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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.



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



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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CHAPTER1
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 !. 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 >, 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) 58, The annual
economic impact of MAP has been estimated at $28 million USD in Canadian farms °,
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 '®"12. Mycobacteria can be categorized into three major



groups: those that cause tuberculosis (TB) and are part of the Mycobacterium tuberculosis
complex (MTBC) '3, those that cause leprosy (including Mycobacterium leprae and
Mycobacterium lepromatosis) '*, and all remaining members, collectively referred to as
either atypical mycobacteria '°, non-tuberculous mycobacteria (NTM), or mycobacteria
other than M. tuberculosis (MOTT) '°. 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 '®'®. 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 '®!°. In addition to the reclassified
Mycobacterium genus, which includes many major human pathogens, the other clades
were renamed as Mycolicibacterium, Mycolicibacter, Mycolicibacillus, and

Mycobacteroides 1192,

1.3 Mycobacterium avium subsp. paratuberculosis (MAP)
1.3.1 The Mycobacterium avium complex

Several species of non-tuberculous mycobacteria are naturally occurring

21,22

opportunistic pathogens. They may inhabit several environments , including both

23—25’ soil 26-28

natural and drinking water , and dust or aerosols **2°. 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

33-35

pulmonary disease %3!32, lymphadenitis **°, and disseminated infections in severely

immunocompromised hosts, such as those infected with human immunodeficiency virus



(HIV) 3637 or those under treatment with immunosuppressants 8. 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) *. 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) >3, Differentiation of MAC species is typically
done through examination of the high-performance liquid chromatography (HPLC)

patterns of the mycobacterial cell wall components %4

or through multi-locus sequence
analysis of select portions of MAC genomes: the 16S rRNA gene, 4sp65, rpoB, and the

16S-23S rDNA internal transcribed spacer (ITS) 341434547,

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) %2, 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 °2. Similarly, any taxa pairs with >



97% ANI similarity (80% GGD) are classified as the same subspecies °2. 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 157245, 1S1311, IS900, and
IS901 33753 or based on the presence or absence of large sequence polymorphisms (LSPs)
%, Confirmation of M. avium subsp. lepraemurium is possible through the confirmation

of select polymorphisms found within the 16S rRNA gene 7.

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 **°, In addition to
causing disease within both wild and domestic birds, M. avium subsp. avium can infect

mammalian species, including humans %6063,

M. avium subsp. silvaticum, formerly referred to as the “wood pigeon
mycobacteria”, has been known to infect a variety of species ®’. 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 3274,

M. avium subsp. hominissuis is an opportunistic pathogen which favours infecting
mammalian species such as humans ¢, pigs ¢! or dogs ¢°. This is currently the most

clinically relevant M. avium subspecies in immunocompromised patients, with patients



acquiring disseminated infections, soft tissue infections, pulmonary infections or cervical

lymphadenitis 3261:68.70-72,

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 >~7%. 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 >°777,

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 *%°. 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 33, MAP has also been associated
with several other human diseases, including Blau syndrome %, type I diabetes mellitus

8691 'Hashimoto’s thyroiditis °*~* and multiple sclerosis %1%,

MAP is closely related to M. avium subsp. avium, with a 16S rRNA sequence
similarity of 99.9% %, Like other members of the MAC, MAP is a slow-growing
mycobacteria, with a doubling time exceeding 22-26 hours '7!% 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



present within media to grow under laboratory conditions, unlike other members of the
MAC 66105107 ‘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 %1%, Due to a truncation within the mthA4 gene of the mycobactin cluster,

111,112

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

uptake pathway to compensate for this loss 13114,

Genomic features unique to MAP include the presence of insertion sequences
15900, a 1.4 kb multicopy (16-22) insertion sequence (IS) exclusive to the MAP genome
STHSS “and ISMap(2, a multicopy (6) putative IS element found only within the MAP
genome 7118 1§900 has been used for strain typing of MAP strains through restriction
fragment length polymorphism (RFLP) analysis ''°. However, typing by RFLP using
IS900 is limited, as some studies have indicated that PCR primers traditionally used for
15900 region amplification can amplify 15900-like sequences present in other
mycobacterial species '2*!?!, Such studies have found that non-MAP isolates had 1S900-
like sequences with 71% to 94% homology to /1S900. Recent work has shown that primers
previously used as the standard for /5900 typing have mismatches which cause
amplification of these 15900-like sites, and recommend the use of updated primer pairs

that are more specific to 1S900 '2%123,

Similarly to 75900, the multicopy and MAP-exclusive nature of /SMap(2 made it
a target for PCR-based MAP-detection assays of fecal samples '**12°. However, like

15900, it was found that the PCR showed positive results with non-MAP samples,



suggesting a conserved region between ISMap(2 and non-MAP IS elements '?°. Aside
from 15900, several single-copy genes unique to MAP have been identified >’ and some

have been used for detection purposes including AspX 122130 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 3”14, 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 '°'"!>, 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 1°615¥ Shedding of MAP through feces is unpredictable and
can occur within weeks of infection, contaminating the environment and spreading MAP
throughout the herd 371510, Transmission between animals typically occurs through the
fecal-oral route, with young cattle becoming infected by adult stock 1162, This is
especially prevalent in calves younger than six months old, which are more susceptible to
infection !9, Transmission of MAP from cow to calf has also been recorded through the

direct ingestion of colostrum or milk ®*16% though in-utero infections °-1% . Infections

derived from the environment have also been described '7%!7!,

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



symptoms that are observed, and the ease at which MAP can be detected within infected

organisms (Figure 1.1) 136157172,

The first stage of infection is referred to as the “silent infection” phase and occurs
in calves up to two years old !"%!72, Contraction of MAP and progression to this phase
typically occurs through the ingestion of contaminated milk, water or feed '#4165173  ag
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 '72. 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 72,

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 !4, However, animals at this stage may have developed
antibodies against MAP, along with altered cellular immune responses typically
associated with disease !">17>17® Detection through fecal cultures remains possible at this
stage but, like fecal PCR, it is not sensitive due to the intermittent excretion of MAP
19177178 ‘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 3712, 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 !"*13° MAP detection is also possible using fecal gPCR based methods,



which vary in efficiency depending on the commercial gPCR and DNA extraction kit
used 7%, 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 '°7-!72181:182 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 17>!83, 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 '**.

If the infected animal is not culled at this point, a fourth stage of JD, referred to as
“advanced clinical infection”, will develop '*717%1%5 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.



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 '°71%¢: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 '8, 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 '*1'%2. 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 '87:193:194 ‘This fibronectin-dependant uptake of MAP
may contribute to the favouring of invasion of MAP through M-cells, which are enriched
with the B1 integrins that act as fibronectin receptors '*°. Invasion of the M-cells occurs

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

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

189,197-199 and

are translocated into the submucosa, where they encounter dendritic cells
subepithelial macrophages %%, 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 '8¢2°!1, 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

10



of the macrophage, to enhance immune evasion and allow for growth !86:187:202-205 QOnce
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 2. Once within the macrophage, granulomas begin to develop and
grow within the host, progressing into complex, structured lesions as the infection
continues 2°7?%®, 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 2°72%_ Cattle showing clinical symptoms of MAP
typically show diffuse lesions, with widespread granulomatous enteritis and a thickening
of the cell wall 272, Diffuse lesions are described as being either paucibacillary,
intermediate, or multibacillary, and have been shown in cattle, sheep, goats, and deer
2072102212 T esions may be classified as paucibacillary when the enteric inflammatory
infiltrate is primarily composed of lymphocytes with few mycobacteria 2°72%,
Intermediate lesions develop when most of the inflammatory cells are giant cells or when
macrophages contain only a few mycobacteria 2°72%, Multibacillary lesions occur when
most inflammatory cells of the lesion are macrophages filled with numerous

mycobacteria 2072%,

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

11



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 2!°.

Post-mortem necropsy with culture and histopathology on multiple tissues
throughout the digestive tract allows for definitive confirmation of JD infection 2!°,

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

215,216 217

mesenteric and ileocecal lymph nodes, ileum, and liver , or fecal smears '/ 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 2!°-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 2!>?!321° 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 *!°,
As previously discussed, analysis methods which rely on targeting MAP specific
sequences include 7S900-RFLP ''° and PCR targeting either AspX 128°130 57 131133 op
locus 251 134136 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 7%,

12



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 20%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 '3*??!, 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 213222223,

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 ??*, 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 22622,
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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 2*?%, 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 2*°, while also being protected from the effects of select
antimicrobials 2*!. Additionally, the growth of M. avium within the amoeba was shown to
be more virulent within mouse models than broth-grown bacteria 2*°. Similar experiments

. 229,232

repeated with MAP showed that ingestion and growth within 4. castellanii or

Acanthamoeba polyphaga >, 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 4. castellanii, **%.

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 2*°. Biofilm
formation has been described in Mycobacterium smegmatis, M. tuberculosis, and M.

avium subsp. avium *3¢23°_ The formation of glycopeptidolipids, species-specific

14



mycobacterial lipids found within the cell envelope 240-24!

, 1s an important factor in
biofilm formation within both MAP and M. avium subsp. avium *****3. While the exact
mechanism for biofilm formation in MAP is uncertain, transposon insertions within the
non-ribosomal peptide synthase gene pstA4 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
244246 Tn addition to biofilm formation, MAP has also been reported to develop a spore-
like form when placed under nutrient-starving conditions 2*’. While entry into such a state
would allow for MAP to persist under harsh conditions within both aquatic and soil

247,248 and

environments, the ability of mycobacteria to sporulate is a controversial topic
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 2*252, Current vaccine developments for JD focus on the use of

live attenuated vaccines 2332%°

or subunits, such as recombinant MAP proteins with
adjuvants 2426258 ' 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 >%.

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 '3+2°°. 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 %4, 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 269261,

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 2. This idea is the
foundation on which many JD control programs are based, and while some cases have

D 263-265

shown a significant reduction in the prevalence of J , complete eradication is only
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achievable in some herds 2%, 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 '°71%2, 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” 1°¢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 !7>. 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) '>°,

1.7 Sub-typing and Strain Typing of MAP

While on-farm biosecurity measures aim to limit the spread of infection 2%, 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 292!, 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

17



polymorphisms (LSP) 2’27 and differences within the IS7311 insertion sequence 274-27°,

The large sequence polymorphism LSP#20 is absent in S-type strains, while LSP*4 is
absent in C-type strains 2’>27*, The confirmation of these LSP sequences through PCR
allows for accurate sub-typing. Restriction enzyme assays targeting the /S7311 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 2’’. The presence of this SNP within a C-type 151311 PCR product
allows for the visualization of a distinct HinfI restriction enzyme digestion profile after
size separation by agarose gel electrophoresis 2’’. Additional works show that the division
into two major sub-types can also be determined using /S900-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 24?7, Whole genome sequencing (WGS) results later confirmed that
Type I1I isolates were a sub-type of Type I °*. Distinction of B-type isolates from Type II
isolates was initially performed using 157311 PCR restriction endonuclease assays >'¢2%,
with both 1§7311 PCR restriction endonuclease assays and WGS later confirming the

presence of “American Bison” and “Indian Bison” lineages 3!%%2,

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

particular host; therefore, the Type I, Il and III classification system is preferred 33271283
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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 28?87, 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 genome™2%3-2%,

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) ?°'2%, 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 2°+2°%, 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 2°7-2%°. 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 2%, or lead to treatment complications due to varying antibiotic resistance
profiles (also known as heteroresistance) %!, 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 '7>3%2, 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 %, Additionally, MSIs have the potential
to interfere with host immune responses due to antigenic variations that might exist

between different strains 224394303,

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 331, In tuberculosis, treatment complications may
be caused by heteroresistance in MGls 33! While antibiotic resistance in MAP has
been identified in certain studies *'!, antibiotics have not typically performed to clear
MAP infections of JD, though some treatments for Crohn’s Disease have been attempted

81312 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 >2°%313 Due to the fact that cattle

163 with very long periods of

become infected with MAP at ages younger than six months
incubation (5-7 years) caused by this slow-growing pathogen we hypothesize that MGls,
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 #3939 Since mixed-strain
tuberculosis infections impact the treatment and control of tuberculosis 2°3!4, 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 *!°, which was later validated through
WGS and SNP-based analysis 2. 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 316320,

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

Visible Symptoms

1 Cow
Advanced
Chinical
Infection

No Visible Symptoms

1-2 Cows

Clinical Infection

4-8 Cows

Subclinical Infection

<2 Cows
Silent Infection

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.”’’, 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

Mycobacterium avium
subsp. avium

Mycobacterium avium
subsp. hominissuis

Mycobacterium avium
subsp. lepraemurium

Mycobacterium avium
subsp. paratuberculosis

Mycobacterium avium
subsp. silvaticum

Mycobacterium
bouchedurhonense

41

Establishment of subspecies by °°.

Establishment of subspecies by 3.

Initially described by 7%, added to MAC by
7. declared Mycobacterium avium
subspecies by 2.

Establishment of subspecies by .

Establishment of subspecies by °°.

42

25

Osteomyelitis and pulmonary infections in humans
321,322

Primarily avian tuberculosis, some mammalian
. . 58,60-63
and human infections were noted .

Soft tissue infections, pulmonary infections and

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

Murine and feline leprosy >7°.

Johne's Disease in ruminant organisms '%7,
potentially Crohn's Disease in humans %83,

Opportunistic infections in a variety of bird and
mammal species %+6>¢7,

Pulmonary Infections *?



Mycobacterium
colombiense

Mycobacterium
intracellulare subsp.
chimaera

Mycobacterium
intracellulare subsp.
intracellulare

Mycobacterium
intracellulare subsp.
yongonense

Mycobacterium mantenii

Mycobacterium
marseillense

Mpycobacterium
paraintracellulare

324 as MAC-X, * as Mycobacterium
colombiense.

324 as MAC-A, *® as Mycobacterium
chimaera, later amended to be a subspecies
of Mycobacterium intracellulare by °.

Establishment of subspecies by *%.

Misidentified as a species by **, later
amended to be a subspecies of
Mycobacterium intracellulare by 3.

48

42

44

26

Lymphadenopathy and pulmonary infections
within humans with weakened immune systems,
with fatal cases previously recorded 325-3%7,

Pneumonia, opportunistic endocarditis after open
heart surgeries 328332,

Pulmonary infections 334333,

Pulmonary infections 336337,

Skin and soft tissue infections 3338340,

Pulmonary infections, skin infections and
lymphadenitis 34134,

Pulmonary infections *4,



40

Mycobacterium senriense Pulmonary infections °.

. . Pulmonary infections, opportunistic infections
Mpycobacterium timonense 42 Y 34,6’34p7p

324 as MAC-Q, *7 as Mycobacterium

- ti d ical lymphadenitis 47
vulnerlS. Suppura 1v€ wounds, C€rvica ymp adenitis

Mycobacterium vulneris
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CHAPTER 11
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 3*®. 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 25", 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;

28



(i1) 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: (1) full-text
availability; (i1) article in English or French; and (ii1) 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; (i1) reported detected mixed-species infections, e.g., M.
tuberculosis and M. bovis together; (ii1) 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 '78. 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 Al.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) 343, 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 inl mL of 1/2X BHI broth containing 100 pg/mL of vancomycin (US
Pharmacopeia, Rockville, MD), 100 pg/mL of nalidixic acid and 50 pg/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 puL 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 *!, two 50 mL tubes containing 6 mL of the M7HOC medium were
inoculated with 100 and 400 uL 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 9" week of incubation, then every 4-6 weeks after this point, the growth
of MAP was monitored by the Morse staining method. Briefly, 2 uL 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 uL 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
(~10°) 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 7" 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 [V 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 2. The trimmed FASTQ files were checked with FastQC to
validate read quality 33, 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 *>* using the National Center for
Biotechnology Information (NCBI) RefSeq database and 138 MAP sequences from the
European Nucleotide Archive (ENA) 3%, KrakenTools v. 1.2 was used to extract reads
corresponding to the family Mycobacteriaceae (NCBI TXID 1762) 3%, 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 *°7%%, RagTag v. 2.1.0 was used to
improve the contig assemblies produced by SPAdes **°. QUAST v. 5.0.2 was used on both
SPAdes contig/scaffold and RagTag scaffold results to identify any outstanding quality
control issues *%°. 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 ¢!,
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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 111, and type B MAP strains) *2. Prokka HMM
databases were enhanced with Pfam and TIGRFam databases 2% 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) *%. 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 *%¢3%7, 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 [Q-TREE v. 1.6.12 which selected the
optimal model for tree building (GTR+ASC) and built each tree with 1,000 bootstraps

368399 Tree visualization was performed using ITOL v. 6.0 37°,

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 2%¢. 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 27*"!, 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 Il phylogeny and shedding data, allowed for a visual representation of the in-
silico analysis *’>. ML-SSR and MIRU-VNTR patterns were compared with those found
in the MAC-INMYV database to compare analyzed strains with previously characterized
isolates 3”3. 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:

1 N
DI =1- —Z (n;—1
IN(N —1) Ly, )l
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 #; 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 uL Green GoTaq buffer (Promega), 1.5 pL 25 mM MgCl, (Promega), 2.5 uL 2 mM
dNTPs (Promega), 0.1 pL (5 U/uL) GoTaq G2 Flexi DNA polymerase (Promega), 2.5 uL.
(10 uM) forward and reverse primers (Eurogentec), and 5 uL. DNA (> 10 ng/uL). A
volume of 1 pL of dimethylsulfoxide (DMSO) (Sigma D2650) and/or 5 uL. of 5 M betaine
(Sigma B0300) were added as indicated **” and the total reaction volume was completed
to 25 uL 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) 2%. 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 *7 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
392,357,358 ' Sequence selection and extraction of the information at the loci SSR1 and SSR2
were performed using the in-silico-PCR software package 3’®. 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 ORFI and ORF2 was performed using a y’ 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 *7’. Representative amino
acid sequences of ORF1 and ORF2 from MAP in each reading frame were also queried
using BLASTp ””. 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 *’°, whereas ColabFold v. 1.5.2 3° was used for protein
381,382

structure prediction using Alphafold2 along with MMseqs2 with default settings

Protein structures were visualized in ChimeraX 333384,
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2.5 Figures and Tables
2.5.1 Figures

Records identified Articles included from
through Medline and review of cited references
EMBASE (n=24)
(n = 14952)
Duplicates removed
" (n = 2490)
Articles for title and
abstract
screening
(n =12462)
Irrelevant articles excluded
(n=12209)
A 4
Full text articles assessed
for eligibility
(n=253)

Articles excluded (n = 156)
Reasons for exclusion:

No MSI reported (n = 66)
‘Wrong focus (n = 43)
Conference abstract (n = 17)
Non-English/French article (n = 14)
Review article (n = 6)

Full text not accessible (n = 3)
Duplicate (n = 5)

Heteroresistance (n = 2)

+

v

Studies included in the
review
(n=121)

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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First Incubation Prep
Second Incubation Prep

Post-incubation processing

Add 15 mL of water for low
sheding samples

Vortex
2.0 g of fecal sample Settle for 30 mins at room -Exiract 5 mL of supernatant
temperature
\Add 35 mL of water for high l
sheding samples
Mix with 25 mL of 1/2 EHI w.
0.9% HPC
Antibiotic Mixture
100 ug/mL Vancomycin
idivi i Centrifuge at 900 x g for L .
100 ug/mL Nalidixic Acid °
= | Decant supernatant |(— 30 minutes at room -« I"“H:;?ﬁlggzmﬁtmy ¢
50 ug/mL Amphotericin B ELLEE s
h 4
Resuspend pellet in 1 mL - .
of 12 BHI with a mixture of — Incubate at 37°C for 48 - Transfer _tn cryogenic
T hours holding tube

Ready for growth of MAP

Aliquot stored at -80°C
cultures

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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i High Shedder Workflow
Dso gﬂg‘;g:ﬁgn’\mp Low Shedder Workflow
D: TH9 Liquid Media for Amplification Morse Staining Protocal
10% OADC I Colony Extraction Protocol
Media Recipe
2% Glycerol
Mycobactin J High Shedder Low Shedder
B: Middlebrook THSC Media
v v Middlebrook 7H9 Base
Inoculated in D at 37°C with | Up to 10 colonies selected A l;‘qL,e\eFf' gs::g:;r‘l"\’\:ated Two 50 mL tubes of B Casfons
. « €
agitation per fecal sample inoculated on A prepared Eg Yolk
A 4 v v FANTA Plus Antibiotic Mixture
Tubes inoculated with 100 uL
Incubate at 37°C and 400 uL of decontaminated Mycobactin J
MAP suspension
L 4 v v
ST T T AT Colonies typically show | Observe every 2-4 weeks Incubated at 37°Cupto 25 |
checked at 600 nm every2-4 < <
CmEm around 6-8 weeks up to 25 weeks weeks
A * Flood slide with fluorescent
N 2 uL of pelleted egg yolk o ‘Stain Auramine O for 15
A: Herrold's Egg Yolk Agar Vortexed weekly to prevent spread on slide and air dried | minutes before rinsing off with
Mycobactin J pelleting of egg yolk water
If= 07, samples If < 0.7, further
are ready for o Amphotericin —
storage preparation. Incubation is needed From 9th week of incubation
Nalidixic Acid onward, cultures monitered
every 2-4 weeks using Morse
Vancomycin Staining metnod BT CE IR, Flood slide with Decolourizer
. . o for 30 seconds before rinsing
minutes before rinsing off with o with water
water
One portion 10uL R o " After centrifugation, egg yolk
ET;“JE DEF"‘U:OOO centrifuged at inoculated on |« Serial D”ull‘?:; (1o :I 1Cm 4 <+ pellet passed 4-5 times through
cen ‘ 22 a ; 14000 x g for 15 A L 26G needle to reduce clumping
% g for 15 minutes minutes
A Observe slides on fluorescent
microscope with GFP
W Y fluorescence fiter
Store in 5% TSB w. Pellet stored at C: 7H9 Liquid Media for Dilution
30% glycerol at -80°C. Ready for
-80°C DNA Extraction AT
0.05% Tween 80 If density is sufficient, If density is insufficient,
. cultures can be further incubation is
processed required

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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Clean MAP only
FASTQ Files
MCBI Reference
Sequences
Validation of Good
FASTQ Files
Assembled Quast
Contigs/Scaffolds Contigs/Scaffold QC

Quast

Improved Assemblies — Quast RagTag QT

Assembly
Completeness/Contamination

Prokka
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e
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M VNTR Primer Geneious Annctated Genomes
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Core SNPs SNP-Sites gubbins snippy_clean-aln Core Snippy Resulis
Type ll Core SNP Core SNP Tree x4
Tree
L
Visualized Analysis of]
SSR and MIRU-
VNTR Loci

Phylogenetic Tree
Visualization

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,tikf. 261
5  MIRU-VNTR.ab,tikf. 649
6 Mycobacterial interspersed repetitive unit-variable number tandem repeat 31
typing.ab,ti,kf.
7  VNTR.ab,tikf. 4993
8  varia* number* tandem* rep* typ*.ab,tikf. 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 72323
diagnos*)).ab,ti,kf.
12 whole genom* sequenc*.ab,ti,kf. 18071
13 (assay adj2 (genom* or molecul*)).ab,ti,kf. 3169
14  typing.ab.ti. 51409
15 1OR20OR30OR40OR50R60OR70OR80OR9ORIOORI110OR120R 13 149327
OR 14
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,tikf. 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
37
38
39
40
41
42

43

44

"m. leprae".ab,ti.
"mycobacteri* leprae".ab,ti.
Nontuberculous.ab,ti.
"heteroresistan*".ab,ti.
coinfection.ab,ti.
co-infection.ab,ti.

((mixed or multiple or double or simultaneous or different) adj2 (infection® or

strain*)).ab,ti.

16 OR 17 0OR 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
15 AND 43

3013
4383
4118
580
9484
10853
50700

356175

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,tikf. 260
5 MIRU-VNTR.ab,tikf. 654
6 Mycobacterial interspersed repetitive unit-variable number tandem repeat 31
typing.ab,ti,kf.
7  VNTR.ab,tikf. 5024
8 varia* number* tandem* rep* typ*.ab,ti,kf. 91
9  MIRU.ab,tikf. 822
10 Mycobacter* interspers* rep* unit*.ab,ti,kf. 616
11 (molecular adj2 (detect® or typing or method* or technique* or 73468
diagnos*)).ab,ti,kf.
12 whole genom* sequenc*.ab,ti,kf. 18763
13 (assay adj2 (genom* or molecul*)).ab,tikf. 3221
14  typing.ab.ti. 50406
15  polyclonal:ti,ab,kw 52613
16 10R20OR30OR40OR50R60OR70OR8OR9ORI0ORI110OR 120R 13 200497
OR 14 OR 15
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,tikf. 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
41
42
43

44

45
46
47
48

"heteroresistan*".ab,ti.
coinfection.ab,ti.
co-infection.ab,ti.

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

strain*)).ab,ti.

170R I8 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
16 AND 44

lor2or3ord4orSor6or7or8or9orl0orllorl2orl3orld

44 AND 46
45 NOT 47

574
9286
10635
50700

358223

9825
148522
8930
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 #11 388,584
OR #12 OR #13 OR #14 OR #15

17  'whole genome sequencing'/exp 17,608

18  'bacteriophage typing'/exp 3,993

19 'mycobacterial interspersed repetitive unit-variable number tandem repeat 28
typing':ti,ab,kw

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

21  vntr:ti,abkw 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 96,957
diagnos™)):ti,ab,kw

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 #26 194,819
OR #27 OR #28 OR #29
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 #11 422,591
OR #12 OR #13 OR #14 OR #15

17  'whole genome sequencing'/exp 18,909

18  'bacteriophage typing'/exp 3,998

19  'mycobacterial interspersed repetitive unit-variable number tandem repeat 30
typing':ti,ab,kw

20  'miru vntr':ti,ab,kw 781

21 wvntr: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 98,652
diagnos*)):ti,ab,kw

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 #26 259,744
OR #27 OR #28 OR #29 OR #30

32 #16 AND #31 9628

33  #17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25 OR #26 195,592
OR #27 OR #28 OR #29

34 #16 AND #33 8917

35 #32NOT #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 I'V.

Strain Herd p vince Shedding gopic GGR2© SSR3* SSR4° SSR5® SSR6° SSRT®  SSRE SSROC SSRI0C SSRII® MV ggpe  xa 25¢ 47 3 7 10° 32 ;]/:IMRE
ID ID Status SSR Type' Type!
117 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 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 High 19 13 5 5 5 5 5 5 5 5 5 MLSSR9e 3 2 3 3 2 2 2 8 INMV 2
236 ON High 14 13 5 5 5 5 5 5 5 5 5 MLSSR93b 3 2 3 3 2 2 2 8 INMV 2
242 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 High 19 10 5 5 5 5 5 5 5 5 5 MLSSR10d 3 2 3 3 2 2 2 8 INMV 2
211 ON  Moderate 18 11 5 5 5 5 5 5 5 5 5 MLSSR 8 3 2 3 3 2 2 1 8 INMV 3
552 ON  Moderate 13 9 5 5 5 5 5 5 5 5 5 MLSSR7a 3 2 3 3 2 2 1 8 INMV 3
560 ON High 1 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 High 7 10 5 5 5 4 5 4 4 5 5 MLSSR28 3 2 3 3 2 2 2 8 INMV 2
325 ON  Moderate 7 1 5 5 5 5 5 5 5 5 5 MLSSR 17 3 2 3 3 2 2 2 8 INMV 2
326 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 Low 7 14 5 5 5 5 5 5 5 5 5 N/P 3¢ 3 2 3 3 2 2 2 8 INMV 2
1402 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  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 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 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  Moderate 15 12 5 5 5 5 5 5 5 5 5 MLSSR9c 3 2 3 3 2 2 2 8 INMV 2
897 ON High 21 10 5 5 5 5 5 5 5 5 5 MLSSR10f 3 2 3 3 2 2 2 8 INMV 2
1409 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  MLSSR93a 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 1 5 5 5 5 6 5 5 5 5 NP5 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 MLSSR10c 3 2 3 3 2 2 2 8 INMV 2
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648

ON-7

ON

Low

UNK

UNK

INMV 2
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918

928

1419

ON-8

ON-8

ON-8

ON-8

ON

ON

ON

ON

High
High
High

High

N/P 4a

N/P 2

N/P 16

N/P 2

INMV 2

INMV 2

INMV 2

INMV 2

23

32

219

366

QC
QC
QC
QC

High
High
High

Moderate

MLSSR 10a

MLSSR 38

MLSSR 38

MLSSR 10a

INMV 2

INMV 2

INMV 2

INMV 2

160

183

191

QC
QC
QC

High
High

High

MLSSR 10d

MLSSR 8a

MLSSR 10b

INMV 2

INMV 2

INMV 2

171

206

418

QC
QC
QC

High
High

Moderate

MLSSR 10c¢

MLSSR 8a

MLSSR 10e

INMV 2

INMV 2

INMV 2

375

400

869

878

QC
QC
QC
QC

High
High
High

High

N/P 14

N/P 10b

N/P 10a

N/P 13

INMV 3

INMV 3

INMV 3

INMV 3

392

885

1071

QC
QC
QC

Moderate
High

Moderate

MLSSR 13

MLSSR 13

MLSSR 13

INMV 2

INMV 2

INMV 2

441

QC

Low

N/P 11

INMV 3

500

505

1144

QC
QC
QC

Moderate

Moderate

Moderate

MLSSR 10d

MLSSR 10d

MLSSR 7b

INMV 3

INMV 3

INMV 3

508

1157

1438

QC
QC
QC

Moderate
Moderate

High

MLSSR 11

N/P 3b

MLSSR 11

INMV 2

INMV 2

INMV 2

515

516

1427

QC
QC
QC

Moderate
Moderate

High

10

MLSSR 16

N/P 6a

MLSSR 58

INMV 13

INMV 13

INMV 13
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531 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 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 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 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 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 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 High 10 16 5 5 5 5 4 5 5 5 5 NP7 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
MAPKgJBl()/l 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-9SE 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

“Typing of isolates from Newfoundland Canada (NL-89C/93B/954/95B/96E) have been previously published **°-'.

"Values from the NCBI database are not included in DI calculations.

“Values listed as UNK are not included in DI calculations.

IN/P = New Patterns. Patterns are not recognized as a type in the INMV database 3. 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 1Q-Tree model finder for construction of each phylogenetic

tree

Phylogeny Constructed Model Selected?
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
AMI Specific Isolates K2P+ASC
AM2 Specific Isolates TIM3e+ASC
AM3 Specific Isolates TVMe+ASC+R2

All Isolates TVMe+ASC+R2

“Models 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 Animal Isolate INMV INMV
fer i olate SSRI* SSR2*  SSR®  SSR4'  SSRS'  SSR6'  SSRT*  SSR§"  SSRY"  SSRI0'  SSRII® SSR 02 X3 20 4 3 7T 100 3 MIRU
Type Type’

#159 18 10 5 5 5 5 5 5 5 5 5 MLS(E')R 10 3 2 3 3 2 2 2 8 INMV 2

164 18 10 5 5 5 5 5 5 5 5 5 ML?Z)R 10 3 2 3 3 2 2 2 8 INMV 2

#167 18 10 5 5 5 5 5 5 5 5 5 MLS(E;‘ 10 3 2 3 32 2 2 8 INMV 2

#160 19 10 5 5 5 5 5 5 5 5 5 MLS(%R 10 3 2 3 3 2 2 2 8 INMV 2

#162 19 10 5 5 5 5 5 5 5 5 5 MLS;;‘ 10 3 2 3 3 2 2 2 8 INMV 2

#168 19 10 5 5 5 5 5 5 5 5 5 MLS(%R 10 3 2 3 3 2 2 2 8 INMV 2

#166 14 9 5 5 5 5 5 5 5 5 5 MLSSR7(2) 3 2 3 3 2 2 2 8 INMV 2

#161 15 9 5 5 5 5 5 5 5 5 5 MLSSR7(3) 3 2 3 3 2 2 2 8 INMV 2

#165 12 13 5 5 5 5 5 5 5 5 5 MLS(S)R %3 3 2 3 3 2 2 2 8 INMV 2

#163 UNK 10 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2

#175 12 10 5 5 5 5 5 5 5 5 5 MLS(?)R 10 3 2 3 3 2 2 2 8 INMV 2

#174 14 10 5 5 5 5 5 5 5 5 5 MLS(E)R 10 3 2 3 3 2 2 2 8 INMV 2

#171 17 10 5 5 5 5 5 5 5 5 5 MLSg;‘ 10 3 2 3 3 2 2 2 8 INMV 2

#176 21 10 5 5 5 5 5 5 5 5 5 MLS(E)R 10 3 2 3 3 2 2 2 8 INMV 2

#177 12 12 5 5 5 5 5 5 5 5 5 MLS(IS)R 93 3 2 3 3 2 2 2 8 INMV 2

#172 15 13 5 5 5 5 5 5 5 5 5 ML(SISII; %3 3 2 3 3 2 2 2 8 INMV 2

73 15 13 5 5 5 5 5 5 5 5 5 ML(Slsl')‘ 93 3 2 3 3 2 2 2 8 INMV 2

#169 17 12 5 5 5 5 5 5 5 5 5 ML(SIS;; %3 3 2 3 3 2 2 2 8 INMV 2

#170 UNK 14 5 5 5 5 5 5 5 5 5 UNK 3 2 3 3 2 2 2 8 INMV 2

#179 16 10 5 5 5 5 5 5 5 5 5 ML?E;‘ 10 3 2 3 3 2 2 2 8 INMV 2

#180 20 10 5 5 5 5 5 5 5 5 5 MLS(S)R 10 3 2 3 3 2 2 2 8 INMV 2

#183 15 1 5 5 5 5 5 5 5 5 5 MLSSR8(2) 3 2 3 3 2 2 2 8 INMV 2

#184 15 1 5 5 5 5 5 5 5 5 5 MLSSR8(2) 3 2 3 3 2 2 2 8 INMV 2

#187 15 1 5 5 5 5 5 5 5 5 5 MLSSR8(2) 3 2 3 3 2 2 2 8 INMV 2

#185 18 1 5 5 5 5 5 5 5 5 5 MLSSR8(5) 3 2 3 3 2 2 2 8 INMV 2

#182 15 14 5 5 5 5 5 5 5 5 5 ML(SIS;)‘ 93 3 2 3 32 2 2 8 INMV 2
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3

3
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INMV 2

INMV 2

INMV 2

INMV 2
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#26

#25

#212

#29

MLSSR 7 (3)
MLSSR 7 (4)

MLSSR 7 (5)

MLSSR 93
(15)

3

3

3

INMV 2

INMV 2

INMV 2
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#215

#38

#216

#214

#32

#35
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#33
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MLSSR 10
()
MLSSR 10
(1)
MLSSR 10
“)

MLSSR 35
MLSSR 38
MLSSR 54
MLSSR 54

MLSSR 7 (1)

MLSSR 8 (2)

MLSSR 93
“)

3

3

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

#113

#119

#120

#116

#121

#122

#117

#114

#118

#115

N/P 11

N/P 12

N/P 13

N/P 2

N/P 3

N/P 4

N/P 5

N/P 8

N/P9

UNK

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

#129

#133

#127

#132
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#130

#236

#237

#131

#128

MLSSR 93
()
MLSSR 93
®)
MLSSR 93
®)
MLSSR 93
©)
N/P 15

INMV 2

INMV 2

INMV 2

INMV 2
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#247

#249

#255
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#254

#136

#248

#250
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#253

MLSSR 10
(1)
MLSSR 10
(10)
MLSSR 10
(6)
MLSSR 10
(7
MLSSR 10
®)

UNK
UNK
UNK
UNK

UNK

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2

INMV 2
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#259

#263

#265

#137

#264

#261

#256

#258

#260

UNK

UNK

UNK

N/P 1

N/P 10

N/P 14

N/P 14

N/P 16

N/P 6

N/P 7

UNK

UNK

UNK

INMV 2

INMV 2

INMV 2
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INMV 2

INMV 2

INMV 2

INMV 2

INMV 2
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60

MLSSR 10
3)
MLSSR 10
3)
MLSSR 10
(6)
MLSSR 10
(6)

INMV 2

INMV 2

INMV 2

INMV 2



#219 11 10 5 5 5 5 5 5 5 5 5 MLSSR 38 3 2 3 3 2 2 2 8 INMV 2

#220 1 1 5 5 5 5 5 5 5 5 5 MLSSR 54 3 2 3 3 2 2 2 8 INMV 2
#0224 1 1 5 5 5 5 5 5 5 5 5 MLSSR 54 3 2 3 3 2 2 2 8 INMV 2
4022 12 1 5 5 5 5 5 5 5 5 5 MLSSR8(1) 3 2 3 3 2 2 2 8 INMV 2
023 12 12 5 5 5 5 5 5 5 5 5 MLS(f)R 93 3 2 3 32 2 2 8 INMV 2
#226 15 12 5 5 5 5 5 5 5 5 5 ML(SISOI; 93 3 2 3 3 2 2 2 8 INMV 2
31 12 10 5 5 5 5 5 5 5 5 5 MLS(IS;‘ 10 3 2 3 32 2 2 8 INMV 2
428 18 1 5 5 5 5 5 5 5 5 5 MLSSR8(5) 3 2 3 3 2 2 2 8 INMV 2
#0229 15 14 5 5 5 5 5 5 5 5 5 ML(SIS;)‘ 93 3 2 3 32 2 2 8 INMV 2
#12s 17 15 5 5 5 5 5 5 5 5 5 ML(SIS;; 93 3 2 3 32 2 2 8 INMV 2
#234 18 13 5 5 5 5 5 5 5 5 5 ML(SIS;; %3 3 2 3 3 2 2 2 8 INMV 2
033 19 13 5 5 5 5 5 5 5 5 5 ML(SZSII)‘ 93 3 2 3 3 2 2 2 8 INMV 2
4124 19 14 5 5 5 5 5 5 5 5 5 ML(SZS;; %3 3 2 3 3 2 2 2 8 INMV 2
w032 20 12 5 5 5 5 5 5 5 5 5 ML?;‘; 93 3 2 3 3 2 2 2 8 INMV 2
#230 20 14 5 5 5 5 5 5 5 5 5 ML(SZSSI; %3 3 2 3 3 2 2 2 8 INMV 2
#123 14 12 5 5 5 5 5 5 5 5 5 MLS(%R %3 3 2 3 3 2 2 2 8 INMV 2
#239 19 10 5 5 5 5 5 5 5 5 5 MLS(%‘ 10 3 2 3 3 2 2 2 8 INMV 2
241 16 1 5 5 5 5 5 5 5 5 5 MLSSR8(3) 3 2 3 3 2 2 2 8 INMV 2
#240 20 1 5 5 5 5 5 5 5 5 5 MLSSR8(7) 3 2 3 3 2 2 2 8 INMV 2
#135 17 12 5 5 5 5 5 5 5 5 5 ML(SIS;; %3 3 2 3 3 2 2 2 8 INMV 2
043 17 13 5 5 5 5 5 5 5 5 5 ML(SIS;)‘ 93 3 2 3 3 2 2 2 8 INMV 2
#134 20 15 5 5 5 5 6 5 5 5 5 NP 17 3 2 3 3 2 2 2 8 INMV 2
04 2 13 5 5 5 5 6 5 5 5 5 NP I8 3 2 3 3 2 2 2 8 INMV 2
#0245 2 13 5 5 5 5 6 5 5 5 5 NP I8 3 2 3 3 2 2 2 8 INMV 2
4244 2 14 5 5 5 5 6 5 5 5 5 N/P 19 3 2 3 3 2 2 2 8 INMV 2
38 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 o 0 0o o 0 0

“Values listed as UNK are not included in DI calculations.
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PN/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

1112 and host tropism '°. Mycobacteria can be categorized based on

characteristics
whether a species can cause either tuberculosis (MTBC) '3, leprosy (including
Mycobacterium leprae and Mycobacterium lepromatosis) '*, or neither disease. All other
mycobacteria are commonly referred to as atypical mycobacteria '°, non-tuberculous
mycobacteria (NTM) or mycobacteria other than M. tuberculosis (MOTT) '°. 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 3%,

Tuberculosis is caused by M. tuberculosis infecting the lungs of the host, though
the pathogen can spread to other parts of the body **¢. Members of the MTBC such as
Mycobacterium africanum also cause tuberculosis in humans 37, while non-human host
tropism is reported for other bacteria from the group. For example, Mycobacterium bovis
causes bovine tuberculosis 83, Mycobacterium caprae can infect a variety of wild and
domesticated animals, and Mycobacterium pinnipedii causes tuberculosis in pinniped
species *!. 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 **2>. 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 **.

The NTM group is comprised of over 150 different species, including several
pathogens from the Mycobacterium avium and Mycobacterium abscessus complexes >
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) 3¢, 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 **°*2. 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 **%, 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) ?°!72>, 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 2**2°, 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 2°72%?. Another mechanism leading to polyclonal infections involved
concomitant or sequential infection by genetically distinct strains 2*#3°*3% 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

) 415416 4

IS-elements such as IS6110 (associated with the MTBC, with some exceptions
IS1245 or IS1311 (both associated with the MAC) *>*!7#18  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 4!°#2!, MIRU-VNTR #2423 or SSRs 286315 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 **7.

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 16319428 Dye 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 **°. 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 %433,
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but more modern methods are faster and offer better discriminatory power **3. 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 > 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.**° 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 1561710 was the standard
method used for comparing the genetic relatedness of M. tuberculosis isolates #4433,
1S6110 (sometimes also referred to as 15986) belongs to the /1S3 family, members of which
are only present in the MTBC 3% M. tuberculosis and M. bovis strains can contain 0-
25 and 0-3 copies each of IS6110, respectively *****. Variations in the copy number of
1S6110 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, 156110-typing has led to the development of

extensively used standardized protocols (Table 3.3) 4¥.

In total, 26 (21.5%) of the publications reported herein include the use of 1S6170-
typing methods for detecting MSIs involving MTBC members 301:303:316449-471 17 of

which exclusively used 1S6//0-RFLP (Appendix Table A2), and one study used 1S6110-
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inverse PCR %3, All of these studies employed cultures in their analysis, and 1S6110-
inverse PCR was primarily used as a tool to identify strains belonging to the Beijing
evolutionary lineage *6*#72, The first report of MSI detection using IS6110-RFLP was by
Yeh et al. *!, 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 *6>, and similar infections with drug-
susceptible and drug-resistant M. tuberculosis have also been detected by IS61/0-RFLP in
separate reports *°>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 41465471 Tn addition, a recent study detected
MSIs in 3 out of 17 samples from patients using two probes for /S6710-RFLP instead of

the conventionally used single probe +*°.

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) #7°, which are present in many bacteria
and archaea #’¢. The chromosomal locus specifically used in this assay is known as direct
repeat (DR) in mycobacteria *’’. 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) 31478480 tracking

481483

epidemics , and investigating laboratory cross-contamination ***. Twenty (16.5%)

publications reported using spoligotyping as one of the methods for detecting MSIs, with

419,455,460,465,485-492 459,462,463,493,494

a majority employing one , Or two 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% 47849349

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 *°¢. For this reason, when spoligotyping is used to investigate MSIs, subculturing
is usually performed to obtain single isolated colonies for testing 4>*#6247 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.*”’ 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,

71



possible due to the requirement of purified DNA for other methods employed by the
authors 46747349 Warren et al.**” 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

426485494 one of which focused on animals.

technique in three spoligotyping-based studies
In their work, Silva-Pereira et al.*** 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 *°“>°!. They vary in repeat unit length and repeat
number depending on the specific organism and locus being analyzed °*2. 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 03,
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 %%, Initially, a 12-locus MIRU-VNTR method was widely used **?, but the

method has some limitations in its ability to discriminate between unrelated isolates 4>,
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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 *%.
In addition, the 15 most discriminatory loci of the 24 were selected for use in routine

epidemiological investigations involving M. tuberculosis ***.

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 30-307:309:310.317-320,419,449.453.461
464,467.473.486-494.508-531 T addition, 24-locus MIRU-VNTR was the most commonly used
method for detecting M. tuberculosis MSls, 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 #%%, 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 3010449332333 For example, Warren et al.** 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 1S6//0-RFLP and spoligotyping **°. Using the same method,

van Rie et al.3%!

also detected one case of MSI with drug-susceptible and drug-resistant
M. tuberculosis isolates. While the method developed by Warren et al.**° used simplex
PCR, Huang et al.>* 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 °*, whereas
M. tuberculosis isolates belonging to the two lineages were also detected together in
14.7% of cases by Mustafa et al.>*?. 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 3%, 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.>** 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 %% and 16-locus MIRU-VNTR °?°. Other techniques such as linker PCR 7 and gyr4
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PCR/sequencing >**33% 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 %% based on the 156110 and a GC-rich
repetitive sequence described by Friedman et al.>*!. Baldeviano-Vidalén et al.>”* also
observed multiple discrepancies in drug susceptibility testing results among follow-up
samples from patients, which were attributed to MSIs based on 1S61/0-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 predominan