848 

1071 QC QC-5 3387 23 191 164 81 3846 

1144 QC QC-7 3386 21 185 160 75 3827 

1157 QC QC-8 3375 24 194 164 80 3837 

1240 ON ON-3 3382 25 192 163 74 3836 

1402 ON ON-3 3380 22 189 163 68 3822 

1409 ON ON-5 3395 20 192 158 77 3842 

1419 ON ON-8 3392 23 198 159 72 3844 

1427 QC QC-9 3381 21 191 159 72 3824 

1438 QC QC-8 3383 20 191 164 82 3840 

1452 ON ON-2 3297 23 183 160 72 3735 

1495 ON ON-6 3389 28 188 160 70 3835 

1512 ON ON-6 3385 25 192 163 71 3836 

1517 QC QC-11 3389 21 193 167 80 3850 

1578 QC QC-12 3397 27 190 158 74 3846 

K-10 N/A NCBI 3349 0 241 170 96 3856 

MAPK_JB15/16 N/A NCBI 3354 0 216 180 86 3836 

NL 89C NL NCBI 3313 0 194 167 80 3754 

NL 93B NL NCBI 3318 0 191 163 79 3751 

NL 95A NL NCBI 3332 0 192 164 79 3767 

NL 95B NL NCBI 3323 0 189 167 81 3760 

NL 95E NL NCBI 3297 0 191 169 80 3737 

NL 96E NL NCBI 3317 0 193 166 81 3757 

S397 N/A NCBI 0 0 0 0 0 0 

Telford N/A NCBI 1645 0 113 90 50 1898 
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Appendix Table A8: Snippy Results of MAP strains using type B strain MAPK_JB15/16 as a reference sequence 

Strain ID Province Herd SNPs MNPs INS DEL COMPLEX TOTAL 

23 QC QC-1 645 1 51 42 9 748 

32 QC QC-1 645 2 52 42 8 749 

117 ON ON-1 633 2 50 42 7 734 

137 ON ON-1 630 1 52 43 8 734 

160 QC QC-2 640 1 53 44 10 748 

171 QC QC-3 638 2 50 45 8 743 

183 QC QC-2 640 3 54 44 6 747 

191 QC QC-2 639 3 55 45 6 748 

206 QC QC-3 646 0 52 43 10 751 

211 ON ON-2 634 4 56 42 6 742 

219 QC QC-1 647 2 51 42 8 750 

233 ON ON-1 630 3 51 44 7 735 

236 ON ON-1 629 1 53 45 10 738 

242 ON ON-1 628 3 53 42 6 732 

252 ON ON-1 629 3 50 45 8 735 

325 ON ON-3 636 1 50 43 9 739 

326 ON ON-3 643 3 51 45 8 750 

342 ON ON-4 649 4 56 43 6 758 

345 ON ON-4 639 3 48 43 8 741 

366 QC QC-1 642 3 52 40 7 744 

375 QC QC-4 641 1 52 44 7 745 

392 QC QC-5 636 2 52 48 13 751 

400 QC QC-4 641 2 55 43 6 747 

418 QC QC-3 638 3 55 47 7 750 

441 QC QC-6 640 3 55 44 6 748 
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464 ON ON-5 649 1 53 43 9 755 

500 QC QC-7 647 1 55 45 9 757 

505 QC QC-7 647 2 54 46 8 757 

508 QC QC-8 634 2 53 46 12 747 

515 QC QC-9 642 2 55 45 8 752 

516 QC QC-9 639 1 56 46 9 751 

531 QC QC-10 644 3 51 46 6 750 

552 ON ON-2 631 3 54 43 7 738 

560 ON ON-2 643 3 53 42 6 747 

586 ON ON-6 641 2 53 41 7 744 

594 ON ON-6 642 1 52 44 9 748 

631 ON ON-7 642 2 51 44 10 749 

638 ON ON-7 635 4 50 43 8 740 

648 ON ON-7 639 2 53 44 10 748 

863 ON ON-4 645 1 52 43 8 749 

869 QC QC-4 642 1 53 43 7 746 

878 QC QC-4 642 1 54 44 7 748 

885 QC QC-5 641 2 50 48 12 753 

897 ON ON-5 653 1 57 43 9 763 

910 ON ON-8 649 1 53 43 9 755 

918 ON ON-8 649 2 52 43 8 754 

928 ON ON-8 590 0 48 41 9 688 

938 QC QC-10 642 2 54 44 8 750 

948 QC QC-10 641 1 51 44 8 745 

1007 ON ON-6 595 2 49 40 7 693 

1023 ON ON-6 645 2 53 43 7 750 

1032 QC QC-11 639 2 52 47 12 752 
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1044 QC QC-11 644 1 53 49 13 760 

1071 QC QC-5 639 3 51 48 11 752 

1144 QC QC-7 642 3 52 47 7 751 

1157 QC QC-8 631 2 52 47 13 745 

1240 ON ON-3 643 2 50 44 10 749 

1402 ON ON-3 641 2 51 45 9 748 

1409 ON ON-5 649 3 56 43 8 759 

1419 ON ON-8 651 2 54 42 8 757 

1427 QC QC-9 639 1 50 44 9 743 

1438 QC QC-8 635 2 52 45 12 746 

1452 ON ON-2 564 3 44 41 7 659 

1495 ON ON-6 644 1 55 42 9 751 

1512 ON ON-6 646 2 51 46 8 753 

1517 QC QC-11 639 1 53 47 13 753 

1578 QC QC-12 646 1 53 43 9 752 

K-10 N/A NCBI 644 0 95 49 13 801 

MAPK_JB15/16 N/A NCBI 0 0 0 0 0 0 

NL 89C NL NCBI 632 0 55 46 8 741 

NL 93B NL NCBI 633 0 56 46 6 741 

NL 95A NL NCBI 638 0 56 46 6 746 

NL 95B NL NCBI 634 0 55 47 6 742 

NL 95E NL NCBI 615 0 56 47 7 725 

NL 96E NL NCBI 631 0 55 47 6 739 

S397 N/A NCBI 3355 0 173 224 85 3837 

Telford N/A NCBI 3388 0 174 199 75 3836 
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Appendix Table A9: Unique variants called by Snippy using type II strain K-10 as a reference sequence 

Isolate ID Province Herd Unique SNPs Unique INS Unique DEL Unique MNP Unique Complex Variation 

23 QC QC-1 3 0 1 0 0 

32 QC QC-1 3 0 0 0 0 

117 ON ON-1 2 0 0 0 0 

137 ON ON-1 2 0 0 0 0 

160 QC QC-2 3 0 0 0 1 

171 QC QC-3 1 0 0 0 0 

183 QC QC-2 3 0 0 0 0 

191 QC QC-2 3 0 0 0 0 

206 QC QC-3 6 0 0 0 0 

211 ON ON-2 4 0 0 0 0 

219 QC QC-1 3 0 0 0 0 

233 ON ON-1 8 2 0 0 0 

236 ON ON-1 6 0 1 0 0 

242 ON ON-1 2 0 0 0 0 

252 ON ON-1 4 0 0 0 0 

325 ON ON-3 14 0 1 0 0 

326 ON ON-3 1 1 0 0 0 

342 ON ON-4 2 0 0 1 0 

345 ON ON-4 20 0 1 0 1 

366 QC QC-1 0 0 0 0 0 

375 QC QC-4 1 0 0 0 0 

392 QC QC-5 0 0 0 0 0 

400 QC QC-4 1 1 0 0 0 

418 QC QC-3 1 1 0 0 0 

441 QC QC-6 13 3 0 0 1 
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464 ON ON-5 1 0 2 0 0 

500 QC QC-7 1 0 0 0 0 

505 QC QC-7 3 0 0 0 0 

508 QC QC-8 6 0 0 0 0 

515 QC QC-9 3 0 0 0 0 

516 QC QC-9 0 0 1 0 0 

531 QC QC-10 5 0 0 0 0 

552 ON ON-2 2 0 0 0 0 

560 ON ON-2 17 0 0 0 2 

586 ON ON-6 10 1 1 0 1 

594 ON ON-6 0 1 0 0 0 

631 ON ON-7 6 0 0 1 1 

638 ON ON-7 0 0 0 0 0 

648 ON ON-7 0 0 0 0 0 

863 ON ON-4 0 0 0 0 0 

869 QC QC-4 2 0 0 0 0 

878 QC QC-4 2 0 1 0 0 

885 QC QC-5 4 1 0 0 0 

897 ON ON-5 4 1 0 0 0 

910 ON ON-8 1 0 0 0 0 

918 ON ON-8 0 0 0 0 0 

928 ON ON-8 0 0 0 0 0 

938 QC QC-10 3 0 0 1 0 

948 QC QC-10 3 0 0 0 0 

1007 ON ON-6 2 0 0 0 0 

1023 ON ON-6 2 0 0 0 0 

1032 QC QC-11 2 0 0 0 0 
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1044 QC QC-11 6 0 1 0 0 

1071 QC QC-5 0 0 0 0 0 

1144 QC QC-7 0 0 0 0 0 

1157 QC QC-8 1 0 1 0 0 

1240 ON ON-3 3 0 0 0 0 

1402 ON ON-3 0 0 0 0 0 

1409 ON ON-5 0 0 0 0 0 

1419 ON ON-8 3 0 0 0 0 

1427 QC QC-9 3 0 0 0 0 

1438 QC QC-8 1 0 0 0 0 

1452 ON ON-2 31 2 3 0 0 

1495 ON ON-6 4 0 0 0 0 

1512 ON ON-6 4 0 0 0 0 

1517 QC QC-11 1 0 0 0 0 

1578 QC QC-12 18 1 0 0 2 
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Appendix Table A10: Assembly statistics for MAP isolates (n=139) from Quebec and Ontario Herds 

Strain 

ID 

Animal 

ID 

Herd 

ID 

Genome Size 

(bp) 

GC Content 

(%) 

Average Coverage 

(X) 

# 

Contigs 

Average 

Contig Size 
N50 

#159 A19 QC-2 4780984 69.33 13 80 33325.8 118496 

#160 A19 QC-2 4781128 69.33 12 83 33321.4 118496 

#161 A19 QC-2 4780053 69.33 12.5 85 33309.5 118164 

#162 A19 QC-2 4781121 69.33 12 76 36068.2 128709 

#163 A19 QC-2 4780917 69.33 14 76 33565.8 122818 

#164 A19 QC-2 4781648 69.33 14 94 31773.1 106432 

#165 A19 QC-2 4781476 69.33 16 87 30776.1 106432 

#166 A19 QC-2 4780467 69.33 18 83 27468.7 118436 

#167 A19 QC-2 4781432 69.33 13 75 34774 122818 

#168 A19 QC-2 4781342 69.33 14 73 35030 131207 

#169 A20 QC-3 4780607 69.33 14 77 31592.9 122816 

#170 A20 QC-3 4780884 69.33 12 76 36613 122818 

#171 A20 QC-3 4781233 69.33 16 73 30997.6 131207 

#172 A20 QC-3 4781204 69.33 17 73 33809.1 128709 

#173 A20 QC-3 4781259 69.33 17 73 32020.7 131207 

#174 A20 QC-3 4781758 69.33 15 77 32227 118496 

#175 A20 QC-3 4780836 69.33 16 76 30599.8 124823 

#176 A20 QC-3 4781907 69.33 18.5 78 30031.9 122816 

#177 A20 QC-3 4781301 69.33 12 77 36893 118496 

#179 A21 QC-2 4781745 69.33 16 81 31798 118164 

#180 A21 QC-2 4781402 69.33 14 74 35546.6 131207 

#181 A21 QC-2 4781851 69.33 15.5 84 35266.3 118120 

#182 A21 QC-2 4780491 69.33 12 78 35790.2 122818 

#183 A21 QC-2 4780754 69.33 13 78 34271.9 128709 

#184 A21 QC-2 4782404 69.33 15 79 37763.8 118496 



 

394 
 

#185 A21 QC-2 4781501 69.33 16 73 34783.5 122818 

#186 A21 QC-2 4781081 69.33 15 74 32885.6 128709 

#187 A21 QC-2 4781464 69.33 16 77 31801.6 118496 

#188 A21 QC-2 4781466 69.33 19 83 27165.4 118164 

#189 A22 QC-2 4781233 69.33 16 84 33783.8 118164 

#190 A22 QC-2 4781273 69.33 13 87 35254.8 118043 

#191 A22 QC-2 4781072 69.33 16 85 31784.2 118164 

#192 A22 QC-2 4781509 69.33 10 87 39590.5 112918 

#193 A22 QC-2 4781719 69.33 14 83 33557.9 118059 

#194 A22 QC-2 4781229 69.33 15 81 32652.7 118496 

#195 A22 QC-2 4782076 69.33 11 73 38990.6 131207 

#196 A22 QC-2 4780838 69.33 14 82 35786 118164 

#197 A22 QC-2 4780947 69.33 14 82 34023 118436 

#198 A22 QC-2 4781369 69.33 17 84 29292.2 118057 

#199 A23 QC-3 4780905 69.33 18.5 84 30973.1 118149 

#200 A23 QC-3 4781711 69.33 13 86 35785.3 118072 

#201 A23 QC-3 4781774 69.33 15 86 33320.3 118137 

#202 A23 QC-3 4780787 69.33 12 80 36882.7 118436 

#203 A23 QC-3 4781872 69.33 16 74 32022.8 128709 

#204 A23 QC-3 4780660 69.33 13 75 34276.6 131207 

#205 A23 QC-3 4780922 69.33 14 73 35543.9 131207 

#206 A23 QC-3 4781381 69.33 16.5 77 32442.6 122818 

#207 A23 QC-3 4780812 69.33 16 73 32018.9 131207 

#208 A23 QC-3 4780995 69.33 14.5 75 35026.5 131207 

#212 A25 QC-1 4780772 69.33 14 83 33784.3 118495 

#213 A25 QC-1 4780619 69.33 12 84 37155.5 118164 

#23 A25 QC-1 4781165 69.33 18 79 32434.6 118495 

#24 A25 QC-1 4781113 69.33 17 89 30966.6 106432 
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#25 A25 QC-1 4780757 69.33 14.5 80 32217.3 118164 

#26 A25 QC-1 4779226 69.33 12 83 34745 118164 

#27 A25 QC-1 4780190 69.33 13 84 32861.3 118495 

#28 A25 QC-1 4781527 69.33 14 88 34256.9 114137 

#29 A25 QC-1 4780219 69.33 12 77 37170.5 118495 

#30 A25 QC-1 4780360 69.33 11 76 39608.1 124653 

#214 A26 QC-1 4780462 69.33 12 81 36598.8 118129 

#215 A26 QC-1 4780251 69.33 11 84 37731.6 125592 

#216 A26 QC-1 4780417 69.33 12 85 33547.3 118720 

#32 A26 QC-1 4779851 69.33 13 81 34752.6 118495 

#33 A26 QC-1 4780983 69.33 15 81 32215.5 118495 

#34 A26 QC-1 4780748 69.33 19.5 88 28257.6 102083 

#35 A26 QC-1 4779720 69.33 12 83 33540.6 118164 

#36 A26 QC-1 4780604 69.33 14 78 33099.3 122816 

#37 A26 QC-1 4780494 69.33 14 79 34761.4 118495 

#38 A26 QC-1 4781354 69.33 14 74 35807.2 131207 

#113 A32 ON-1 4781895 69.33 13 77 34526.2 128709 

#114 A32 ON-1 4782036 69.33 12 81 35796.2 118163 

#115 A32 ON-1 4781342 69.33 15 79 30401.9 122816 

#116 A32 ON-1 4780709 69.33 14.5 80 30980.4 118498 

#117 A32 ON-1 4780632 69.33 16 83 29830.5 128709 

#118 A32 ON-1 4779602 69.33 14 81 32205.9 118498 

#119 A32 ON-1 4780836 69.33 16.5 86 29284.9 106432 

#120 A32 ON-1 4780613 69.33 12 91 34001.1 102076 

#121 A32 ON-1 4781430 69.33 18 82 27787.6 118163 

#122 A32 ON-1 4779567 69.33 14 86 32850.8 106432 

#126 A34 ON-1 4779715 69.33 14.5 89 29272.1 113042 

#127 A34 ON-1 4780569 69.33 11 86 34254.8 118164 
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#128 A34 ON-1 4780440 69.33 11 86 33309.5 118055 

#129 A34 ON-1 4780008 69.33 14.5 90 29271.4 106432 

#130 A34 ON-1 4780968 69.33 15 88 33309.3 113042 

#131 A34 ON-1 4780491 69.33 13.5 82 36320.5 118495 

#132 A34 ON-1 4780404 69.33 15 87 28423.9 118164 

#133 A34 ON-1 4781072 69.33 11.5 89 34216.3 106432 

#236 A34 ON-1 4780673 69.33 12 89 30377.5 106432 

#237 A34 ON-1 4780812 69.33 15 81 32002.4 118495 

#136 A36 ON-1 4780657 69.33 14.5 77 31592.6 125592 

#247 A36 ON-1 4780585 69.33 11 77 37459.8 125592 

#248 A36 ON-1 4779666 69.33 14.5 86 31362.4 113042 

#249 A36 ON-1 4780957 69.33 16 78 30793.3 118495 

#250 A36 ON-1 4780983 69.33 12 83 34021.8 118164 

#251 A36 ON-1 4781085 69.33 10.5 82 37740.4 118163 

#252 A36 ON-1 4780653 69.33 13 80 36331.1 118164 

#253 A36 ON-1 4780066 69.33 12 79 35262.8 118498 

#254 A36 ON-1 4780612 69.33 10 80 37167.4 125592 

#255 A36 ON-1 4780353 69.33 10 79 38967.2 118495 

#137 A37 ON-1 4779052 69.33 14 78 33780.2 118498 

#256 A37 ON-1 4778417 69.33 13 82 33075.9 118163 

#258 A37 ON-1 4778665 69.33 12 77 35516.2 122818 

#259 A37 ON-1 4778378 69.33 12 84 33998 118163 

#260 A37 ON-1 4780723 69.33 15 82 34020.2 118498 

#261 A37 ON-1 4781526 69.33 14 82 31998.6 122816 

#262 A37 ON-1 4780254 69.33 13 83 36046 118498 

#263 A37 ON-1 4778854 69.33 13 84 32191.8 106432 

#264 A37 ON-1 4779724 69.33 12 89 35240.5 101893 

#265 A37 ON-1 4778750 69.33 13 82 33532.6 118163 
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#217 AM1 QC-1 4780603 69.33 14 76 32013.1 122816 

#218 AM1 QC-1 4779441 69.33 11.5 84 34495.4 106432 

#219 AM1 QC-1 4781551 69.33 14.5 76 36069.7 131207 

#220 AM1 QC-1 4781103 69.33 14 74 37469.4 124649 

#221 AM1 QC-1 4780343 69.33 15 83 31576.9 118046 

#222 AM1 QC-1 4781285 69.33 14 88 32419.9 99341 

#223 AM1 QC-1 4781657 69.33 14.5 77 34771.5 128709 

#224 AM1 QC-1 4781293 69.33 16 76 35025.3 122816 

#225 AM1 QC-1 4780208 69.33 15 81 31177.4 118435 

#226 AM1 QC-1 4781279 69.33 14 79 32878.6 122816 

#123 AM2 ON-1 4780641 69.33 14 95 31559.6 99322 

#124 AM2 ON-1 4780602 69.33 13 94 32627.3 102071 

#125 AM2 ON-1 4780107 69.33 15 86 30191.7 113042 

#228 AM2 ON-1 4780310 69.33 15 82 30201.1 118164 

#229 AM2 ON-1 4780355 69.33 16 79 28774.9 118164 

#230 AM2 ON-1 4780646 69.33 16 94 30562.7 113042 

#231 AM2 ON-1 4781165 69.33 18 79 32434.6 118495 

#232 AM2 ON-1 4780376 69.33 14.5 92 30189.3 99337 

#233 AM2 ON-1 4780255 69.33 13 86 34009.7 118071 

#234 AM2 ON-1 4780307 69.33 15.5 87 30965.5 118164 

#134 AM3 ON-1 4780112 69.33 13 77 35527.4 122816 

#135 AM3 ON-1 4781400 69.33 14 80 35796.7 118495 

#238 AM3 ON-1 4780676 69.33 12 83 31785.1 118163 

#239 AM3 ON-1 4780114 69.33 14 82 34500.5 118495 

#240 AM3 ON-1 4779719 69.33 13 77 37161.4 131207 

#241 AM3 ON-1 4780663 69.33 13 77 35272.1 131207 

#242 AM3 ON-1 4780988 69.33 16 74 27639.3 131207 

#243 AM3 ON-1 4781130 69.33 13 78 33564.1 125592 
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#244 AM3 ON-1 4780531 69.33 13.5 79 34511.6 118498 

#245 AM3 ON-1 4780153 69.33 14 76 34516.2 131207 

Average 4780751.22 69.33 14.03 81.22 33438.86 119229.19 
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Appendix Table A11: CheckM Results to Determine Assembly Completeness and Contamination in MAP isolates (n=139) from 

Quebec and Ontario Herds 
Isolate 

Number 

Farm 

ID 

Animal 

Number 
Marker Lineage 

# 

Genomes 

# 

Markers 

# Marker 

Sets 
0 1 2 3 4 5+ 

Completeness 

(%) 

Contamination 

(%) 

#159 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.42 

#160 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.42 

#161 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.4 

#162 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.49 

#163 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#164 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#165 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.57 

#166 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.39 

#167 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#168 QC-2 A19 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.64 

#169 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#170 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#171 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#172 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.88 

#173 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.78 

#174 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.4 

#175 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#176 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#177 QC-3 A20 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.42 

#179 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 
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#180 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.61 

#181 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.51 

#182 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#183 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.67 

#184 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.54 

#185 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 684 6 0 0 0 99.28 1.25 

#186 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.67 

#187 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.71 

#188 QC-2 A21 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.49 

#189 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.42 

#190 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.43 

#191 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#192 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#193 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.4 

#194 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 685 5 0 0 0 99.28 0.82 

#195 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.36 

#196 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#197 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 2 688 3 0 0 0 99.61 0.7 

#198 QC-2 A22 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.51 

#199 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.67 

#200 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.51 

#201 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 

#202 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 
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#203 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 684 6 0 0 0 99.28 1.17 

#204 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.46 

#205 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#206 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#207 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 4 0 0 0 99.28 0.47 

#208 QC-3 A23 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 

#212 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 693 3 0 0 0 99.28 0.46 

#213 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.3 

#23 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.4 

#24 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.47 

#25 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.38 

#26 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#27 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#28 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.5 

#29 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.78 

#30 QC-1 A25 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.66 

#214 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#215 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#216 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.44 

#32 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.39 

#33 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.86 

#34 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#35 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.72 
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#36 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#37 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 

#38 QC-1 A26 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#113 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.5 

#114 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 2 690 1 0 0 0 99.61 0.33 

#115 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.89 

#116 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.58 

#117 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 1.11 

#118 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.73 

#119 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.53 

#120 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#121 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.67 

#122 ON-1 A32 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#126 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.89 

#127 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#128 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.39 

#129 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 685 5 0 0 0 99.28 0.69 

#130 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#131 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#132 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.78 

#133 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#236 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 685 5 0 0 0 99.28 1.28 

#237 ON-1 A34 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.75 
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#136 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.36 

#247 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#248 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.58 

#249 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.57 

#250 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.5 

#251 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 

#252 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#253 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#254 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#255 ON-1 A36 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#137 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.36 

#256 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.67 

#258 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.47 

#259 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#260 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#261 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.4 

#262 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.4 

#263 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#264 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.42 

#265 ON-1 A37 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.61 

#217 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#218 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#219 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.88 
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#220 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#221 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 1 

#222 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.44 

#223 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#224 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.53 

#225 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#226 QC-1 AM1 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.42 

#123 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 3 0 0 0 99.28 0.67 

#124 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.47 

#125 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 3 0 0 0 99.28 0.67 

#228 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 3 0 0 0 99.28 0.5 

#229 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 3 0 0 0 99.28 0.33 

#230 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 3 0 0 0 99.28 0.33 

#231 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 3 0 0 0 99.28 0.4 

#232 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 3 0 0 0 99.28 0.48 

#233 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 3 0 0 0 99.28 0.33 

#234 ON-1 AM2 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.67 

#134 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.58 

#135 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 

#238 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 686 4 0 0 0 99.28 0.55 

#239 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.36 

#240 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.5 

#241 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 689 1 0 0 0 99.28 0.33 
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#242 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 685 5 0 0 0 99.28 0.85 

#243 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 687 3 0 0 0 99.28 0.44 

#244 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.36 

#245 ON-1 AM3 
g__Mycobacterium 

(UID1816) 
100 693 300 3 688 2 0 0 0 99.28 0.4 
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Appendix Table A12: Homologous Mycobacterium avium complex nucleotide sequences of ORF-1 and ORF-2 identified by 

BLASTn 

SSR 

Examined 

Mycobacterium 

species 
Strain Name Sequence ID (NCBI) Nucleotide Sequence 

ORF-1 

Mycobacterium 

avium subsp. 

avium 

104 CP000479.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAAGGTGACCACCCTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACGATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGCCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCAGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACGCTGTATCAGCTGCCCAACGACTATCAGCTGCCC

GCCGGCCTGGCGGGGGTGCAGGCGGCGCAGACGATCGGCG

CCGCCGCGACCGCGCAGGCTCAGCTCACCGGGGTGTTCGG

CGGCTGA  

ORF-1 

Mycobacterium 

avium subsp. 

avium 

DSM 44156 CP046507.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAGGGTGACCACCCTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACAATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGCCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCGGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACCCTCTATCAGCTGCCCAACGACTATCAGCTGCCC

GGTGGGCTGGCCGGTGCGCAGGCCGCGCAGGCCATTGCCG

GCGCCGCGACCGCGCAGGCGCAGCTCACCGGGGTGTTCGG

CGGCTGA  
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ORF-1 

Mycobacterium 

avium subsp. 

avium 

RCAD0278 CP016396.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAGGGTGACCACCCTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACAATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGCCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCGGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACCCTCTATCAGCTGCCCAACGACTATCAGCTGCCC

GGTGGGCTGGCCGGTGCGCAGGCCGCGCAGGCCATTGCCG

GCGCCGCGACCGCGCAGGCGCAGCTCACCGGGGTGTTCGG

CGGCTGA  

ORF-1 

Mycobacterium 

avium subsp. 

avium 

FDAARGOS_160

9 
CP089223.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAGGGTGACCACCCTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACAATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGCCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCGGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACCCTCTATCAGCTGCCCAACGACTATCAGCTGCCC

GGTGGGCTGGCCGGTGCGCAGGCCGCGCAGGCCATTGCCG

GCGCCGCGACCGCGCAGGCGCAGCTCACCGGGGTGTTCGG

CGGCTGA  
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ORF-1 

Mycobacterium 

avium subsp. 

avium 

FDAARGOS_160

8 
CP089230.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAGGGTGACCACCCTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACAATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGCCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCGGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACCCTCTATCAGCTGCCCAACGACTATCAGCTGCCC

GGTGGGCTGGCCGGTGCGCAGGCCGCGCAGGCCATTGCCG

GCGCCGCGACCGCGCAGGCGCAGCTCACCGGGGTGTTCGG

CGGCTGA 

  

ORF-1 

Mycobacterium 

avium subsp. 

hominissuis 

101115 CP040255.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAAGGTGACCACCCTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACGATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGCCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCAGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACGCTGTATCAGCTGCCCAACGACTATCAGCTGCCC

GCCGGCCTGGCGGGGGTGCAGGCGGCGCAGACGATCGGCG

CCGCCGCGACCGCGCAGGCTCAGCTCACCGGGGTGTTCGG

CGGCTGA  
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ORF-1 

Mycobacterium 

avium subsp. 

hominissuis 

101034 CP040247.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAAGGTGACCACCCTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACGATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGCCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCAGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACGCTGTATCAGCTGCCCAACGACTATCAGCTGCCC

GCCGGCCTGGCGGGGGTGCAGGCGGCGCAGACGATCGGCG

CCGCCGCGACCGCGCAGGCTCAGCTCACCGGGGTGTTCGG

CGGCTGA  

ORF-1 

Mycobacterium 

avium subsp. 

hominissuis 

101174 CP040250.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAAGGTGACCACCCTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACGATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGCCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCAGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACGCTGTATCAGCTGCCCAACGACTATCAGCTGCCC

GCCGGCCTGGCGGGGGTGCAGGCGGCGCAGACGATCGGCG

CCGCCGCGACCGCGCAGGCTCAGCTCACCGGGGTGTTCGG

CGGCTGA  
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ORF-1 

Mycobacterium 

avium subsp. 

hominissuis 

JP-H-1 AP020326.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAAGGTGACCACCCTGGGCCGCACGGCGCAGAACGC

CCCGGCCGGCGGACCGTTGACGATCACCAGCCCGGCGTTC

ACCGACGGCGCCCCGATCCCGGCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCGGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACCCTCTATCAGCTGCCCAACGACTACCAGCTGCCC

GGTGGGCTGGCCGGTGCGCAGGCCGCGCAGACCATTGCCG

GCGCCGCCACCGCGCAGGCGCAGCTCACCGGGACGTTCGG

CGGCTGA  

ORF-1 

Mycobacterium 

avium subsp. 

hominissuis 

MAH11 CP035744.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCA

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCGGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAAGGTGACCACCCTGGGCCGCACGGCGCAGAACGC

CCCGGCCGGCGGACCGTTGACGATCACCAGCCCGGCGTTC

ACCGACGGCGCCCCGATCCCGGCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCGCTGGCGTGGTCGGCGCCGAC

GGGTGCGGCCCTGGTCGTCGACGACCCCGACGCCCCGGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACGCCGCCCGGCAC

AACGACTTTGCCGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACCCTCTATCAGCTGCCCAACGACTACCAGCTGCCC

GGTGGGCTGGCCGGTGCGCAGGCCGCGCAGACCATTGCCG

GCGCCGCCACCGCGCAGGCGCAGCTCACCGGGACGTTCGG

CGGCTGA  
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ORF-1 

Mycobacterium 

avium subsp.  

lepraemurium 

Hawaii CP021238.1 

ATGGAAGCGACGCTGGTGGACACCTCTCGCCGGATCGGCG

CGATCATCTGCGCGCTGGCGCTGCCGGCGGGCGCAGTCGGT

TGCGGCGGCCACGGTCATGGCCCGACGACGACTCCGTCGA

CACCCAGGGTGACCACCTTGGGCCGCACGGCGCCGAACGC

CCCGGCCGGCGGGCCGTTGACGATCACCAGCCCGGCATTC

ACCGACGGCGCCCCGATCCCGGCGCGGTACACCTGCAAGG

GCGAGGGCATCGCACCGCCACTGGCGTGGTCCGCACCGAC

GGGTGCGGCCCTGGTCGTCGACGACCCCGACGCCCTAGCG

GGGCCGTACGTGCACTGGGTGGTGACCGGCATCGCCCCGG

GCTCCGGCAGCACGTCCGCGGGCCAAACACCGCCCGGCAC

AACGACTTTGCAGAACACCGCCGGACAGGCCGGCTACCAG

GGGCCGTGTCCGCCCGCCGGAACGGGCACCCACCACTACC

GGTTCACGCTGTATCGGCTGCCCAACGACTACCAGCTGCCC

GGTGGGCTGGCCGGTGCGCAGGCCGCGCAGACCATTGCCG

GCGCCGCCACCGCGCAGGCGCAGCTCACCGGGACGTTCGG

CGGCTGA  

ORF-2 

Mycobacterium 

avium subsp. 

avium 

FDAARGOS_160

9 
CP089223.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGCGAACGTCTGCATGCGGCCCGCCTGTCCGCC

GGCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAG

CTGCTGGGGGGGGGGCTTCGGTGACGTCGAAGCTCACCAC

AGGTCTGCCGAGCGGCATCGAGCGGCACGGGATGCGGACT

ACCTGGCTGCTGAGCAGGATCAATAAAGCCTGA 

ORF-2 

Mycobacterium 

avium subsp. 

avium 

104 CP000479.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGCGAACGTCTGCATGCGGCCCGCCTGTCCGCC

GGCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAG

CTGCTGGGGGGGGGCTTCGGTGA  
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ORF-2 

Mycobacterium 

avium subsp. 

avium 

FDAARGOS_160

8 
CP089230.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTTGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGCGAACGTCTGCATGCGGCCCGCCTGTCCGCC

GGCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAG

CTGCTGGGGGGGGGGCTTCGGTGACGTCGAAGCTCACCAC

AGGTCTGCCGAGCGGCATCGAGCGGCACGGGATGCGGACT

ACCTGGCTGCTGAGCAGGATCAATAAAGCCTGA 

ORF-2 

Mycobacterium 

avium subsp. 

avium 

DSM 44156 CP046507.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGCGAACGTCTGCATGCGGCCCGCCTGTCCGCC

GGCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAG

CTGCTGGGGGGGGCTTCGGTGACGTCGAAGCTCACCACAG

GTCTGCCGAGCGGCATCGAGCGGCACGGGATGCGGACTAC

CTGGCTGCTGAGCAGGATCAATAA  

ORF-2 

Mycobacterium 

avium subsp. 

avium 

HJW CP028731.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGCGAACGTCTGCATGCGGCCCGCCTGTCCGCC

GGCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAG

CTGCTGGGGGGGGCTTCGGTGACGTCGAAGCTCACCACAG

GTCTGCCGAGCGGCATCGAGCGGCACGGGATGCGGACTAC

CTGGCTGCTGAGCAGGATCAATAA  

ORF-2 

Mycobacterium 

avium subsp. 

hominissuis 

MAC109 CP029332.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGTGAACGTCTGCATGCGGCCCGCCTGTCCGCCG

GCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAGC

TGCTGGGGGGGGGGGCTTCGGTGACGTCGAAGCCCACCAC

AGGTCTGCCGAGCGGCATCGAGCGGCACGGGATGCGGACT

ACCTGGCTGCTGAGCAGGATCAGTAA  

ORF-2 

Mycobacterium 

avium subsp. 

hominissuis 

W9 CP060405.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGTGAACGTCTGCATGCGGCCCGCCTGTCCGCCG

GCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAGC

TGCTGGGGGGGGGCTTCGGTGA  
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ORF-2 

Mycobacterium 

avium subsp. 

hominissuis 

H87 CP018363.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGCGAACGTCTGCATGCGGCCCGCCTGTCCGCC

GGCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAG

CTGCTGGGGGGGGGGCTTCGGTGACGTCGAAGCTCACCAC

AGGTCTGCCGAGCGGCATCGAGCGGCACGGGATGCGGACT

ACCTGGCTGCTGAGCAGGATCAGTAAAGCCTGA  

ORF-2 

Mycobacterium 

avium subsp. 

hominissuis 

CAM177 CP076851.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGTGAACGTCTGCATGCGGCCCGCCTGTCCGCCG

GCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAGC

TGCTGGGGGGGGGCTTCGGTGA 

ORF-2 

Mycobacterium 

avium subsp. 

hominissuis 

JP-H-1 AP020326.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTGTCGC

GGCGGCACGCGAACGTCTGCATGCGGCCCGCCTGTCCGCC

GGCGATGCCCATGAGCGTGCCGCGCAGTTGCACGACAGAG

CTGCTGGGGGGGGGCTTCGGTGA  

ORF-2 

Mycobacterium 

avium subsp. 

lepraemurium 

Hawaii CP021238.1 

ATGAGCGACGACGCCGAACGGCGGTCCAGAGTTTCGGGAG

CCGCACGTAGGTCCGCTGATGAGGCGGCCGAGCGTATCGC

GGCGGCACGTGAACGTCTGCATGCGGCCCGCCTGTCCACCG

GCGATGCCCCTGAGCGTGCCGCGGAGTTGCACGACAGAGC

TGCTGGGGGGGGGCTTCGGTGA 
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Appendix III: Fragment Analysis and Multiplex Assay for SSR Identification, an 

Unpublished Chapter 

Appendix 3.1: Introduction 

A previous study examined ML-SSR typing of MAP on 85 isolates grown from 18 

animals from Newfoundland farms 1. At the time, currently available techniques had 

difficulty in analyzing mononucleotide repeats, such as those found in loci SSR1 and 

SSR2; only able to accurately type repeats up to 15 nucleotides long through a mass 

spectrometry-based approach 2. The purpose of this study was to develop a method that 

allowed for cheap, reliable, and reproducible sequencing for SSR repeats beyond the 15-

nucleotide limit.  Work by Podder et al. 1, used a fragment analysis-based approach to 

analyze the repeat sizes at ML-SSR loci SSR1, SSR2, SSR8 and SSR9, with SSR1 and 

SSR2 being mononucleotide repeats and SSR8 and SSR9 being trinucleotide repeats 3.   

The repeat lengths of the SSR loci in MAP strain K-10 have previously been 

described using WGS-based methods (SSR1: 19 G’s, SSR2: 10 G’s, SSR8: 5 repeats of 

“GGT”, SSR9: 5 repeats of “TGC”), allowing for its use as a standard to identify the 

repeat sizes of other isolates 4,5. A maximum size of 21 mononucleotide repeats was able 

to be detected in SSR1 using fragment analysis 1. Analysis of 68 viable isolates identified 

40 distinct SSR types, with multiple types detected in all 18 animals, with some strains 

detected between farms suggesting inter-herd transmission or a common source of 

infection 1. At the time of the study, the confirmation of multiple MAP SSR types from 

the same animal seemed to be indicative of either microevolution of the unstable repeat 

elements found at SSR loci or the presence of true MSI events within the same animal. To 

test this, a follow-up study examined six MAP isolates (three from different animals 
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across different farms, and three derived from the same animal) using WGS technology to 

determine whether the presence of multiple MAP SSR types was due to microevolution or 

an MSI event 6.  A comparison of the number of SNPs identified within each strain 

showed that the number of divergent SNPs extended beyond the expected number that 

would be present based on the molecular clock of MAP, supporting the MSI hypothesis. 

 A limiting factor in the confirmation of MAP MSIs is the extensive time required 

to identify MAP-infected animals, decontaminate their respective fecal samples, and grow 

and extract the DNA from multiple colonies derived from a single animal. To address this 

limitation, two PCR-based assays were developed and utilized to determine if reliable 

identification of MAP MSIs could be obtained through direct analysis of fecal samples. 

Both the fragment analysis-based approach on four SSR loci as described in previous 

studies 1,7, alongside an amplicon sequencing-based method on SSR1 were examined. 

Appendix 3.2: Materials and Methods 

Appendix 3.2.1: Sample Collection 

To test the feasibility of a multiplex-based approach analyzing SSR1 and SSR2, 

DNA was extracted at three different points within the culturing process; once from 

unprocessed fecal samples, once after decontamination and growth on solid media, and 

once after axenic cultures were grown in liquid media (Appendix Figure A6). This was 

done with the intent that assay optimization would be first performed using axenic 

cultures to determine initial feasibility. If successful, the assay would then be tested on 

DNA extracts from a collection of multiple strains (lawn DNA) and unprocessed feces 
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(fecal DNA), to determine its ability to differentiate between multiple strains of MAP and 

in heavily contaminated environments, respectively.  

The presence of MAP within each fecal sample was confirmed using the 

VetMAX™-Gold MAP Detection Kit (Life Technologies, Corp., Austin, TX) and all 

DNA extractions were performed using the ZR-96 Fecal DNA Kit (Zymo Research Corp., 

Irvine, CA). Once fecal samples were confirmed as being MAP positive, DNA extraction 

was performed using a portion of the unprocessed fecal sample. This DNA extract, 

referred to as fecal DNA, contains not only DNA for MAP but also the DNA of other 

microbes present within the fecal sample. Fecal samples were then decontaminated, and 

colonies of MAP were grown on solid media as described in Figures 2.2 and 2.3. A 

number of these colonies were selected for further growth within liquid media as axenic 

cultures. All remaining colonies on solid media were mixed, and the DNA of the 

collective mixture was extracted, referred to as lawn DNA. Lawn DNA extracts, due to 

the presence of multiple colonies of MAP, potentially contain multiple strains of MAP. A 

third set of DNA extractions was performed on each liquid media-grown axenic culture, 

with each extraction representative of a single strain of MA, referred to as axenic DNA.  

Appendix 3.2.2: PCR Primer Design for Fragment Analysis 

PCR primers for SSR loci 2, 8 and 9 were the same as described in Podder et al. 1. 

A new primer set for SSR1 was developed using Primer-BLAST and Primer3Plus 8,9. All 

PCRs were performed using Phusion® High Fidelity PCR Mastermix with GC Buffer 

(New England Biolabs Inc.) and 3% dimethyl sulfoxide (DMSO). Initial validation of 

each PCR protocol (Appendix Table A13) was performed with gel electrophoresis of 
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1.5% agarose gels. Primer statistics (Appendix Table A14) were calculated using 

OligoCalc 10. 

Appendix 3.2.3: Fragment Analysis 

Once primer specificity was confirmed using reference strain K-10, a primer from 

each pair was labelled at the 5’ end with 6-carboxy fluorescein (6-FAM), and the PCR for 

all four primer pairs was repeated with the fluorescent primer. Validation of the 

fluorescent PCR was performed through gel electrophoresis of 1.5% agarose gels. 

Labelled PCR products were purified using the EZ-10 Spin Column PCR Products 

Purification Kit (Bio Basic). Due to the presence of the 6-FAM label, DNA was unable to 

be quantified through spectrophotometry-based methods. Instead, a portion of purified 

PCR products was examined using gel electrophoresis, and concentrations were diluted 

based on band intensity: products of high concentration resulted in the oversaturation of 

peaks and decreased quality of fragment analysis results. Examination of 139 axenic 

DNA extracts originating from 14 cattle, along with DNA from K-10 were analyzed using 

the primer pairs specific to SSR1 and SSR2. Fragment analysis results were compared to 

the expected sizes for the same strains, as determined through NovaSeq 6000 WGS 

results described in Chapter V of the main text. Purified PCR products were sent to The 

Centre for Applied Genomics (TCAG) to undergo genetic analysis using the Applied 

Biosystems 3730xl or 3130 capillary electrophoresis instruments. All samples were 

analyzed along with a GeneScan™ 500 LIZ™ dye size standard (Applied Biosystems), 

allowing for the detection of fragments from 35-500 nucleotides long. Fragment analysis 
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peaks were analyzed using the Peak Scanner tool in the Thermo Fisher Connect™ 

platform. The assay was repeated until consistent results were obtained for each sample.   

Appendix 3.2.4: Amplicon Sequencing  

 To prepare samples for amplicon sequencing, two PCR reactions were performed, 

one to target and amplify the SSR target of interest, and the other to add the necessary 

indexing tags required for sample identification when sequencing (Appendix Figure A6). 

Primers designed for target amplification consisted of a portion designed to bind and 

amplify their target sequence, along with a 3’ tailed portion designed to bind to the 

indexing primers (Appendix Table A15). Both indexing primers and the complementary 

3’ portions were provided by Dr. Brian Boyle of Laval University’s Genomic Analysis 

Platform (Appendix Table A16). All PCR reactions were performed using Q5® High-

Fidelity DNA Polymerase (New England Biolabs Inc.), with Q5® GC Enhancer added to 

each mixture. 

Amplification PCRs were performed using 10 DNA extracts from three animals 

(n=30) previously examined using NovaSeq 6000 whole genome sequencing technology. 

Validation of amplicons was performed using gel electrophoresis with 1.5% agarose gels. 

To pool samples from the same animal in approximately equimolar proportions, band 

intensities were compared using ImageJ 11, and the required amount of each sample to be 

pooled was calculated. Purification of both pooled PCR products and indexing PCR 

products was performed using the EZ-10 Spin Column PCR Products Purification Kit 

(Bio Basic). In addition to the axenic mixtures, lawn DNA extracts from the same animals 

were also processed to ensure that any repeat sizes not recorded in previous work could 
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still be detected. Both axenic mixtures and lawn DNA, after amplification, indexing and 

purification, were sent to Laval University’s Genomic Analysis Platform for amplification 

sequencing using MiSeq technology. 

Reads produced by amplification sequencing were assessed using Fastp 12 to trim 

adaptors from FASTQ files and remove any unpaired reads. To extract intact SSR repeats 

from both forward and reverse reads, the Linux “grep” command was used to extract and 

count the number of reads that mononucleotide repeats at intervals between 7 and 21 

nucleotides. For axenic mixtures, read counts of each repeat size were compared with the 

previously detected sizes of repeats of each isolate used in the axenic mixture to 

determine the accuracy of the assay. 

Appendix 3.3: Result and Discussion 

Appendix 3.3.1: Initial Optimization of Fragment Analysis Using K-10 

To determine the validity of the fragment analysis approach, fluorescent primers 

specific for SSR loci 1, 2, 8 and 9 were tested using MAP reference strain K-10 

(NC_002944.2). Initial fragment analysis results showed that peaks for all four loci were 

slightly smaller than the expected PCR product size (Appendix Table A17), an 

observation which was noted on each repeated fragment analysis attempt. The 

electrophoretic mobility of DNA fragments may be altered by many factors, including 

buffer type, concentration, sequence and secondary or tertiary structure formation 13. If 

consistent results were obtained between electrophoresis runs, peak sizes are considered 

accurate despite the slight deviation observed between fragment size and expected PCR 

product size. While fragment analysis results for SSR2, SSR8 and SSR9 all showed 
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individual peaks with consistent sizes between runs, the results for SSR1 showed multiple 

peaks very close together (Appendix Figure A7). In these cases, a single major peak was 

usually obvious, with smaller shoulder peaks on either side, suggesting the presence of at 

least three different fragment sizes, each differing by one nucleotide. These results were 

only observed for SSR1 and may be due to stuttering of the polymerase. Long 

mononucleotide repeats of G, such as those observed in SSR1 cause enzymes within PCR 

reactions to undergo slippage, especially for repeat sizes greater than 15 nucleotides when 

using some fusion enzymes 14,15. This stuttering was observed across multiple capillary 

electrophoresis runs of SSR1 of K-10, with the largest peak always around 292 bp. For 

this work, these results were accepted, and the K-10 fragment analysis sizes were used as 

a benchmark to base all other results around.  

Appendix 3.3.2: Fragment Analysis of Axenic DNA Extracts 

As noted within prior studies 315,691, the trinucleotide repeats in SSR8 and SSR9 

are not as discriminatory as the mononucleotide repeats in SSR1 or SSR2. This was 

especially true for the 139 axenic cultures examined in this study, as previously discussed 

in Chapter V and other works that used next-generation sequencing approaches, which 

showed significant discriminatory ability mainly within SSR1 and SSR2. As such, 

fragment analysis was only performed on DNA from the same 139 strains described in 

Chapter V using SSR1 and SSR2 primers.  Fragment analysis was repeated for these 

strains until consistent fragment results could be observed, though in some cases and as 

previously observed in the K-10 SSR1 results, multiple fragments were present. By 

calculating the difference between the observed fragments and the expected results as 
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observed for MAP K-10, the expected mononucleotide repeat size for each strain could be 

determined, except in cases where either a definitive fragment analysis result or repeat 

size from WGS could not be obtained (Appendix Table A18). From these results, it was 

noted that none of the fragment analysis results obtained for SSR1 matched those 

identified by whole genome sequencing. All recorded fragment analysis results for SSR1 

showed higher sizes than those obtained by WGS, with many isolates showing the 

presence of multiple peaks in some cases. The fragment analysis and WGS results for 

SSR2 matched better than those of SSR1 in all cases, with results from A25, A26, A34, 

A37, and A19 matching perfectly for this repeat.  While a portion of the isolates diverged 

from the expected results generated by WGS, the differences were generally closer than 

those observed for SSR1. While the exact reason for this is uncertain, the longer 

mononucleotide sequences present in SSR1 may cause slippage in the polymerase during 

the PCR step, as noted in the literature 689,690. In contrast, the repeat sizes for SSR2 were 

generally smaller than those in SSR1, with most isolates having repeats 9-12 bp in length. 

These shorter repeats would limit the amount of slippage shown and would enhance the 

accuracy of fragment analysis in these cases. Due to the considerable amount of error 

shown using this method, further optimization of the assay, along with the use of lawn 

and fecal DNA, was stopped.  

Appendix 3.3.3: Amplicon Sequencing 

 With the failure of fragment analysis, a different approach was taken to determine 

if a PCR-based method could be eventually applied to fecal DNA to identify potential 

MSI events. To account for the slippage previously observed during fragment analysis, an 
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amplicon sequencing approach was taken to target the homopolymeric repeat of SSR1. 

The amplicon sequencing approach developed used two PCRs, one to amplify the target 

using the modified primers shown in Appendix Table A15, and a second to tag the 

amplicons using the indexing primers shown in Appendix Table A16, allowing for the 

amplicon to be directly amplified and sequenced using next generation sequencing 

methods. Testing of the assay was performed using available axenic and lawn DNA from 

animals A23, A25 and A26. The amplicon sequencing assay was tested using two 

amplification primer sets: C (SSR1c-III-F and SSR1c-III-R) and D (SSR1d-III-F and 

SSR1d-III-R) (Appendix Table A8).  

 Using pools of axenic DNA from A23, A25, and A26, the assay was able to 

successfully target, amplify and sequence the SSR1 repeat sequence. However, 

examination of the reads produced using both primer sets C and D shows that this method 

also lacked specificity. Using the previously established SSR repeat sizes attained by 

WGS as a standard, it was found that several reads produced from the results of the 

axenic pool analysis either contained the incorrect repeat sizes, producing reads for repeat 

sizes that were not recorded as being in the pooled mixture, or were missing the repeat 

sizes that were expected to be in the mixture (Appendix Table A19). It is possible that 

the initial PCR also resulted in frameshift mutations which altered the number of repeats 

for some reads, as in fragment analysis, despite the use of a less error-prone polymerase. 

It is also possible that the use of the more error-prone MiSeq sequencing, instead of 

NovaSeq as in the WGS analysis, resulted in the sequencing errors observed 17. While 

results were also obtained for the lawn DNA of these three animals (Appendix Table 
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A20), due to the errors observed in the axenic mixtures, it is not certain that the variety of 

reads on display within the lawns is representative of any SSR1 repeat sizes that were not 

captured during WGS analysis. 

Appendix 3.4: Conclusion 

 Both fragment analysis and amplicon sequencing approaches were unable to 

accurately determine variability within either the SSR1 or SSR2 homopolymer sequences. 

Both methods identified repeat sizes that did not agree with the expected standards set by 

previous WGS work and are not recommended for further use in MAP SSR calling or 

MSI identification. Further development of the amplicon sequencing method may be 

performed through the use of a higher resolution sequencing method such as NovaSeq, 

which may reduce the observed error rates shown for MiSeq-based methods.



 

424 
 

Appendix 3.5: Figures and Tables for Appendix III 

Appendix 3.5.1: Figures for Appendix III 

 

Appendix Figure A5: DNA extraction protocol for use in fragment analysis assays. Fecal DNA was extracted directly from 

a portion of the unprocessed MAP-positive fecal sample and contained DNA from both MAP and non-MAP sources. After 

decontamination of the fecal sample, inoculation on MAP selective media, and growth of MAP colonies on solid media, isolates 

were either selected for growth in axenic cultures or collectively underwent DNA extraction (lawn DNA). Each isolate grown in 

axenic culture in liquid media underwent individual DNA extraction (axenic DNA).
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Appendix Figure A6: PCR approach for amplicon sequencing. The repetitive element in each 

SSR locus (blue) is first amplified by targeting primer binding sites 5’ and 3’ to the repeat 

(green). The first PCR uses primers that target the primer binding sites (orange) while also 

containing a 3’ tail which does not target the target sequence (red) (Appendix Table A15). The 

second PCR uses primers that have a complementary sequence to the 3’ tail of the PCR primers 

(purple) and have unique indexing sequences for identification in next-generation sequencing 

runs (grey) (Appendix Table A16). 
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Appendix Figure A7: Electropherograms showing the fragment analysis results of 

SSR loci 1 (A), 2 (B), 8 (C) and 9 (D) using MAP strain K-10. Yellow peaks represent 

standard peaks produced by the GeneScan™ 500 LIZ™ dye size standard, while blue 

peaks represent amplicons produced using the 6-FAM labelled primer set. Peaks are 

described by the area under the peak (A), the height of the peak (H), the calculated size of 

the fragment (S), and the data point used to calculate each peak size (D). While SSRs 2, 8 

and 9 show single peaks for each result, SSR1 shows additional shoulder peaks, 

suggesting additional fragments. 
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Appendix 3.5.2: Tables for Appendix III 

Appendix Table A13: PCR protocols for amplification of tested SSR loci for the fragment 

analysis assay. 

A: PCR Protocol for SSR1 Amplification 

PCR Step Temperature (°C) Time Number of Cycles 

Initial Denaturation 98°C 30 seconds 1 cycle 

Denaturation 98°C 10 seconds 

40 cycles Annealing 64°C 30 seconds 

Extension 72°C 30 seconds 

Final Extension 72°C 6 minutes 1 cycle 

 

B: PCR Protocol for SSR2 Amplification 

PCR Step Temperature (°C) Time Number of Cycles 

Initial Denaturation 98°C 30 seconds 1 cycle 

Denaturation 98°C 10 seconds 

10 cycles Annealing 55°C 30 seconds 

Extension 72°C 30 seconds 

Denaturation 98°C 10 seconds 

40 cycles Annealing 62°C 30 seconds 

Extension 72°C 30 seconds 

Final Extension 72°C 3 minutes 1 cycle 

 

C: PCR Protocol for SSR8 Amplification 

PCR Step Temperature (°C) Time Number of Cycles 

Initial Denaturation 98°C 30 seconds 1 cycle 

Denaturation 98°C 10 seconds 

10 cycles Annealing 55°C 30 seconds 

Extension 72°C 30 seconds 

Denaturation 98°C 10 seconds 

40 cycles Annealing 61°C 30 seconds 

Extension 72°C 30 seconds 

Final Extension 72°C 3 minutes 1 cycle 
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D: PCR Protocol for SSR9 Amplification 

PCR Step Temperature (°C) Time Number of Cycles 

Initial Denaturation 98°C 30 seconds 1 cycle 

Denaturation 98°C 10 seconds 

40 cycles Annealing 65°C 30 seconds 

Extension 72°C 30 seconds 

Final Extension 72°C 4 minutes 20 seconds 1 cycle 
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Appendix Table A14: Fragment analysis primer statistics as calculated by OligoCalc and mapping on the K-10 Genome. 

Primer 

Namea 

Primer  

Sequence 

(5’-3’) 

Nearest 

Neighbor Tm 

(°C) 

CG

(%) 

# of 

nucleotides 
#A #T #C #G 

Binding location 

(K-10 genome) 

Amplicon Size 

(K-10) 
Source 

SSR2F* 

TCGCCTC

AGGCTTT

ACTGAT 

54.28 50 20 3 7 6 4 
2,718,981 - 

2,719,000 

235 bp 

(Podder et al. 

2015) 

SSR2R 

CACGTAG

GTCCGCT

GATGA 

53.83 58 19 4 4 5 6 
2,719,179 - 

2,719,215 

(Podder et al. 

2015) 

SSR8F* 

AGGCCTT

CTACGTG

CACAAC 

54.3 55 20 5 4 7 4 
1,028,049 - 

1,028,068 

208 bp 

(Podder et al. 

2015) 

SSR8R 

GAGATGT

CCAGCCC

TGTCTC 

53.63 60 20 3 5 7 5 
1,028,237 - 

1,028,256 

(Podder et al. 

2015) 

SSR9F* 

CTCGTGG

AAACCCT

CGAC 

51.12 61 18 4 3 7 4 
2,955,316 - 

2,955,333 

127 bp 

(Podder et al. 

2015) 

SSR9R 

GGTGCTG

AAATCCG

GTGT 

50.07 56 18 3 5 3 7 
2,955,425 - 

2,955,442 

(Podder et al. 

2015) 

MAP_SSR

1_P5F* 

CAGCTGA

TAGTCGT

TGGGCA 

55.18 55 20 4 5 4 7 
1,792,895 - 

1,792,914 

304 bp 

None, Primer 

Blast 

Developed 

MAP_SSR

1_P5R 

GTACACC

TGCAAGG

GCGAG 

54.58 63 19 5 2 5 7 
1,793,180 - 

1,793,198 

None, Primer 

Blast 

Developed 

aAll primers marked with “*” are attached with 6-FAM at the 5’ end of the sequence when used for fragment analysis. 
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Appendix Table A15: Primers used for the Amplification step of Amplicon Sequencing 

Primer 

Name 
Primer Sequencea 

Nearest 

Neighbor Tm 

(°C)b 

CG 

(%)b 

# of 

nucleotidesb 
#Ab #Tb #Cb #Gb 

Binding 

location (K-10)c 

Amplicon 

Size (K-10)b 

SSR1c-

III-F 

ACACTCTTTCCCTACACGACGC

TCTTCCGATCTAGTGCACGTAC

GGCCCCCCC 

59.47 (75.98) 75 (60) 20 (53) 3 (9) 2 (12) 10 (24) 5 (8) 
1,793,077 - 

1,793,096 
150 bp (217 

bp) 
SSR1c-

III-R 

GTGACTGGAGTTCAGACGTGTG

CTCTTCCGATCTTCACCGACGG

CGCCCCGATC 

61.61 (77.05) 75 (61) 20 (54) 3 (8) 2 (13) 10 (18) 5 (15) 
1,793,207 - 

1,793,226 

SSR1d-

III-F 

ACACTCTTTCCCTACACGACGC

TCTTCCGATCTACGTGCTGCC

GGAGCC 

55.04 (76.1) 75 (59) 16 (49) 2 (8) 2 (12) 6 (20) 6 (9) 
1,793,038 - 

1,793,053 
121 bp (188 

bp) 
SSR1d-

III-R 

GTGACTGGAGTTCAGACGTGTG

CTCTTCCGATCTTGGTCCGCGC

CAACGG 

54.98 (75.98) 75 (60) 16 (50) 2 (7) 2 (13) 6 (14) 6 (16) 
1,793,143 - 

1,793,158 

aPortion of sequenced underlined and in bold represents the portion of the primer binding to the genome. 
bPrimer Binding Portion (Total Primer). 
cBased on the primer binding portion of primer on the K-10 genome. 
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Appendix Table A16: Indexing primers used for amplicon sequencing 

Primer 

Name 
Primer Sequence 

Nearest 

Neighbor 

Tm (°C) 

CG 

(%) 

# of 

nucleotides 
#A #T #C #G 

PCR-

D711 

CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGACTGGAGTTCAGACGTG

T 
76.94 55 53 16 8 10 19 

PCR-

D712 

CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGACTGGAGTTCAGACGTG

T 
75.25 51 53 15 11 11 16 

PCR-

N726 

CAAGCAGAAGACGGCATACGAGATGTCTTAGGGTGACTGGAGTTCAGACGTG

T 
74.22 51 53 15 11 9 18 

PCR-

N727 

CAAGCAGAAGACGGCATACGAGATACTGATCGGTGACTGGAGTTCAGACGTG

T 
74.5 51 53 16 10 10 17 

PCR-

B707 

CAAGCAGAAGACGGCATACGAGATAAGGCGTAGTGACTGGAGTTCAGACGTG

T 
74.78 51 53 17 9 9 18 

PCR-

B708 

CAAGCAGAAGACGGCATACGAGATGTCCTAAGGTGACTGGAGTTCAGACGTG

T 
74.22 51 53 16 10 10 17 

PCR-

B723 

CAAGCAGAAGACGGCATACGAGATCCGTTATGGTGACTGGAGTTCAGACGTG

T 
74.22 51 53 15 11 10 17 

PCR-

B724 

CAAGCAGAAGACGGCATACGAGATTGCAAGACGTGACTGGAGTTCAGACGTG

T 
75.07 51 53 17 9 10 17 

PCR-

D507 

AATGATACGGCGACCACCGAGATCTACACCAGGACGTACACTCTTTCCCTACA

CGAC 
74.11 53 57 17 10 20 10 

PCR-

D508 

AATGATACGGCGACCACCGAGATCTACACGTACTGACACACTCTTTCCCTACA

CGAC 
73.81 51 57 17 11 20 9 

PCR-

S521 

AATGATACGGCGACCACCGAGATCTACACGAGCCTTAACACTCTTTCCCTACA

CGAC 
74.33 51 57 17 11 20 9 

PCR-

S522 

AATGATACGGCGACCACCGAGATCTACACTTATGCGAACACTCTTTCCCTACA

CGAC 
73.92 49 57 17 12 19 9 

PCR-

B501 

AATGATACGGCGACCACCGAGATCTACACTTGAGCTCACACTCTTTCCCTACA

CGAC 
74.58 51 57 16 12 20 9 

PCR-

B502 

AATGATACGGCGACCACCGAGATCTACACACCGCTATACACTCTTTCCCTACA

CGAC 
74.12 51 57 17 11 21 8 

PCR-

B515 

AATGATACGGCGACCACCGAGATCTACACGCAACCATACACTCTTTCCCTACA

CGAC 
74.13 51 57 18 10 21 8 

PCR-

B516 

AATGATACGGCGACCACCGAGATCTACACAGTTGTGCACACTCTTTCCCTACA

CGAC 
74.22 51 57 16 12 19 10 
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Appendix Table A17: Differences observed in the expected and observed sizes for PCR products targeting select SSR loci in 

MAP reference strain K-10. 

SSR 

Locus 
Repeat type 

Number of 

Repeats 

Expected Fragment Analysis Product 

Size (bp) 

Observed Fragment Analysis 

Size (bp) 

1 
Mononucleotide 

(G) 
19 304 292 

2 
Mononucleotide 

(G) 
10 235 230 

8 
Trinucleotide 

(GGT) 
5 208 204 

9 
Trinucleotide 

(TGC) 
5 127 119 
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Appendix Table A18: Fragment Analysis results of a selection of strains from 14 high-shedding dairy cattle (n=139) and a 

comparison to their expected sizes as identified by whole genome sequencing. 

Animal 

ID 

Isolate 

ID 

SSR1 Peak 

Size based 

on accepted 

Fragment 

Analysis 

Results 

SSR1 Repeat 

Size Based on 

comparison 

to K-10 

Fragment 

Analysis Size 

SSR1 Repeat 

Size based on 

WGS 

Sequencing 

Number of 

Agreeing 

SSR1 Sizes 

SSR2 Peak 

Size based 

on accepted 

Fragment 

Analysis 

Results 

SSR2 

Repeat Size 

Based on 

comparison 

to K-10 

Fragment 

Analysis 

Size 

SSR2 

Repeat 

Size based 

on WGS 

Sequencin

g 

Number of Agreeing 

SSR2 Sizes 

Standard K-10 292 19 19 1/1 230 10 10 1/1 

A25 #23 290 17 12 

0/10 

230 10 10 

10/10 

A25 #24 290 17 12 230 10 10 

A25 #25 294 21 16 229 9 9 

A25 #26 293 20 15 229 9 9 

A25 #27 290 17 12 230 10 10 

A25 #28b 291 18 13 230 10 10 

A25 #29b 294 21 16 232 12 12 

A25 #30b 289 16 11 230 10 10 

A25 #212 296 23 19 229 9 9 

A25 #213 296 23 20 230 10 10 

A26 #32 289 16 11 

0/10 

230 10 10 

10/10 

A26 #33 291 18 13 229 9 9 

A26 #34 290/291 17/18 13 232 12 12 

A26 #35 289 16 11 231 11 11 

A26 #36 288/289 15/16 11 231 11 11 

A26 #37 293 20 15 231 11 11 

A26 #38 290 17 12 230 10 10 

A26 #214 288 15 10 230 10 10 

A26 #215 289/290 16/17 12 230 10 10 
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A26 #216 294 21 16 230 10 10 

AM1 #217 296 23 18 

0/10 

231 11 10 

2/10 

AM1 #218 292 19 14 231 11 10 

AM1 #219 289 16 11 231 11 10 

AM1 #220 289 16 11 232 12 11 

AM1 #221 295 22 18 231 11 10 

AM1 #222 289/290 16/17 12 232 12 11 

AM1 #223 290 17 12 233 13 12 

AM1 #224 289 16 11 232 12 11 

AM1 #225 293 20 14 230 10 10 

AM1 #226 292/293 19/20 15 232 12 12 

A32 #113 295 22 18 

0/10 

233/234 13/14 14 

5 or 6/10 

A32 #114 294/295 21/22 17 232 12 12 

A32 #115 292 19 14 236/237 16/17 UNK 

A32 #116 291 18 13 234 14 14 

A32 #117 293 20 15 233 13 13 

A32 #118 294 21 17 234 14 15 

A32 #119b 296/297 23/24 18 233 13 16 

A32 #120 295 22 18 236 16 18 

A32 #121 292/293 19/20 14 232 12 12 

A32 #122 293 20 15 232 12 12 

AM2 #123 292 19 14 

0/10 

232 12 12 

5 or 6/10 

AM2 #124 298 25 19 UNK UNK 14 

AM2 #125 294/295 21/22 17 234/235 14/15 15 

AM2 #228 295/296 22/23 18 231 11 11 

AM2 #229 294 21 15 234 14 14 

AM2 #230 299 26 20 233 13 14 

AM2 #231 296 23 12 233 13 10 

AM2 #232 297 24 20 232 12 12 
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AM2 #233 295 22 19 233 13 13 

AM2 #234 295/296 22/23 18 231 11 13 

A34 #126 291 18 13 

0/10 

233 13 13 

9/9 available results 

A34 #127 298/299 25/26 19 231 11 11 

A34 #128 296 23 19 233 13 13 

A34 #129 295 22 17 230 10 10 

A34 #130 292 19 14 232 12 12 

A34 #131 292/293 19/20 14 UNK UNK 14 

A34 #132 297 24 22 231 11 11 

A34 #133 293 20 15 231 11 11 

A34 #236 292 19 14 233 13 13 

A34 #237 291/292 18/19 14 233 13 13 

AM3 #134 298/299 25/26 20 

0/9 

available 

results 

234 14 15 

8 or 9/10 

AM3 #135 298/299 25/26 17 232 12 12 

AM3 #238 298/299 25/26 UNK 234/235/236 14/15/16 14 

AM3 #239 295/296 22/23 19 230 10 10 

AM3 #240 296/297 23/24 20 231 11 11 

AM3 #241 294 21 16 231 11 11 

AM3 #242 297 24 22 233 13 13 

AM3 #243 294/295 21/22 17 233 13 13 

AM3 #244 298 25 22 234 14 14 

AM3 #245 297/298 24/25 22 233 13 13 

A36 #136 298/299 25/26 UNK 

 

 

0/5 

available 

results 

UNK UNK 13 

7 or 8/9 available 

results 

A36 #247 295 22 12 230 10 10 

A36 #248 297/298 24/25 UNK 232 12 12 

A36 #249 298/299 25/26 24 230/231 10/11 10 

A36 #250 297 24 UNK 231 11 11 

A36 #251 298/299 25/26 UNK 234 14 13 

A36 #252 295 22 19 230 10 10 
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A36 #253 298 25 UNK 232 12 12 

A36 #254 294 21 20 230 10 10 

A36 #255 295 25 18 230 10 10 

A37 #137 298/299 25/26 20 

0/7 

available 

results 

230 10 10 

10/10 

A37 #256 298/299 25/26 UNK 231 11 11 

A37 #258 298/299 25/26 UNK 230 10 10 

A37 #259 295/296 22/23 18 230 10 10 

A37 #260 298/299 25/26 UNK 233 13 13 

A37 #261 296/297 23/24 17 230 10 10 

A37 #262 292 19 13 230 10 10 

A37 #263 295/296 22/23 19 230 10 10 

A37 #264 293/294 20/21 16 230 10 10 

A37 #265 296/297 23/24 19 230 10 10 

A19 #159 294/295 21/22 18 

0/9 

available 

results 

230 10 10 

10/10 

A19 #160 295 22 19 230 10 10 

A19 #161 293 20 15 229 9 9 

A19 #162 296 23 19 230 10 10 

A19 #163 UNK UNK UNK 230 10 10 

A19 #164 295 22 18 230 10 10 

A19 #165 290 17 12 233 13 13 

A19 #166 292 19 14 229 9 9 

A19 #167 295/296 22/23 18 230 10 10 

A19 #168 295/296 22/23 19 230 10 10 

A20 #169 295 22 17 

0/8 

available 

results 

232 12 12 

8 or 9/9 

A20 #170 296/297 23/24 UNK 233/234 13/14 14 

A20 #171 294 21 17 230 10 10 

A20 #172 294 21 15 233 13 13 

A20 #173 293 20 15 233 13 13 

A20 #174 292 19 14 230 10 10 
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A20 #175 290 17 12 230 10 10 

A20 #176 296/297 23/24 21 230 10 10 

A20 #177 290 17 12 232 12 12 

A21 #179 295 22 16 

0/10 

230 10 10 

9/10 

A21 #180 297 24 20 230 10 10 

A21 #181 298/299 25/26 23 232 12 12 

A21 #182 294 21 15 234 14 14 

A21 #183 293 20 15 231 11 11 

A21 #184 294 21 15 231 11 11 

A21 #185 296 23 18 231 11 11 

A21 #186 292/293 19/20 17 231 11 12 

A21 #187 293 20 15 231 11 11 

A21 #188 295/296 22/23 19 232 12 12 

A22 #189 293 20 14 

0/10 

234 14 14 

9/10 

A22 #190 294 21 15 231 11 11 

A22 #191 293 20 14 230 10 10 

A22 #192 294/295 21/22 17 231 11 11 

A22 #193 293 20 14 232 12 12 

A22 #194 294/295 21/22 16 230 10 10 

A22 #195 293 20 14 232 12 12 

A22 #196 292/293 19/20 16 231 11 11 

A22 #197 296 23 19 234 14 13 

A22 #198 292 19 13 230 10 10 

A23 #199 294/295/296 21/22/23 15 

0/10 

236/237 16/17 15 

4 to 7/10 

A23 #200 296 23 19 235/236 15/16 15 

A23 #201 290 17 12 237 17 18 

A23 #202 293/294 20/21 15 231 11 11 

A23 #203 292 19 14 233 13 13 

A23 #204 293 20 15 236/237 16/17 16 
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A23 #205 291 18 13 234 14 15 

A23 #206 293 20 15 231 11 11 

A23 #207 293 20 14 233/234 13/14 14 

A23 #208 290 17 12 232 12 12 
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Appendix Table A19: Number of reads identified by amplicon sequencing of axenic 

cultures that matched expected repeat sizes previously identified by whole genome 

sequencing of isolates grown from high-shedding dairy cattle. 

 

Animal ID Repeat Sizea 
Number of Reads  

(Primer Set C) 

Number of Reads  

(Primer Set D) 

A23 

7 14 2778 

8 0 2771 

9 119 2762 

10 864 2750 

11 1999 2617 

12 2798 2047 

13 1929 1062 

14 486 290 

15 41 29 

16 3 8 

17 0 2 

18 0 0 

19 0 0 

20 0 0 

21 0 0 

A25 

7 9 22 

8 20 24 

9 601 122 

10 3771 785 

11 3672 2357 

12 2458 2349 

13 1169 998 

14 293 268 

15 27 23 

16 3 1 

17 0 0 

18 0 0 

19 1 0 

20 0 0 

21 0 0 

A26 

7 7 14 

8 105 113 

9 1676 1685 

10 2272 2282 

11 3907 3918 

12 2529 2541 
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13 1167 1180 

14 329 343 

15 23 38 

16 4 20 

17 0 17 

18 1 19 

19 0 19 

20 0 20 

21 0 21 
aRepeat sizes highlighted in blue were confirmed to be present in whole genome 

sequencing results of isolates that were pooled together for use in amplicon sequencing 

samples, while those highlighted in orange were not.  
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Appendix Table A20: Number of reads identified by amplicon sequencing of lawn 

DNA grown from high-shedding dairy cattle. 

 

Animal ID Repeat Size 
Number of Reads  

(Primer Set C) 

Number of Reads  

(Primer Set D) 

A23 

7 3256 3263 

8 3249 3257 

9 3236 3245 

10 3223 3233 

11 3071 3082 

12 2352 2364 

13 1163 1176 

14 307 321 

15 40 55 

16 7 23 

17 1 18 

18 0 18 

19 0 19 

20 0 20 

21 0 21 

A25 

7 12 6 

8 6 69 

9 186 1158 

10 1523 1631 

11 4013 2590 

12 2917 1902 

13 1463 915 

14 304 218 

15 11 19 

16 2 4 

17 0 0 

18 0 0 

19 0 0 

20 0 0 

21 0 0 

A26 

7 9 13 

8 31 84 

9 531 1504 

10 3024 1939 

11 3623 3156 

12 2480 2372 

13 1118 1046 
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14 263 326 

15 28 27 

16 1 3 

17 0 0 

18 0 0 

19 1 0 

20 0 0 

21 0 0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

443 
 

Bibliography for Appendix III 

1. Podder, M. P., Banfield, S. E., Keefe, G. P., Whitney, H. G. & Tahlan, K. Typing of 

Mycobacterium avium subspecies paratuberculosis Isolates from Newfoundland 

Using Fragment Analysis. PLOS ONE 10, e0126071 (2015). 

2. Ahlstrom, C., Barkema, H. W. & De Buck, J. Improved Short-Sequence-Repeat 

Genotyping of Mycobacterium avium subsp. paratuberculosis by Using Matrix-

Assisted Laser Desorption Ionization–Time of Flight Mass Spectrometry. Applied and 

Environmental Microbiology 80, 534–539 (2014). 

3. Amonsin, A. et al. Multilocus Short Sequence Repeat Sequencing Approach for 

Differentiating among Mycobacterium avium subsp. paratuberculosis Strains. J Clin 

Microbiol 42, 1694–1702 (2004). 

4. Li, L. et al. The complete genome sequence of Mycobacterium avium subspecies 

paratuberculosis. Proc Natl Acad Sci U S A 102, 12344–12349 (2005). 

5. Wynne, J. W. et al. Resequencing the Mycobacterium avium subsp. paratuberculosis 

K10 genome: improved annotation and revised genome sequence. J Bacteriol 192, 

6319–6320 (2010). 

6. Davidson, F. W., Ahlstrom, C., De Buck, J., Whitney, H. G. & Tahlan, K. 

Examination of Mycobacterium avium subspecies paratuberculosis mixed genotype 

infections in dairy animals using a whole genome sequencing approach. PeerJ 4, 

e2793 (2016). 

7. Oakey, J., Gavey, L., Singh, S. V., Platell, J. & Waltisbuhl, D. Variable-number 

tandem repeats genotyping used to aid and inform management strategies for a bovine 



 

444 
 

Johne’s disease incursion in tropical and subtropical Australia. J Vet Diagn Invest 26, 

651–657 (2014). 

8. Untergasser, A. et al. Primer3—new capabilities and interfaces. Nucleic Acids 

Research 40, e115 (2012). 

9. Ye, J. et al. Primer-BLAST: A tool to design target-specific primers for polymerase 

chain reaction. BMC Bioinformatics 13, 134 (2012). 

10. Kibbe, W. A. OligoCalc: an online oligonucleotide properties calculator. Nucleic 

Acids Res 35, W43-46 (2007). 

11. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of 

image analysis. Nat Methods 9, 671–675 (2012). 

12. Chen, S., Zhou, Y., Chen, Y. & Gu, J. fastp: an ultra-fast all-in-one FASTQ 

preprocessor. Bioinformatics 34, i884–i890 (2018). 

13. Life Technologies. DNA Fragment Analysis by Capillary Electrophoresis. (2014). 

14. Fazekas, A., Steeves, R. & Newmaster, S. Improving sequencing quality from PCR 

products containing long mononucleotide repeats. Biotechniques 48, 277–285 (2010). 

15. Kieleczawa, J. Fundamentals of Sequencing of Difficult Templates—An Overview. J 

Biomol Tech 17, 207–217 (2006). 

16. Sohal, J. S. et al. Genetic structure of Mycobacterium avium subsp. paratuberculosis 

population in cattle herds in Quebec as revealed by using a combination of multilocus 

genomic analyses. J Clin Microbiol 52, 2764–2775 (2014). 

17. Stoler, N. & Nekrutenko, A. Sequencing error profiles of Illumina sequencing 

instruments. NAR Genomics and Bioinformatics 3, lqab019 (2021). 

 



 

445 
 

Appendix IV: Data and Code Availability 

 Code used for each Chapter of this thesis is available at the following repository: 

https://gitfront.io/r/asb068/amhz1zp7hQfQ/Alex-Byrne-Thesis-Repository/ 

 The 67 datasets presented in Chapter IV of this thesis are associated with the 

NCBI BioProject PRJNA925907 and can be found in the NCBI Sequence Read Archive 

(SRA) repository under the accession numbers SRR23179790 to SRR23179856. 

 The 139 MAP genome sequences presented in Chapter V of this thesis are 

associated with BioProject PRJNA925907 and have been deposited in the NCBI SRA 

repository under the accession numbers: SRR23179790-SRR23179792, SRR23179800, 

SRR23179819, SRR23179829, SRR23179835, SRR23179843, SRR23179850, 

SRR23179851, SRR23179853, SRR23179854, SRR23179855, SRR23179856, and 

SRR24326188-SRR24326312. References and accession numbers for all other publicly 

available datasets used are presented in Appendix Table A1. 
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