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Abstract

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative bacterium of Johne’s
disease, a chronic enteritis in ruminants. Extensive collaborations with Johne’s disease
researchers from across Canada provided an opportunity to build a collection of MAP isolates
representing all provinces. Difficulties in interpreting the minimal genetic diversity between
isolates have previously limited the power of traditional molecular epidemiological approaches
in determining transmission patterns. However, the use of whole genome sequencing (WGS)
now permits the diversity and relationship of MAP isolates to be assessed in much greater detail.
The focus of this thesis was to investigate MAP genetic diversity and molecular epidemiology
using molecular tools and phylogenetic analyses based primarily on WGS. In the following
chapters the phylogeography and evolutionary dynamics of MAP in Canadian dairy cattle,
explored through a combination of complementary approaches, will be presented. In Chapter 2,
matrix-assisted laser desorption ionization-time of flight mass spectrometry was applied to
interrogate a discriminatory short sequence repeat locus in the MAP genome, improving the
discrimination of long mononucleotide repeats. In Chapter 3, WGS was used to determine the
reliability of variable number tandem repeat typing (VNTR) to appropriately assess
epidemiologically related and unrelated isolates. The use of WGS clarified the level of diversity
and relationship between isolates and revealed that VNTR typing does not always reflect
extensive within-herd MAP diversity. In Chapter 4, several thousand single nucleotide
polymorphisms (SNPs) were used to infer the phylogeny of Canadian isolates in the context of
the known global diversity, identifying a dominant clade that includes more than 85% of the

Canadian isolates. The phylogeography of MAP at a national and provincial level was further



explored, in which considerable overlap of MAP types between different provinces and within a
single province was found. In Chapter 5, the impact of SNPs on the microevolution of the
Canadian MAP population was investigated, identifying specific genes with an
overrepresentation of nonsynonymous mutations and observing selection over time in multiple
subtypes. Lastly, in Chapter 6 a novel PCR assay is described that targeted phylogenetically
informative SNPs to further identify the relative importance of MAP subtypes in over 600

Canadian isolates.
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Chapter One: General introduction

Mycobacterium avium subspecies paratuberculosis (MAP) is the causative bacterium of Johne’s
disease (JD) in ruminants and is endemic in many countries, including Canada. Despite
numerous interventions and control strategies (described in section 1.2), MAP infection persists
in the dairy industry and elsewhere. The reason for this persistence is multifactorial,
encompassing pathogen, host, and management-related components. Molecular epidemiological
approaches aim to incorporate all of these components to clarify interactions and identify

patterns that would otherwise not be apparent.

1.1 MAP characteristics and pathogenesis

MAP belongs to the genus Mycobacterium, which now includes 172 Gram-positive, acid-fast,

rod-shaped bacterial species [1] (www.bacterio.net/mycobacterium.html), the majority of which

are harmless saprophytes. Mycobacteria are characterized by a high genomic G + C content and
a waxy cell envelope that aids in their survival and persistence in an abundance of different
environments [2]. The genus is divided into slow and rapid growing species [3], with the
majority of pathogenic Mycobacteria tending to be slow-growers [2].

MAP belongs to the species M. avium, which includes four subspecies that are genetically very
closely related [4]. This is highlighted by their identical 16S rRNA gene sequences, a target that
s commonly used for the identification and differentiation of bacteria. Despite this close genetic
similarity, the M. avium subspecies are epidemiologically distinct, each with different disease

manifestations and host preferences [5]. The genetic structure of the M. avium subspecies was
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investigated using multilocus sequencing analysis [6], concluding that MAP and M. avium subsp.
avium (MAA)/silvaticum (MAS) evolved independently into pathogenic clones from a diverse
population of M. avium subsp. hominissuis (MAH). This finding highlights the adaptability of
Mycobacteria, as MAH is primarily an opportunistic pathogen in a variety of hosts, whereas
MAP and MAA/MAS are obligate pathogens, infecting ruminants and birds, respectively.
Genomic comparisons between MAP (K10) to MAH (104) showed 98 to 99% sequence identity
between orthologous genes [5], a striking degree of similarity given their diverse lifestyles and
habitats.

The divergence of MAP from MAH is characterized by the acquisition and deletion of large
sequence polymorphisms (LSPs), followed by additional deletions leading to the evolution of
two broad strain types designated Type I (‘Sheep Type’) and Type II (‘Cattle Type’) [7]. Even
before the advent of molecular techniques, these two MAP types were described based on
growth characteristics and host preferences [8]. Both types have since been isolated from a broad
range of host species [9], and therefore the Type I and Type II designations will be used to avoid
confusion. Several genetic typing methods have been used to distinguish these two types
(discussed in more detail in section 1.4) and have also identified additional types. However, the
intermediate type (Type I1I) is now recognized to be a subtype of Type I and Bison type (Type

B) a subtype of Type I1 [7, 10, 11].

1.2 MAP infection

JD is a chronic, progressive, granulomatous enteritis, characterized by severe diarrhea and
wasting in its clinical form. Clinical disease is primarily seen in ruminants, though MAP has

been isolated from multiple host species [12—14]. The pathogenesis of MAP is complex and still
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not entirely understood. The major source of infection in cattle is ingestion of MAP, via
contaminated feces or colostrum, at a young age [15]; however, intrauterine transmission has
also been documented [16]. Briefly, infection occurs when bacterial cells pass through the
intestinal wall of the host via M cells and enterocytes, are phagocytosed by macrophages, and are
eventually spread to the lymph nodes [17]. An incubation period follows that can vary greatly
depending on host genetics and immune status, the infectious dose, and other factors, lasting
from one to 10 years or more [17]. The clinical stage manifests as non-treatable diarrhea and
gradual weight loss without a loss in appetite [18]. Cattle rarely reach this stage, as production
losses are seen before clinical symptoms appear, often leading to the removal of infected animals

from the herd before symptoms develop [19].

1.3 Johne’s disease impacts and control

MAP is a substantial production animal health problem worldwide in both cattle and other
ruminants and infection has been detected in most countries with a dairy production system [20].
While it is difficult to determine the true prevalence of MAP infection, due partly to poor
sensitivities of diagnostic tests, estimates of the Canadian dairy herd-level prevalence are up to
76% in some provinces [15, 21]. The direct economic impacts of JD in dairy herds are primarily
due to decreased milk production, reduced carcass value and increased risk of culling [22]. In
Canada, the economic damage caused by JD was estimated at $50 CAN per cow per year in
MAP-infected herds, resulting in a loss per farm of nearly $3,000 CAN annually [23, 24].
Raizman et al. [25] estimated the income over feed costs losses at $366 per MAP shedding cow
per lactation, whereas Bhattarai et al. [26] estimated a loss of $1,644 US in per 100 cows in a

herd with a true prevalence of 7%. The cost of the disease to the US cattle industry was
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estimated at $250M US per year [27]. Additionally, the potential association between MAP and
Crohn’s disease in humans motivates dairy producers to control the spread of MAP [28-30].
Large-scale JD control programs have been implemented to reduce both the cow and herd-level
prevalence of MAP infection [21, 31]. Risk assessments are a key component to many control
programs, documenting management strategies that can be improved and to encourage the
adoption of proper hygiene and biosecurity protocols [22]. However, despite the abundance of
control measures, JD remains a major health issue in dairy cattle. Optimal management protocols
may indeed control the disease, but appropriate implementation is not always feasible or cost-
effective [32]. Vaccination against MAP infection is an attractive solution to controlling JD and
substantial efforts have been made to develop an effective vaccine [33]. Current vaccines are not
able to prevent infection or shedding of MAP in cattle and often cross-react with the tuberculin
tests [34]. The development of a vaccine targeted towards MAP strains in a particular
geographical region holds promise, though relies on a comprehensive understanding of the
regional distribution of strain types.

The ability to identify MAP infected animals is an important part of JD control, though its
sensitivity depends on the stage of the disease. There are no cost-effective diagnostic tests to
detect infection during the early stages. Over time, a subclinical infection develops in which
cattle may be detected with diagnostic tests, despite the lack of clinical symptoms [19]. Current
diagnostic tests include detection of the bacterium via culture, genetic methods (i.e. PCR), or by
the detection of an immune response to MAP infection (i.e. serum or milk ELISA) [35]. The
choice of which detection method to use often depends on the objective, time, and budget [36].
Cultivation of MAP from fecal or tissue samples is the definitive diagnostic test. The first step
involves the decontamination of other microorganisms that may outcompete MAP growth. A
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long incubation (approximately eight weeks for liquid culture) follows in appropriate media
containing mycobactin and other required nutrients. Several types of culture media have been
developed to support MAP growth and culture protocols vary based on the initial sample type
(i.e. fecal, tissue, milk) [37]. Automated liquid culture systems have also been optimized for
MAP growth, detecting a change in the culture tube, such as pressure changes (ESP culture),
fluorescent signals (MGIT) or colormetric reactions (MB/BacT). All of these systems enable a
more rapid identification of microbial growth [38]. Further culture on solid media requires an
additional several weeks of incubation. Differences in growth requirements for different strain
types have been documented, as well as different growth rates on different types of media [39].
Confirmation of MAP growth is often performed by PCR detection of the /5900 insertion
element, a genetic region specific to MAP [40], or F57 [41]. 15900 belongs to a family of
insertion elements, some of which closely resemble 15900 and can be mistakenly detected with
commonly used primers and probes [42]; therefore, caution should be used in interpreting 15900-
positive samples and additional confirmatory tests are recommended in the absence of strong
epidemiological associations regarding MAP exposure [38].

The Alberta Johne’s Disease Initiative (AJDI) is a provincial producer-driven JD control
program that aims to educate dairy producers about JD and improve herd management through
on-farm risk assessments by trained veterinarians. Additionally, to determine the prevalence of
herd-level MAP infection, a total of six environmental samples are taken from three areas:
manure storage, manure concentration, and cow concentration areas (including sick cow pens),
and are subsequently cultured to detect MAP. Similar control programs were implemented in
Saskatchewan, Ontario, Québec and Atlantic Canada [21]. The Ontario Johne’s Education and
Management Assistance Program, however, uses individual cow milk ELISA testing, whereas
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the Québec Voluntary Paratuberculosis Prevention and Control Program uses a combination of
individual cow and environmental manure sampling to detect MAP-infected animals. British
Columbia and Manitoba employed alternative diagnostic strategies, screening entire herds via

fecal culture and performing bulk tank milk ELISAs, respectively [43].

1.4 Strain typing

Strain typing is particularly useful in helping to clarify epidemiological questions that cannot
otherwise be resolved; however, a limited amount of genetic variation among MAP isolates has
slowed progress in this field. A number of typing techniques have therefore been developed in an
effort to discriminate MAP strains. These techniques have evolved considerably over the past
three decades and can be classified into two broad categories: total genomic DNA methods and
specific sequence-based methods [44]. A brief summary of these techniques will be presented;
however, the methods used primarily in this thesis will be emphasized.

Total genomic DNA methods typically do not require specific knowledge about the genome and
are largely based on fingerprint patterns. These methods are often difficult to standardize
between different laboratories and over time within a single laboratory. Restriction endonuclease
analysis (REA) was the first genetic method to type MAP isolates. Purified DNA is digested with
a frequent cutting restriction endonuclease enzyme, followed by fragment separation on an
agarose gel. Discriminatory fragments range in size from 5-15 kb, a lower molecular weight than
some of the methods that were subsequently used [45]. Pulsed-field gel electrophoresis (PFGE),
first applied to MAP strains by Coffin and colleagues [46], utilizes an infrequent cutting
restriction enzyme to digest genomic DNA into 20-70kb sized fragments. Separation of these

large fragments is achieved by changing direction of the electric field during migration through
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an agarose gel. Amplified fragment length polymorphism (AFLP) uses a restriction enzyme to
digest DNA into small fragments, a selection of which is then amplified using PCR. Banding
patterns are then compared to differentiate strains. This technique does not discriminate MAP
isolates as well as other methods and is thus not widely used [44]. Randomly amplified
polymorphic DNA (RAPD) typing is based on PCR of genomic DNA using short, non-specific
primers that bind to multiple regions of the genome. While simple to perform, reproducibility is
often called into question as even slight changes in reaction conditions can alter the banding
pattern [47]. IS900 restriction fragment length polymorphism (RFLP) is a method that uses a
restriction enzyme that does not cut genomic DNA within the /5900 insertion elements. The
fragments are separated using agarose gel electrophoresis, blotted onto a nylon membrane and
hybridized with an IS900 probe. I1S900 is present in multiple copies in the MAP genome and
therefore the presence/absence of bands and differences in fragment sizes illustrate genomic
differences [48]. Additional band-based methods have been described, although they have shown
little utility in typing MAP strains.

Specific sequence methods most successfully used in genotyping MAP beyond the broad strain
types target repetitive regions in the MAP genome. These regions are commonly targeted in
monomorphic bacteria due to the very low sequence diversity in other regions of the genome [49,
50]. The variable number tandem repeat (VNTR) typing scheme developed for MAP targets
repetitive DNA sequences between 10 and 100 base pairs in length at eight separate genomic
loci. PCR is used to amplify each region and, based on the size of the amplicon after gel
electrophoresis, the number of repeats can be determined [51]. A similar class of repetitive DNA
sequences is short sequence repeats (SSRs). These simple tracts of mono-, di-, or trinucleotides
were found to be polymorphic at 11 loci across the MAP genome [52]. Unlike VNTRs that are
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large enough to be distinguished on an agarose gel, SSRs require alternative methods to
determine repeat length. Sanger sequencing has traditionally been used to accomplish this;
however, problems associated with sequencing long tracts of mononucleotide repeats (the most
discriminatory loci) have limited this approach. Alternative methods have been proposed to
determine repeat length, such as fragment analysis [53] and matrix-assisted laser desorption
time-of-flight (MALDI-TOF) mass spectrometry that will be presented in Chapter 2.

These strain typing techniques have been used individually and in different combinations to
investigate the molecular epidemiology of MAP in many countries and host species. Progress has
been made in identifying interspecies transmission [54], the role of wildlife in MAP transmission
[55], and the role of supershedders in spreading MAP to herd mates [56]. Additionally, an
example of source tracing using a combination of molecular tools was recently reported [53].
Two predominant strain types were detected in Europe using a combination of approaches [55],
underscoring the importance of knowing the regional frequencies of different types in order to
appropriately evaluate the meaning of a shared subtype in an epidemiological context. The
increasing numbers of whole genome sequences available provides additional opportunities to
understand the genomic diversity of MAP in much greater detail and determine the true

relationship of isolates of the same and different subtypes.

1.5 Whole genome sequencing and genomic evolution

The first whole genome sequence of a MAP isolate (MAP K10) was a Type II strain published in
2005 using traditional Sanger sequencing [57]. A revised sequence and annotation was released
after optical mapping and re-sequencing using the [llumina sequencing platform [58]. Additional

whole genomes have been published of MAP isolates originating from different host species,
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including sheep [10], cow, oryx, goat, deer [59], human [59, 60] and camel [61]. The
phylogenetic relationship of these diverse MAP isolates and others was recently summarized
[11], highlighting extensive diversity between types and homology especially within Type 11
isolates. In addition to several thousand SNPs, genomic deletions, inversions, and duplications
were identified between and within strain types [10, 11, 60]. While large genomic
polymorphisms may have significant functional consequences, their epidemiological relevancy
in terms of source tracking is less obvious. SNPs, on the other hand, provide a more predictable
signature to deduce divergence time and thus epidemiological connections. More than 3,000 SNP
differences were detected between Type I and Type II isolates [10], compared to less than 200
SNPs identified in two separate studies where six [59] and nine [60] Type II isolates were
sequenced and compared. The mutation rate of MAP has recently been estimated at 0.3 SNPs per

genome per year [11], similar to rates calculated for M. tuberculosis [62].

1.6 Genomic epidemiology of Mycobacteria

WGS data have been used to study the transmission dynamics of Mycobacteria at both small and
large spatial and temporal scales. M. tuberculosis is the most widely studied Mycobacterial
species due to its extreme global public health consequences. The evolutionary history of the M.
tuberculosis complex has been explored at length, providing insight into the pathogen-host co-
evolution [63-66] as well as geographical origins of more virulent lineages [67]. Recently, DNA
from 1,000-year-old human Peruvian skeletons provided clues into the dispersal of M.
tuberculosis from Africa to the New World, implicating sea mammals as the most likely
transmission route [68]. The transmission events leading to a local outbreak of M. tuberculosis in

British Columbia, Canada, were refined through the use of WGS, revealing two separate
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transmission chains that were further clarified through social network analysis [69]. The
performance of traditional strain typing tools to identify outbreak associated transmission routes
was retrospectively studied using WGS, demonstrating previous methods falsely clustered
unrelated isolates [70]. Patient-to-patient transmission of M. abscessus was identified through
WGS, revealing sometimes more diversity within than between individuals [71]. In the UK,
badgers have been implicated as a potential reservoir for M. bovis in dairy cattle and WGS of
isolates from both host species in a localized region provided evidence to support a role of
badgers in M. bovis transmission [72]. These examples and many more illustrate how the use of
WGS has revolutionized epidemiological investigations of bacterial pathogens, providing a more
detailed understanding of not only sources and transmission routes but also virulence
mechanisms that may influence the spread and success of particular strain types. The genomic
epidemiology of MAP has not been so extensively explored; it may, however, provide important
insight into the transmission dynamics of MAP that can be targeted for improved herd

management and JD control.

1.7 Thesis objectives

The overall aim of this thesis was to investigate the genetic diversity and molecular
epidemiology of MAP in Canada using molecular tools and phylogenetic analyses based
primarily on WGS. The phylogeography and evolutionary dynamics of MAP in Canadian dairy
cattle, explored through a combination of complementary approaches, will be presented. Below

are the specific objectives of each chapter.
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1.7.1 Chapter 2: Improved short-sequence-repeat genotyping of Mycobacterium avium
subspecies paratuberculosis by using matrix-assisted laser desorption ionization-time
of flight mass spectrometry.

Objective: Develop a reliable and reproducible assay based on matrix-assisted laser desorption
ionization—time of flight mass spectrometry to characterize the most discriminatory short
sequence repeat locus in the MAP genome.

1.7.2 Chapter 3: Limitations of variable number of tandem repeat typing identified
through whole genome sequencing of Mycobacterium avium subsp. paratuberculosis
on a national and herd level

Objective: Determine the diversity of Type II MAP isolates in Canadian dairy herds using whole
genome sequencing to assess the ability of variable number tandem repeat typing to
identify related and unrelated isolates at a national and herd level.

1.7.3 Chapter 4: Genome-wide diversity and phylogeography of Mycobacterium avium
subsp. paratuberculosis in Canadian dairy cattle

Objective 1: Determine the diversity and evolutionary relationship of MAP strain types in
Canadian dairy farms from all 10 provinces using WGS.

Objective 2: Contextualize Canadian MAP diversity through a comparison to a diverse global
collection of MAP isolates.

Objective 3: Assess the phylogeography of Canadian MAP isolates on a national and provincial

level.
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1.7.4. Chapter 5: The microevolution of Mycobacterium avium subsp. paratuberculosis in
Canadian dairy cattle

Objective 1: Determine the location and consequence of SNPs in the MAP genome

Objective 2: Identify genes potentially undergoing positive selection

Objective 3: Determine if different MAP clades show evidence of differential selection

1.7.5. Chapter 6: A novel distant SNP linking PCR to determine the relative frequency of
four major strain types of Mycobacterium avium subsp. paratuberculosis in
Canadian dairy herds

Objective 1: Develop a SNP PCR assay to differentiate MAP clades of interest

Objective 2: Determine the relative frequency of MAP clades in all Canadian provinces
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Chapter Two: Improved short-sequence-repeat genotyping of Mycobacterium avium
subspecies paratuberculosis using MALDI-TOF mass spectrometry

2.1 Abstract

Accurate sequence analysis of mononucleotide repeat regions is difficult, complicating the use of
short sequence repeats (SSRs) as a tool for bacterial strain discrimination. Although multiple
SSR loci in the genome of Mycobacterium avium subspecies paratuberculosis (MAP) allow
genotyping of MAP isolates with high discriminatory power, further characterization of the most
discriminatory loci is limited due to inherent difficulties in sequencing mononucleotide repeats.
Here, a method was evaluated using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) as an alternative to Sanger sequencing to further
differentiate the dominant MIRU-VNTR MAP type (n=37) in Canadian dairy herds by targeting
a highly discriminatory mononucleotide SSR locus. First, PCR-amplified DNA was digested
with two restriction enzymes to yield a sufficiently small fragment containing the SSR locus.
Secondly, MALDI-TOF MS was performed to identify the mass, and thus repeat length, of the
target. Sufficiently intense, discriminating spectra were obtained to determine repeat lengths up
to 15, an improvement over the limit of 11 using traditional sequencing techniques. Comparison
to synthetic oligonucleotides and Sanger sequencing results confirmed a valid and reproducible
assay that increased discrimination of the dominant MAP MIRU-VNTR type. Thus, MALDI-
TOF MS was a reliable, fast and automatable technique to accurately resolve MAP genotypes

based on SSRs.
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2.2 Introduction

Evaluating genetic diversity of a pathogen is critical in understanding its transmission.
Historically, this has been challenging in organisms with limited genetic variation, as many
common molecular techniques are not sufficiently discriminatory to differentiate strains [1].
However, a limited number of genomic targets, typically repeat regions, have been identified and
used for strain discrimination.

Mycobacterium avium subspecies paratuberculosis (MAP) is the causative bacterium of Johne’s
disease, a severe gastroenteritis in domestic ruminants [2]. Furthermore, there is an unproven
association between Johne’s disease in cattle and Crohn’s disease in humans [3, 4]. Although
MAP is fastidious, slow growing, and has limited genetic variation, numerous typing techniques
have been developed to differentiate isolates [5—9]. All typing techniques developed thus far,
however, fail to provide sufficient discriminatory power to be used for detailed epidemiological
analyses.

Variable number tandem repeat (VNTR) analysis has been moderately successful in
differentiation of MAP strains. Two dominant VNTR types, however, account for the vast
majority of MAP isolates characterized. Therefore, a more discriminatory genotyping method,
such as short sequence repeat (SSR) typing, is required to further differentiate MAP isolates [10].
Compared to other genotyping methods, characterization of SSRs in the MAP genome is
powerful in identifying epidemiologically and geographically distinct strains [8]. Due to their
instability, SSRs evolve more rapidly than single nucleotide polymorphisms (SNPs); therefore,
SSR typing is particularly useful for differentiating monomorphic bacteria [11]. SSRs are
repetitive tracts of nucleotides of 1-10 base pairs in which mutations occur during replication.
When DNA polymerase encounters long repeats, it can stall, sometimes leading to dissociation
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of the nascent DNA strand which may subsequently realign out of register [12]. This slip-strand
mispairing leads to a different repeat length from the template strand. MAP, along with many
other mycobacterial species, lack mismatch repair proteins, which favors instability of SSRs and
thus variability in these regions [13].

Eleven SSRs in the MAP genome were previously identified as polymorphic [8]. The two most
discriminatory loci are mononucleotide repeats, in which accurate sequence analysis is difficult
[10, 14—16]. The ambiguous sequencing chromatograms of long repeats are characterized by
stutter peaks, a critical limitation of this genotyping method, as it relies entirely on accurate
interpretation of repeat length. Mass spectrometry (MS) is based on measurement of the mass of
a molecule of interest, inherently minimizing ambiguity and inter-individual interpretation
differences. Current MS technologies enable mass resolution of a single nucleotide [17], creating
an ideal platform for characterization of long mononucleotide repeats that are not resolved using
Sanger sequencing. The objective of this study was to develop a reliable and reproducible assay
based on matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS to

characterize the most discriminatory SSR locus in the MAP genome.

2.3 Materials and Methods
2.3.1 MAP culture and DNA extraction

Environmental fecal samples collected from dairy farms participating in the Alberta Johne’s
Disease Initiative (AJDI) [38] were processed as described [18]. Briefly, samples were
decontaminated and incubated in the TREK ESP Culture System II (TREK Diagnostic Systems,
Cleveland, OH, USA) for 8 wk. A confirmatory IS900 PCR was performed on all cultures [19].

Using a disposable loop, 10 pl of culture broth from samples positive for /S900 was plated onto
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Middlebrook 7H11 agar supplemented with mycobactin. Plates were incubated at 37°C until
individual colonies were visible (approximately 4-6 wk). A single colony was subsequently
substreaked to a new 7H11 plate, which were then incubated at 37°C until enough growth was
available for DNA extraction (approximately 6-8 wk). Extraction of DNA was achieved using a
modified protocol of the Qiagen DNeasy blood and tissue kit (Qiagen, Mississauga, ON,
Canada). The MAP growth was removed from the agar plate using a disposable loop and added
to tubes containing 40 mg of 0.1 mm silica beads and 180 pul ATL lysis buffer. After 2 min of
bead-beating, the spin-column protocol was followed according to manufacturer’s instructions.

2.3.2 Isolate selection

One isolate per farm (n=53) was characterized by MIRU-VNTR typing using eight targets, as
described [7]. Isolates belonging to the most common genotype (INMV2) were chosen for
further analysis.

2.3.3 PCR

The whole-genome sequence of MAP strain K10 [20] was used to design primers in Geneious
version 6.1.5 (Biomatters, Auckland, New Zealand) to amplify the most discriminating
mononucleotide locus (locus 1) [8]. A Fokl restriction enzyme recognition site was incorporated
into the primer sequences (forward: aaaaaaggatgcggccctggtggtcgacgac; reverse:
aaaaaaggatgtcaccacccagtgcacgtacgg). This type IIS restriction enzyme cleaves 9 base pairs
downstream and 13 base pairs upstream of the recognition site on the forward and reverse strand,
respectively. A poly-A sequence (n=6) was added to the ends of the primers to ensure binding of
the enzyme and biotin was attached to the 5° end of the forward primer. The SSR locus 1 was
amplified in a PCR reaction mixture containing 2.5 units of Herculase Enhanced DNA

polymerase, 200 uM of each ANTP, 1.5 pmol forward primer, 3.0 pmol reverse primer, 5 ul 10X
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buffer, and 2 pl template DNA (20-40 ng) in a total volume of 50 pl. This DNA polymerase
produces blunt-ended PCR amplicons and has proofreading capabilities with lower error rates
[21, 22]. The forward primer concentration was limited in order to minimize non-extended
biotinylated primers from binding to the Streptavidin coated beads in the subsequent step. The
thermocycling conditions were as follows: an initial step of 98°C for 3 min, followed by a
touchdown PCR of 98°C for 40 s, 71°C for 30 s (-0.5°C/cycle), and 72°C for 1 min, for 20
cycles, 98°C for 40 s, 61°C for 30 s, 72°C for 1 min, for 20 cycles, followed by a final
elongation step at 72°C for 10 min.

2.3.4 Restriction enzyme digestion

An aliquot (40 pl) of the final PCR product was mixed with an equal volume of washed
Streptavidin Dynabeads and rotated at room temperature for 15 min. The beads were
immobilized with a magnet and washed according to the manufacturer’s instructions. After
washing, beads were re-suspended in 7 ul NEB4 buffer containing one unit each of Fokl and
BsaHI. Samples were incubated at 37°C for 2 h, followed by 65°C for 20 min for enzyme
inactivation. Then, 3 pl Clean Resin (Sequenom, USA) was added to each tube to remove salts
and each tube was rotated at room temperature for 5-10 min. Tubes were centrifuged for 10 s and
the supernatant was saved for further analysis.

2.3.5 MALDI-TOF MS

An aliquot (0.5 pl) of supernatant was mixed in equal volumes with a 3-HPA (Hydroxypicolinic
acid) matrix. This sample/matrix mixture was spotted on the MALDI plate and allowed to dry
before being introduced into the instrument. Mass spectrometry was performed on a MALDI
TOF/TOF 5800 (AB Sciex, Framingham, MA, USA) operating in linear, positive-ion mode. An

oligonucleotide mass standard of 6352 Da was used for calibration.
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2.3.6 Validation and reproducibility

Oligonucleotides representing fragments of various alleles (7 through 15) of the G1 locus
obtained after PCR and digestion were synthesized (Core DNA Services, University of Calgary).
The expected masses of the digested DNA fragments were calculated using the Mongo Oligo
Mass Calculator (v2.06, The RNA Institute, University at Albany, NY, USA). The oligos were
reconstituted in HPLC-grade water (concentration, 20 pmol) and analyzed using MALDI-TOF
MS.

Sanger sequencing was used to characterize the set of INMV2 isolates. The SSR locus 1 was
amplified in a PCR reaction containing 1X SsoFast EvaGreen Supermix, 1 ul DMSO, 2 pmol
forward primer, 2 pmol reverse primer, and 2 ul genomic DNA. Thermocycling conditions were
an initial denaturation step of 95°C for 3 min, followed by 35 cycles of 95°C for 10 s and
annealing/elongation at 55°C for 10 s. Then, 20 ul of PCR product was purified using a PCR
purification kit (Qiagen Inc., Venlo, The Netherlands) and submitted to the sequencing center at
the University of Calgary. Reproducibility of the MALDI-TOF assay was assessed by
performing the procedure beginning at PCR amplification on three isolates of each genotype

(when available) three times.

2.4 Results

The amplified region of the G1 locus, restriction enzyme cut sites and the corresponding
expected mass of each fragment are shown (Fig. 2.1). The mass of fragments C-G remained
constant, whereas expected masses of both A and B fragments of various repeat lengths (7-15)
were variable (Table 2.1). Analysis of synthetic oligos representing A and B in the range of

previously observed alleles is shown (Fig. 2.2). Two distinct peaks were generated which

44



correspond to the expected masses within 10 Da, demonstrating that a single nucleotide
difference was clearly resolved.

2.4.1 MAP isolates

Of the 53 isolates, 37 isolates belonged to the MIRU-VNTR type INMV2 and the remaining
isolates belonged to six other types. The MALDI-TOF MS analysis of MAP DNA yielded
consistent peaks for conserved fragments (C through G), although observed masses were
consistently higher (approximately 90 Da) than the predicted mass for both the conserved and
polymorphic fragments (A and B). Small peaks, which could be attributed to PCR-induced slip-
strand mispairing, were sometimes visible in the mass spectra. Since these peaks have a lower
intensity, they were disregarded based on operator discretion and did not interfere with the
assignment of repeat length. Polymorphic fragments under 9,800 Da were discernible; however,
increasing mass of the fragments lead to decreasing intensity, resolution and stability of the peak.
Therefore, fragments over 9,700 Da were designated >15 repeat units. A summary of the
genotypes observed and example spectra for each repeat length are shown (Table 2.2 and Fig.
2.3, respectively). Overall, there were nine SSR types identified in the 37 Alberta MAP isolates
tested.

2.4.2 Validation

To test the reproducibility of this assay, three isolates per genotype (when available) were tested
three times, yielding 17 isolates in which masses were recorded and assigned a corresponding
allele. All 17 isolates were assigned the same allele each time. Additionally, all isolates included
in this study were sequenced using Sanger techniques. As expected, alleles with repeats greater
than 11 base pairs were not resolved. Regardless, alleles 7 through 11 matched our previous

designation as determined by MALDI-TOF MS.
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2.5 Discussion

Typing of repetitive DNA markers, such as SSRs, is invaluable in genotyping organisms with
limited genetic diversity [1, 23]. However, inherent problems in sequencing mononucleotide
repeats limit its application, as Sanger sequencing often fails to resolve poly-G repeats exceeding
11 base pairs [10, 15]. In the present study, using MALDI-TOF MS, we increased the
discriminatory power of SSR typing in MAP isolates by resolving mononucleotide repeats up to
15 base pairs.

Purified biotinylated PCR amplicons were used, followed by restriction endonuclease digestion
to obtain a short fragment containing the mononucleotide repeat suitable for MALDI-TOF MS
analysis. Resulting spectra revealed stable peaks formed by non-polymorphic fragments suitable
for calibration purposes, whereas mass of the polymorphic repeat fragments changed according
to the expected masses. As previously observed, Sanger sequencing chromatograms of repeats
greater than 11 were characterized by stutter peaks and were not resolved.

In previous studies, SSRs were used to discriminate bacterial isolates of the same VNTR type
[10, 24]. Furthermore, mononucleotide SSRs in the highest resolution analysis of Bacillus
anthracis strains were used to further differentiate isolates with identical SNP and VNTR
profiles [25]. Similarly, MIRU-VNTR analysis was useful as a first step in discriminating MAP
isolates. The dominant MIRU-VNTR type in Alberta was further differentiated into at least 9
genotypes by MALDI-TOF MS analysis of SSR locus 1.

Compared to shorter repeats, long mononucleotide SSRs have been linked to higher diversity, as
they are more likely to undergo slip-strand mispairing and thus greater variability in repeat

length [24]. Therefore, the ability to discriminate long mononucleotide repeats is particularly
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advantageous to characterize genetic diversity. Sanger sequencing is a critical limitation in
identification of these highly discriminatory loci exceeding 11 base pairs.

Advancement of new technologies, such as next generation sequencing, has enabled the
identification of SSRs across the genomes of plants, animals [26], and microorganisms. This has
facilitated the use of SSR variability in several applications including epidemiological typing
[27, 28], phylogenetic analysis [29] and use as molecular markers in population genetic studies
[30, 31] and human forensics [32] . In addition, SSR length may be associated with increased
virulence or immune escape, as it has a biological role in pathogen adaptation and modulation of
gene expression [33-35]. Regardless, all of these applications rely on accurate and
discriminatory analysis of repeat length. Pyrosequencing is increasingly used in SNP screening
assays and in identifying short indels [36]; however it produces errors in sequences with long
homopolymer tracts [37]. The use of MALDI-TOF MS to identify mononucleotide SSR length
overcomes previous limitations, allowing researchers to explore these applications with
increased confidence and precision.

Sanger sequencing was less successful than MALDI-TOF MS for differentiating mononucleotide
repeat locus 1. The current method of clustering isolates into a =11 category using sequencing,
when in fact they are different, may be misleading. Therefore, care should be taken when
interpreting the >15 isolates in this study as well. The MALDI-TOF MS assay may require more
hands-on time than sequencing techniques; however the entire process from PCR to spectrum
interpretation can be completed for at least 37 isolates in a single workday. Dominant SSR types
based on locus 1 also exist within the dominant MIRU-VNTR type. In that regard, repeat lengths
of 7 and >15 base pairs each represent 35% of isolates in this study. Additional typing of
different SSR loci, such as 2 and 8, would likely further differentiate these dominant types.
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Slip-strand mispairing is the mechanism believed to induce variability in SSR length in vivo; the
same mechanism occurred during PCR [21]. Although a proofreading polymerase was used to
minimize amplification errors in the present study, small peaks outside of the expected mass
were visible. Repeated analysis of different alleles consistently resulted in the same designation,
which highlights the reproducibility of this technique.

This technique can be applied to other organisms and should be particularly useful for
determining the number of long mononucleotide repeat units. The procedure described could be
fully automated (using a robot), including spotting onto the MALDI plate. Additional SSR loci
could be included to multiplex this assay, increasing the discriminatory power while
concurrently decreasing time and costs. In addition, MALDI-TOF MS may be used to identify
mixed infections of different MAP genotypes, as multiple peaks can be observed in a single
spectrum and could be further expanded to investigate evolution or strain competition in vitro
and in vivo. SSRs in MAP and other organisms are unstable, with some loci more likely to
undergo mutation than others. This was recently demonstrated at mononucleotide locus 2 when
MAP was passaged through a goat, apparently changing the SSR from a repeat of 9 to a repeat of
10 in two separate isolates [15]. This instability must be taken into consideration when applying
this genotyping technique in the absence of other genomic targets and/or on closely related
isolates.

In conclusion, improved characterization of mononucleotide SSRs in the MAP genome enhanced
differentiation of isolates, essential for accurate identification of epidemiologically relevant
strains. When combined with other typing techniques, mononucleotide SSRs are powerful in
further differentiating seemingly identical isolates. Purification of a PCR amplified
mononucleotide SSR followed by restriction digestion prior to MALDI-TOF MS analysis
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overcame limitations posed by Sanger sequencing, resulting in an improved and reproducible

genotyping assay for use in molecular epidemiological studies.
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Table 2.1 Expected mass of each repeat length of polymorphic fragments A and B.

Repeat Expected mass A Expected mass B

length (Da) (Da)
7 6794 7341
8 7123 7629
9 7453 7919
10 7782 8208
11 8111 8498
12 8440 8787
13 8770 9076
14 9099 9365
15 9428 9654

>15 >9700 >9700
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Table 2.2 SSR (G1) genotypes of INMV2 MAP isolates analyzed in this study.

No. MAP isolates

Repeat (n=37)
7 13
8 1
9 3
10 1
11 0
12 1
13 1
14 1
15 3
>15 13
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Figure 2.1 Diagram representing PCR amplified DNA containing the mononucleotide SSR locus
1 (underlined). Restriction enzyme cut sites are presented as () along with the corresponding

masses of each fragment
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Figure 2.3 (A) Examples of spectra of each repeat length with observed masses. Polymorphic

peaks are illustrated with inverted triangles (A, solid; B, shaded). (B) Enlarged image of the

polymorphic peaks.
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Chapter Three: Limitations of variable number of tandem repeat typing identified through
whole genome sequencing of Mycobacterium avium subsp. paratuberculosis on a national
and herd level

3.1 Abstract

Mycobacterium avium subsp. paratuberculosis (MAP), the causative bacterium of Johne’s
disease in dairy cattle, is widespread in the Canadian dairy industry and has significant economic
and animal welfare implications. An understanding of the population dynamics of MAP can be
used to identify introduction events, improve control efforts and target transmission pathways,
although this requires an adequate understanding of MAP diversity and distribution between
herds and across the country. Whole genome sequencing (WGS) offers a detailed assessment of
the SNP-level diversity and genetic relationship of isolates, whereas several molecular typing
techniques used to investigate the molecular epidemiology of MAP, such as variable number of
tandem repeat (VNTR) typing, target relatively unstable repetitive elements in the genome that
may be too unpredictable to draw accurate conclusions. The objective of this study was to
evaluate the diversity of bovine MAP isolates in Canadian dairy herds using WGS and then
determine if VNTR typing can distinguish truly related and unrelated isolates.

Phylogenetic analysis based on 3,039 SNPs identified through WGS of 124 MAP isolates
identified eight genetically distinct subtypes in dairy herds from seven Canadian provinces, with
the dominant type including over 80% of MAP isolates. VNTR typing of 527 MAP isolates
identified 12 types, including “bison type” isolates, from seven different herds. At a national
level, MAP isolates differed from each other by 1-2 to 239-240 SNPs, regardless of whether they

belonged to the same or different VNTR types. A herd-level analysis of MAP isolates
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demonstrated that VNTR typing may both over-estimate and under-estimate the relatedness of
MAP isolates found within a single herd.

The presence of multiple MAP subtypes in Canada suggests multiple introductions into the
country including what has now become one dominant type, an important finding for Johne’s
disease control. VNTR typing often failed to identify closely and distantly related isolates,
limiting the applicability of using this typing scheme to study the molecular epidemiology of

MAP at a national and herd-level.

3.2 Introduction

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative bacterium of Johne’s
disease in ruminants and has significant impacts on the health of cattle and the economics of
dairy production systems in particular [1]. This organism is primarily transmitted via the fecal-
oral route and is generally introduced into herds through the purchase of one or more infected
animals. Despite control efforts in the Canadian dairy industry, up to 76% of herds are infected
with MAP [2]. Additionally, a potential association with Crohn’s disease in humans is increasing
the pressure to control MAP on farms and in the environment [3, 4].

Limited tools exist to assess within-species diversity of pathogens with low genetic variation [5],
such as MAP. Despite this challenge, a number of molecular typing methods have been
developed that target repeat regions in the genome and have been moderately successful in
observing apparent diversity [6, 7]. Variable number tandem repeat (VNTR) and mycobacterial
interspersed repetitive unit (MIRU) typing are based on repetitive element differences and have
been used in molecular epidemiological studies in a number of organisms and settings [8—12].

Most recently, Oakey et al. [13] used VNTR typing to investigate MAP incursions in a low-
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prevalence region of Australia and concluded that two separate VNTR types were circulating in
this region. This genetic information was used to evaluate epidemiological links and inform
policy decisions and control strategies.

To date, whole genome sequencing (WGS) of MAP has predominantly focused on de novo
assembly of a limited number of relevant genomes [14—16]. While this has provided immense
resources to understand the genomic structure and evolution of major strain types (types I, II, and
I1T), WGS of many epidemiologically linked isolates can determine the true degree of diversity
and quantify relatedness. Single nucleotide polymorphisms (SNPs) identified through WGS are
evolutionarily stable and can be reliably used to identify true evolutionary relationships [17]. In a
MAP-endemic environment, this level of detail is invaluable in understanding the molecular
epidemiology and transmission dynamics.

Many reports have described the diversity of MAP isolates using VNTR typing with or without
additional molecular targets [12, 18-20]. The validity of using VNTR typing to help clarify
transmission and the true diversity of MAP, however, has yet to be determined. Whilst the
instability of repetitive elements contributes to their discriminatory ability, there is also the risk
of convergent evolution, which may lead to incurred epidemiological inferences from VNTR
data [21]. Therefore, the aim of this study was to assess the diversity of MAP isolates (type II) in
Canadian dairy herds using WGS to assess the ability of VNTR typing to identify unrelated and

related isolates at the national and herd level.
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3.3 Materials and Methods
3.3.1 MAP isolates and DNA preparation

A collection of Canadian MAP isolates was derived from previously obtained samples through
provincial Johne’s disease control programs and research projects. Positive culture broth from
environmental manure samples was obtained from Johne’s disease control programs in Alberta
and Saskatchewan [2], the Atlantic region (Prince Edward Island and New Brunswick) [22] and
Québec (Table 3.1), while individual cow fecal samples were obtained from British Columbia
and Québec. Six environmental manure samples were collected from participating Alberta and
all Saskatchewan dairy herds. Additionally, individual cow fecal samples from cows with high
milk ELISA titers in Ontario were obtained and cultured as described previously [23]. Samples
from Québec were cultured using the BACTEC MGIT 960 ParaTB culture system (Becton,
Dickinson and company, Franklin Lakes, NJ, USA), whereas the remaining samples were
cultured using the TREK ESP Culture System reagents (TREK Diagnostics, Cleveland, OH,
USA). Approximately 10ul of culture broth was plated onto Middlebrook 7H11 agar
supplemented with 2mg/L. mycobactin J to isolate individual MAP colonies. Plates were
incubated at 37°C for 4-6 weeks. A single colony was subsequently substreaked onto 7H11 agar
and incubated for 4-8 weeks prior to DNA extraction. DNA was extracted using a modified
protocol of the Qiagen DNeasy blood and tissue kit (Qiagen, Mississauga, ON, Canada), as
described previously [24].

3.3.2 VNTR typing

VNTR typing targeting eight loci was performed on 527 DNA samples extracted from MAP

isolates using a previously established protocol [7] and VNTR types (INRA Nouzilly MIRU-
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VNTR [INMV] profile number) were assigned according to the MAC-INMV database
(http//mac-inmv.tours.inra.fr ) [25].

3.3.3 Whole genome sequencing

MAP isolates were selected for WGS to 1) represent the approximate proportion of isolates per
VNTR type in Canada (while minimizing duplicate types from the same herd), 2) include all
Canadian provinces currently represented in the MAP collection, and 3) represent three different
scenarios of VNTR type diversity at the herd-level in Alberta. The three Alberta herd-level
isolate sample sets included a herd with (A) four isolates of the same VNTR type, (B) three
isolates with three different VNTR types, and (C) four isolates with two different VNTR types.
As these isolates were cultured from environmental manure samples, true herd-level diversity
was not assessed.

MAP DNA was prepared for sequencing using the NexteraXT sample preparation kit (Illumina,
San Diego, CA, USA). Samples were multiplexed to achieve paired end reads with an average
coverage of 50X and sequenced using V2 (250bp reads) or V3 (300bp reads) chemistry using the
[llumina MiSeq sequencing platform (Illumina, San Diego, CA, USA).

3.3.4 Data analysis

Raw reads were trimmed using ConDeTri [26] and mapped to a revised version of the K10
reference genome (NCBI Sequence Read Archive study SRR060191) [27] using BWA [28].
Variant sites were identified using SAMtools [29] and were subsequently filtered based on depth
of coverage (at least 2 high quality SNPs on both the forward and reverse strand), mapping
quality (>40), and heterozygosity (<5%). SAM files were visualized in Tablet [30] to investigate
specific polymorphisms of interest, such as the 2 base-pair deletion in IS73171 “bison type”

isolates [31]. An alignment of concatenated SNPs was used to create a maximum likelihood
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phylogenetic tree using PhyML [32], using the nucleotide substitution model, as determined by
jModelTest [33]. Clade support was evaluated based on the analysis of 100 bootstrap pseudo-
replicates. To determine how specific VNTR loci contribute to the phylogenetic congruence, a
circularized phylogenetic tree was annotated according to the six loci that were polymorphic in
the WGS dataset (292, X3, 25,47, 7, and 10) [34].

Additionally, the absolute minimum, maximum, and average pairwise genetic distance of each
isolate to every other isolate within the same VNTR type and between VNTR types was
calculated for the three most common types by averaging across the PhyML generated distance
matrix. To identify how frequently closely related isolates differ in VNTR type, the number of
pairwise distances smaller than a range of cut-off values (<5, <10, <15, <20, <25, <30, <35, <40,

<45, <50, <75, <100, <200) was calculated within and between types.

3.4 Results
3.4.1 VNTR typing

MAP isolates evaluated in this study came from a total of 201 Canadian dairy herds from British
Columbia, Alberta, Saskatchewan, Ontario, Québec, and the Atlantic region. VNTR typing was
performed on 527 MAP isolates and resulted in 12 different types (Table 3.2). A total of 76, 8,
and 7% of MAP isolates belonged to INMV type 2, 3, and 1 respectively, with 9 types
representing the remaining 9% of isolates. Two loci (3 and 32) were not found to be
polymorphic, while loci 292, X3, 25,47, 7, and 10 contained 3, 3, 3, 2, 2, and 2 alleles,
respectively. MAP isolates belonging to INMV68, which was previously identified as “bison
type” isolates in Québec [18], were identified in seven herds (two from Québec and five from

Alberta) (Table 3.1).
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3.4.2 Whole genome sequencing

124 isolates were successfully sequenced, representing 11 different VNTR types, with an
average coverage of 33X. 3,039 high quality variant sites were identified and used to create a
maximum likelihood phylogenetic tree (Figure 3.1). Whole genome sequencing revealed more
than 650 SNPs unique to the “bison type” isolate, and visualization of the reads in Tablet
confirmed a ‘TG’ deletion unique to “bison type” strains in the IS7371 sequences. Eight
divergent subtypes were identified that contained at least 45 unique SNPs relative to the most
recent common ancestor of all isolates, excluding the “bison type” outgroup. The dominant
subtype (subtype VIII) included 86% of isolates analyzed.

3.4.3 Analysis of VNTR typing and whole genome sequencing

In Figure 3.1, tips of the phylogenetic tree were labeled according to VNTR type and the three
most common types were color-coded. INMV 2 isolates in this dataset originated from all six
provinces, whereas INMV 3 and INMV 1 isolates were identified from five and three provinces,
respectively. Of the 11 VNTR types identified, nine were located within the dominant subtype
(VIID).

The frequency with which isolates differing by a range of SNPs belong to different VNTR types
is depicted in Figure 3.2. In this dataset, MAP isolates differing by <10 SNPs belonged to
different VNTR types 10% of the time. This value increased as the number of SNP differences
increased.

The average number of pairwise SNP differences between isolates within the three most
common VNTR types and outside of each type is presented in Figure 3.3. The majority of
isolates within a type had lower average SNP differences when compared to the differences

between VNTR types (Figure 3.3). However, in each of the three major VNTR types, several
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isolates with within-type differences clustered with the between-type differences, with average
SNP differences that were considerably higher than would be expected for isolates of the same
VNTR type. INMV 3 isolates were on average more closely related, with less than 50 SNP
differences in the largest cluster, compared to INMV 2 isolates, which were approximately 100
SNPs different. INMV 1, on the other hand, had on average over 150 SNP differences between
isolates within that type, with one isolate exceeding a difference of 200 SNPs. The absolute
maximum number of SNP differences between any two isolates within each type was 240, 215,
and 116 for INMV 1, 2, and 3 respectively, while the minimum number of SNP differences was
one for INMV 1 and INMV 2 and four for INMV 3 (Table 3.3). The absolute maximum and
minimum number of SNP differences between two different VNTR types for INMV 1, 2, and 3
was also calculated. In the case of INMV 1, the maximum SNP difference within the type was
larger than between types (Table 3.3). The dominant subtype included five different VNTR types
that differed from INMV 2 by 15 SNPs or less, including INMV 17 that differed from an INMV
2 isolate by only two SNPs (Figure 3.1).

Three herds with multiple MAP isolates per herd were evaluated using VNTR typing and WGS.
Four isolates of the same VNTR type were analyzed in Herd A, three isolates of different VNTR
types were analyzed in Herd B, and four isolates representing two VNTR types were analyzed in
Herd C. Herd B VNTR typing results correctly differentiated distantly related isolates; however,
isolates from Herd A and Herd C had inconsistent typing results (Figure 3.1) with either
unrelated isolates belonging to the same VNTR type (Herds A and C) or different VNTR types
being closely related (Herd C).

Additionally, there was evidence of convergent evolution in four of six VNTR types in which
more than one isolate per type was sequenced (INMV 2, 3, 6, and 77) (Figure 3.1). Locus-
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specific changes in repeat length are presented in Figure 3.4. Locus 10 had the most instances of

convergent evolution (five times), whereas loci 47 and X3 appeared to be relatively stable.

3.5 Discussion

In this study, the genetic relationship of 124 Canadian bovine MAP isolates was assessed using
WGS and VNTR typing. Main findings were that 1) at least eight genetically distinct MAP
subtypes exist in Canada, with over 80% of isolates belonging to a single dominant subtype, and
2) VNTR typing may both overestimate and underestimate relatedness. Additionally, evidence of
convergent evolution was observed multiple times and individual VNTR loci contributed
differently to the levels of VNTR-level homoplasy observed in the SNP-based phylogeny.

The phylogenetic analysis of MAP isolates based on over 3,000 SNPs identified through WGS
revealed eight divergent subtypes, one of which contains over 80% of isolates. The presence of a
dominant subtype in Canada could be attributed to a variety of factors, such as increased
virulence, increased culturability, or a founder effect (e.g. the first MAP introduction into
Canada). The branch lengths separating the major subtypes exceed 100 SNPs, suggesting there
were likely at least eight separate introduction events into Canada, as the accumulation of this
number of SNPs is unlikely within the timeframe of Holstein-Friesian dairy farming in Canada
(1881 to the present) [35].

In the absence of observational data, a suboptimal typing technique will falsely classify related
isolates as unrelated, masking the true relationship, or overestimate relatedness, incorrectly
linking unrelated isolates. Within the three most common VNTR types, some isolates were
highly unrelated based on the number of SNP differences, with as many as 240 differences

within a type (INMV 1). Given the slow mutation rate of MAP, estimated to be slower than the
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0.3 SNPs/genome/year in Mycobacterium tuberculosis ([36]; Bryant et el., unpublished), these
isolates are highly unrelated. Falsely classifying isolates as related is characteristic of a typing
technique with a low discriminatory ability, which can be resolved by including additional
discriminatory genetic markers.

In contrast, this dataset provides examples where evidence of transmission based on VNTR
typing would be lost due to a change in repeat number at a single locus (i.e. INMV 2 and 17;
INMV 2 and INMYV 6). This has similarly been demonstrated in the evaluation of VNTR typing
of M. bovis, where single locus variants were present in the same herd, suggesting the presence
of clonal variants [37]. While it has been demonstrated that genetic data based on repetitive
elements are not appropriate for deep phylogenetic inference [5], the observation that a VNTR
type can be identical by convergent evolution indicates that classifying isolates based on VNTR
type may lead to erroneous epidemiological conclusions regarding transmission events occurring
within a timeframe of a few years. Given that the most severe cases of convergent evolution
occur in the dominant subtype (VIII), the use of a typing scheme that first defines major lineages
based on SNPs followed by VNTR and/or additional typing methods, as has been proposed for
other organisms [5, 9], will not substantially clarify transmission dynamics at this limited spatial
scale.

The analysis of three herd-level datasets illustrates the value of using WGS data for the study of
epidemiologically linked isolates and that VNTR typing data may lead to an incorrect assessment
of diversity and relatedness of strains. Herd A harbored at least two different strains that appear
to be identical based on VNTR typing. Herd C also had at least two different strains circulating;

however, despite the presence of two different VNTR types, presence of INMV 6 is likely due to
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within-herd evolution of the closely related INMV 2 isolates, whereas the more divergent INMV
2 isolate was probably the result of a separate introduction event.

Locus-specific differences in repeat length were also evaluated. Convergence was observed in
four of six loci and overall a higher frequency of loss, rather than gain, of repeat numbers
relative to the most common allele at each locus was found, which has been observed previously
in M. tuberculosis [38, 39]. Prediction models for VNTR locus evolution in other organisms
have been developed [21, 40, 41], but they have not been based on comparison with WGS data.
It has been reported previously [9] that different genetic markers should be selected for different
spatial and temporal scales, so that the molecular clock speed of the marker is matched to the
scale of the investigation. However, results from the current study suggest that the current VNTR
typing scheme includes loci that are too unstable, and therefore unreliable, to be used for

molecular epidemiological analysis of MAP at both broad and limited spatial scales.

3.6 Conclusions

The usefulness of molecular typing strongly depends on its ability to differentiate
epidemiologically meaningful differences between isolates. Molecular epidemiological studies of
MAP have not yet provided sufficient results to truly impact our understanding of the
transmission dynamics and genotype-specific virulence characteristics. Correctly classifying
strains as “same” or “different” is important for transmission studies and in identifying
phenotypic associations. Based on results from this study, caution should be used when using
VNTR typing as a tool to assess the diversity and relatedness of MAP isolates at both a national
and herd-level. Whole genome sequencing, on the other hand, provides unparalleled detail

regarding the genetic profiles of MAP. The dominance of a single clade of MAP in Canada
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shows how important it is to have such detailed information when attempting to use molecular
data to study MAP transmission dynamics.
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Table 3.1 Province of origin, number of herds, VNTR types and number of Mycobacterium

avium subsp. paratuberculosis isolates analyzed

Province/Region  # Herds # VNTR VNTR types (INMV #) # Whole genome

typed sequenced

Alberta 98 300 1,13,17,2,3,6,68,77, NEW2* 58
Atlantic regions 10 62 17,2,77 11
British Columbia 8 14 2,3 5

Ontario 17 52 17,2,3,6 16
Quebec 24 45 1,2,3,68 14
Saskatchewan 25 54 1,2,3,6,7,117,NEW1* 20
Total 182 527 124

* VNTR type NEW1 and NEW2 have since been assigned an INMYV profile.
NEWI: INMV 140
NEW2: INMV 141
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Table 3.2 The number of MAP isolates, herds, and whole genomes sequenced (WGS)

within each VNTR type

Locus
VNTR type 292 X3 25 47 3 7 10 32 #isolates #herds #WGS
INMV 2 3 2 3 3 2 2 2 8 398 139 83
INMV 3 3 2 3 3 2 2 1 8 41 25 16
INMV 1 4 2 3 3 2 2 2 8 36 16 13
INMV 17 3 1 3 3 2 2 2 8 18 3 3
INMV 68 2 2 5 3 2 2 2 8 17 6 1
INMV 13 2 2 3 3 2 2 2 8 6 2 1
INMV 6 3 2 3 3 2 1 2 8 4 4 2
INMV 77 3 2 2 3 2 2 2 8 3 2 2
INMV 7 3 2 3 3 2 1 1 8 1 1 1
INMV117 3 2 3 2 2 2 2 8 1 1 1
NEW1* 3 3 3 3 2 2 1 8 1 1 1
NEW2* 4 2 3 2 2 2 2 8 1 1 0

* VNTR type NEW1 and NEW?2 have since been assigned an INMV profile.
NEWI1: INMV 140
NEW2: INMV 141
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Table 3.3 Absolute minimum and maximum pairwise SNP difference within and between

the three major VNTR types

INMV 1 INMV 2 INMV 3
within between  within between  within between
Absolute minimum 1 70 1 2 4 15
Absolute maximum 240 239 215 236 116 230
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Figure 3.1 Maximum likelihood phylogenetic tree of 124 Canadian MAP isolates. The tree is
based on 3,039 concatenated variant sites using PhyML and the TPM 1uf nucleotide substitution
model, rooted to the “bison type” isolate (INMYV 68). The tips are labeled as the VNTR type and
the three most prevalent types are color-coded (INMV 2=blue, INMV 3=green, INMV 1=red).
Dotted lines indicate samples belonging to Herds A, B, and C, the eight divergent subtypes are

labeled I-VIII, and bootstrap values of node support > 70 are displayed.
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Figure 3.2 The frequency in which any two MAP isolates share the same VNTR type (solid line)
or different VNTR types (dotted line) at a range of pairwise SNP differences (<5 to <300 SNPs)
(i.e. two isolates that have fewer than 300 pairwise SNP differences belong to different VNTR

types 52% of the time).
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Figure 3.3 Scatter plot of the average pairwise SNP distance between three VNTR types.
Determined by the maximum likelihood distance matrix, between each MAP isolate within
INMV 1, INMV 2, and INMV 3 (black) and between those VNTR types and isolates of all other

VNTR types identified in this study (grey) based on 8 VNTR loci.
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Figure 3.4 Circularized maximum likelihood phylogenetic tree with each polymorphic VNTR

locus concentrically displayed (inner to outer: 292, X3, 25, 47, 7, and 10). Branch lengths are not
shown to scale. Blue represents the most common repeat number within each locus, red indicates
a larger repeat number, and green represents a smaller repeat number. A dotted line indicates the
VNTR type that represents each locus combination and the subtype (I-VIII) of each isolate/clade

is indicated by a black dot located at the ancestral node of the isolate(s) within that subtype.
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Chapter Four: Genome-wide diversity and phylogeography of Mycobacterium avium subsp.
paratuberculosis in Canadian dairy cattle

4.1 Abstract

Mycobacterium avium subsp. paratuberculosis (MAP) is the etiological agent of Johne’s disease
(JD) in ruminants. JD control in the Canadian dairy industry can be improved with a better
understanding of the diversity and distribution of MAP subtypes. Previously established
molecular typing techniques used to differentiate MAP have not been sufficiently discriminatory
and/or reliable to accurately assess the population structure. In this study, the genetic diversity of
182 MAP isolates taken from across Canada was compared to the known global diversity, using
single nucleotide polymorphisms identified through whole genome sequencing. Additionally, the
association between phylogeny and region was determined at the inter- and intra-provincial
level.

MAP isolates from Canada represented a subset of the known global diversity, as there were
global isolates intermingled with Canadian isolates, as well as multiple global subtypes that were
not found in Canada. A total of nine divergent subtypes were identified in Canadian dairy herds
from all provinces, including one Type III and six “Bison type” isolates. One subtype
represented 86%, with each of the remaining eight subtypes representing less than 4% of all
Canadian isolates. The Canadian “Bison type” isolates were closely related to a USA isolate that
was recovered from a bison herd. Rarefaction estimated larger subtype richness in Québec than
in other Canadian provinces using a strict definition of MAP subtypes and lower subtype

richness in the Atlantic region using a relaxed definition. Significant phylogeographic clustering
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was observed at the inter-provincial but not at the intra-provincial level, although in all regions a
high proportion of all clades were represented.

A considerable amount of genetic diversity was found among Canadian MAP isolates, though
one subtype predominated. The presence of six “Bison type” isolates in samples obtained
through routine JD control programs indicates this subtype is more common and widespread than
previously recognized in Canadian dairy cattle. Despite significant phylogeographic clustering,
there were still a large number of shared subtypes among provinces. This suggests that cattle
movement is a major driver of MAP transmission at the herd level, which is further supported by

the lack of spatial clustering on an intra-provincial scale.

4.2 Introduction

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative bacterium of Johne’s
disease (JD) in ruminants and is widespread in the global dairy industry [1]. A potential
association between MAP and Crohn’s disease in humans is increasing pressure to reduce the
prevalence in dairy herds by breaking the transmission cycle [2, 3]. This can be achieved within
herds by eliminating exposure of calves to infected feed and feces and between herds by
preventing the introduction of MAP-infected animals [4]. Despite this knowledge, the herd-level
prevalence of JD in Canada remains high [5].

MAP is a Gram-positive, acid-fast bacillus classified into two broad strain types — Type I and
Type 11 [6]. Additional types have also been described, however Type I1I is now understood to
be a sub-lineage of Type I [7] and “Bison type” (Type B) is a sub-lineage of Type II (Bryant et
al., submitted). Subtyping of isolates beyond the broad strain types has largely relied on

repetitive regions of the genome; however, this limits the ability to infer true evolutionary

85



relationships ([8]; Bryant et al., submitted). The relatively high discriminatory ability of short
sequence repeat (SSR) [9] and variable number tandem repeat (VNTR) typing [10] has
motivated researchers to use these tools to investigate the diversity of MAP in several countries
and host species (see [11] for a review). In Canada, the genetic structure of MAP was analyzed at
a provincial level using a combination of SSR and VNTR loci [12]. Two genotypes accounted
for 43% of the isolates and the majority of the remaining isolates differed by a single, potentially
unstable, locus. Thus, more appropriate genotyping tools are required to capture the true
population diversity necessary for molecular epidemiological analyses. Whole genome
sequencing (WGS) provides a means to identify informative, stable molecular markers that can
subsequently be used to assess the population structure in a broader scope [13].

A thorough understanding of the population structure of mycobacteria at multiple geographical
scales can provide an important framework to investigate transmission in an epidemiological
context as well as subtype-specific characteristics, such as virulence, transmissibility, and
immunogenicity. WGS has been used to study the persistence and recent transmission events of
M. bovis in cattle and badgers in UK dairy herds, improving the understanding of disease
dynamics at small spatial scales [14]. Disease diversity has also been attributed to strain diversity
in a number of pathogens, including Mycobacterium tuberculosis [15]. Strain-specific
differences in virulence and pathogenicity of MAP, however, have mainly focused on the major
strain types [16—19], in which significant differences were found between Type I and Type 11
isolates in their growth rates and intracellular survival.

An understanding of the true genetic diversity of MAP is needed to accurately assess subtype-
specific phenotypes and virulence characteristics. Additionally, rational vaccine development
and potentially effective management practices rely on a comprehensive assessment of
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circulating MAP subtypes and their distribution across different provinces. The objectives of this
study were to A) determine the diversity and evolutionary relationship of MAP strain types in
Canadian dairy farms from all 10 provinces using WGS, B) contextualize this diversity through
comparison to a diverse global collection of MAP isolates, and C) assess the phylogeography of

Canadian MAP isolates on a national and provincial level.

4.3 Materials and Methods
4.3.1 Canadian isolate selection and DNA preparation

Canadian MAP isolates were obtained from environmental and individual cow fecal samples
collected from regional JD control initiatives in British Columbia, Alberta, Saskatchewan,
Ontario, Québec, and the Atlantic region (New Brunswick, Nova Scotia, Prince Edward Island
and Newfoundland), as detailed previously [5, 8, 20]. Additional MAP isolates were obtained
from the Alberta Ministry of Agriculture and Rural Development (n=22), representing individual
cow fecal samples from different dairy herds in Alberta sampled between 1999 and 2002.
Environmental manure samples from manure storage areas were also obtained from five dairy
operations in the province of Manitoba. MAP DNA from environmental manure samples from
three dairy herds in Newfoundland was also obtained. The isolates included in this study were
obtained from a total of 170 dairy herds. Only one isolate per herd was selected, with the
exception of 11 herds (located in Alberta or Saskatchewan) in which two or three isolates were
included that previous WGS analyses identified as genetically distinct [8]. MAP was grown from
environmental manure samples and individual cow fecal samples using the TREK ESP Culture
System reagents (TREK Diagnostics, Cleveland, OH, USA) in all provinces, with the exception

of Queébec, where isolates were cultured with the BACTEC MGIT 960 ParaTB culture system
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(Becton, Dickinson and company, Franklin Lakes, NJ, USA). Liquid culture broth of 15900 PCR
positive samples [5, 21] was plated onto Middlebrook 7H11 agar supplemented with OADC and
2 mg/L mycobactin J and a single MAP colony was substreaked for subsequent regrowth and
genomic DNA extraction, as detailed previously [22]. Multiplexed DNA libraries were prepared
using the Nextera XT sample preparation kit (Illumina, San Diego, CA, USA) according to
manufacturer’s instructions.

4.3.2 Whole genome sequencing and single nucleotide polymorphism (SNP) detection

Paired-end WGS was performed on pools of 24 samples using the MiSeq platform (Illumina, San
Diego, CA, USA) with a read length of either 250 or 300 base pairs. BWA [23] was used for
reference mapping to the revised version of the MAP K10 genome (NCBI Sequence Read
Archive study SRR060191) [24, 25] and variant sites were identified using SAMtools and
bceftools [26]. Variant sites within insertion elements and PE/PPE regions were discounted and
subsequent filtering criteria [8] were used to minimize false-positives.

4.3.3 Global sequence selection

MAP isolates (n = 135) from 22 countries were collected at Moredun Research Institute (MRI)
having been selected in order to maximize the global genetic diversity. WGS and data analysis
was performed as detailed elsewhere (Bryant et al., submitted). A total of 26 sequences were
selected from this collection for comparison to sequences from Canadian isolates based on their
phylogenetic position and availability of metadata, such as year of isolation and host. All major
phylogenetic clades were represented, including MAP types I, 11, III, and B and raw sequencing
reads were processed alongside the Canadian sequences, as described above. Additional
sequences from the MRI global collection were subsequently analyzed using the same methods

in a separate analysis to refine Type III and Type B isolates in the phylogeny.
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4.3.4 Phylogenetic analyses

Concatenated variant sites were used for all phylogenetic analyses. Maximum likelihood
phylogenetic trees were created using PhyML [27] with the TPM 1uf nucleotide substitution
model, as determined by jModelTest (version 2.1.7) [28]. Node support was evaluated with 100
bootstrap pseudoreplications. Phylogenetic trees were visualized using FigTree (version 1.4.2),
and iTOL [29] was used to annotate the tips with geographical location.

The phylogenetic signal was evaluated using the likelihood mapping function in TREE-PUZZLE
[30, 31]. This method determines the support for internal branches of a phylogeny and the
phylogenetic content of a dataset by plotting 10,000 randomly selected quartets in a likelihood-
mapping diagram. The percentage of quartets that cannot be reliably resolved demonstrates the
strength of the phylogenetic signal. Additionally, the nucleotide alignment was tested for the
presence of recombinant sequences using the pairwise homoplasy index (PHI) test [32] in
SplitsTree (version 4.13.1) [33] with a significance threshold of p < 0.05. A rarefaction analysis
was performed to determine the subtype richness among different Canadian provinces. Subtypes,
or clades, were assigned using a strict and relaxed definition; the strict definition divided the
isolates into nine divergent subtypes based on a shared branch length of at least 50 SNPs and the
relaxed definition, selected to capture the majority of subpopulations in the phylogeny, divided
the isolates into 32 subtypes. The function RAREFY in the package VEGAN (version 2.2-1) was
implemented in R, version 3.1.2 [34].

The phylogenetic association between MAP and geographical location was tested using BaTS
(Bayesian Tip Significance Testing) [35]. This program tests the null hypothesis of no
correlation between phylogeny and geographic location by performing randomization tests from

a posterior set of trees generated through a Bayesian Markov chain Monte Carlo analysis. A
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posterior set of trees was generated using the general time-reversible (GTR) substitution model, a
lognormal relaxed molecular clock, and a constant-sized coalescent model implemented in
BEAST (version 1.8.0) [36]. BaTS takes into consideration phylogenetic uncertainty when
testing the association index, parsimony score, and the monophyletic clade size statistic. The
phylogenic association was tested with province of origin as well as with three regions (each
between 43,000 and 45,000 square Km) within Alberta for which the location of farm origin was
known (n = 58; Region 1, north of Red Deer; Region 2, between Red Deer and Calgary; Region
3, south of Calgary). A p-value < 0.05 was regarded as statistically significant. Exact binomial
tests were performed to test the underrepresentation of regions in particular phylogenetic clades

using the exact binomial test implemented in R [34].

4.4 Results
4.4.1 Canadian and global isolates

A total of 9,670 variant sites were identified in 182 MAP isolates from Canada and 26 global
isolates. Results from the maximum likelihood phylogenetic analysis of concatenated variant
sites are presented in Figure 4.1. One isolate from Québec was most closely related to a Type 111
isolate from the global collection, with 1,411 pairwise SNP differences. The Canadian Type III
sequence was subsequently compared to an additional nine Type III sequences from the global
collection, which identified a deer isolate from the Czech Republic as the closest relative (313
pairwise SNP differences) (Figure 4.2A).

The remaining 181 Canadian isolates clustered with the Type II global isolates. A dominant
subtype included 155 of the Canadian and five of the global isolates. Additionally, six Canadian

isolates from three provinces (Alberta, Ontario, and Québec) were most closely related to the
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Type B isolate from the global collection. To further investigate the relationship between all
Type B isolates, an additional three global Type B sequences (from isolates originating from
India, the Czech Republic, and the USA) were analyzed with the six Canadian sequences. A total
of 403 SNPs were identified among Type B sequences and the phylogenetic analysis based on
these SNPs revealed close similarity between the Canadian isolates and an isolate originating
from a bison herd in the USA (Figure 4.2B). The USA and Canadian sequences had between
eight and 31 pairwise SNP differences, with the USA sequence most closely related to the
sequence from Alberta.

4.4.2 Canadian isolates

6,604 variant sites were identified in 182 Canadian isolates, although nearly half (3,022) were
unique to the Type Il isolate. 3,582 SNPs were identified within the Type Il isolates, including
the six Type B isolates. Likelihood mapping analysis indicated a strong phylogenetic signal, with
greater than 80% of the quartets fully resolved (Figure 4.6). The PHI test did not indicate
statistically significant evidence for recombination, with p = 0.73.

A total of nine divergent MAP subtypes were found in Canada, of which eight were classified as
Type II. Within the Type II isolates, 86% belonged to the dominant subtype (subtype H), with
the remaining subtypes each representing less than 4% of the population (subtype A, B, C, D, E,
F, and G represented 3, 0.5, 1, 3, 2, 4, 0.5% respectively). Two of those subtypes (B and G) were
each represented by a single isolate. Subtypes that contained more than one isolate included as
few as one region or as many as all seven. Within the dominant subtype in particular, long
internal branches differentiated this subtype into several subpopulations that were differentiated

in the rarefaction analyses using the relaxed subtype definition.
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The rarefaction analyses quantified the subtype richness at two different cutoffs to capture the
diversity based on more recent and more ancestral SNPs given a range of sampling efforts for
each region (Figure 4.3). Using the strict, more ancestral subtype definition Québec displayed
more diversity than Alberta at a sampling effort of 25 samples. However, at smaller sample sizes
the 95% confidence intervals of all provinces overlapped, limiting the ability to interpret levels
of diversity. The rarefaction analysis based on 32 subtypes only identified a difference in subtype
richness in the Atlantic region (Figure 4.3B), where a lower level of diversity was observed.

The presence of phylogeographic structure was tested using the program BaTS. When sequences
were labeled according to province of origin, the parsimony score (PS) and association index
(AlI) statistics strongly rejected the null hypothesis of panmixis (Figure 4.4C). The monophyletic
clade size statistic (MC) quantified the strength of each phylogeny-location association. With the
exception of the Atlantic region, all regions demonstrated a significant association (p < 0.05).
The MC statistics from British Columbia and Manitoba should be interpreted with caution due to
their small sample size. A phylogenetic tree with the tips colored according to the province in
which the isolate was sampled is depicted in Figure 4.4B. There were noticeably missing regions
in subpopulations within the dominant clade. Isolates from the Atlantic region were not
represented in the basal portion of the dominant clade (H) and isolates from Québec were not
present in the distal portion of the dominant clade. An exact binomial test indicated these two
regions were significantly underrepresented in those clades, with p = 0.018 and p = 0.005,
respectively. When Alberta isolates were tested according to their location within the province,
significant associations were not observed, as PS, Al, and all three MC statistics resulted in p >

0.05 (Figure 4.5).
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4.5 Discussion

The WGS comparison of 182 Canadian MAP isolates originating from dairy herds in all 10
Canadian provinces to 26 diverse global isolates revealed the evolutionary relationship and
subtype diversity of MAP in Canada. Although the proportion of subtypes could not be directly
compared between the two datasets (because the global collection was selected to maximize
genetic diversity), there were subtypes in the global collection that were not found in Canada as
well as global isolates that were interspersed with the Canadian isolates. This indicates that out
of the known global diversity only a subset of subtypes has been introduced into Canada.

To our knowledge, this is the first report of Type III MAP isolated from a Canadian dairy farm.
Furthermore, the identification of Type B isolates from three Canadian provinces, obtained
through routine monitoring as part of JD control programs rather than through targeting of
potential Type B sources, indicates that this strain type is more common than previously
understood [12]. The close genetic relatedness of the USA Type B isolate [37] to the Canadian
Type B isolates suggests a common ancestor within the past 25 years, given an estimated
substitution rate of 0.3 SNPs per genome per year (Bryant et al., submitted).

The dominant subtype in Canada included 86% of all Canadian MAP isolates. Multiple
introduction events of this MAP subtype from other countries is likely, as five global isolates fall
within the dominant clade and are often basal to the Canadian isolates. The large number of
subpopulations within this type also supports this hypothesis. The current population structure of
MAP in Canada was likely shaped by the importation of cattle from a limited number of
countries (although uneven sampling makes it impossible to definitively identify the direction of
transmission) and the spread of certain successful subtypes in the Canadian dairy environment.

To further support the hypothesis that some subtypes may have a selective advantage, both in
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vivo and in vitro investigations into phenotypic differences, such as growth rates and invasion
efficiencies, is warranted. Future vaccine development studies and molecular epidemiological
analyses should also consider the relative frequencies of MAP subtypes in Canada with a focus
on the dominant subtype.

The province-level diversity was assessed through rarefaction analyses. The greater diversity of
divergent subtypes (using the strict definition) in Québec, which suggests a larger bacterial
effective population size in this province, may be a reflection of their large number of dairy
herds. In 2014, 5,894 dairy herds were operating in Québec, compared to just 566 in Alberta
[38]. However, Saskatchewan, with only 166 dairy herds, exhibited greater MAP diversity than
Ontario, with 3,926 herds, which doesn’t fit the hypothesis that larger host population size and
larger bacterial population size drive bacterial diversity. The rarefaction analysis with a more
relaxed subtype definition indicated there is not a substantial difference in subtype diversity
between provinces, with the exception of lower diversity seen in the Atlantic region. This
complex distribution of MAP subtypes across the country has likely been shaped by herd
management behaviors (such as biosecurity measures, JD testing strategy, cow-calf manure
contact, colostrum management, etc.) that may select for certain MAP subtypes as well as the
expansion of the Canadian dairy industry over the past two centuries, which may have
contributed to repeated introductions.

The phylogeography was assessed at the between and within province level. The MC statistic
was not significant in the Atlantic region, which includes four provinces separated by major
geographical barriers. The grouping into one region may not be appropriate even though all four
provinces were managed by the same JD control program [39]. There were large subpopulations
within the dominant clade that did not include isolates from certain regions. This observation
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supports the rejection of the null hypothesis of panmixis at the between province level, even
though there was still considerable overlap of subtypes across the country. There are several
elements that could lead to an absence/low occurrence of subtypes in particular regions, such as
local environmental factors, regional disease control strategies, a lack of introduction, or
incomplete sampling. Animal trade is the probable driver of the shared subtypes between
provinces. The movement of dairy cattle between herds in Canada is extensive but not well
documented, as producers are not required to report livestock movements. A network analysis of
dairy cattle movements in Ontario between 2004 and 2006 estimated approximately 15% of
dairy cattle shipments left the province (the majority going to Québec) and 10-20% remaining
within the same postal code [40].

At the within-province level, MAP isolates from three regions in Alberta were not significantly
correlated with the phylogeny. This is in contrast to Mycobacterium bovis in UK cattle, where
geographic clustering of types at a smaller geographic scale is observed, and where wildlife
populations are implicated as a potential reservoir for local and regional transmission [14, 41]. In
Alberta, however, the lack of spatial association suggests spatially-localized transmission
mechanisms, such as wildlife, have not been a major driver of MAP transmission.
Spatiotemporal clustering of one common MAP genotype was previously observed in Québec
dairy herds [12], but genotypes were defined based on repetitive loci and may not have been a
reliable measure of relatedness [8]. An understanding of dairy cattle movements within and
between all provinces will help clarify the phylogeography of MAP in Canada, as the movement
to and from major livestock markets may be influential in disseminating MAP. Modeling cattle

contact networks may allow prediction of the patterns of herd-to-herd MAP transmission, similar
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to the approach used to estimate the main drivers of M. bovis transmission in British cattle [42]
or human tuberculosis transmission in British Columbia, Canada [43].

The disparity in the number of MAP isolates sequenced from each province likely influenced the
BaTS phylogeny-trait association. Manitoba and British Columbia had very small sample sizes,
so the presence of just two neighboring tips in the phylogeny produced a significant signal.
Additionally, while province is an important variable in the movement of livestock, there may be
regional clusters that were not investigated in this study. For example, dairy farms in western
Ontario may be more likely to buy/sell animals to dairy farms in Manitoba than eastern Ontario.
This emphasizes the need for additional data regarding livestock movements in Canada. The
number of shared subtypes with the USA is also an important research question; over the past 10
years, Canada has imported more than 200,000 dairy cattle from the United States [44]. This
highlights the importance of assessing the population structure of MAP in the United States

using WGS to appropriately evaluate the contribution of international MAP transmission.

4.6 Conclusions

Nine divergent MAP subtypes, including Type III and Type B, were identified in Canadian dairy
herds, as well as a dominant subtype that comprised more than 85% of the Canadian isolates.
The close similarity between the Type B isolates from the USA and Canada suggest a recent
transmission event between bison and dairy cattle. The phylogenetic association of MAP isolates
from different provinces indicates a degree of strain sharing within provinces, as well as
interprovincial movement of MAP subtypes. Further analysis of the population structure with a
larger set of isolates would potentially identify which factors influence the degree of subtype

diversity between different regions in Canada. SNPs alone are not sufficient to track MAP
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transmission given its slow growth rate and the extensive, undocumented interprovincial cattle
movement. However, integrating genetic data with animal movement data will help clarify MAP

transmission dynamics at a regional and national scale.
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Figure 4.1 Maximum likelihood phylogenetic tree of sequenced MAP isolates. Phylogenetic tree
of global (n = 26, labeled with a black dot (*)) and Canadian (n = 182) isolates based on 9,670
variant sites using the TPM1uf nucleotide substitution model. The tree is rooted to the Type I
sequence. A magnification of the phylogeny excluding the Type I, III, and B isolates is outlined
in dotted lines. The dominant subtype is shaded in grey. Bootstrap values with branch support >

70% are displayed.
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Figure 4.2 Maximum likelihood phylogenetic trees of Canadian and global MAP isolates. A)
Phylogenetic tree of one Canadian and ten global Type III isolates based on 5,416 concatenated
variant sites. B) Phylogenetic tree of six Canadian and four global “Bison type” isolates based on
403 concatenated variant sites. The global sequences are shaded in grey and branches are labeled

according to the isolate ID.
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Figure 4.3 Rarefaction curves indicating the mean subtype richness of each region at different
sampling efforts. Rarefaction curves were generated using the function rarefy in the R package
Vegan using A) a strict subtype definition (9 total subtypes) and B) a relaxed subtype definition
(32 total subtypes). 95% confidence intervals are indicated by a dotted line. The 7 regions are
labeled with shapes indicated in the key at the bottom of the figure. Regions are abbreviated as
follows: Québec = QC, Alberta = AB, Ontario = ON, the Atlantic region = AT, Manitoba = MB,

British Columbia = BC, and Saskatchewan = SK.
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statistic |# samples| observed mean (95% Cl) null mean (95 % Cl) significance
Al 182 6.213 (5.525, 6.897) 15.970 (14.508, 17.296) <0.001
PS 182 66.069 (65.000, 67.000) 97.398 (93.063, 100.841) <0.001
. MC (BC) 6 2.000 (2.000, 2.000) 1.035 (1.000, 1.303) 0.010
MC (AB) 73 6.090 (6.000, 7.000) 3.532 (2.440, 5.225) 0.020
MC (SK) 23 5.020 (5.000, 5.000) 1.723 (1.001, 2.997) 0.010
MC (MB) 5 1.539 (1.000, 2.000) 1.025 (1.000, 1.002) 0.010
MC (ON) 26 4.286 (4.000, 5.000) 1.841 (1.002, 2.997) 0.010
MC (QC) 30 3.997 (4.000, 4.000) 1.883 (1.006, 2.997) 0.010
MC (AT) 19 2.017 (2.000, 2.000) 1.537(1.000, 2.362) 0.200
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Figure 4.4 Phylogenetic clustering of MAP isolates among Canadian regions. A) Circularized
maximum likelihood phylogenetic tree of 182 Canadian MAP isolates, rooted to the Type 111
isolate. Tips are colored according to province of origin (Alberta = blue, Ontario = light blue,
British Colombia = red, Québec = orange, Saskatchewan = yellow, the Atlantic provinces = pink,
Manitoba = purple). The branches leading to the nine subtypes are labeled with a square. Dotted
lines indicate the threshold for the different subtype definitions used in the rarefaction analysis.
B) Map of the 7 Canadian regions in which MAP isolates were obtained. C) The statistics (Al =
association index, PS = parsimony score, MC = monophyletic clade size statistic), number of
samples from each of the 7 regions, observed mean, null mean, and significance (p-value) are
presented. Low Al and PS scores indicate a strong association, whereas high MC scores indicate

a strong association.
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Figure 4.5 Phylogenetic clustering of MAP isolates in three regions in Alberta. A) Circularized
maximum likelihood phylogenetic tree of 58 Alberta MAP isolates. Tips are colored according to
the geographical location of originating farms (Region 1= light blue, Region 2 = dark blue,
Region 3 = blue). B) Map of Alberta with the three regions indicated by their respective colors.
C) BaTS analysis of the phylogeny-region association. The statistics (Al = association index, PS
= parsimony score, MC = monophyletic clade size statistic), number of samples from each
region, observed mean, null mean, and significance (p-value) are presented. Low Al and PS

scores indicate a strong association, whereas high MC scores indicate a strong association.
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Figure 4.6 Likelihood mapping analysis of 182 Canadian MAP isolates. The phylogenetic signal
of the dataset was tested by plotting 10,000 quartets, in which the unresolved quartets (10.8%)
are shown in the central region of the triangle. 80.3% of the quartets were fully resolved and

8.8% were partially resolved.
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Chapter Five: The microevolution of Mycobacterium avium subspecies paratuberculosis in
Canadian dairy cattle

5.1 Abstract

Johne’s disease is a production limiting disease in dairy cattle, caused by Mycobacterium avium
subsp. paratuberculosis (MAP). The phylogenetic relationship of MAP isolates in Canada based
on whole genome sequencing (WGS) previously uncovered the genetic diversity and distribution
of MAP subtypes; however, the evolutionary and fitness consequences of single nucleotide
polymorphisms (SNPs) have not been explored. Therefore, the objectives of this study were to
identify the location and consequences of SNPs in the MAP genomes and determine if particular
genes and/or clades showed evidence of differential selection pressures. Separate dN/dS ratios of
SNPs present in all isolates and SNPs unique to a single isolate were determined. dN/dS ratios of
single isolates and all isolates within a clade were compared. Genes with a higher proportion of
nonsynonymous SNPs than expected were identified and subjected to a gene ontology
enrichment analysis to identify overrepresented functions.

WGS of 134 MAP isolates from dairy herds in eight Canadian provinces identified 2,614 variant
sites distributed among six major phylogenetic clades. Of the coding SNPs, 65% were
nonsynonymous and the dN/dS ratio was 0.71. The dN/dS ratio was also calculated for SNPs
located in different regions of the phylogenetic tree. A lower dN/dS ratio was observed for SNPs
shared by all isolates within a clade than SNPs unique to a single isolate. Individual isolates with
a higher number of intergenic SNPs also had lower dN/dS values, supporting the notion that
dN/dS is time-dependent. The relatively low numbers of SNPs unique to each clade lowered the

confidence in the dN/dS calculation, thereby limiting the ability to assess inter-subtype
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differences. Twenty-nine genes had a higher than expected proportion of nonsynonymous SNPs
and the gene ontology enrichment analysis confirmed the overrepresentation of several gene
functions, including membrane lipid biosynthesis.

The microevolution of MAP at a limited temporal scale showed a slight trend in the direction of
purifying selection over time, although the low number of SNPs decreased the confidence in
dN/dS estimates. The identification of genes with an increased proportion of nonsynonymous

SNPs provides a foundation to explore these genes and gene functions in more detail.

5.2 Introduction

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative bacterium of Johne’s
disease, a chronic, incurable enteritis in ruminants. This slowly progressing disease is
characterized by intermittent diarrhea and loss of body condition. In dairy cattle, decreased milk
production and premature culling cause considerable economic losses [1, 2]. The prevalence of
MAP infection in Canadian dairy herds was recently estimated to be as high as 76% in some
provinces [3] and large scale control efforts, focused largely on improved management
strategies, have been implemented to reduce the prevalence at both the cow and herd level.
MAP is an obligate pathogen in the M. avium complex, whose members include soil dwelling
and opportunistic pathogens. MAP evolved from M. avium subsp. hominissuis (MAH), an
environmental and opportunistic pathogen in humans, pigs, and other host species, and
subsequently diverged into two broad strain types, Type I and Type Il [4]. Growth characteristics
and host preference traditionally differentiated these two types; however, several genetic targets

have since been identified for strain type differentiation [5]. In North America and Europe, cattle
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MAP isolates are predominantly Type II [5, 6] and more than 99% of Canadian isolates belong
to this type (Ahlstrom et al., submitted; [7]).

Pathogenic Mycobacteria have evolved different disease mechanisms in multiple host species.
M. tuberculosis, M. leprae, and M. ulcerans cause tuberculosis, leprosy, and Buruli ulcer in
humans, respectively, and M. bovis is the causative bacterium of tuberculosis in cattle and wild
ruminants [8, 9]. Genomic differences at the species level are characterized by large insertions,
deletions, and duplications, whereas at the subspecies and intraspecies level there is a severe
reduction in horizontally transferred genetic material [10, 11]. Differences within a subspecies
are largely attributed to single nucleotide polymorphisms (SNPs), although large sequence
polymorphisms are found between Type I and Type Il MAP strains [12] and genomic
duplications have been reported in Type II isolates [11].

SNP-based comparisons between MAP and MAH revealed a higher dN/dS ratio among MAP
isolates, indicating it evolved more recently and/or is under differential selection [4]. Similar
trends have been observed in other pathogenic Mycobacteria [13—15]. Additionally, comparative
genomic studies between Mycobacterial species provided evidence that particular gene families,
such as lipid metabolism [9], cell wall [16], mammalian cell entry, and virulence-associated
proteins [13], may be under reduced purifying selection.

Advances in DNA sequencing technology have enabled the exploration of microevolution in
bacterial genomes. In this study, WGS was performed on 134 MAP isolates collected from dairy
herds in eight Canadian provinces. Previous analyses identified over 3,500 SNPs in eight
divergent Type II clades, one of which represented more than 85% of sequenced isolates
(Ahlstrom et al., submitted). These SNPs were phylogenetically informative; however, their
characterization and potential functional consequences have not been explored. Therefore, the
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objectives of this study were to 1) determine the location and consequence of all SNPs, 2)
identify genes potentially undergoing positive selection, and 3) determine if different MAP

clades show evidence of differential selection.

5.3 Materials and Methods
5.3.1 MAP culture

A collection of MAP isolates was collected from individual cow and environmental manure
samples from dairy herds in eight Canadian provinces (British Columbia, Alberta, Saskatchewan,
Manitoba, Ontario, Québec, Prince Edward Island, and New Brunswick) (Table 5.1; Ahlstrom et
al., submitted). Samples were cultured for MAP using the TREK ESP Culture System reagents
(TREK Diagnostics, Cleveland, OH, USA) [17], with the exception of isolates from Québec,
where the BACTEC MGIT 960 ParaTB culture system (Cecton, Dickinson and company,
Franklin Lakes, NJ, USA) was used. 15900 PCR-positive [18] liquid culture broth was plated
onto Middlebrook 7H11 agar supplemented with OADC and 2mg/L mycobactin J. Plates were
incubated for 4-6 weeks at 37° C and a single MAP colony was substreaked for regrowth and
DNA extraction. One divergent Type B (‘Bison type’) isolate was included to root the
phylogenetic tree and serve as a more divergent comparison in the isolate level dN/dS
comparison.

5.3.2 DNA preparation and WGS

DNA was extracted using a modified protocol of the DNeasy blood and tissue kit (Qiagen,
Mississauga, ON, Canada), as detailed previously [19]. Samples were prepared for sequencing
using the Nextera XT sample preparation kit (Illumina, San Diego, CA, USA) according to
manufacturer’s instructions and WGS was performed using the MiSeq sequencing platform

(INlumina, San Diego, CA, USA).
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5.3.3 Data analysis

Raw reads were trimmed using ConDeTri [20] and subsequently mapped using BWA [21] to the
MAP4 genome (NC_021200) [22]. This genome was chosen for the mapping step because
previous analyses demonstrated that it clustered with a rare clade in Canada, facilitating
downstream variant effect prediction analyses. SAMtools and bcftools [23] were used to identify
variant sites. Subsequent filtering criteria were implemented to minimize false-positives [24],
SNPs in PE/PPE regions and insertion sequences were discounted, and variants shared by all
isolates (i.e. unique to the reference genome) and unique to the Type B isolate were removed.
SnpEff [25] is a variant annotation and effect prediction toolbox that was used to annotate each
vcf file with the consequence of each mutation (nonsense, missense, synonymous, and other) and
SnpSift [26] was used to extract the previously identified variant sites from the annotated vcf
file. Command line arguments for all programs used are listed in the Appendix A. Concatenated
SNPs were used to create a maximum likelihood phylogenetic tree using the TPM 1uf nucleotide
substitution model, as determined by jModelTest (version 2.1.7) [27], in PhyML [28] with 100
bootstrap pseudoreplicates. The tree was rooted to the Type B isolate and was visualized using
FigTree (version 1.4.2).

5.3.4 Population level selection

The total number of nonsynonymous and synonymous changes identified from the SnpEff output
was determined among 1) all SNPs, 2) SNPs found in only one isolate (singleton SNPs), and 3)
SNPs shared by all isolates within a clade (shared SNPs). This was achieved by determining the
number of sequences with an ‘alternate’ allele (as opposed to the ‘reference’ allele) at each

variant position and within each clade.
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The total number of nonsynonymous and synonymous sites in the SNP-affected genes was
determined using DnaSP (version 5.10.01) [29] and is described in more detail below. Values of
dN/dS were calculated according to the formula (N/n)/(S/s), in which N = the number of
nonsynonymous SNPs, n = the number of nonsynonymous sites, S = the number of synonymous
SNPs, and s = the number of synonymous sites [30]. The null hypothesis of dN/dS = 1 was tested
using Fisher’s exact test and the null hypothesis was rejected at p < 0.05.

Additionally, the number of SNPs per gene and the proportion of nonsynonymous to
synonymous SNPs were determined. SNPs found in only one or two isolates were more likely to
be transitory SNPs and less functionally important [31]. Genes with SNPs shared by more than
two isolates and with a higher proportion of nonsynonymous SNPs than expected, based on the
total number of nonsynonymous and synonymous sites, were subsequently tested in a gene
ontology (GO) enrichment analysis.

5.3.5 Gene ontology enrichment analysis

BLAST2GO [32] was used to annotate MAP4 coding regions with GO terms, using the nucleic
acid sequence of each of the 4,329 coding regions as input. Genes encoding insertion sequences
and PE/PPE protein families were removed. A total of 1,139 MAP4 genes were not assigned a
GO term using BLAST2GO. In an attempt to annotate these genes with GO terms, orthologous
genes in the M. tuberculosis H37Rv genome were identified using the Integrated Microbial
Genomes database [33] which were then annotated with the M. tuberculosis GO terms listed in
the Tuberculist online database (http://tuberculist.epfl.ch) [34]. This resulted in 3,200 genes with
at least one GO assignment; 1,112 genes still were not annotated. The overrepresentation of GO
terms associated with genes with a higher proportion of nonsynonymous SNPs was tested using

the GOstats package (v2.32.0) [35]. The hyperGTest function was used to test the
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overrepresentation of each of the three GOs: Molecular Function (MF), Biological Process (BP),
and Cellular Component (CC). All MAP genes with a GO identifier were used as the ‘universe’
and genes with a higher proportion of nonsynonymous SNPs were tested. The conditional
function was implemented with a p-value cutoff of 0.05. The hyperGTest only takes into account
the number of genes, not the number of SNPs per gene; therefore, the p-values had to be
interpreted accordingly. A false discovery rate correction was applied to the hyperGTest results,
using the p.adjust function in R [36]. An adjusted p-value < 0.05 was regarded as statistically
significant. REViGO was used to summarize, remove redundant GO terms, and create a treemap
to visualize results [37].

5.3.6 Isolate level tests for selection

An isolate-level dN/dS calculation was performed on seven isolates with high quality sequencing
data (an average depth of coverage > 40) that represented all major clades, including a divergent
Type B MAP isolate as an outgroup. The start and end coordinates of all SNP-affected genes
were identified based on the MAP4 annotation and the nucleotide sequences from these regions
were extracted from each isolate using the FastaAlternateReferenceMaker function in GATK
[38]. The reverse complement of genes that were extracted in the reverse direction was created
using a custom Python script and was concatenated with the genes in the forward direction. The
resulting alignment included seven sequences with in-frame, concatenated genes in the 5’ to 3’
direction. The majority-rule consensus sequence of clades excluding the Type B sequence was
determined. The program package DnaSP [29] was used to calculate the total number of
nonsynonymous and synonymous sites as well as pairwise dN/dS ratios of all sequences to the

consensus. The dN/dS ratios were plotted against the number of intergenic SNPs to measure the
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change over time, as intergenic SNPs are expected to be neutral in most cases and linear with
time [39].
5.4 Results

5.4.1 Phylogenetic analysis

A total of 2,614 variant sites were identified across the genomes of 134 MAP isolates and
concatenated to build a maximum likelihood phylogenetic tree (Figure 5.1). Six divergent clades
were identified (A through F), two of which (A and E) included a single isolate. Clades B, C, D
and F each represented 3, 2, 4, and 88% of the isolates.

5.4.2 Population level tests for selection

Of the 2,614 variant sites, 13% were located in intergenic regions of the genome and 60%
occurred in a single isolates. Table 5.2 presents the frequency of SNP categories present in the
coding regions. The number of SNPs per isolate ranged from 77 to 119, averaging 1 SNP every
48.3 KB and the proportion of intergenic SNPs per isolate ranged from 6 — 19%. Thirty-seven
(1.4%) nonsense mutations were identified which introduced a premature stop codon truncating
the translation of the protein. Four (1.6%) of those SNPs were shared by all isolates within a
clade. The dN/dS ratio was calculated for each of clades B, C, D and F, as well as for the entire
dataset. Three different calculations were performed within each group using the total number of
SNPs, the SNPs present in a single isolate, and the SNPs shared by all isolates within a clade
(Table 5.1, Figure 5.2). The singleton SNPs consistently had the highest dN/dS ratio within a
group, with the exception of Clade B having a lower ratio of the singleton than shared SNPs.
Clade D had the highest dN/dS ratio in the singleton and shared SNPs, as well as the highest
number of shared SNPs and lowest number of singletons. The dN/dS values based on all SNPs

were always between the range of singleton and shared SNP ratios. Nine of the dN/dS ratios

121



were significantly different than one and the 95% confidence intervals overlapped in all cases
(Figure 5.2).

At least one SNP was found in 1,613 genes, of which 1,147 (71%) contained only one SNP. The
expected proportion of nonsynonymous to synonymous SNPs was 2.7, based on the total number
of nonsynonymous and synonymous sites identified in the concatenated gene alignment. A total
of 570 genes contained SNPs that were present in more than two isolates, of which twenty-nine
genes had a proportion of nonsynonymous to synonymous SNPs greater than 2.7 (Table 5.3) and
were subsequently tested for GO enrichment. Two genes, MAP4 2425 and MAP4 3423, had a
higher proportion of nonsynonymous to synonymous SNPs in at least three isolates and in two
separate clades (D and F). MAP4 2425 (encoding a peptide synthetase) is exceptionally long,
with a length of 19,155 bp, whereas MAP4 3423 (encoding a dehydrogenase) has a length of
1014 bp. The average gene length of all SNP-affected genes was 1266.

5.4.3 GO enrichment analysis

The GO enrichment results are summarized in Table 5.4. Twenty-seven, 30, and two MF, BP,
and CC terms were identified as significantly overrepresented, respectively and the false
discovery rate correction did not change the number of statistically significant GO terms. Only
one out of the 29 tested genes, a polyketide synthase gene, was not assigned a GO term. The GO
terms for each ontology were summarized using REViGO and is presented in Figure 5.3. The
size of the square is proportional to the number of daughter GO terms as well as the significance
of the overrepresentation.

5.4.4 Isolate level dN/dS

The impact of selection was tested on concatenated gene alignments for seven sequences as well

as the majority-rule consensus sequence of clades A-F. The pairwise dN/dS ratio of the divergent
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Type B sequence to the consensus sequence of clades A-F was 0.51, whereas the average
pairwise dN/dS ratio of each of the six isolates to the consensus (excluding Type B) was 0.70.
The six isolates representing clades A-F each had a dN/dS ratio of 0.85, 0.50, 0.57, 0.75, 0.67,
and 0.86, respectively. The dN/dS ratios compared to the number of intergenic SNPs is presented
in Figure 5.4. The values tend to decrease with an increase in intergenic SNPs, with the

exception of one outlier that represented clade B.

5.5 Discussion

The role and potential impact of SNPs on the evolution of MAP at a relatively small spatial and
temporal scale was investigated using WGS data from 134 MAP isolates from across Canada.
Evolutionary studies of bacterial pathogens have largely compared separate species and/or
divergent lineages within a species [4, 9, 16], for which models of selection and genomic
evolution have been optimized [40, 41]. More intra-species comparisons, however, are being
reported [14, 15, 30, 42—44] to better understand pathogen evolution at both short and long
temporal scales and potentially elucidate adaptation mechanisms [13, 39]. For example,
Hershberg et al. [15] concluded that purifying selection was severely reduced in M. tuberculosis
based on a higher dN/dS ratio (0.57) among M. tuberculosis isolates than a comparison to the
closely related outgroup M. canettii. It should be noted, however, that this study did not include
confidence intervals in their analysis; given the low numbers of SNPs contributing to the
calculation, there is likely low confidence in their estimates.

It has been argued that intra-species dN/dS calculations should be interpreted with caution; many
SNPs are likely transient mutations, rather than true substitutions, and have not had time to be

selected upon [40]. However, comparisons of this value between populations within the same
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species may still provide clues into the microevolution of MAP and potentially differential
selection pressures. The dN/dS ratios were calculated using the total number of SNPs in different
areas of the phylogenetic tree, as well as SNPs shared by all isolates in a clade and SNPs unique
to only one isolate. The highest dN/dS calculation was expected when testing the singleton SNPs
and the lowest when testing the shared SNPs. This is expected because shared SNPs are older
and have had time for slightly deleterious mutations to be removed from the population, whereas
the singleton SNPs are more recent and have not had the same selection pressures [39]. The total
dataset and three clade-specific dN/dS ratios were higher for the singleton SNPs than the shared
SNPs, supporting the notion of the time-dependence of AN/dS [30, 39, 43, 45]. Additionally, the
isolate level dN/dS ratios followed an expected trajectory of decreasing dN/dS values with an
increasing number of intergenic SNPs. One outlier did not fit the trend and was a clade B isolate,
which also had unexpected dN/dS ratios between singleton and shared SNPs. The
uncharacteristic behavior of clade B isolates could be due to differential selection pressure acting
on this population.

A general dN/dS ratio within the phylum Actinobacteria was estimated to be 0.17, based on
pairwise comparisons of multiple Actinobacteria genomes [15]. It should be emphasized that this
ratio was calculated between divergent species and not between subspecies, as presented in this
study, likely accounting for the lower dN/dS value. A dN/dS ratio of 0.67 was previously
calculated based on 10 genes within 21 diverse MAP isolates (Types I and II) [4], which is
consistent with estimates of M. tuberculosis [13, 15, 46] and estimates presented in this study.
The classical interpretation of a dN/dS values less than unity is that it is indicative of negative

selection, though this interpretation must be adjusted for a closely related bacterial population
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[40]. The correlation of dN/dS with time [39] complicates this interpretation and limits the
reliability of inter-population comparisons of different temporal scales.

The majority of genes contained only one SNP and the majority of SNPs occurred in a single
isolate. Twenty-nine genes, however, were identified that had SNPs shared by multiple isolates
as well as a higher proportion of nonsynonymous SNPs than the expected value of 2.7. One of
these proteins, MAP4 0018 (MAP3751 in K10; a transmembrane transport protein), was
previously tested for an antibody response in sera from MAP-infected cattle; however, a strong
antibody response was not detected [47].

The GO enrichment analysis provided an overview of the general functions of the genes that
were overrepresented. The ‘membrane lipid biosynthesis’ function was overrepresented in the
highest frequency, which reinforces previous reports of positive selection and/or gene expansion
in pathogenic Mycobacterial lipid metabolism/regulation genes [9, 16]. GO terms most expanded
in M. tuberculosis relative to non-pathogenic Mycobacteria were determined previously [9].
None of the 50 GO terms presented in that analysis were overrepresented in the current study.
The lack of GO term annotations for 25% of MAP genes limits the conclusions that can be
drawn from this analysis and highlights the need for future research aimed at understanding the
functions and interactions of all MAP genes. Additionally, the low number of SNPs per genome
in the current dataset limited the power to investigate differences in dN/dS ratios among different
gene families. A more divergent set of MAP isolates could be used for this analysis to determine

how the microevolution of MAP compared to other Mycobacterial pathogens [9, 13].
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5.6 Conclusions

The investigation into the genomic impact of more than 2,600 SNPs identified in 134 MAP
isolates from across Canada provides evidence for selection in the MAP population over time, as
nonsynonymous mutations appear to be more common in singleton than shared SNPs. The low
number of SNPs in general reduces the confidence in comparing dN/dS ratios between groups
and clades. Using the combined population-level set of SNPs, the confidence in observing
differences between groups increases; however, the low number of isolates in particular clades is
a limitation of this approach. Individual genes with a higher proportion of nonsynonymous SNPs

could be influential in driving the microevolution of MAP and warrant additional research.
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Table 5.1 Number of MAP isolates from each Canadian provinces analyzed in this study

Province Number of isolates
Alberta 69

Québec 15
Saskatchewan 20

Ontario 13

British Columbia 5

New Brunswick 5

Prince Edward Island
Manitoba 2
Total 134
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Table 5.2 Frequency of SNP consequences and dN/dS values of MAP isolates in different regions of the phylogenetic tree based

on the total number of SNPs in each category, SNPs shared by all isolates within a clade, and SNPs unique to one isolate

All isolates Clade B Clade C Clade D Clade F
consequence All SNPs Singletons Shared All SNPsSingletons Shared All SNPs Singletons Shared All SNPsSingletons Shared All SNPs Singletons Shared
nonsynonymous 1473 910 141 97 41 38 99 69 27 77 17 51 1103 676 25
synonymous 762 425 79 56 25 19 56 34 20 37 5 25 571 310 15
nonsense 37 23 4 2 0 0 1 1 0 4 1 3 25 16 1
other 5 1 1 1 0 1 0 0 0 0 0 0 4 1 0
noncoding 337 195 32 19 6 7 24 14 9 21 6 12 252 146 4
total 2614 1554 257 175 72 65 180 118 56 139 29 91 1955 1149 45
dN/dS 0.71* 0.79* 0.66*  0.64* 0.61* 0.74 0.65* 0.75 0.50* 0.77 1.25 0.75 0.71* 0.80* 0.62
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Table 5.3 MAP genes with a higher than expected proportion of nonsynonymous SNPs, the
number of unique nonsynonymous and synonymous SNPs per gene, the gene length, and

the annotated gene function

Nonsynonymous Synonymous

Gene ID SNPs SNPs Length Annotation
MAP4 2425 9 3 19155 peptide synthetase
MAP4 1594 8 1 11040 polyketide synthase
MAP4 2032 6 2 12513 Polyketide synthase
MAP4 0068 4 1 2568 nitrite reductase large subunit NirB
MAP4 0018 4 1 2940 transmembrane transport protein, MmpL4 5
MAP4 1215 4 1 4011 polyketide beta-ketoacyl synthase PKS4
MAP4 1328 4 0 1152 DNA repair exonuclease
MAP4 0078 4 0 1347 acetyl-CoA acetyltransferase
MAP4 2139 4 0 1518 polyketide synthase associated protein
ABC-type dipeptide transport system
MAP4_2768 4 0 1593 peripla}slrpiliccgrfponent b g ’
MAP4 0440 3 1 1155 oxidoreductase, flavodoxin reductase family protein
MAP4 2628 3 1 1878 methylmalonyl-CoA mutase small subunit mutA
MAP4 4429 3 1 2037 putative acyl-CoA dehydrogenase
MAP4 1499 3 1 2355 transmembrane transport protein MmpL13B
MAP4 1719 3 1 4236 putative nitratesulfite reductase
MAP4 1779 3 0 855 thiosulfate sulfurtransferase
MAP4 3980 3 0 897 putative cation efflux membrane protein
MAP4 3423 3 0 1014 dehydrogenase
MAP4 1134 3 0 1074 GTP-dependent nucleic acid-binding protein
MAP4 0662 3 0 1284 enolase
MAP4 1647 3 0 1329 polyketide synthase
MAP4 2562 3 0 1341 putative secretory lipase
utative acyltransferase, wax estersynthase-likeAcyl-
MAP4_3743 3 0 1356 I()?OA acyltansferase dor’nain g g
MAP4 0063 3 0 1392 membrane nitrite extrusion protein NarK3
MAP4 3273 3 0 1437 two component system sensor kinase PhoR
MAP4 2875 3 0 1473 UDP-N-acetylglucosamine pyrophosphorylase glmU
bifunctional2-hydroxyhepta-2,4-diene-1,7-dioate
MAP4_2979 3 0 1938 isomerase cycla};edeh};drgse ’ ’
MAP4 2344 3 0 1986 oxidoreductase, molybdopterin binding subunit
MAP4 0322 3 0 2238 1isocitrate dehydrogenase Icd2

136



Table 5.4 Significantly overrepresented gene ontology terms for MAP genes with a higher

than expected proportion of nonsynonymous SNPs

GO GOID P-value pFDR  Term
MF GO:0031177 0.0001 0.0014 phosphopantetheine binding
MF GO:0051192 0.0002 0.0021 prosthetic group binding
ACP phosphopantetheine attachment site binding involved in
ME GO:0000036 00002 0.0021 fatty ell)cid ll;)iosl;/nthetic process ¢
MF  GO:0046872 0.0004 0.0024 metal ion binding
MF  GO:0016597 0.0008 0.0042  amino acid binding
MF GO:0043177 0.0018 0.0083 organic acid binding
MF  GO:0043167 0.0045 0.0148 ion binding
MF  GO:0009055 0.0045 0.0148 electron carrier activity
MF  GO:0008270 0.0049 0.0148  zinc ion binding
MF  GO:0003977 0.0090 0.0174 UDP-N-acetylglucosamine diphosphorylase activity
MF  GO:0047879 0.0090 0.0174 erythronolide synthase activity
MF  GO:0043023 0.0090 0.0174 ribosomal large subunit binding
MF GO:0004043 0.0090 0.0174 L-aminoadipate-semialdehyde dehydrogenase activity
MF GO:0019134 0.0090 0.0174 glucosamine-1-phosphate N-acetyltransferase activity
MF  GO-0016747 0.0164 0.0255 ;r:}rlllsg;ge:lsssactlwty, transferring acyl groups other than amino-
MF GO:0004806 0.0180 0.0255 triglyceride lipase activity
MF GO:0004450 0.0180 0.0255 1isocitrate dehydrogenase (NADP+) activity
MF  GO:0008942 0.0180 0.0255 nitrite reductase [NAD(P)H] activity
MF GO:0004634 0.0180 0.0255 phosphopyruvate hydratase activity
MF GO:0004494 0.0268 0.0329 methylmalonyl-CoA mutase activity
MF GO:0043022 0.0268 0.0329 ribosome binding
MF  GO:0004792 0.0268 0.0329 thiosulfate sulfurtransferase activity
MF GO:0016407 0.0368 0.0432  acetyltransferase activity
MF  GO:0051539 0.0388 0.0437 4 iron, 4 sulfur cluster binding
MF GO:0051540 0.0419 0.0443 metal cluster binding
MF  GO-0016661 0.0443 0.0443 gzﬁg;iiléc;tzssediiglsty, acting on other nitrogenous
MF  GO:0031419 0.0443 0.0443  cobalamin binding
BP  GO:0006091 0.0012 0.0187 generation of precursor metabolites and energy
BP GO:0015980 0.0057 0.0187 energy derivation by oxidation of organic compounds
BP GO:1901269 0.0093 0.0187 lipooligosaccharide metabolic process
BP GO:1901271 0.0093 0.0187 lipooligosaccharide biosynthetic process
BP GO:0009245 0.0093 0.0187 lipid A biosynthetic process

137



BP GO0O:0009247 0.0093 0.0187  glycolipid biosynthetic process

BP GO:0006664 0.0093 0.0187 glycolipid metabolic process

BP GO:0006643 0.0093 0.0187 membrane lipid metabolic process

BP GO:0019660 0.0093 0.0187 glycolytic fermentation

BP GO:0019652 0.0093 0.0187 lactate fermentation to propionate and acetate
BP GO:0046493 0.0093 0.0187 lipid A metabolic process

BP GO:0046467 0.0093 0.0187 membrane lipid biosynthetic process

BP GO:0006113 0.0093 0.0187 fermentation

BP GO:0006047 0.0093 0.0187 UDP-N-acetylglucosamine metabolic process
BP GO:0006048 0.0093 0.0187 UDP-N-acetylglucosamine biosynthetic process
BP  GO:0006090 0.0130 0.0241 pyruvate metabolic process

BP GO:0006629 0.0137 0.0241 lipid metabolic process

BP GO:0042128 0.0186 0.0310 nitrate assimilation

BP GO:0046349 0.0277 0.0408 amino sugar biosynthetic process

BP GO:0006040 0.0277 0.0408 amino sugar metabolic process

BP GO:0044723 0.0313 0.0408 single-organism carbohydrate metabolic process
BP GO:0045333 0.0330 0.0408 cellular respiration

BP GO:0019541 0.0368 0.0408 propionate metabolic process

BP GO:0046459 0.0368 0.0408 short-chain fatty acid metabolic process

BP GO:0071941 0.0368 0.0408 nitrogen cycle metabolic process

BP GO:0042126 0.0368 0.0408 nitrate metabolic process

BP GO:2001057 0.0368 0.0408 reactive nitrogen species metabolic process
BP GO:0044255 0.0381 0.0408 cellular lipid metabolic process

BP GO:0009226 0.0458 0.0474 nucleotide-sugar biosynthetic process

BP GO:0044699 0.0497 0.0497  single-organism process

CC GO:0000015 0.0182 0.0272  phosphopyruvate hydratase complex

CC GO:0009986 0.0272 0.0272  cell surface
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15 SNPs

Figure 5.1 Maximum likelihood phylogenetic tree of 134 Canadian MAP isolates based on 2,614
concatenated SNPs and rooted to a divergent Type B isolate (not shown). Clades are labeled A-F

and clades containing more than one isolate colored.

139



All SNPs
E Singleton SNPs
+ -4 N Shared SNPs
c() p—
)
o
Z
©
N p—
=
O p—
All Clade B Clade C Clade D Clade F

Figure 5.2 Bar chart displaying the dN/dS ratios of all isolates, as well as clades B, C, D, and F.
The ratios calculated based on all SNPs, SNPs in only one isolate (singleton SNPs), and SNPs
shared by all isolates within a clade (shared SNPs) are displayed and shaded according to the

legend. 95% confidence intervals are indicated by the whiskers.
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Figure 5.3 Tree map summarizing overrepresented GO terms in genes with a higher than
expected proportion of nonsynonymous SNPs in each of the three GO categories: Biological
process, Molecular function, and Cellular component. Rectangle size is proportional to the

significance and number of daughter terms overrepresented within that GO term.
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Figure 5.4 Isolate level dN/dS ratios relative to the number of intergenic SNPs. Points are labeled

with the clade each isolate represents.
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Chapter Six: A novel distant SNP linking PCR to determine the relative frequency of four
major strain types of Mycobacterium avium subsp. paratuberculosis in Canadian dairy
herds

6.1 Abstract

Johne’s disease is a problem worldwide due to its economic impact on dairy production and
potential public health consequences. Mycobacterium avium subsp. paratuberculosis (MAP), the
etiological agent of Johne’s disease, is genetically monomorphic, impeding efforts to understand
the transmission and distribution of different strain types. Whole genome sequencing was
previously performed on a representative set of MAP isolates from Canadian dairy herds,
identifying nine divergent clades. Four clades were of particular interest as they included either
MAP types that have been scarcely reported in North American cattle to-date or represented a
significant proportion of isolates. The low numbers of variant sites in the MAP genome are often
separated by thousands of base pairs, limiting the practicality of using SNP-based genotyping. A
SNP-PCR assay was therefore developed to facilitate the interrogation of five SNPs located in
two distant regions of the genome, linking them together in a single PCR reaction for subsequent
Sanger sequencing. This low cost, high throughput assay enabled discrimination of 602 MAP
isolates from 264 herds, representing all 10 Canadian provinces. More than one isolate was
cultured in 133 herds, of which 14 harbored multiple subtypes. The dominant type represented
more than 85% of isolates and Type B was more distributed than previously identified. Type B
and secondary clade isolates were overrepresented in Québec and Saskatchewan, respectively.
The distribution and relative frequency of major subtypes within Canadian dairy herds was
assessed, an important step in understanding the epidemiology and transmission dynamics of

MAP in this population and elsewhere.
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6.2 Introduction

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative bacterium of Johne’s
disease (JD), a chronic, incurable enteritis in ruminants. The economic impact of JD is a strong
motivator for dairy producers to control the disease and several regional control programs have
been implemented aimed at preventing MAP infection at the cow and herd level [1, 2].
Additionally, a potential association between MAP and Crohn’s disease in humans warrants
increased control efforts [3, 4].

The field of molecular epidemiology is evolving, as newer technologies improve the
discriminatory power and enable an increasing number of genetic targets to be interrogated [5].
The choice of genetic targets, however, is critical; unstable loci, such as repetitive elements, are
prone to homoplasy and can confound the true relationship of MAP isolates [6]. Single
nucleotide polymorphisms (SNPs), on the other hand, are almost exclusively biallelic with a
minimal chance of reversion. The fact that a single SNP will usually only differentiate isolates
into two types, multiple SNPs are required to achieve desired levels of discrimination.
Alternatively, SNPs can be used to infer the deeper phylogenetic clusters before a more
discriminatory genotyping method is employed [7, 8]. SNPs have been used to differentiate
MAP strain types I, II, and III [9, 10]; however, at this high level of discrimination, the
epidemiological relevancy is often minimal.

Whole genome sequencing (WGS) is a powerful tool to investigate the genetic diversity within
monomorphic organisms, such as MAP. Traditional sequence based approaches often fail to
distinguish between the subspecies of M. avium, let alone within MAP strains [11]. WGS of a
large number of MAP isolates has recently uncovered an extensive amount of diversity within

the previously identified broad strain types I, I, III, and bison (Ahlstrom et al., submitted for
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publication; Bryant et al., submitted for publication). This offers an opportunity to select
informative SNPs within a strain type that can differentiate a population of MAP into subtypes of
interest.

A recent WGS analysis of 182 MAP isolates from Canadian dairy herds identified nine divergent
MAP types, including one Type III isolate and Bison type (Type B) isolates from three different
provinces (Ahlstrom et al., submitted for publication). Additionally, a dominant and secondary
clade represented 86 and 4% of all isolates, respectively. However, the WGS isolates were
selected to maximize the number of herds represented; thus, the actual number of strain types at
a herd and provincial level remains unknown. Understanding which strains and subtypes are
found in the Canadian dairy industry, as well as their relative frequencies in different provinces,
is important epidemiological information. The slow progression of JD and lack of animal
movement data has impeded efforts to understand MAP transmission dynamics. However,

source tracing at both the between and within-herd level can be improved using appropriate
strain typing tools with background knowledge on the distribution of strain types. Therefore, the
objectives of this study were to A) develop a SNP PCR assay to differentiate four MAP clades of

interest, and B) determine the relative frequency of MAP clades in all Canadian provinces.

6.3 Materials and Methods
6.3.1 MAP isolates

A collection of MAP isolates was generated from environmental manure samples and individual
cow fecal samples, as described previously (Ahlstrom et al., submitted for publication). Samples
originated from all 10 Canadian provinces and were collected as part of regional JD control

efforts. All samples were cultured using the TREK ESP Culture System reagents (TREK
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Diagnostics, Cleveland, OH, USA), with the exception of Québec samples where the BACTEC
MGIT 960 ParaTB culture system (Becton, Dickinson and company, Franklin Lakes, NJ, USA)
was used. 15900 positive culture broth [12] was subsequently plated onto 7H11 agar
supplemented with 2 mg/L mycobactin J and OADC. Plates were incubated for 4-8 weeks at 37
degrees C, after which single MAP colonies were substreaked onto a new 7H11 plate. After 4-8
weeks of incubation, DNA was extracted from MAP cells using a modified version of the Qiagen
DNeasy blood and tissue kit (Qiagen, Mississauga, ON, Canada), as detailed previously [13].

6.3.2 SNP selection

WGS was previously performed on 182 Canadian and 26 global MAP isolates (Ahlstrom et al.,
submitted for publication). A total of 9,670 SNPs were identified and concatenated to build a
phylogenetic tree. The Canadian isolates belonged to a total of nine divergent clades, four of
which were chosen for the SNP analysis in this study. These included a Type 11, Type B,
dominant, and secondary clade, representing 0.5, 3, 86, and 4% of isolates respectively. The
concatenated SNP alignment was viewed in Geneious (version 7.1.7; Biomatters, Auckland,
New Zealand; [14]) and SNPs differentiating the clades of interest were identified. At least one
global isolate was represented in all clades, with the exception of the secondary clade. SNP
positions were selected to differentiate all Canadian and global isolates within that clade. The
SNP position chosen to differentiate Type I1I was shared by Type I isolates, thus identifying all
Type S strains. The reference genome position of each SNP was determined and visualized using
CiVi [15]. Two separate regions of the genome, region A and region B, were selected, so that
each were under 400 base pairs in length and together were informative to differentiate the four

clades of interest. Region A differentiated isolates belonging to Type B and the secondary clade
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and region B differentiated isolates belonging to the dominant type as well as Type I/IIl. Region
B contained an additional confirmatory SNP for Type I/III/B isolates.

6.3.3 Primer design and thermocycling conditions

The distant SNP linking PCR assay was created to amplify both regions A and B and
subsequently link them together to create a single amplicon. Primers were designed using
Primer3 (version 2.3.4; [16]) in Geneious to target each region and produce two amplicons each
less than 400 base pairs in length. A 15 base pair tail was added to the reverse primer of region A
that was complementary to the 5° end of region B. Similarly, a 14 base pair tail was added to the
forward primer of region B that was complementary to the 3’ end of region A. Primer sequences
are presented in Table 6.1.

The internal primers were added in a lower concentration in order to promote the amplification
of the single, linked amplicon. The PCR mastermix contained 10 pmol RegA-F, 10 pmol RegB-
R, 5 pmol RegA-R, 5 pmol RegB-F, 200 uM (each) deoxynucleoside triphosphate (ANTP), 5 U
Taq DNA Polymerase, and 2mM MgCl,. 1ul DNA was added to the final mastermix volume of
19 pl. An initial denaturation step of 95°C for 5 minutes was followed by 40 cycles of 95°C for
30 sec, 60°C for 30 sec, and 72°C for 45 sec, with a 72°C 7 minute final elongation step.

6.3.4 Sanger sequencing and sequence analysis

Samples were prepared for Sanger sequencing by diluting 1l of the PCR product into 11 pl
dH20 containing 3.2 pmol RegA-F and were submitted to the University of Calgary Core DNA
Services Centre. Chromatograms were aligned and visualized in Geneious to assign alleles at
each locus. Over- and underrepresentation of specific MAP types per province was tested using

the Chi-square test or Fisher’s exact test with a significance threshold of p < 0.05.
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6.3.5 Validation

Four MAP isolates, each representing a different clade of interest, plus one isolate that did not
belong to any of the four clades, were used as positive controls to test the SNP assay and
optimize PCR parameters. Additionally, all MAP isolates for which WGS was performed and
sufficient DNA was available were included as controls. A no template control was included in

each PCR run.

6.4 Results

MAP DNA was available for 602 isolates, originating from 264 herds (Table 6.2). The maximum
number of isolates per herd was 15, whereas 155 herds contributed only one isolate. The number
of unique SNPs differentiating the Type I/III, Bison, secondary, and dominant clades totaled
1649, 142, 94, and 42, respectively. The position of these SNPs in the reference genome is
displayed in Figure 6.1. Two short regions were selected that incorporated two and three
informative SNPs. Region A contained SNPs differentiating the Type B and the secondary
subtype, while region B contained SNPs differentiating Types I/III and the dominant subtype
with an additional confirmatory Type I/III/B SNP (Table 6.3). Region A was 145 base pairs long,
including reference base 2,214,324 through 2,214,468, and encompassed the 3’ end of

MAPK 1948, a short intragenic region, and the 5’ end of MAPK 1949. Region B was 375 base
pairs long, including reference base 2,934,167 through 2,934,541, and encompassed the 3° end of
MAPK 2551 and an intragenic region.

All 152 isolates with WGS data confirmed the PCR-based subtype results. Additionally, the
additional SNP in region B confirmed all Type III and Type B isolates. The total number of

MAP isolates and herds per subtype per province is presented in Table 6.4. The dominant,
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secondary, Bison, and Type III subtypes included 87.2, 2.4, 3.0, and 0.2% of all isolates and
89.4, 3.4, 3.4, and 0.4% of all herds, respectively. A total of 7.3% of isolates and 8.7% of herds
were a subtype other than the four targeted in this study. The dominant subtype was identified in
all 10 provinces, while the secondary, Bison, and Type III subtypes were identified in five, three
and one province, respectively. Québec was the only province in which all four subtypes were
found. A significant overrepresentation of Type B isolates and herds harboring Type B isolates
were found in Québec. Additionally, Saskatchewan herds had an overrepresentation of the
secondary type.

Three different subtypes were found in one herd in Alberta and two different subtypes were
found in 13 additional herds (Table 6.5). Only one of the four subtypes was found in the

remaining 93 herds in which more than one isolate was tested.

6.5 Discussion

WGS data previously used to determine the diversity and relationship of a limited set of MAP
isolates in Canadian dairy cattle were utilized to design a PCR assay that could identify specific
clades of interest from a larger collection of MAP isolates. A novel SNP-PCR was developed to
amplify and link two distantly located polymorphic regions of the MAP genome for subsequent
Sanger sequencing. This single amplicon assay is inexpensive, low-tech, and high throughput,
making it easily accessible for most laboratories to screen many samples in a short amount of
time. The limited amount of genetic diversity in MAP has restricted the utility of sequenced-
based genotyping; however, targeting and concatenating polymorphic regions in a single reaction

overcomes the previous limitations.
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The clades investigated in this study were selected based on the population structure of MAP in
Canada (Ahlstrom et al., submitted for publication). There were other regions containing SNPs
that could have been targeted instead of region A and region B that would have given the same
results. The increasing affordability of WGS will permit additional geographical regions to be
analyzed, providing SNP data that can be used to customize the PCR assay to accommodate
additional MAP clades of interest. The linkage of distant regions is not limited to two and there
is potential to expand this technique to incorporate several additional canonical SNPs. Other
strategies are available to link amplicons (i.e. Gibson assembly), but the single-step PCR reaction
is a major advantage of this approach. Furthermore, a high-resolution melt analysis could be
employed to eliminate the sequencing step, similar to previous approaches used to differentiate
the Mycobacterium avium-intracellulare complex and Type I, 11, and III MAP isolates [10, 17].
The relative frequency of each clade in Canadian dairy cattle is consistent with the results
obtained from a previous WGS analysis of a limited number of isolates (Ahlstrom et al.,
submitted for publication). The presence of the Type B clade in Alberta, Ontario, and Québec
was observed previously; however, additional herds harboring this type were identified in this
study. The overrepresentation of the Type B in Québec highlights the potentially large
contribution of this type in JD in this region and further epidemiological analyses into potential
risk factors and/or phenotypes attributed to this type would provide insight into the reason for
this overrepresentation. Also, the overrepresentation of the secondary clade in Saskatchewan
could benefit from a similar analysis to elucidate potential risk factors for this type. In vitro
assays could be performed to identify differences between types in their survival, growth rates,

and virulence capabilities.

151



The co-circulation of multiple MAP clades within a herd was found in this study and has been
reported previously [18-21]. The purchase of cattle from multiple locations increases the risk of
JD as well as the number of MAP strain types within a herd. In this study, the amount of within-
herd MAP diversity was likely underestimated, as the dominant clade is known to include many
diverse subclades (Ahlstrom et al., submitted for publication).

Applying this SNP-PCR to other regions will identify the relative frequencies of these types
outside of Canada. The secondary clade was not observed in a diverse set of 141 global MAP
isolates (Ahlstrom et al., submitted for publication), suggesting it may be less abundant in other
regions. The characterization of a larger set of isolates from the US and elsewhere will clarify the
distribution of this type and others. The assessment of MAP strains circulating in US dairy herds
is also relevant for Canadian JD control strategies, as Canada regularly imports cattle from the
US [22].

Future studies aimed at understanding MAP transmission dynamics will benefit from this
investigation, as herds with a rare MAP type are more likely to be epidemiologically-linked than
herds with the dominant MAP type. An understanding of the relative frequency of MAP
subtypes in a population is necessary to properly evaluate the significance of shared subtypes at
different spatial scales. The PCR assay developed in this study can also be modified to target
specific clades of interest in other geographical locations.

In Canadian dairy cattle, the genetic analysis of over 600 MAP isolates from all 10 provinces
supported the conclusion that over 85% of MAP isolates belong to a dominant type and that,
while less frequent, other clades are also widely distributed. As demonstrated, this PCR can be
used to monitor the prevalence of major strain types in Canada and elsewhere and determine if
the apparent absence of clades in certain provinces is indeed the case.
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Table 6.1 Primer sequences used in PCR analysis

Primer name  Primer sequence (5’ to 3”)

RegA-F TGGTGAGCATGGCCAGATG
RegA-R ACTTCGCGTTCAGGTCGCCCAGGATTAGTACCGG
RegB-F ACTAATCCTGGGCGACCTGAACGCGAAGTTACTGA

RegB-R GGGTGTTCGAATCCGAGTGG
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Table 6.2 Number of MAP isolates and number of herds included from each Canadian

province including the average and maximum isolates per herd

Province Isolates Herds Average isolates per herd Maximum isolates per herd
Alberta 319 119 2.7 13
Ontario 66 29 2.3 13
Quebec 62 41 1.5 15
Saskatchewan 51 24 2.1 4
New Brunswick 40 12 33 15
Prince Edward Island 37 17 2.2 15
British Columbia 12 7 1.7 3
Newfoundland 6 6 1.0 1
Manitoba 5 5 1.0 1
Nova Scotia 4 4 1.0 1
Total 602 264 2.3 -
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Table 6.3 Nucleotide identity of five SNPs differentiating the four MAP types

Region A Region B
SNPI SNP2  SNP3  SNP4  SNP5
Type /111 C C G C C
Bison T C C C C
Dominant C C C T T
Secondary C T C T C
Other C C C T C
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Table 6.4 The number of MAP isolates and number of herds found to belong to each MAP

type in the 10 Canadian provinces

Province Dominant Secondary Bison Other Type III

Isolates Herds Isolates Herds Isolates Herds Isolates Herds Isolates Herds

Alberta 277 114 8 3 12 4 22 7 - -
Ontario 63 28 - - 1 1 2 1 - -
Quebec 54 35 1 1 5* 4* 1 1 1 1
Saskatchewan 44 20 3 3% - - 4 3 - -
New Brunswick 33 8 - - - 7 4 - -
Prince Edward Island 33 13 1 1 - - 3 3 - -
British Columbia 9 6 - - - - 3 2 - -
Newfoundland 6 6 - - - - - - - -
Manitoba 4 4 - - - - 1 1 - -
Nova Scotia 2 2 1 1 - - 1 1 - -
Total 525 236 14 9 18 9 44 23 1 1

* Indicates significant overrepresentation by province at p < 0.05
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Table 6.5 Province, number of isolates, and MAP types in herds with more than one type

Province # isolates Types

AB 6 secondary, dominant
AB 5 other, dominant

AB 5 bison, other, dominant
AB 4 secondary, dominant
AB 4 bison, dominant

AB 4 other, dominant

AB 3 other, dominant

AB 3 secondary, dominant
AB 2 other, dominant

ON 5 other, dominant

QC 13 secondary, dominant
SK 3 secondary, dominant
SK 2 other, dominant

BC 2 other, dominant
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Figure 6.1 Circular MAP genome displaying SNPs differentiating each of the four different
clades. The outer ring indicates genomic coordinates and concentric rings indicate Type 111
(green), Bison type (orange), Secondary (red), and Dominant (blue) types, respectively. Region A
and Region B are indicated by a rectangle and the joined PCR amplicon labeled with primers and

SNP positions is illustrated.
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Chapter Seven: Summarizing discussion

7.1 Rationale

The close network of Johne’s disease (JD) researchers in Canada, at a time when genomic tools
were rapidly expanding, provided a unique opportunity to assess the molecular epidemiology of
Mycobacterium avium subspecies paratuberculosis (MAP) with incredible detail at a relatively
large spatial scale. The endemic nature of MAP in many countries challenges efforts aimed at
understanding the transmission dynamics, as multiple subtypes exist simultaneously in most
regions. Molecular targets previously used to measure the diversity and relationship of MAP
isolates were often not discriminatory enough, not biologically relevant, or insufficiently stable.
Furthermore, the challenges associated with growing MAP have hindered progress in building
large collections of isolates representative of particular regions. Collaborations with researchers
across Canada enabled us to obtain MAP isolates from all provinces and grow individual MAP
colonies for precise genetic analyses. A number of genetic typing techniques were explored in
this thesis, including short sequence repeat (SSR), variable number tandem repeat (VNTR),
single nucleotide polymorphism (SNP)-PCR, and whole genome sequencing (WGS), providing
an opportunity to compare the utility of different approaches to study MAP diversity. The
following sections will discuss what can be concluded from these studies and where future

research could improve our understanding of the genomic epidemiology of MAP.

7.2 Phylogenetic and epidemiological relevance of typing techniques

The genetic typing of MAP has become more discriminatory as new targets are identified [1].
Fingerprinting methods were among the first to distinguish MAP strains [2]; however, sequence-

based methods are often now preferred due to their inter-laboratory reproducibility and
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convenience. SNP-based methods are often not discriminatory enough in monomorphic bacteria
such as MAP and one region is seldom enough to discriminate more than the very broad strain
types [3, 4]. Repetitive regions are an attractive alternative, as they are prone to mutations in
repeat number [5, 6] and have been successfully used in related organisms [7, 8, 4]. We
performed VNTR typing on a preliminary set of isolates to assess the level of diversity in our
collection (Chapter 2). A dominant VNTR type was identified, as 70% of isolates were type
INMV?2. To further discriminate among isolates of this type, we used MALDI-TOF mass
spectrometry to investigate one of the most discriminatory SSR loci [5, 9] (Chapter 2). Sanger
sequencing often resulted in ambiguous chromatograms in mononucleotide repeats longer than
11 base pairs, so we determined the repeat length using an alternative method. This allowed us to
identify five allelic variants that would have been classified as a single type (>11) using the
traditional sequenced based classification. However, given the known instability [10], combined
with the high proportion of still unresolvable genotypes (>15) using MALDI-TOF, we
considered alternative approaches to investigate the molecular epidemiology of MAP (Chapters
3,4 and 6).

VNTR typing was performed on a larger set of isolates (n = 527) and although we identified 12
types, type INMV?2 again represented more than 70% of isolates (Chapter 3). Type INMV1 and
INMV?2 appear to be widespread in other geographical regions as well [11], limiting the power to
infer epidemiological connections based solely on shared subtypes. However, in regions where
MAP is not endemic, VNTR typing can still be very useful in determining whether all isolates
originated from the same source, especially with supporting epidemiological information. This

was demonstrated in a low-prevalence region of Australia using a combined SSR and VNTR
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approach where the authors identified two separate incursions, supporting source tracing
investigations and subsequent JD control measures [12].

SSRs and VNTRs have a higher discriminatory power because they are unstable and the
unpredictability of repeat length changes is one drawback of this method. Slip-strand mispairing
is the mechanism by which repeat length is altered [13]; however, the number of repeat units
added or deleted during each event is unknown. Based on our results and previous research in
other organisms [14, 15], it appears that a decrease in VNTR repeat units is more common than
additions (Chapter 3). Selection may act on these regions, as changes in repeat lengths may
affect mRNA stability as well as regulating the expression of downstream genes [16]. This
instability makes repetitive genomic regions prone to convergent evolution [17], complicating
the interpretation of shared types between isolates. Monot and colleagues [18] found multiple
VNTR types in M. leprae between biopsy samples within the same patient, further supporting the
dynamic nature of VNTRs.

MAP is endemic to Canada and there is often no supporting epidemiological data to suggest
MAP transmission routes. We therefore performed WGS on of a subset of VNTR-typed isolates
(n=124), which provided much needed clarity into the relationship of different VNTR types in
an epidemiologically linked population of MAP isolates (Chapter 3). We observed an extreme
level of discrimination, as no two isolates were identical and we demonstrated how VNTR
typing could lead to incorrect epidemiological conclusions at a herd-level. Very similar isolates
may have different VNTR types and divergent isolates may share the same VNTR type, even
within the same herd.

SNPs identified through WGS are extremely powerful markers to infer the true relationship of
isolates. WGS, however, is still often cost and time prohibitive and is not the most efficient
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method for routine genotyping of a large number of MAP isolates. WGS of a representative and
unbiased set of MAP isolates from different regions (and perhaps hosts) is a logical first step in
identifying SNPs that differentiate MAP subtypes of interest in a population. For example,
progress has been made in identifying SNPs that differentiate M. tuberculosis isolates into the
seven major lineages as well as 55 sublineages [19]. SNP-PCRs can then be developed to screen
a larger collection of isolates to infer the distribution and proportion of subtypes, as was
demonstrated for MAP in Chapter 6. The genetic discrimination of MAP isolates within a

subtype is still challenging without WGS data, and will be discussed in more detail below.

7.3 Phylogeography of MAP

WGS of a global collection of 141 diverse MAP isolates representing 17 countries provided
overview of MAP diversity (Bryant et al., submitted for publication). However, the level of
diversity and number of SNPs expected to differentiate MAP isolates within a more localized
population was still unknown. We compared the genomic diversity and distribution of MAP
isolates from Canadian dairy herds in the context of the diverse global set of isolates (Chapter 4).
A large number of SNPs were identified among the entire dataset, although the Type I isolate
(from the global collection) and Type III isolates accounted for the majority of SNPs.

The identification of a Type III isolate in a Québec dairy herd was unexpected, as this type is
more common among sheep and goats in general [11, 20] and has not yet been reported in
Canadian cattle. The closest Type III isolate from the global collection was isolated from a deer
in the Czech Republic, highlighting the widespread distribution and broad host range of MAP

types. Screening of an additional several hundred MAP isolates using our SNP-PCR assay
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(Chapter 6) did not reveal any additional Type III (or Type I) isolates, indicating that this type is
rare.

We identified Type B isolates in Alberta, Ontario, and Québec, demonstrating that this strain
type is more widespread than previously appreciated [21] (Chapters 3, 4, 6). WGS of six
Canadian Type B isolates revealed their close similarity to the Type B MAP that was isolated
from a bison herd in the US [22]. Interspecies transmission of MAP has been hypothesized and
evidence suggests that this is indeed the case [11, 23, 24]. The closer similarity of the Alberta
Type B isolate to the US isolate as well as the shared border between Alberta and Montana
(where the US bison herd was located) suggests interspecies transmission occurred in one of
these two locations.

The remaining Type Il isolates were distributed among a number of divergent clades, some of
which contained both Canadian and global isolates, while others were unique to either the
Canadian or global set. Given the large number of Canadian isolates sampled, we can
hypothesize that MAP clades with only global isolates have not be introduced into Canada. The
SNP-PCR identified approximately 7% of Canadian isolates as “other”, meaning they did not
belong to the Type I/IlI, B, secondary, or dominant clade. They could belong to any of the other
five known Canadian clades that were not targeted in the SNP-PCR or they could be related to a
global isolate that was previously not picked up in our WGS sample set. Alternatively, they
could represent new divergent clades that have not been identified to-date. There was one clade
of Canadian isolates (secondary clade in Chapter 6) that did not include any global isolates. The
most likely explanation is that this clade was not included in the original global set of isolates,
even though they were selected to capture as much diversity as possible. To test this hypothesis,
the SNP-PCR assay could be applied to MAP isolates from other regions, identifying the relative

167



frequency of the secondary clade and others outside of Canada. The possibility that this is a
Canadian or North American specific clade is unlikely, given the long branch length leading to
the closely related tips. Instead, it suggests a more recent introduction into Canada than the other
clades that have multiple isolates. It was, however, identified in five provinces (Chapter 6); an
improved molecular clock estimate may provide clues into the dispersal rate of different clades
in Canadian dairy herds and is worth further investigation. Indeed, one M. tuberculosis lineage is
expanding more rapidly than other lineages and ongoing research will help elucidate the
demographic and pathogenic factors driving this spread [8, 25].

The phylogeography was also assessed at the national and provincial level. Very few province-
specific clades were identified, highlighting the interprovincial movement of dairy cattle. There
were large clades that did not include isolates from certain provinces that otherwise had a large
sample size. Insufficient or biased sampling from those provinces may have resulted in their
absence from some clades. Alternatively, the uneven movement of dairy cattle throughout the
country could influence the distribution of MAP types. While cattle movement is undocumented,
it is likely that each province imports cattle at different rates from different locations. This
complex network of animal movement was highlighted in Ontario where herd-to-herd cattle
movement and livestock market mediated cattle movement was assessed [26, 27]. Both herd-to-
herd and large cattle markets played major roles in distributing cattle within and outside of the
province. Our BaTS analysis did indicate significantly more clustering by province than
expected by chance, likely attributed to the within-province movement of dairy cattle. The BaTS
MC size statistic tries to quantify the strength of the phylogeny-trait association by assessing the
largest monophyletic clade whose tips all share the same trait, suggesting a larger clade translates
into a stronger association [28]. This may not be the most appropriate measure of phylogenetic
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clustering, as only the largest clade is considered. Within Alberta, the distribution of MAP types
was assessed in three regions. Significant clustering was not observed, indicating inter-region
and/or inter-province MAP transmission is common. Wildlife has not been implicated as a
significant reservoir for MAP in Canada and these results confirm the lack of spatial clustering
that otherwise would be characteristic of wildlife transmission [23, 29, 30]. Type II MAP isolates
have, however, been isolated from Rocky Mountain bighorn sheep in Alberta [31] and further
typing of these isolates can be used to identify their relationship to dairy cattle isolates.
Estimating the molecular clock of MAP is challenging, given the slow growth rate (between 22 —
26 hours) [32] and its ability to survive but not replicate in the environment for long periods of
time [33]. Although the confidence intervals were quite wide, the molecular clock of MAP was
estimated to be approximately 0.3 mutations per genome per year (Bryant et al., submitted for
publication). With a sufficient sample set that includes older MAP isolates from Canada and/or
the US, a more precise estimate could help make inferences regarding the introduction of major
MAP clades into Canada and how the population size has changed over the past century. The
slow molecular clock also highlights the limitations in even WGS to make strong
epidemiological conclusions regarding transmission events and the overall phylogeography. A
few SNP differences between isolates from different herds could reflect more than 10 years of
divergence, during which time several intermediary transmission events could have occurred,
incorrectly attributing the actual source herd. Therefore, molecular epidemiological conclusions
based on MAP genotype, regardless of the typing method, require cow and/or herd level
epidemiological data for support. This approach was used to infer patient-to-patient transmission

of M. tuberculosis, highlighting the ability of WGS data to strengthen epidemiological links
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while demonstrating there are still limitations in drawing conclusions based on a few number of

SNP differences [34].

7.4 SNP-level diversity and microevolution of MAP in Canada

The identification of several thousand SNPs in our dataset naturally let us to consider what effect
they might have on the evolution of MAP. We recognized that inferences on the evolution of
MAP in a short time frame would be difficult to make, given the fact that MAP is extremely
slow growing and has a slow molecular clock. This not only complicates epidemiological
inferences, but it also means there is a limited amount of genetic diversity for selection events to
act on.

Traditionally, selection is assessed by comparing the ratio of nonsynonymous substitutions per
nonsynonymous sites (dN) to the number of synonymous substitutions per synonymous site (dS)
between divergent species. Synonymous substitutions are presumed neutral, as they do not
change the amino acid; nonsynonymous substitutions, on the other hand, change the amino acid,
possibly providing a selective advantage. True substitutions/fixations in the genome are the
variables used to infer selection; however, within a bacterial species, substitutions are often not
differentiated from transient polymorphisms [35]. Understanding traces of selection pressures
and the interpretation of a single intra-species dN/dS value is therefore complex, as the behavior
of this statistic is relatively unknown in the context of a single population. However, the
comparison of multiple dN/dS values within the same population has fewer limitations. Given
this, we saw value in describing where SNPs occur in the MAP genome, assessing dN/dS values

in different locations in the phylogenetic tree, and comparing differences between clades.
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We calculated dN/dS ratios of MAP isolates and clades that were in the same range as previous
reports in Mycobacteria [36—38] and the more distantly related organism Salmonella Typhi [39].
Similarly, we found that 65% of mutations in coding regions were nonsynonymous, similar to
the percentages identified previously in MAP and M. tuberculosis [40, 41]. Turenne and
colleagues [42] calculated an average pairwise dN/dS ratio of 0.67 based on concatenated gene
sequences of seven MAP isolates, including Types I and II. Had the authors compared Type |
isolates to Type II isolates, a lower dN/dS ratio would likely have resulted. The overall higher
dN/dS values of singleton SNPs than shared SNPs in our dataset (Chapter 5) supports the
previously established time-dependency of dN/dS, which should be emphasized when comparing
closely related bacterial genomes [43]. The divergence time between isolates may be more
influential in determining the dN/dS ratio than selection events at short time scales. Although
when isolates or lineages have higher or lower dN/dS values than isolates in the same time scale,
further investigation may be worthwhile. ‘Modern’ M. tuberculosis Beijing lineage subgroups
were found to have higher dN/dS ratios in specific gene families than ‘ancestral’ subgroups,
suggesting a role of these gene variants in the expansion of ‘modern’ strains [8]. We found one
MAP isolate that had a lower dN/dS value than expected given the number of intergenic SNPs
(Chapter 5). This isolate also belonged to a clade that had a lower dN/dS ratio among singleton
than shared SNPs, pointing to a potential increase in purifying selection. Further investigation of
more than four isolates within this clade is required to increase confidence in concluding that this
subtype is indeed different from the others. The wide 95% confidence intervals limit the
conclusions we can draw, as the low number of SNPs in certain categories increases the
uncertainty. Therefore, including a larger number of isolates, particularly in poorly represented
clades, will strengthen inter-subtype comparisons.
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The increased proportion of nonsynonymous SNPs in certain genes provides some evidence that
these genes may be selected upon. The GO enrichment analysis summarized the function of
overrepresented ontologies, revealing a complex network of functions whose interactions remain
to be elucidated. The overrepresentation of lipid metabolism genes is particularly interesting, as
it matches previous reports of MAP and/or Mycobacterial evolution and gene expansion [44, 45].
This gene family is expanded in MAP relative to M. tuberculosis, with approximately 80 more

genes related to this important function in cell wall composition [46].

7.5 Implications for JD control

Strain typing can be used to track transmission of MAP in a variety of settings and host species.
Studies of within-herd spread of MAP infection [47], between herd transmission [12], and the
role of wildlife in spreading MAP [23] require molecular tools that can differentiate MAP types
and reliably identify epidemiologically related and unrelated isolates. Investigations into
genotype-specific fitness characteristics, such as intracellular survival, also rely on an accurate
assessment of MAP genotypes [48]. Most typing techniques, alone or in combination, can
provide some level of discrimination; however, the similarity between different types can often
not be assessed.

The use of molecular epidemiology to understand MAP transmission dynamics and ultimately to
control JD is logical, especially in herds with good management protocols aimed at minimizing
JD risk. When MAP infection is detected despite all precautionary measures, molecular
epidemiology can really make progress in identifying transmission routes. Even then, the
difficulties in growing MAP, diagnosing MAP infections, understanding disease progression,

and differentiating MAP types limit the conclusions that can be made. However, in the case of
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differentiating MAP types, the first step is to understand the amount of genetic diversity that’s
expected at different spatial scales. For example, long-term within-herd evolution of one subtype
could appear to be two different MAP types, depending on the typing scheme used. We observed
that the VNTR type could change within a herd over a relatively short time period (Chapter 3). In
the case of WGS, the slow mutation rate affects the interpretation of sequencing data in an
epidemiological context and the meaning of ‘closely related’ isolates. Identifying the number of
SNP differences that could reasonably be expected to accumulate within a herd will clarify
whether multiple introduction events occurred. A more reliable estimate of the rate at which

mutations occur in MAP, and potentially different MAP subtypes, will facilitate this calculation.

7.6 Limitations and future directions

With the help of collaborators nationwide, we obtained MAP-positive culture broth or suspected
MAP-positive manure samples from all 10 Canadian provinces. The reliance on existing control
programs limited our ability to evenly represent all provinces; however, the diversity captured in
the studies presented here sets important groundwork for future work to study specific regions in
more detail. The number of isolates and herds analyzed from Québec and Ontario are particularly
underrepresented, given the large number of herds in those provinces. Additional samples should
be screened in order to more accurately assess the population structure of MAP in the Canadian
dairy industry. The clades identified as “other” in the SNP-PCR analysis could be further
evaluated either through an additional SNP-PCR assay to determine if they belong to a
previously identified clade (and in what proportions), or through WGS.

The ongoing cattle trade between the US and Canada warrants additional WGS analysis of

representative MAP isolates from the US and the molecular clock estimation could be improved
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through WGS of older MAP isolates from different regions in the US and Canada. There is a
small amount of ongoing intermixing of cattle between the US and Canadian dairy industries;
however, the MAP populations have likely evolved more or less independently since the
introduction of cattle into North America several centuries ago. The comparison of the evolution
of these two populations as well as the historic differences between the expansions of dairy
industries in both countries could provide insight into MAP adaptation and evolution that could
not be resolved by studying a single population.

Our MAP culture protocol may have selected for faster growing strains if a mixed population
was present in the original sample. This could be tested in vitro by determining the growth rates
of MAP isolates from different clades as well as performing competition assays. An ongoing
collaboration with Drs. Scott Napper and Philip Griebel and colleagues at the Vaccine and
Infectious Disease Organization (Saskatoon, SK, Canada) will provide insight into phenotypic
and perhaps virulence differences between subtypes, as they are measuring macrophage invasion
efficiencies and kinomic responses of different MAP subtypes [49]. The natural presence of
multiple types within a herd presents an opportunity to monitor strain competition in vivo. This
requires herds to stop purchasing replacement cattle; however, several MAP-positive herds have
already implemented this important JD control measure. Monitoring the prevalence of strain
types in individual cows, the environment, and young stock could elucidate transmission routes
and perhaps identify more successful MAP types. Furthermore, identifying the role and infection
pressure of endemic MAP types in a herd versus recently introduced (and potentially transitory)
types could be investigated.

Our WGS analysis focused on SNPs, as opposed to insertions, deletions (INDELs), gene
duplications and/or rearrangements. The analysis pipeline used to identify SNPs did not capture
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regions that were not present in the reference genome. Furthermore, the sites missing from the
sample that were present in the genome were treated as missing data, not true deletions.
Phylogenetic inference based on SNPs is widely used and we have no reason to doubt its
reliability in our analyses. The functional consequences of INDELS, however, may be more
severe than SNPs. Acquisition of novel genetic material is uncommon, but rearrangements and
deletions have likely occurred in the genomes analyzed in this study. Wynne et al. [50] found
two large duplications in all human isolates in their dataset and subsequently several animal
derived isolates from multiple geographical locations. The functional implications have yet to be
determined and future research is required to understand the role of duplications, as well as SNPs
and INDELS, in the evolution and/or adaptability of MAP. De novo assembly of the genomes in
our dataset will uncover the extent of other types of mutations in the microevolution of Type II

MAP isolates in Canada.
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APPENDIX A: Command line arguments for programs used in WGS analysis

$1 path to reference genome.fasta
$2 prefix to sample

# ConDeTri -> Trim paired end read files
perl ~/scripts/condetri.pl -fastql=readF -fastq2=readR -prefix=$2 -sc=33

# BWA -> Align against reference
bwa mem $1 $2_triml.fastq $2_trim2.fastq > $2.sam

# SAMtools -> Convert SAM to BAM, sort, index
samtools view -uS -o $2.bam $2.sam
samtools sort $2.bam $2
samtools index $2.bam
samtools rmdup $2.bam $2rmdup.bam

# SAMtools -> Identify raw variants and pipe through basic filter
samtools mpileup -P ILLUMINA -C50 -q20 -Q20 -uf $1 $2rmdup.bam | beftools view -
cg-> $2.vef

# SnpEff -> Annotate vcf file with variant consequences
java -jar snpEff.jar eff -csvStats —v
Mycobacterium_avium_paratuberculosis MAP4 uid202426 $2.vcf > $2.eff.vef

# SnpSift -> Create list of snp effects at variant sites per sample
cat $2.eff.vcf | java -jar SnpSift.jar filter --set variant_list.txt "POS in SET[0]" >
$2 eff sites.vef

# GATK -> Extract SNP-affected regions and annotate with reference or alternate allele from vcf
files
gatk.sh -Xmx2g -R $1 -T FastaAlternateReferenceMaker -L interval_file.intervals --
variant $2.vcf -0 $2_genes.fasta
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