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Abstract

Bovine tuberculosis (bTB), a disease of cattle caused by Mycobacterium bovis, presents con-
siderable health and economic burdens in many countries. In the United Kingdom and New
Zealand, wildlife reservoirs are implicated in the spread and persistence of bTB in cattle pop-
ulations. Where multi-host systems exist, understanding the roles of different host species
in the spread and persistence of M. bovis infection in livestock is paramount. This thesis
describes how Whole Genome Sequenced (WGS) M. bovis data can be used to investigate

inter-species transmission of bTB between livestock and wildlife populations.

WGS data must be processed before it can be used in downstream analyses. A filter sen-
sitivity analysis was used to investigate whether the selection of quality criteria to be used in
the processing of WGS data, could be informed by epidemiological data describing the sam-
pled bTB system. WGS M. bovis data were available from three different bTB systems: in
Northern Ireland, England and New Zealand. By using agreement between the genetic data,
resulting from applying different quality filters, and the epidemiological data as an indica-
tion of the appropriateness of filtering, it was demonstrated that epidemiological data could

inform the selection of quality criteria.

With appropriately processed WGS data from infected cattle and wildlife in New Zealand,
the role of wildlife reservoirs was investigated. In addition, the WGS data were compared to
the types defined by a different molecular typing method used heavily in New Zealand until
2012. The high resolution WGS data agreed well with the previous typing method, and was
used to demonstrate that inter-species transmission had occurred between the sampled cattle

and wildlife populations.

The large spatial range of the data available from New Zealand made it difficult to deter-
mine the direction of inter-species transmission. In the southwest of England, Woodchester
Park is home to a badger population that is naturally infected with M. bovis and living in close
proximity to many cattle herds. WGS M. bovis data, for infected cattle and badgers sampled
from this system, combined with detailed epidemiological data, were used to provide evi-
dence of inter-species transmission in both directions. The sampled badger population was

also shown to be acting as a maintenance reservoir for bTB.

This thesis describes how WGS data can be used to investigate inter-species transmission,
but also highlights how the underlying bTB systems must be sampled appropriately for these
data to be most informative. Future work will involve addressing the limitations of the avail-
able data and the analyses conducted, as well as analysis of new data and implementation of

new methods.
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Table 1: List of abbreviations used in the thesis.

Abbreviation Definition

bTB Bovine tuberculosis

TB Tuberculosis

OTF Officially Tuberculosis-Free

REA Restriction Endonuclease Analysis

VNTR Variable Number Tandem Repeat

NGS Next Generation Sequencing

WGS Whole Genome Sequencing

PCR Polymerase Chain Reaction

CFU Colony Forming Unit

CMI Cell Mediated Immune

SICCT Single Intradermal Comparative Cervical Tuberculin test
CFT Caudal Fold Single Intradermal Tuberculin test
LCS Latent Class Statistical

ELISA Enzyme-Linked Immunosorbent Assay

MI Multiplex Immunoassay

VRA Vector Risk Areas

VFA Vector Free Areas

~-IFN v-interferon

STAA Special Testing Areas - Annual

STAB Special Testing Areas - Biennial

SA Surveillance Areas

FMD Foot-and-Mouth Disease

RFLP Restriction Fragment Length Polymorphism
Spoligotyping Spacer-oligotyping

DNA Deoxyribonucleic Acid

UK United Kingdom

US United States

SNP Single Nucleotide Polymorphism

PhD Doctor of Philosophy

RBCT Randomised Badger Culling Trial

TVR Test, Vaccinate or Remove

DPP Dual-Path Platform VetTB

BEAST Bayesian Evolutionary Analysis by Sampling Trees
AFBNI Agri-Food and Biosciences Institute in Northern Ireland
L) Lowenstein-Jensen medium

CTAB Salt hexadecyl Trimethyl Ammonium Bromide
FERA Food and Environment Research Agency
PE Proline-Glutamate

PPE Proline-Proline-Glutamate

VCF Variant Calling Format

DP Read Depth

HQDP High Quality Base Depth

MQ Mapping Quality

SUP Allele Support

Cov Site Coverage across isolates

PROX Site Proximity

00B Out Of Bag

RF Random Forest

MRCA Most Recent Common Ancestor

HKY Hasegawa-Kishino-Yano

GMRF Gaussian Markov Random Field

DATM Discrete Ancestral Trait Mapping

CTS Cattle Tracing System

SAM System for recording bTB testing results
QUAL Quality score

SIR Susceptible-Infected-Removed



Chapter 1

Introduction

1.1 Background

Bovine tuberculosis (bTB) is a globally important zoonotic disease, which is caused by My-
cobacterium bovis bacteria. Domestic cattle are a principal host species, their infection has
significant economic and public health impacts. Around the world, milk pasteurisation, test
and slaughter regimes, movement controls, and abattoir surveillance limit the zoonotic im-
pact of bTB, but at a considerable cost [1,2,3,4,5,6,7].

Combining test and slaughter, movement controls and abattoir surveillance to control
M. bovis infection in cattle can be successful. In Europe, the “officially tuberculosis-free”
(OTF) status is one that confers considerable advantages for trading [8]. A number of Euro-
pean countries are considered to be OTF, having <0.1% of cattle herds infected [4]. In 1997,
after a 30 year campaign, Australia gained ”TB Free” status, the requirements for which are
similar to those in the EU [9]. More recently, Scotland gained the European OTF status de-
spite bordering England, a source of endemic bTB [10].

The broad host range of M. bovis [11] means many wildlife species can act as infec-
tion reservoirs creating complex epidemiological systems and complicating control efforts
[12, 13, 14, 15]. For example, in New Zealand unnaturally high brush-tailed possum (7ri-
chosurus vulpecula) densities represent a large reservoir for M. bovis, which causes periodic
outbreaks in livestock [15, 16]. Across Europe there are a number of wildlife species im-
plicated in the transmission and persistence of bTB in livestock (Table 1.1). In the UK, it
is thought that the European badger (Meles meles) is promoting persistence of bTB in cat-
tle [11]. In contrast to the invasive and ecologically damaging brush-tailed possum of New
Zealand, the European badger is a protected species - under the 1992 Badger Protection Act
[17].

Given that wildlife populations are known to play a role in the persistence of cattle bTB,
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Table 1.1: Some examples of wildlife reservoirs for Mycobacterium bovis present in Euro-

pean Countries. Data summarising review article by Gortazar et al. [18]

Country Main Wild Reservoir(s)

United Kingdom European Badger
Republic of Ireland European Badger

Portugal Red Deer, Fallow Deer, Wild Boar
France Red Deer and Wild Boar

Italy Wild Boar

Slovakia Wild Boar

it is important to quantify the extent of this role. Unfortunately investigating inter-species
transmission events is greatly limited by the poor sensitivity of available tests, which may
result in infected animals being missed [19, 20]. In addition, upon exposure the development
of symptoms can take many months, depending on the species infected, making it difficult to

estimate the time of exposure for an infected animal [18].

Molecular techniques have been employed to investigate the spread of M. bovis infection
within and between populations [21, 22, 23]. More recently, the traditional typing meth-
ods such as Restriction Endonuclease Analysis (REA), and Variable Number Tandem Repeat
(VNTR) analysis, are being replaced by Whole Genome Sequencing (WGS). The continu-
ing technological advances, culminating in the current Next Generation Sequencing (NGS)
platforms, make WGS a feasible epidemiological tool. WGS won’t necessarily provide a se-
quence for the entire M. bovis genome as some areas - such as the repeat regions that VNTR
typing utilise - are more difficult to sequence and may have low coverage. That being said,
the application of WGS to bTB systems have revealed transmission at an unprecedented scale
[24,25, 26].

WGS data combined with detailed epidemiological data were available for bTB systems
in the United Kingdom and New Zealand. This thesis provides a description of the methods,
techniques and analyses applied to these data. Initially a summary of M. bovis infection in

cattle and wildlife populations, and its investigation using molecular methods is presented.

Page 11
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1.2 Bovine Tuberculosis in Cattle

1.2.1 Pathology

In cattle the primary route of infection is thought to be through inhalation, which results in
an infection, initially, in the respiratory tract [27]. A very small dose is required for infection
to develop, as demonstrated in an experimental study completed by Dean et al. [28]. One
Colony Forming Unit (CFU), containing 6-10 viable bacilli was sufficient to establish infec-
tion. During the early stages of M. bovis infection in cattle, the Cell Mediated Immune (CMI)
response dominates, it is only as the disease progresses that an antibody response develops
[27]. A granuloma forms around the introduced bacilli and, in the majority of cases, the tar-
geted CMI response is enough to inhibit any further disease progression - this early stage is

often described as a latent infection (Figure 1.1, [29, 27]).

F === ==
1 Exposure !
/—\

‘Latent’ Infection -

M. bowis infection ined Clear Infection

- bovis infection is containe: The innate and CMI

and limited to a small localised response is enough to
area. Small lesions are present \\ contain and clear the M.

but are held in stasis by the CMI \ bovis bacilli.
response.

gV
Active Infection
M. bovis infection is small and
localised. Lesions are present
and active with potential for low
’ levels of infectiousness with low
’ levels of intermittent shedding

R of bacilli. Sub-Clinical

Generalised Infection

M. bovis infection is widespread with
large numbers of active lesions
present, potentially throughout the
body. Active bacilli are likely to be
excreted from a variety of sources.

Figure 1.1: Summary of the possible infection and disease stages experienced upon exposure
to Mycobacterium bovis and potential routes of disease progression. Whilst an animal is in a
test-sensitive state it may be possible to detect infection, depending of the extent of shedding

and sensitivity of the test(s) used.

Progression of the infection can lead to an infective stage, during which time the cow is
likely to be intermittently shedding M. bovis bacilli [29]. Although rare, where a test and
slaughter regime is in place, a generalised state of infection can develop. This generalised
state is highly infectious, with high levels of shedding. The generalised state can further de-
velop into an anergic state as a result of the immune system being compromised; animals in

this state are likely to be insensitive to the currently available tests (Figure 1.2, [29]).

Page 12



Joseph Crispell Chapter 1: Introduction

Gamma Interferon
Test (IFN-7}

Immune Response
—

Figure 1.2: Schematic representation of the spectrum of responses exhibited by the bovine
immune system to various tests for TB. This diagram illustrates the changing sensitivity of
different tests, pathology, and bacterial load across different stages of infection. Figure taken

directly from De la Rua-Domenech et al. [30].

In the majority of infected cattle, M. bovis infection is a slow, progressive, chronic infec-
tion, with little or no external signs of disease. Depending on the cow, infection can persist
undetected for many years, as is seen in many human TB cases [31]. The low detectability of
individuals suffering a ’latent’ infection, means it is difficult to quantify the importance of the
early stages of infection [32]. For those cattle with a more active and progressive infection,
the infectious lifespan of the individual is likely to be dictated by the frequency of test and

slaughter regimes.

1.2.2 Testing and Control

1.2.2.1 Tuberculin Skin Test

The test and slaughter regimes that have successfully controlled bTB in domestic cattle pop-
ulations used a tuberculin skin test. Tuberculin consists of purified protein derivatives of the
M. bovis pathogen [30]. These derivatives are injected into the cow’s skin and a delayed-type
hypersensitivity reaction, measured as swelling at the injection site after 72 hours, is indica-
tive of M. bovis infection [30]. As part of the CMI response to M. bovis infection, T (Thymus)
cells that come into contact with breakdown/secreted M. bovis are sensitised to these antigens
[27]. Clonal expansion of sensitized T cells is a form of immunological memory. If an in-
fected cow is further exposed to M. bovis antigens (via a tuberculin injection) it is expected
to exhibit a visible hypersensitivity reaction. Since the data analysed in subsequent chapters
are sourced from the UK and New Zealand, the differences between the test-and-slaughter

regimes in the UK and New Zealand are discussed.

Although the use of the tuberculin skin test is standard, the method of application often
differs [30]. For example, in the UK the Single Intradermal Comparative Cervical Tuber-
culin test (SICCT) is employed [33, 10, 34]. In addition to the M. bovis tuberculin, a M.
avium tuberculin is injected in the SICCT [35]. The hypersensitivity reaction to the M. bo-

Page 13
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vis tuberculin is measured against the swelling resulting from the injection of the M. avium
tuberculin. This comparison is used to reduce the number of false positive reactions to the
skin test that are the result of exposure to environmental or M. avium mycobacteria [30]. In
contrast to the UK, in New Zealand the Caudal Fold Single Intradermal Tuberculin test is
used (CFT) [36]. The CFT is administered at the base of the tail, in contrast to the neck site
used for the SICCT. In addition, there is no comparative aspect to the CFT.

To evaluate the efficacy of the tuberculin skin test, the test sensitivity and specificity are
estimated (Figure 1.3). Sensitivity defines the probability of detecting an infected individual.
The probability of a negative test result whilst conducting the test on a non-infected individ-

ual is defined by the specificity.

Infected Non-Infected
Positive
test True positive False positive
result
Negative
test False negative True negative
result

Sensitivity Specificity
TP TN
TP + FN FP + TN

Figure 1.3: How the sensitivity and specificity of a test are calculated. TP = True Positive,
TN = True Negative, FP = False Positive, and FN = False Negative.

The specificity of the SICCT is estimated to range from 78.8% to 100%, the median es-
timate lies at 99.5% [30]. The median specificity of the CFT is slightly lower, 96.8% across
a range from 75.5% to 99.0%. The difference in specificity between the SICCT and CFT is
likely to be most pronounced in areas where M. avium has a high prevalence, which provides
the motivation for the SICCT to be used across the UK and Republic of Ireland.

The sensitivity of the tuberculin skin test is estimated to range from 52 to 100% [30].
More recent published estimates are lower (50-70%) [37, 38, 39]. Costello et al. [35] used
the presence of visible tuberculous lesions, found in 453 of 2528 SICCT tested cattle taken
from depopulated herds, to estimate a comparatively high estimate (90.5%) for the test sen-

sitivity. This high estimate may have resulted from selecting cattle that were likely to be in a

Page 14
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late stage of infection. Recently, Latent Class Statistical (LCS) models have been employed
to estimate the skin test sensitivity. Clegg et al. [37] analysed routine bTB skin test results
from low and high risk areas of the Republic of Ireland. The observed results of the SICCT
were used to estimate the latent/unknown test sensitivity to be approximately 58.1%. These
two studies demonstrate that there is much variation in the estimates of the tuberculin skin
test sensitivity. The difference between these two estimates is likely resulting from testing
animals in different stages of infection. There are many additional factors that could affect
the test sensitivity such as: co-infection, immunosuppression, vaccination, and variation in-

troduced by different people carrying out the test (see [30]).

Co-infection with liver fluke (Fasciola hepatica) was recently shown, by Claridge et
al. [40], to be associated with a reduced hypersensitivity reaction to the SICCT. Claridge
et al. aren’t able to provide a definitive reason for this relationship but they explored a
number of different hypotheses: their association is coincidentally resulting from unknown
correlated factors influencing the bTB and F. hepatica distributions; co-infection with liver
fluke compromises the cow’s immune system resulting in a dampened immune response to
the tuberculin injection; or F. hepatica infection provides a protective effect against bTB.
Garza-Cuartero et al. [41] recently found a protective effect of co-infection with F. hepat-
ica. The mycobacterial burden of co-infected animals was found to be lower and an in-vitro
experiment demonstrated a lower uptake rate and recovery of mycobacteria as a result of co-

infection.

1.2.2.2 ~-Interferon Assay

In an attempt to increase the sensitivity of bTB testing an in-vitro vy-interferon (y-IFN) assay
is often used to complement the tuberculin skin test [30]. During the initial stages of the CMI
response when T-cells are interacting with the invading M. bovis bacilli, v-IFN (a cytokine)
is released to stimulate macrophages [27, 30]. The v-IFN assay is an in-vitro blood test that
exposes samples to either avian or bovine tuberculin and the amount of «-IFN produced is
quantified using an Enzyme-Linked Immunosorbent Assay (ELISA) [42]. Importantly, the
~-IFN assay is able to identify animals in an earlier stage of infection than the tuberculin
skin test (Figure 1.2) and its interpretation and implementation are subject to less individual-
based variation. In the UK the application of the «-IFN assay is limited to large or persistent
breakdowns ! (due to its lower specificity) in order to improve the chances of identifying any
infected cattle [27, 2, 42].

A range from 66-100% has been estimated for the sensitivity of the y-IFN assay, though
generally values are nearer 85% [30, 42,37, 39]. The specificity of this assay is estimated to

A herd breakdown is when a cow on the herd has reacted positively to the SICCT, and its infection has

been confirmed during a post-mortem exminmation or through M. bovis culture.

Page 15
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fall between 87-97% [30, 37, 38]. The lower specificity of the v-IFN assay, in comparison
to the tuberculin skin test (specificity is estimated to be >99%), is the reason why the use of
this assay is limited to an ancillary role. With a lower specificity there is a higher chance
that a non-infected animal will be incorrectly identified as infected. When a large number of
infected cattle have already been detected in a herd or the infection is persisting on a herd
the v-IFN assay will be used alongside the skin test [30]. In these situations the priority is
to remove infected individuals and the relative cost of accidentally removing non-infected

individuals is low.

In New Zealand the v-IFN assay is used to increase both specificity and sensitivity [36].
Blood samples from CFT positive cattle are tested to increase specificity and the y-IFN assay
is used in parallel with the CFT in high risk areas. In areas of relatively low risk, where the
cost of a false positive is high, a more specific but less sensitive M. bovis antigen is used in

the v-IFN assay to increase the specificity [36].

1.2.2.3 Bacteriological Culture

Bacteriological culture of M. bovis bacteria is used as the definitive means of confirming in-
fection in cattle. Samples (taken during post-mortem examinations from lesions, pooled lung
and lymph nodes, or sputum, for example) are decontaminated and cultured. Any growth is
examined for the presence of M. bovis. Bacteriological culture can take several weeks. How
successful culture is at identifying M. bovis is thought to be much higher when bTB lesions
are found and can be used [43], although this is difficult to quantify given that there is no test
with 100% sensitivity. The presence and distribution of bTB lesions in cattle is dependent
on the stage of infection [44, 43]. During the early stages of infection, where at most only a
few small lesions are present, the likelihood of finding any bTB lesions during post-mortem
examinations is low. PCR (Polymerase Chain Reaction) based methods can also be used to
test for the presence of M. bovis bacteria in samples [45, 46]. These PCR-based methods are
considerably faster, taking hours rather than weeks but neither culture or PCR based methods
are used to identify bTB routinely, however, culture is used routinely as part of the disease

confirmation process.

1.2.2.4 Vaccination

A vaccine against bTB in cattle is available; the Bacillus Calmette-Guerin (BCG) vaccine
originates from an attenuated and non-virulent strain of M. bovis. Neither New Zealand nor
the United Kingdom have implemented the use of the cattle vaccine. The vaccine has been
shown to provide at least partial protection, reducing the infection extent and bacterial load
[47,48,49,50,51]. The current tuberculin skin tests and ~-IFN assay are unable to distuin-

guish between infected and vaccinated cattle. As long as these tests remain the foundation of

Page 16



Joseph Crispell Chapter 1: Introduction

the test and slaughter programs in New Zealand and the UK, the use of the cattle bTB vaccine
is restricted [50]. Research into the use of additional non-BCG M. bovis specific antigens in
bTB tests is ongoing and promising [52, 47,42, 53, 54].

1.2.2.5 Alternative bTB Tests

Currently the tuberculin skin test and the y-IFN assay are deemed the most cost-effective
and accurate techniques for surveilling bTB in cattle herds across the UK and New Zealand,
but their problems mean there is a considerable drive to find alternatives. As research into
improving the existing and new tests continues; one of the most promising technologies is
perhaps the Multiplex Immunoassay (MI). Unlike the SICCT and the +-IFN assay, the MI
investigates the antibody response in a blood sample following the introduction of a range of
antigens - up to 25 [55]. The MI has an estimated sensitivity of 68.6% and specificity that
ranges between 92 and 99.8% [37, 56].

1.2.2.6 Control in the UK

In the United Kingdom, the compulsory national eradication program has been in place since
the 1950s [57]. The frequency of routine herd testing varies across the UK. In Northern Ire-
land and Wales, herds are tested annually. In contrast, in England the testing is scaled in an
attempt to limit the spatial spread of endemic bTB areas in the southwest. Three different
regiments are used, 6 month, annual and quadrennial testing. The quadrennial testing area ex-
tends into Scotland, where despite being recognised as bTB free, herd breakdowns do occur,
but these can always be linked to cattle imports [10]. In the UK, if an animal tests positive
to the SICCT or v-IFN assay and infection is confirmed via post-mortem examination and/or
culture, the whole herd is subject to repeated testing at 60-day” intervals until two successive
herd tests are passed (i.e. all the animals in the herd test negative for bTB) [57]. In addition,
neighbouring herds are tested more frequently. Until the herd has passed its second succes-
sive test it is placed under strict movement controls and a severe interpretation of the SICCT
is employed [57]. For the severe interpretation, the difference between the swelling resulting
from the bovine and avian tuberculin injections necessary for the animal to be deemed in-
fected is reduced [30]. This threshold reduction increases sensitivity at the cost of specificity.
The severe interpretation may also be used retrospectively after an infected animal is found
in a herd [44]. If a reactor’s’ infection is not confirmed during a post-mortem examination
or through bacteriological culture, the herd is re-tested (under the standard interpretation) 60
days and 6 months later [44]. If both the follow up tests are clear the herd is returned to its

normal testing regimen.

2Skin reactivity to the SICCT is known to be depressed for a period following a previous SICCT - desensi-

tisation - a minimum of 42 days is stipulated [30]
3 A reactor is a cow that has reacted positively to the bTB skin test.
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1.2.2.7 Control in New Zealand

A compulsory test and slaughter regime was introduced in New Zealand in the early 1960s for
dairy herds and in 1970 for beef herds [58]. The frequency of herd testing, and the strictness
of their interpretation, is dependent on the risk of infection to the herd from other farms and
wildlife [36]. New Zealand’s land is classified according to the infection status of wildlife
[59]. Areas are defined as either TB Vector* Risk Areas (VRAs) or TB Vector Free Areas
(VFAs). In New Zealand it is estimated that 70% of new herd breakdowns in VRAs can be
attributed to wildlife [7]. Within VRAs and VFAs the land is further classified [59]. The
VRAs are made up of Movement Control Areas, where routine testing is conducted annually
and pre-movement tests must be conducted, and Special Testing Areas - Annual (STAA) with
only annual testing. VFAs are made up of Special Testing Areas - Biennial (STAB), where

herds are tested every two years, and Surveillance Areas (SAs) with triennial testing.

In New Zealand, herds are defined by how many years they have retained their non-
infected status [60]. A herd’s infected status® is removed once the herd has passed two CFT
tests at least six months apart [36]. Any CFT positive animals must be negative in a follow
up v-IFN assay to increase specificity and avoid economic losses due to false positives. For
the second test, the «-IFN assay is used in parallel to the CFT to increase testing sensitivity
and increase the chance of finding all the infected animals. In addition to the routine test and
slaughter regimes implemented in the UK and New Zealand, surveillance of all cattle car-
casses is conducted in abattoirs [36, 57]. Every cow slaughtered is examined for the presence
of bTB-like lesions and trace-back to the source herds is instigated if bTB lesions are found
[30].

1.2.2.8 Success of bTB Control

The progress of the control regimes in New Zealand and the UK has differed quite dramat-
ically. The initial success of New Zealand’s eradication campaign, which targets bTB in
wildlife and cattle, meant funding was reduced in the late 1970s [61]. The number of in-
fected cattle herds spiked and control funding was reinstated in the early 1990s [7]. Since the
mid 1990s bTB prevalence in New Zealand has dropped dramatically, with only 39 infected
herds (0.06% of the total herds) remaining by 2015 [60]. Control of bTB in New Zealand
is funded by both the government and the farmers themselves [58]. Being farmer led has
meant that the eradication programme has a high level of acceptance and could go some way
to explaining its success. Similarly to New Zealand, the test and slaughter schemes across
the UK were effective (especially in the 1960s and 70s) in drastically reducing the preva-
lence of bTB in cattle herds [57]. By the late 1970s there were less than 1000 infected cattle,

“In the context of bovine tuberculosis, a vector is defined as a species that are susceptible to M. bovis infection

and capable of transmitting it onwards to other species
SHerds where TB infection in a cow has been confirmed in the laboratory by either culture or PCR are

defined as infected [36]
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dropping from almost 17,000 in the early 1960s [30]. Similarly to New Zealand, this early
success did not continue. However, in contrast, increasing bTB prevalence has continued
in recent decades in the UK [29, 62, 57]. The Foot-and-Mouth Disease (FMD) outbreak in
2001 was very detrimental to bTB control in England and Wales, it led to a spike in preva-
lence - back up to pre-control levels [57]. This increase in prevalence was most likely the
result of the lack of bTB control during the FMD outbreak, and increased movement of cattle
during restocking once the outbreak had been controlled [63]. An additional contrast to New
Zealand, is that bTB control in the UK is entirely funded by the government [34].

The attitudes towards the wildlife bTB reservoirs in UK and New Zealand are very dif-
ferent. In New Zealand, the brustail possum (7richosurus vulpecula) is considered to act as a
bTB reservoir [61, 36, 16]. The brushtail possum was introduced into New Zealand in 1858
to initialise fur production and trade, but populations quickly spread across almost all of New
Zealand and became a significant conservation issue [64]. Control of possum populations is
a major part of New Zealand’s eradication campaign and it is generally well supported by
the public [60]. In the UK, up until the 1970s the European badger was controlled to main-
tain low population densities [65]. These operations were halted in response to the badger
becoming a protected species in the UK [66] and any wildlife control targeted at this species

is met with considerable resistance.

1.2.2.9 Cattle to Cattle Transmission

When a herd breakdown occurs, it is important to understand where the infection came from.
The low sensitivity of the currently available tests mean that cattle-to-cattle transmission of-
ten has time to occur [29]. Under the stringent testing regiments of the UK and New Zealand,
it is likely that M. bovis infection in cattle populations manifests mainly as a sub-clinical in-
fection, with a low-level of infectiousness [35, 44, 43]. As discussed earlier, cattle are sus-
ceptible to extremely low doses of infectious bacilli and, therefore, the low and intermittent
shedding by bacteria of these sub-clinically infected cattle may be enough to promote cattle-

to-cattle transmission and maintain bTB persistence.

Transmission of bTB from experimentally infected cattle has been demonstrated, al-
though high doses were necessary to reliably achieve transmission [67, 68]. The fact that
the majority of breakdowns in the UK involve less than three reactors would suggest that
cattle-to-cattle transmission is rare, relative to amount of contact between cattle in a herd
[44, 69]. However, the potential for bTB transmission within and between cattle herds is
large. Schoenbaum et al. [70] traced a single infected beef cow, discovered during routine
abattoir surveillance, to a single farm in Oklahoma from which 13 cattle had been sold, which
further exposed >4000 cattle. In Scotland the four year testing intervals mean that should in-
fection be introduced, it could be a number of years before cattle are tested. Chalmers et al.

[71] reported a bTB outbreak in the south west of Scotland. Tracing of a single test positive
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calf identified a heavily infected herd where a third of its 261 cattle were skin test positive
[71]. A modelling study done by Barlow et al. [72], based on cattle herds in New Zealand,
suggested that within-herd bTB transmission occurred and that it made an important contri-

bution to maintenance of bTB in New Zealand.

Long distance movements of cattle from high risk areas of infection are recognised as
an important driver for bTB spread [73, 69, 63, 74]. Gilbert et al. [73] demonstrated that
cattle movements, particularly in endemic areas of the UK, were a strong predictor of disease
occurence. In 2008, Green et al. [75] further examined the role of cattle movements in the
spread of bTB. Green et al. [75] used a sotchastic model, which explicitely used recorded
cattle movements, to demonstrate that cattle movements were an important mechanism of
spread and that their surveillance could greatly limit the growth of,, and spread from, high bTB
prevalence areas. This recognition endorses the pre-movement testing that is implemented

for movements from high risk areas in both the UK and New Zealand [57, 59].

1.2.2.10 Environmental Persistence

Numerous studies have demonstrated that M. bovis can survive outside of the host for ex-
tended periods [76, 77,78, 79]. Environmental persistence of bacteria in the soil could be an
additional means by which bTB can persist in cattle herds. Duffield and Young [77] exam-
ined the persistence of M. bovis bacteria in a range of laboratory conditions, demonstrating
that viable bacteria could be isolated from soil kept in the shade after 4 weeks. Jackson et al.
[76] examined environmental persistence outside of the laboratory finding that survival time
was greatly influenced by season. Jackson et al. [76] concluded that in summer it was likely

to have a limited role in bTB persistence.

Recurrence of cattle herd breakdowns is a problem for control in both the UK and New
Zealand [80, 81, 82, 83]. This recurrence could be the result of not removing all the infected
cattle from the herd. The low sensitivity of the current tests mean that infected cattle can be
missed. Dawson et al. [83] evaluated the potential factors associated with herd breakdown
recurrence in New Zealand. This research found that there are likely to be a number of reasons
for recurrence including missed infection, environmental persistence and the presence of a
wildlife reservoir. Young et al. [78] investigated a herd in the Republic of Ireland with history
of breakdowns, which was subjected to a whole herd cull and restocking. Four months after
the herd depopulation, molecular typing methods revealed the presence of viable M. bovis
bacteria. Herd depopulation is one means of combating recurrence of bTB on a cattle herd.

Good et al. [84] found that the Irish herd bTB depopulation policy was effective.

1.2.2.11 The use of Whole Herd Depopulation

An additional contrast in the bTB control regimes in place in the United Kingdom and New

Zealand is in the use of whole herd depopulation. In New Zealand if a high number of re-
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actors with an extensive infection (as observed during post-mortem examination) are found
on a herd, the herd is depopulated [85]. Depopulation is rarely used in the UK; mandatory
conditions for whole herd depopulation are that >25% of the herd reacted positively to the
test and the herd infection must be confirmed through culture. Although these mandatory
conditions are similar to those for New Zealand, there are many additional factors that are
considered before a whole herd cull will be implemented in the UK. These factors include
the extent of disease in the reactors, herd size, the history of bTB on the herd and local inci-
dence of bTB - lower favours depopulation. Herd depopulation will be most effective when
the outside risk of re-infection is low [85, 86, 87]. Therefore in areas of New Zealand where
the infection risk from wildlife is minimal, herd depopulation is likely to be effective. In
contrast, given the higher and increasing prevalence of bTB in endemic areas of the UK the
use of herd depopulation is likely to be ineffective. Although whole herd depopulation has
been shown to be an effective method for eradicating disease in a herd, it is not generally
favoured, both for animal welfare and economic reasons [84, 87, 88]. Without depopulation,

more emphasis is placed on the accurate identification of individual infected animals.
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1.3 Molecular Epidemiology of Bovine Tuberculosis

1.3.1 Restriction Fragment Length Polymorphism Typing

Molecular tools have been instrumental in the investigations into the potential sources of
infection into cattle herds. Over the last three decades there has been a continuous progression
through different molecular typing methods for M. bovis. This progression is motivated by
improvements in speed, price, repeatability and ease. Early methods that used Restriction
Fragment Length Polymorphisms (RFLPs) provided evidence of the role of the brushtail
possum in New Zealand [89, 90]. For RFLP, M. bovis DNA is digested using a range of
restriction enzymes and the resulting fragments are separated using gel electrophoresis [91].
The banding patterns on the gel can be then be used to discriminate strains of bTB and define
molecular types. Restriction Endonuclease Analysis (REA), a method that uses RFLP, was
used routinely in New Zealand up until 2012 [92]. Early research by Collins et al. [93]
found evidence of inter-species transmission by showing that livestock and wildlife from the
same region shared REA types. In addition, regionalisation found by Collins et al. [94],
means REA typing could be used to investigate whether a new herd breakdown was locally
sourced or not. Skuce et al. [95] conducted a study to determine the utility of RFLP typing
methods for discriminating M. bovis isolates sourced from cattle. By combining RFLP typing
data with knowledge of cattle movements it was possible to determine that the sampled herd

outbreak could be linked to a herd nearby via the movement of an infected cow.

1.3.2 Spacer-oligotyping

In the UK, spacer-oligotyping (spoligotyping) took the place of RFLP typing methods in the
late 1990s. Spoligotyping offers a more rapid, repeatable and easier to perform technique
[96, 97,98, 99]. Spoligotyping characterises strains by using a single direct repeat region of
the M. bovis genome that is interspersed with non-repetitive short sequences of nucleotides
(spacers) [96]. A strain type is defined by the presence, or absence, of known spacer se-
quences within this repeat region. The ease and speed of spoligotyping enabled Smith et al.
[100] to conduct an analysis of 11,500 M. bovis isolates from Great Britain. Smith et al.
[100] revealed a high degree of geographic localisation, similar to that shown for REA types
in New Zealand, and hypothesised that it was the result of clonal expansion of M. bovis across
Great Britain. Geographic localisation of different strains is an important characteristic of M.
bovis populations, which increases the utility of molecular typing methods since particular
types can often be tied to certain areas [62]. Elsewhere in Europe, spoligotyping has pro-
vided evidence of inter-species transmission of M. bovis between wildlife and livestock. In
Spain, Aranaz et al. [101] found that deer, wild boar, Iberian lynx and cattle from the same

geographical area were infected with the M. bovis strains of identical spoligotypes.
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1.3.3 Variable Number Tandem Repeat Typing

Variable Number Tandem Repeat (VNTR) typing represents the successor of spoligotyping
and REA typing. The genome annotations available for the full genome of M. bovis, pub-
lished in 2003 by Garnier et al. [102], help to identify polymorphic locations that are made
up of tandemly repeated DNA [103]. Variation can occur in the number of repeats present
at these polymorphic locations. VNTR typing utilises a number of the locations on the M.
bovis genome and uses the number of repeats present at the locations, as a means of dis-
criminating and typing M. bovis strains. Spoligotyping uses a single direct repeat region,
whereas VNTR typing utilises multiple tandem repeat regions on the genome. Using mul-
tiple polymorphic regions enables VNTR typing to have an increased discriminatory ability
in comparison to spoligotyping [103, 104]. The selection of which polymorphic regions for
VNTR typing to use can affect the discriminatory ability and also limits the generalisability of
results [105, 106]. Furphy et al. [22] recently used VNTR typing to provide further evidence
of inter-species transmission between badger and cattle populations, by showing that these
populations shared a large number of VNTR strain types. In 2012, VNTR typing replaced
REA typing in routine bTB surveillance in New Zealand [92]. Although REA typing is a
highly discriminatory tool, more so than VNTR typing [92], the technique is complex and
time consuming and the gels produced (during the gel electrophoresis) must be interpreted

manually [36].

1.3.4 Whole Genome Sequencing

The history of the molecular typing methods used for M. bovis represents a progression. As
technology improves, and research continues, new methods appear that are faster, easier, or
less complex. The recent advent of Next Generation Sequencing (NGS) platforms has opened
up the possibility to use Whole Genome Sequences (WGS) in epidemiological investigations
[107]. Automated Sanger sequencing platforms, the first generation, were based on the chain
termination method [108]. A single stranded fragment of DNA is repeatedly replicated using
DNA polymerase and during the replication a terminating nucleotide is present and can be
bound at any time. Different sized fragments of DNA will result, following the binding of
the terminating nucleotide at different stages of the replication. Gel electrophoresis can be
used to separate the fragments by their size and the pattern resulting will correspond to the
DNA sequence. Currently there are a number of NGS platforms available, which are com-
peting with the Sanger method. Sequencing with these methods is considerably faster and
cheaper than with Sanger techniques [ 108]. The sequencing, for NGS platforms, is completed
during a DNA replication phase. The replication is continuous, unlike in the chain termina-
tion method, and interpretation doesn’t rely upon gel electrophoresis [109]. However, NGS
methods are more error prone than Sanger platforms [110]. The huge volume of data that
NGS platforms produce must be interpreted carefully to remove and limit the effect of any

sequencing errors that may be present.
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Illumina sequencing platforms are an example of NGS technology [109]. A fragmented
genome is bound into a flow cell, and each fragment is clonally amplified to form clusters on
the cell. The clusters are repeatedly sequenced using fluorescently labelled nucleotides. Each
nucleotide bound during sequencing releases a signal that is recorded. This sequencing-by-

synthesis method rapidly produces vast quantities of sequence data.

NGS technology could allow WGS to replace VNTR typing in the routine surveillance
of bTB [111, 112, 113]. In recent applications to human tuberculosis, WGS has added a
great deal of resolution to epidemiological investigations [114, 115,116, 117,118,119, 120].
Gardy et al. [115] combined WGS of M. tuberculosis isolates with detailed social network
information to investigate a recent human tuberculosis outbreak in Canada. The WGS data re-
vealed that the previously thought clonal outbreak was actually two co-circulating outbreaks.
Given this finding, the social network data was refined to reveal several transmission events
and identify three individuals that the two outbreaks originated from. In addition, it was pos-
sible to link these two outbreaks to an increase in drug usage a few years prior. Bryant et al.
[117] also examined the potential to use WGS data to elucidate patient-to-patient transmis-
sion. WGS were the highest resolution genetic data available but it is important to understand
that what can be learnt about a system is dependent on how the rate of change of the pathogen
relates to the speed of the process being investigated [121]. Bryant et al.’s [117] research
found that the substitution rate of M. tuberculosis was low and variable, which made it dif-
ficult to track direct patient-to-patient transmission. This variability could result from there

being different stages of infection for human tuberculosis, similar to those seen for bTB [120].

Recently WGS techniques have been applied to bTB systems [24, 25, 26]. The earliest
work, by Biek et al. [24], found evidence of badger populations in Northern Ireland being in-
volved in the persistence of bTB in local cattle populations. This work, built upon by Trewby
et al. [25], emphasises the utility of WGS in surveillance. Following a recent outbreak of
bTB in Minnesota, a previously TB free state in the United States (US), Glaser et al. [26]
conducted a retrospective analysis of WGS data from isolates. This analysis revealed that the
outbreak was the result of a recent introduction into the area from southwestern US or Mex-
ico, rather than neighbouring states Michigan and Manitoba where bTB remains endemic.
This retrospective analysis also found that the outbreak was circulating in both cattle and

deer populations.
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1.4 Bovine Tuberculosis in Wildlife

In the UK, New Zealand and elsewhere, wildlife populations have been implicated in the
spread and persistence of bovine tuberculosis ([18, 122, 16]). M. bovis is capable of infect-
ing a wide range of mammals [11, 13, 18]. Understanding the role of different species in the
maintenance of a disease is not a problem specific to bTB, it is an important problem in the
control of a wide range of diseases [123]. The different wildlife species implicated in the

spread and persistence of bTB in livestock in the UK and New Zealand are discussed.

Corner [13] established five points to investigate when examining the role a particular

species has in the maintenance of bTB:
1. How does the animal get infected?
2. Where does the infection manifest in the body?
3. Where is M. bovis excreted and to what extent?
4. By what means does the infection pass into livestock populations?

5. What is the minimum infective dose necessary by each route?

1.4.1 Brushtail Possum (Trichosurus vulpecula)

It is estimated that there are approximately 30 million brushtail possums (7richosurus vulpec-
ula) in New Zealand, at densities varying from 1-20 individuals per hectare [124, 16]. These
possums are solitary animals with overlapping home ranges, which vary in size depending on
the landscape [125, 16]. The brushtail possum is recognised as a maintenance reservoir” for
M. bovis infection in New Zealand [16]. As the prevalence of bTB in New Zealand’s cattle
populations continues to drop, now with only 39 infected herds [60], possum populations
are increasingly implicated as a source [7, 16]. Prevalence in a naturally infected possum
population has been estimated to be less than 5%, although this has been shown to vary with
the possum population density [16]. Nugent et al. [16] argue that possum populations were
only infected with bTB in the 1960s, in line with when an infected possum was first observed
in 1967 as hunters would have encountered infected possums earlier had they been present.
The current thinking is that M. bovis was introduced into possum populations from deer as a

result of commercial deer hunting [126, 7, 16].

Generally, brushtail possums are highly susceptible to bTB, suffering a heavy generalised
infection and dying within a few months [127, 128, 13, 16]. Buddle ef al. [127] demon-
strated this high susceptibility through experimental infections. Upon challenge with low

infectious doses, the artificially infected possums died within 8-10 weeks [127]. Ramsey and

% A maintenance reservoir is a population that is capable of intra- and inter-species transmission and in which

M. bovis infection can independently persist.
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Cowan [128] tracked naturally infected possums and found that they survived an average of
4.7 months. The infection in possums manifests mainly in the lungs and associated lymph

nodes, and excretion of infectious bacteria occurs in an aerosol form [129, 16].

Possum-to-possum transmission has been observed in captivity. Corner et al. [129], by
housing experimentally infected and susceptible possums together, recreated transmission
of bTB. The transmission rates were low and affected by how social the possums involved
were. A field trial conducted by Whitford et al. [130] confirmed this low transmission rate.
Transmission between possums is likely to occur via aerosol or open wounds during direct
contact [16]. Transmission of bTB from possums to cattle is thought to occur through heav-
ily infected possums. Terminally ill possums have been shown to no longer avoid cattle
and cattle, being inquisitive, will often investigate dying possums by licking and biting them
[131]. The increased ranging behaviour of infected possums was investigated by Ramsey
and Cowan’s [128] research and home ranges were, on average, larger but not significantly

SO.

In addition to the brushtail possum, there are a number of other species thought to be
important in the maintenance of a wildlife bTB reservoir in New Zealand: ferrets (Mustela
furo), pigs (Sus scrofa), and red deer (Cervus elaphus) [126, 122]. These species have con-
siderably larger home ranges, in comparison to possums, and are thought to act as spatial

vectors of disease linking otherwise isolated possum populations [126, 132, 122].

1.4.2 Other Wildlife Hosts in New Zealand

There are three species of wild deer known to carry bTB in New Zealand, of which the red
deer are predominant [122]. Nugent, in his PhD thesis [133], estimated prevalence in deer
populations to vary from 8-37%. Nugent estimated these prevalences by examining deer
populations living in the same area as uncontrolled infected possum populations. Deer are
thought to become infected through contact with terminally ill or dead infected possums
[134]. Their infection is mainly restricted to the head and neck and there is little or no po-
tential for deer-to-deer transmission [134, 133]. Deer populations are unable to maintain
infection in the absence of possums unless they are at high densities [134, 122]. Importantly
though, deer-to-possum transmission can occur through possums feeding on deer carcasses
[133]. The long lifespan of deer means they can act as temporal vectors of disease, enabling
bTB infection to persist for many years following the removal of possums [126]. Since preva-
lence of bTB in possums is generally low it is often difficult to determine if a population is
infected and, therefore, infection in sympatric’ deer populations is used as a indicator of an

infected possum population [134, 135].

Feral pigs and ferrets can additionally be used as sentinel species to detect an infected

’Sympatric populations are those that occupy the same geographical space at the same time.
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possum population [134, 126, 122]. Although very high prevalences of M. bovis infection
have been observed in these populations, drops in prevalence following the removal of pos-
sums would suggest that they generally aren’t acting as maintenance hosts [126, 122]. That
being said ferret populations, in pockets of high density, have been observed to maintain bTB
infection in the absence of possums [136]. Ferrets and pigs are scavenger species and will

readily pick up infection from infected possum carrion [122].

1.4.3 European Badger (Meles meles)

In the United Kingdom, European badger (Meles meles) populations are implicated in the
maintenance of bTB infection in cattle populations [137, 138, 6]. In contrast to the solitary
lifestyle of the possum, badgers live in relatively stable social groups [65]. Each badger
group inhabits a territory containing multiple setts, which consist of a main sett and a few
subsidiary setts that they’ll bed in. Group size can vary considerably, in high density areas,
such as in southwest England, group sizes of 8-20 individuals are observed [65]. Whereas,
in lower density areas, for example in the Republic of Ireland, a group usually only includes
around 3 badgers [65, 139]. The dispersal rates of badgers between groups is thought to vary
with group size, being lower in high density populations [139]. Despite living in stable social
groups, extra-group mating events have been shown to be relatively common, accounting for

up to 50% of cubs in a badger population in Luxembourg [65, 140].

M. bovis infection in badgers results in a chronic infection primarily of the respiratory
system, although biting presents a secondary source of infection [141, 142, 143]. As with
possums the infection is generally restricted to the lungs and associated lymph nodes [144].
In contrast to possums, in the majority of badgers, M. bovis infection is thought to manifest
itself as a small localised infection with little or no infectiousness [145, 65]. A small pro-
portion of infected badgers may succumb to a heavy widespread generalised infection [143].
In these badgers the bacteria appears to spread from the lungs into a variety of other organs
throughout the body [141, 143, 65, 144]. These individuals excrete large amounts of infec-
tious M. bovis in faeces, urine and as an aerosol and have a significantly higher mortality rate
[146].

In the southwest of England, badger and cattle populations live in close proximity [147].
Their close proximity mean that there is great potential for inter-species transmission of M.
bovis infection. Cattle and badgers have frequently been observed interacting both directly
and indirectly [148, 149,150, 151, 152]. The evidence would suggest that the European bad-
ger is capable of acting as a maintenance reservoir for M. bovis in some areas of the United
Kingdom. The badger is able to survive for long periods (several years) with M. bovis in-
fection, even whilst suffering from a highly infectious generalised infection [153, 141, 146].
Although a number of other british wildlife species are susceptible to M. bovis infection, the

badger populations alone are thought to be acting as the wildlife reservoir of disease [ 154, 11].

Page 27



Joseph Crispell Chapter 1: Introduction

1.4.4 Control of bTB in Wildlife: New Zealand

The contrasting views regarding the different wildlife hosts in the UK and New Zealand,
have led to markedly different control strategies. In New Zealand, possum population con-
trol has been implemented since the possums were implicated in the persistence of bTB in
cattle populations in the early 1970s [155]. Research conducted in the Buller district, found
on the northwest coast of New Zealand’s south island, provided strong evidence for possum
populations infecting cattle [7]. Test-negative cows were grazed on pasture where infected
possums had been captured 6 months previously. After 6 months, 26 of the 29 cows were
test-positive. These findings prompted extensive possum control throughtout the district that

resulted in a 30% drop in the number of infected herds [7].

In 2011, following a 90% reduction in the number of cattle reactors since 1994, the ob-
jective of New Zealand’s bTB control campaign was changed from control to eradication [7].
The current campaign centres around Vector Risk Areas (VRAs) of New Zealand, defined as
areas where bTB infection of wildlife has been confirmed or is strongly suspected [7]. VRAs

are split into four categories as described in Figure 1.4 and below.

1. TB Eradication - removal of bTB from cattle and wildlife by 2026.

2. TB-Free Area Protection - maintain low possum population densities to prevent spread
of VRAs.

3. Infected Herd Suppression - control of possum populations surrounding farmland to

minimise bTB transmission into cattle herds.

4. Proof of Concept Areas - designated areas where trials are on-going to determine
whether bTB eradication is feasible.

M. bovis has been successfully eradicated in the Proof of Concept Area found on New
Zealand’s south island, shown in Figure 1.4 and described above, and eradication is close in
the other Proof of Concept Area [60].

Possum populations are reduced through the use of traps and distribution of 1080 (metabolic
toxin sodium fluoroacetate) poison [64]. The 1080 poison, via interference with the metabolic
system, is lethal to possums and causes cardiac or central nervous system failures [156]. Dis-
tribution of 1080 via helicopter is conducted routinely in order to reduce possum density
across large areas of inaccessible forest [64]. Aerial operations are restricted on farmland

and near residential areas; here control is limited to ground based use of traps and poison.
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| Proof Of Concept Areas
- TB Eradication

| TBFree Area Protection
[ infected Herd Suppression

Figure 1.4: The categorisation of Vector Free Areas across New Zealand. Note that areas
coloured in cyan are Proof of Concept Areas, where trials are on-going. Taken directly from
OSPRI Annual Report [60].
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The lethality of 1080 isn’t limited to possums, death of non-target species has occurred.
Initially when the poison was baited using carrots, from 1960-80, important native bird
species, such as the New Zealand robin (Petroica longipes), would commonly succumb [64].
Cereal baits replaced carrots, and the risk to native bird species is now considered low. Fol-
lowing the findings that wild deer were dying as a result of consuming the 1080 baits, special
deer repellent baits, which are effective for reducing deer casualties, are now routinely used
[64]. 1080 is highly poisonous to people and contamination of water sources was a concern
but there is no evidence to support it being a problem. In addition, strict legislation is in
place to limit the risk for those involved in possum control operations [156]. Given the con-
troversy surrounding the use of 1080, vaccination and fertility controls have been investigated

but these are currently not considered feasible alternatives [50, 64].

1.4.5 Control of bTB in Wildlife: United Kingdom and the Repub-
lic of Ireland

The first tuberculous badgers were discovered in the early 1970s in England and the Republic
of Ireland [144]. This discovery prompted badger population culling operations, which in-
cluded gassing setts, baiting, trapping and/or shooting [65]. Unsanctioned culling was halted
with the introduction of legislation to protect badgers in 1973 [66]. Since the implementation
of the badger legislation there have been a number of government sanctioned badger culling
trials in the UK, and in the Republic of Ireland. These trials were conducted to determine the
extent to which M. bovis persistence in badgers influenced the risk and occurrence of bTB in

cattle.

The Thornbury trial, which ran from 1975 to 1981 in southwest England, was the first
badger culling trial [157]. Badger setts were gassed within a geographically isolated area
covering 104km?. Herd breakdown levels were drastically reduced and maintained for almost
a decade. Similar success was noted for the East Offaly Project culling trial conducted in the
Republic of Ireland between 1989 and 1994 [158]. The East Offaly Project was conducted
over a 738km? area, which included a buffer area implemented to limit badgers re-colonising

the area.

Following the success of the East Offaly Project, in 1996 a large-scale badger removal
program was licenced in four counties of the Republic of Ireland - the Four Areas Project
[159]. Within four geographically distinct areas, removal and reference areas were matched
and buffer areas were combined with natural barriers to limit re-colonisation. In removal ar-
eas repeated trapping was used to reduce the badger population density. The herd breakdown
level was reduced by 60-95% across the four areas [159]. The success of the trial acts to en-
dorse the current use of badger culling in the national bTB control scheme [33, 160]. In the
Republic of Ireland, for any herds where the source of their breakdown cannot be attributed

to cattle movements, badgers caught within a 2km radius are removed.
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One of the most recent, and potentially most controversial, badger culling trials was the
Randomised Badger Culling Trial (RBCT) based in southwest England, which took place
from 1998 to 2006 [161]. A proactive cull was compared to a reactive cull (as is imple-
mented in the Republic of Ireland) and no culling. In the proactive culling areas, culling
aimed to reduce and maintain badger population densities as low as possible. In the reactive
culling areas, culling was only undertaken in response to a herd breakdown and aimed to re-
move any badger groups that had access to the herd. The proactive cull reduced the bTB herd
breakdown levels although had negatively associated effects in the surrounding areas [162].
The reactive culling was prematurely halted in 2003 because it was causing an increased risk
of herd breakdown in the associated areas [161]. Woodroffe et al. [163] demonstrated that
badger culling, proactive or reactive, increased the ranging behaviour of badgers and disrup-
tion of social organisation and, thereby, affected the prevalence of M. bovis. The increased
ranging behaviour of badger populations was linked to a rise in cattle bTB incidence [162].
As a result of the limited success of the RBCT, badger culling lacks support and isn’t cur-

rently incorporated into bTB control in England or Wales.

Amongst other things these trials emphasise that the UK and Republic of Ireland repre-
sent two different bTB systems, despite the same protected wildlife host being implicated.
These differences extend through policy into farming practices and resident badger popula-
tions [164, 165]. Generally, high density badger populations and large intensive farming in
the UK, contrasts with the sparser badger populations and smaller scale farming practices of
the Republic of Ireland [165].

Research into the use of a vaccine for badgers has been extensive. The Bacille Calmette
Guerin (BCG) vaccine is the only one being used and it doesn’t provide complete protec-
tion, but it does reduce the extent of disease progression in experimental and field conditions
[166, 167, 168, 169]. Corner et al. [168] established that the vaccine could be adminis-
tered orally if encapsulated in a lipid matrix formulation, which protects the vaccine whilst
it is in the stomach. As discussed previously, most bTB infected badgers will have a slowly
progressing disease of the lungs that leads to little excretion of infectious material. A small
proportion may develop a heavy generalised infection. If the vaccine is successful in reducing
the number of badgers suffering a heavier infection, it could greatly reduce the transmission
potential of badger populations. The Badger Vaccine Deployment Project was initiated in
2010 by the UK government, giving people the opportunity to train and apply for licens-
ing to conduct badger trapping and vaccination on their land [164, 34]. This project, which
finished in 2014, was not designed as a scientific trial but rather aimed at developing the
practical knowledge necessary for the large scale deployment of badger vaccinations [170].
The data from the project were collated and the impact of the vaccination on bTB in cattle

has yet to be examined.
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In Northern Ireland, a Test, Vaccinate or Remove (TVR) program is currently ongoing.
Trapped badgers are tested using an animal-side bTB test [171] and any positive animals
are culled [172]. This vaccination strategy should act to limit the transmission potential by
reducing both the number of badgers with a heavy generalised infection (through the removal
of test-positive animals that are more likely react to the test) and the number of badgers that
develop one (by distributing the vaccine). In addition, culling of only infected badgers is
more likely to be supported by those that are against badger culling operations. The animal-
side bTB test used is the Dual-Path Platform VetTB (DPP) assay. The DPP assay has two
bands of antigens (proteins derived from M. bovis on a membrane strip) [171]. Blood serum
is added to the assay well and a visible reaction at the two bands is interpreted as a positive

reaction.
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1.5 The cost of bTB control

The bTB systems in the UK and New Zealand are contrasting in many aspects, not least in
the extent of wildlife control. A major limitation to both campaigns is cost. England and
Wales are reported to have expended 0.5 billion pounds in the last decade [6], whilst the
cost of control in New Zealand is comparable at more than 50 million New Zealand dollars
(£43.5million) per year [61, 7]. As is highlighted by Hone [173], as the prevalence of bTB
drops the control of M. bovis infection in cattle becomes increasingly costly, relative to the
amount by which prevalence is reduced. This trend is well illustrated in Figure 1.5, which
shows how the cost of wildlife control in New Zealand has increased to its highest level,
despite the number of infected cattle and deer herds being at its lowest. This relationship
prompts the questioning of the motivations for bTB control, given its low zoonotic risk now
that pasteurisation is routine [174]. But as history has shown, both in New Zealand and
the UK, if control of bTB lapses, either through lack of funds or a more pressing disease,
prevalence quickly increases threatening this low zoonotic potential. In the UK the Foot-
and-Mouth Disease (FMD) outbreak in 2001, prompted a rapid increase in the number of
herd breakdowns [57]. In the late 1970s, the reduction of funds due to the initial success of
bTB control in New Zealand resulting in an increase from 540 infected herds in 1980 to 1,694
by 1994 [7].
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Figure 1.5: The number of cattle (blue bars) and deer (green bars) herds that were found to
be infected with M. bovis in New Zealand from 1977 to 2013. The cost (in New Zealand
dollars (millions)) of wildlife control operations is plotted as a red line over the same period.

This figure was taken directly from Livingstone et al. [7].
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1.6 Chapter Plan

The research for this thesis has centred around the use of Whole Genome Sequencing (WGS)
to investigate the transmission of Mycobacterium bovis within and between cattle and wildlife
populations. The chapters that follow will describe the use of statistical, mathematical and

simulation based approaches to investigate three main themes:

1. The utility of WGS in epidemiological investigations of M. bovis transmission

2. The application of phylogenetic inference methods to examine the dynamics of bovine

tuberculosis

3. The role of wildlife reservoirs in the transmission and persistence of M. bovis infection

in domestic cattle populations

The layout of the thesis will be as follows:

Chapter 2 - Informing the selection of Single Nucleotide Polymorphisms with epidemiologi-
cal data

This chapter, on the assumption that the genetic relatedness between the M. bovis isolates
will, to some degree, be explained by epidemiological data that describes the sampled ani-
mals, investigates Single Nucleotide Polymorphism selection criteria. A selection of quality
filter criteria were assessed by comparing the genetic data they produced to available epi-
demiological data. The analyses conducted here were used to inform the selection of filters

for the genetic data used in Chapter 3 and Chapter 4.

Chapter 3 - Using Whole Genome Sequencing to investigate transmission in a multi-host sys-
tem: bovine tuberculosis in New Zealand

A selection of WGS M. bovis isolates were available, sampled from infected cattle and
wildlife across New Zealand. Using the program Bayesian Evolutionary Analysis by Sam-
pling Trees (BEAST), the substitution rate of M. bovis was estimated as well as inter-species
transmission rates. The dataset used for this chapter had some evident biases in the sampling,

these were investigated further in Appendix A.

Chapter 4 - Evidence of inter-species transmission between cattle and badger populations
residing within and surrounding Woodchester Park

M. bovis was isolated from samples taken from infected cattle and badgers living within and
surrounding Woodchester Park (found in the southwest of England) and the genomes were
sequenced. These isolates with WGS data were examined in the context of detailed popula-
tion data to investigate the presence and extent of inter-species transmission. In addition, the
maintenance role of the sampled badger population was examined. Evidence of mislabelling

was uncovered during the analyses described in Chapter 4, these are discussed in Appendix B.

Chapter 5 - General Discussion

The final chapter of this thesis will provide a critical examination of the research described
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above, commenting on any improvements and how the work could be continued. The results

will be put into the context of bTB in the United Kingdom and New Zealand.
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Informing the selection of Single Nucleotide

Polymorphisms with epidemiological data

2.1 Introduction

Molecular typing methods are frequently used in epidemiological investigations to trace
transmission, determine the extent of outbreaks, identify sources and understand the role of
reservoirs. Genetic similarity is taken as an indication of a recent common infection source
and used to infer transmission events. The utility of molecular typing methods, which quan-
tify genetic similarity, is measured by their discriminatory ability. Whole Genome Sequenc-
ing (WGS) characterises almost all of the genetic data available for a sampled pathogen and
maximises the potential to discriminate isolates [107, 111, 121, 112]. Mycobacterium bovis,
the causative agent of bovine tuberculosis (bTB), is a pathogen that, despite continued control
efforts, is endemic in large parts of the UK and Ireland [57]. In New Zealand, although bTB is
no longer considered endemic in livestock, it is in wildlife populations, which present a con-
siderable spill-over risk [7, 60]. Current typing methods routinely used in bTB surveillance,
such as Variable Number Tandem Repeat (VNTR) typing and spoligotyping, target specific
repeat regions of the M. bovis genome. These methods are, and have been, very informative
in epidemiological investigations but their resolution is limited [62, 175, 92]. For a slowly
evolving pathogen like M. bovis [24,25], WGS ensures that as much of the variation between

isolates is captured as possible, providing a considerably higher discriminatory power.

Multiple studies of M. tuberculosis have demonstrated the utility of WGS in epidemio-
logical investigations [115, 116, 117, 118]. Walker et al. [116] used WGS to characterise
outbreaks and identify important superspreader individuals in a study of human TB in the
UK. Roetzer et al. [118] conducted a large analyses of a human TB outbreak in Hamburg
and demonstrated the much improved resolution of WGS, in comparison to traditional typ-
ing methods. The higher discriminatory ability of WGS has also been applied to a number of
different bTB systems [24,26,25]. In the UK, WGS data has enabled genetic comparisons at

an unprecedented scale, distinguishing herds, though not usually down to the individual ani-
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mal level [24, 25]. Glaser et al. [26] recently applied WGS to investigate a recent outbreak
in Minnesota, and revealed an unexpectedly distant source and demonstrated transmission
between the resident cattle and wildlife populations. The demonstrated utility of WGS for
epidemiological investigations of tuberculosis now mean that there is a drive to incorporate

these methods into routine bTB surveillance.

It is the recent advent of Next Generation Sequencing (NGS) technologies, offering a
cheap and fast alternative to the previously popular Sanger sequencing approaches [ 108, 107],
that enables WGS to be a feasible epidemiological tool for the surveillance of bTB systems.
In Sanger sequencing, fragments of DNA are repeatedly replicated in the presence of ter-
minating nucleotides [108]. The random binding of terminating nucleotides results in many
fragments of varying sizes, which can be separated by gel electrophoresis and used to de-
duce the nucleotide sequence of the original fragment. In contrast, NGS methods don’t use
terminating nucleotides but instead use fluorescently tagged nucleotides [109]. The binding
of these tagged nucleotides results in a detectable nucleotide-specific reaction and doesn’t
disrupt the DNA replication process. This type of sequencing is known as sequencing-by-
synthesis and NGS technologies massively parallerise it to be able to sequence thousands of
short DNA fragments simultaneously. Although NGS methods are considerably faster than

the previous Sanger techniques they are error prone.

NGS methods produce thousands of short reads corresponding to the fragmented DNA
that is repeatedly sequenced. During the sequencing, nucleotides are bound in consecutive
cycles. If no or multiple nucleotides are bound in a single cycle, de-phasing occurs [108].
De-phasing makes it difficult to detect the flourescent signal from nucleotides being bound
and can produce errors where the nucleotide is incorrectly called. These errors, especially
for a slowly mutating pathogen such as M. bovis, can have important consequences and must
be considered during the handling of the vast quantities of data produced [109]. Quality met-
rics, describing the number and quality of reads at each position on the genome, are used in
downstream analyses in an attempt to remove as many sequencing errors as possible, whilst

ensuring that correct information is retained [176].

The quality metrics that have been used to process WGS M. bovis data in the published
literature are varied (Table 2.1). The selection of metrics and their thresholds is data-specific
and done to ensure the most accurate data is used. This is informed by the literature, a good
overview of which is provided by Bishop [177]. The research described here investigated
whether the selection of metrics and their criteria could additionally be informed by epidemi-

ological data.

Epidemiological concordance is often used as a means of evaluating the utility of molec-
ular typing methods [178, 179, 180, 181, 182]. Epidemiological concordance defines the

probability that epidemiologically related pathogen strains would be correctly grouped to-
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Table 2.1: The different quality filtering thresholds used by the published literature using

Whole Genome Sequencing to investigate Mycobacterium tuberculosis, and M. bovis sys-

tems.

Read Depth  High Quality Base Depth  Mapping Quality ~Proportion Reads Supporting Allele Called Proximity between Variant Positions ~Quality Score ~ Species
Ford et al. [114] 5 20 M. tuberculosis
Biek er al. [24] 60 095 M. bovis
Walker et al. [116] 5 1 0.75 12 M. tuberculosis
Bryant eral. [117] 30 0.75 50 M. tuberculosis
Perez Lago etal. [119] 10 20 M. tuberculosis
Roetzer et al. [118] 10 0.80 M. tuberculosis
Glaser et al. [26] 150 M. bovis
Trewby et al. [25] 25-50 2-6 35-40 095 200 M. bovis

gether using a molecular typing tool. This concept relies upon the assumption that the ge-
netic relatedness of isolates will reflect their epidemiological relationships. M. bovis is a
clonal bacteria [100], and as such the genetic and epidemiological data should have a good
agreement. Research on Mycobacterium systems has shown that inter-isolate relationships
are highly related to epidemiological associations at a range of scales [116,24,26]. For WGS
data sampled from three different bTB systems, a range of metrics and thresholds were eval-
uated within an automated framework, and the genetic data that resulted was examined in
the context of the available epidemiological data. This automated procedure was designed
to find the quality filtering which resulted in genetic data with a high level of epidemiolog-
ical concordance, and thereby inform the selection of appropriate quality metrics and their
thresholds.
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2.2 Materials and Methods

2.21 Sampling and Isolate Preparation

Three different bTB systems were sampled, in Northern Ireland, New Zealand, and the south-
west of England (Figure 2.1). Sets of genetically similar WGS data from isolates were avail-
able from these systems as well as sampling information and population data (Table 2.2).
Genetically similar isolates were selected using molecular typing data (VNTR, REA and
Spoligotyping data for the isolates from Northern Ireland, New Zealand, and England, re-
spectively) and by the clade structure of preliminary phylogenetic trees. Genetically similar
isolates were selected for the current analyses, as the genetic relationships between these
isolates were more likely to reflect the epidemiological relationships described by the data

available for each system.

Table 2.2: The final number, and temporal range, of isolates from the different bTB systems
selected for this analysis. In addition, the type of sampling information and population data
available is stated. Note that for the Woodchester Park system some isolates came from the

same badger.

N.Isolates N. Cattle Isolates N. Wildlife Isolates N. Individuals Sampled Time Range Spatial Data Temporal Data Network Data

Northern Ireland 72 71 1 72 1998-2011  YES YES YES
New Zealand 72 41 31 72 1991-2009  YES YES NO
Woodchester Park 106 106 60 2000-2010  YES YES YES

2.2.1.1 Northern Ireland Isolates

A subset of the M. bovis isolates from cattle samples used in Trewby et al. [25] were avail-
able for further analyses. For these isolates, M. bovis isolation and confirmation of granuloma
tissue samples, taken from suspect cattle, were completed at the Agri-Food and Biosciences
Institute in Northern Ireland (AFBNI) using standard protocols. The archived isolates were
grown on Lowenstein-Jensen medium (LJ) slopes to form single colonies. DNA was ex-
tracted from these single colonies using standard high salt hexadecyl trimethyl ammonium
bromide (CTAB) and solvent extraction protocols [183,91]. The cattle isolates selected were
all Variable Number Tandem Repeat (VNTR) type 10 and were selected to create a represen-
tative of a recent single outbreak in Northern Ireland. 72 DNA extracts, originating from 71
individual cattle and 1 badger, were sequenced using an Illumina Genome Analyser IIx that
produced paired end (2 x 70bp) reads. The sequencing was completed at the University of
Glasgow’s Sir Henry Wellcome Functional Genomics Facility. For each cow sampled, ad-
ditional anonymised sampling information were available. These data described the year of
sampling and which herds were sampled. In addition, any cattle movements that involved the
sampled herds between 1998 and 2011 in the northeast region of Northern Ireland (centred

on Newtownards) were available.
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2.2.1.2 New Zealand Isolates

M. bovis isolates taken from infected cattle and wildlife across New Zealand’s South Island
were available as a result of the on-going routine surveillance of bTB in cattle and wildlife
populations. During surveillance any lesions discovered during post-mortem examinations
are investigated using conventional tests (described in [184]). All cultures are frozen and
stored in the strain archive at AgResearch Ltd. The selected isolates were defrosted and
re-cultured to generate DNA extracts for WGS. Isolates were selected based upon their Re-
striction Endonuclease Analysis (REA) type, species, and geographical location. The selec-
tion aimed to produce a set of genetically similar isolates from different species, which lived
within the same geographical region. 72 DNA extracts (sourced from 41 cattle, 17 ferrets, 8
possums, 5 pigs, and 1 stoat) were sequenced at the University of Glasgow Polyomics Facil-
ity using an Illumina MiSeq platform. Paired end (2 x 300bp) reads were produced for each

isolate.

For each of the WGS M. bovis isolates sourced from infected cattle and wildlife in New
Zealand the year of sampling, species sampled, approximate latitude and longitude, parish
and region where the sampling took place, and the REA type for the isolate were available.
The REA method was used to type the isolates prior to their sequencing according to a pre-
viously described method [90, 94]. This method uses three different restriction enzymes to

fragment DNA, and the resulting fragment patterns were used to define types [92].

2.2.1.3 Woodchester Park, Southwest England

Since 1977 the high density badger population present in Woodchester Park has been rou-
tinely monitored [185]. Woodchester Park, a densely wooded valley, is found in the south-
west of England. The badger population is naturally infected with M. bovis [186]. Each
season, badgers are trapped within annually delimited badger group territories. Each badger
captured is given a unique tattoo. Upon capture, samples of urine, feaces, and tracheal and
pharyngeal aspirates are taken. In addition, if any wounds or abscesses are present, swabs
are taken. If a badger is found dead, a post-mortem examination is completed and samples
are taken from the lymph nodes and major organs [185]. Any M. bovis that is successfully
cultured from samples taken from captured badgers is archived at the Food and Environment
Research Agency (FERA) in York. In addition, the blood samples are used in the following
tests: y-IFN test [42], Brock Test ELISA (Enzyme-Linked Immunosorbent Assay) [187], and
the Stat-Pak test [188]. In the current research, a positive reaction to any of these tests, or a

successful M. bovis culture was taken as an indication of infection.

The predominant spoligotype of M. bovis circulating in the Woodchester Park’s badger pop-
ulation is 17. One hundred and six isolates of this spoligotype were selected for the current
analysis. These 106 isolates were taken from the archive and were re-cultured at AFBNI.

DNA extraction was also carried out at the AFBNI, and the same standard protocols were
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used as for the Northern Ireland isolates. DNA isolates were sequenced using an Illumina
MiSeq platform at the University of Glasgow Polyomics Facility producing 2 x 300bp paired
end reads. As a result of the longitudinal monitoring of the badger population in Woodch-
ester Park, detailed data regarding the life histories of the sampled badgers were available to
accompany the WGS data from the isolates. Each isolate was linked to its sampled badger

via a unique tattoo.

2.2.2 Processing Sequence Data

A standard pipeline was developed to handle the sequencing data resulting from the different

Illumina platforms used to sequence the genomes of the M. bovis isolates:

1. Examination of each isolate’s raw sequencing reads (FASTQ files) using FASTQC

(v0.11.2 [189]) to determine the extent of trimming necessary.
2. Trim adapter sequences, if present, using TRIMGALORE (v0.4.1 [190]).
3. Trim poor quality ends of raw sequencing reads using PRINSEQ [191].

4. Alignment to the M. bovis reference genome, AF2122/97 [102] using the Burrow-
Wheeler Alignment tool [192].

5. Use SAMTOOLS [176] to call Variants and store their information in a VCF (Variant
Calling Format) file.

Once the raw read processing for each isolate was complete, the information was collated
within the Northern Ireland, New Zealand and Woodchester Park datasets. Any sites that
fell within regions that included the Proline-Glutamate (PE) and Proline-Proline-Glutamate
(PPE) genes or annotated repeat regions were removed (see [ 193] for motivations). All the
isolates used in the current analysis had >20 reads mapped to >90% of the M. bovis genome.
Only sites on the M. bovis genome that varied amongst the isolates (variant positions) were

used in the analyses to follow.

2.2.3 Filter Sensitivity Analysis

The following steps summarise the filter sensitivity analysis completed for each of the three

sets of isolates:
1. Variant positions, on the M. bovis genome, were filtered based on a defined set of filters.

2. The inter-isolate genetic distances were calculated using the filtered data available for

the selected variant positions.

3. The epidemiological metrics were fitted to the inter-isolate genetic distances using a
Random Forest model in R (v3.2.1 [194]).
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2.2.3.1 1. Filtering Variant Positions

To select variant positions, sites that show variation amongst the M. bovis isolates, quality
thresholds were used. The thresholds were based upon the available quality information
(Read Depth, High Quality Base Depth and Mapping Quality) that summarised the sequenced
reads, which were aligned at each particular position on the M. bovis genome for an isolate.

These quality metrics were used to define the following quality filters:

* Read Depth (DP) - the number of sequenced reads that aligned to the current position

on the reference genome.

* High Quality Base Depth (HQDP) - the number of high quality reads that aligned to the
current position on the reference genome. A high quality base, on a read, was defined
as a base that had a Phred quality score of more than 20 [195]. The Phred quality
score describes the probability that the base was sequenced wrong. A Phred score of

20 equates to a probability of 0.01.

* Mapping Quality (MQ) - describes the probability that the nucleotide at the current po-
sition on the genome was mapped correctly. This metric was calculated by examining

the number of mismatches each mapped read had over its extent.

* Allele Support (SUP) - the proportion of the reads mapped to the current position on
the reference genome that carry the allele called. The allele called at a position was
the nucleotide (Adenine, Cytosine, Guanine, or Thymine) that was supported by the

majority of the mapped reads.

* Site Coverage across isolates (COV) - the proportion of ALL isolates that had sufficient

coverage at each variant position on the genome.

e Site Proximity (PROX) - the number of positions that separated variant positions to be

selected.

A set of threshold combinations were used to filter the variant positions (Table 2.3). These
ranges were chosen to include the range of values used in the published literature that utilised
WGS to investigate bovine and human TB systems. The values of Mapping Quality and
Allele Support were held constant as preliminary work found that varying these filters had

little to no effect.

2.2.3.2 2. Calculating Genetic Distances

Once a specific set of thresholds (Table 2.3) had been applied, on a given set of isolates, the
isolates were compared to one another to generate an inter-isolate genetic distance distribu-
tion. Each genetic distance was calculated based upon the p-distance - the number of variant

positions that differ between the isolates being compared.

Page 43



Joseph Crispell Chapter 2: Filter Sensitivity Analysis

Table 2.3: The range of thresholds explored for each of the quality filters used to filter the

variant positions (sites on the genome that show variation amongst the isolates examined).

Metric Min Max Increment By
Read Depth 10 50 5

High Quality Base Depth 0 10 2

Mapping Quality 30 30 -

Allele Support 095 095 -

Site Coverage 05 1 0.1

Site Proximity 0 100 10

2.2.3.3 3. Defining Epidemiological Metrics

Each generated inter-isolate genetic distance distribution was compared to a distribution of
epidemiological metrics, which was produced by making the same pairwise isolate compar-
isons. In the current research, epidemiological metrics, described in Table 2.4, were defined
to describe comparisons made between the isolates. These metrics were based upon the avail-
able sampling information and sampled population data. The epidemiological metrics were
designed to capture the patterns of direct and indirect contact between the sampled animals.
It was expected that animals that were close in space, time and within a contact network,

would be more likely to carry similar strains of bTB.

The available data for each sampled bTB system differed (Table 2.2). For the isolates from
New Zealand, only sampling information (species, parish, year, location (latitudes and lon-
gitudes), and REA type) were available. These data were used to define epidemiological
metrics that describe the spatial and temporal relationships between the isolates. In contrast,
for the isolates from Northern Ireland as well as similar sampling information, the recorded
movements of cattle for the sampled herds were available. Using these data, spatial, tem-
poral and network based epidemiological metrics were defined to explain the inter-isolate
relationships. For the isolates from Woodchester Park, the detailed badger capture database
provided information about the population dynamics of the sampled high density badger pop-
ulation. Each isolate could be linked to its sampled badger, which were compared via spatial,

temporal and network based epidemiological metrics.

2.2.3.4 Conducting Sensitivity Analysis

The filter sensitivity analysis aimed to use the changing agreement between the genetic and
epidemiological data to inform the selection of quality filter thresholds. If certain combi-
nations of thresholds resulted in a poor agreement between the genetic and epidemiological
data, they should be avoided. This analysis assumes that genetic data that agrees well with
the sampled system’s epidemiology is true. Using the ranges of filter thresholds described in

Table 2.3, 3564 unique combinations were defined. Each of the combinations was examined
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in turn. Inter-isolate genetic distances were generated by using the filtered variant positions
based on each combination of filters. Each resultant inter-isolate genetic distance distribution
was compared to epidemiological metrics that were calculated for each respective pair of iso-
lates. This comparison was done by fitting the epidemiological metrics to the corresponding
genetic distances using a Random Forest regression model [197]. The fitting of the Random
Forest model for each set of filters was completed in the statistical programming environment
R (v3.2.1 [194]).

The Random Forest algorithm builds a series of decision trees based upon the predictor vari-
ables (epidemiological metrics) and a response variable (the genetic distances). For a re-
gression model each tree was considered a regression tree - a means of using the predictor
variables to predict a single response value [197]. Each regression tree was built based upon
a random subset (~66%) of the input data. Nodes in the tree used a random selection of the
predictor variables to split the input data into two groups. Splitting at nodes continued until
a terminal node was reached. A terminal node provided an estimate of the response variable.
This estimate represented the mean of the response values that remained, following the split.
The predictive accuracy of each tree was tested on the remaining (~33% - the Out Of Bag
(OOB)) data. A forest of independent regression trees was built. The Random Forest model

aggregated the regression trees into a single predictive model.

To fit the Random Forest model, two parameters were necessary, one defining the number of
trees to be built and another that specified the number of predictor variables (mTry), which
were randomly drawn and used to define the nodes in each regression tree (Table 2.5). The
parameters used, were estimated using the tuneRF function (available in the randomForest
package in R [197]). Only 500 trees (instead of 1000) were built in the Random Forest models
fitted on the genetic and epidemiological data for Woodchester Park to increase computational

efficiency for analysis of this larger dataset.

Table 2.5: The input parameter settings for fitting the Random Forest models during the filter
sensitivity analysis. The number of predictor variables (epidemiological metrics) randomly
drawn and used to build the nodes of each regression tree was defined by mTry. The Number

Trees parameter specified the number of regression trees to be built.

Isolate Set mTry Number Trees
Northern Ireland 6 1000
New Zealand 4 1000

Woodchester Park 13 500
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2.3 Results

The isolates available for the current research were sourced from three bTB systems. The
samples were collected, cultured and isolated separately. In addition, they were sequenced
independently on different Illumina platforms. The quality of the data available for these
different systems varied (Figure 2.2). The isolates from New Zealand were of the highest

quality, with a high number of reads covering, on average, >99% of the M. bovis genome.

Genome Coverage
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0.98 — _

0.96 —

0.94 — .

Proportion
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0.90 — —

I I I
Nothern Ireland New Zealand Woodchester Park

Read Depth
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e o®¢ wwmse

150 —

100 —

50 E—— . ! |

Number of Reads Mapped at Position

Nothern Ireland New Zealand Woodchester Park

Figure 2.2: The quality, as measured by the genome coverage (A) and the average read depth
(B) of the isolates in the different datasets from Northern Ireland (black), New Zealand (red)
and Woodchester Park (blue).

The amount of variation in the inter-isolate genetic distances explained by the fitted Ran-
dom Forest model differed between the datasets analysed (Figure 2.3). The fitted Random
Forest models based on the isolates from Woodchester Park were able to explain the most

variation (approximately 60%). Varying the High Quality Base Depth or the Site Proximity
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filter thresholds had little effect on the variation explained by fitted Random Forest model. In
contrast, using values above 30 for Read Depth or above 0.8 for Site Coverage could result in
a considerably lower amount of variation explained by the Random Forest models. The vari-
ation explained by the fitted Random Forest models based on the WGS data from Northern
Ireland, although lower (around 45%), were similarly sensitive to changing the thresholds of
the Read Depth and Site Coverage quality filters. The variation explained by the Random
Forest models fitted to the New Zealand isolates showed the least amount of variation in re-

sponse to the changing filter thresholds, especially with lower values.

Figure 2.4 shows how the variance in the variation explained by the Random Forest models
change in response to the changing filter thresholds. For the Read Depth and Site Coverage
filters, as the filter thresholds are increased the variance in the variation explained by the
Random Forest model increases. In contrast, the variance in the variation explained by the
Random Forest model is relatively unaffected by changing the thresholds of the High Quality
Base Depth and Site Proximity filters.

The filter thresholds used dictated which of the available variant positions were selected to
calculate the inter-isolate genetic distances. The extent of this selection was controlled, in
part, by the Site Coverage filter threshold. The higher the Site Coverage threshold, the more
isolates that were needed to have sufficient coverage (according to the other filters used) at
each variant position for it to be selected. In contrast to the variation explained by the fitted
Random Forest model, the proportion of sites that were retained was affected by changing
any of the filters (Figure 2.5). The most rapid declines in the proportion of sites retained were
created by increasing the Read Depth or Site Coverage thresholds. Increasing the thresholds
of the High Quality Base Depth or the Site Proximity filters resulted in a more gradual decline
in the proportion of sites retained. Similarly to the variation explained, the proportion of sites
retained varied least when the different filters were applied to the isolates sourced from New
Zealand.

By examining how the proportion of sites that were retained dropped in response to increas-
ing the thresholds of the quality filters, it was possible to define limits for the quality filter
thresholds. When the median value, shown by the dark lines in Figure 2.5, dropped below
50% of the proportion of sites retained, a limit was set. Only values below this limit were
considered for each of the quality filters. For example, a limit of 40 was set for the Read
Depth quality filter for the Woodchester Park dataset. When the Read Depth was above 40,
more than half of the filter combinations that used a Read Depth of 40 resulted in less than
half of the variant positions having sufficient coverage to be used. Setting the median thresh-
old of 50% was designed to limit the extent of over-fitting, which could result when too many

of the variant positions were removed.

Once limits were set for each of the quality filters’ thresholds, the Random Forest models that
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Variation Explained by Random Forest
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Figure 2.3: The reported pseudo R squared value from a fitted Random Forest model of the
inter-isolate genetic distances against their respective epidemiological metrics. The pseudo
R Squared value is plotted for each value of the Read Depth (A), High Quality Base Depth
(B), Site Coverage (C), and Site Proximity (D) filters whilst varying the thresholds of all the
other filters (described in Table 2.3). The results of the analyses based on the different sets
of isolates (Northern Ireland (black), New Zealand (red), and Woodchester Park (blue)) are
plotted with different colours. A dark line is plotted through the median values, this line
is surrounded by a shaded area between the lower 2.5% and upper 97.5% percentiles. The

x-axis tick values represent the thresholds used for each quality filter.
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Variance in the Variation Explained by Random Forest
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Figure 2.4: Variance in the reported pseudo R squared value from a fitted Random Forest
model of the inter-isolate genetic distances against their respective epidemiological metrics.
The variance value is plotted for each value of the Read Depth (A), High Quality Base Depth
(B), Site Coverage (C), and Site Proximity (D) filters whilst varying the thresholds of all the
other filters (described in Table 2.3). The results of the analyses based on the different sets
of isolates (Northern Ireland (black), New Zealand (red), and Woodchester Park (blue)) are
plotted with different colours. The x-axis tick values represent the thresholds used for each

quality filter.

Page 50



Joseph Crispell Chapter 2: Filter Sensitivity Analysis

Proportion of the Available Sites Retained
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Figure 2.5: The changing proportion of retained variant positions (positions on the genome
that vary amongst the isolates) in response to the different thresholds used for the quality
filters. The proportion is plotted for each value of the Read Depth (A), High Quality Base
Depth (B), Site Coverage (C), and Site Proximity (D) filters for the thresholds of all the
other filters (described in Table 2.3). The results of the analyses based on the different sets
of isolates (Northern Ireland (black), New Zealand (red), and Woodchester Park (blue)) are
plotted with different colours. A dark line is plotted through the median values, this line
is surrounded by a cross-hatched area between the lower 2.5% and upper 97.5% percentiles.
The angle of the cross-hatching is different for the results based on the datasets from Northern
Ireland (vertical), New Zealand (diagonal), and Woodchester Park (horizontal). Points on the
x-axis indicate threshold values that were set and used to determine which filter thresholds
should be used (black square (Northern Ireland), blue triangle (New Zealand), and red circle
(New Zealand)).
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were fitted to the remaining filter combinations were examined, to determine which threshold
combinations produced genetic data that best agreed with the available epidemiology. The
ranges of thresholds for each filter, that produced the top 5% of the fitted Random Forest
models, were plotted in Figure 2.6. These ranges were different for each dataset, but the
ranges generally overlapped. The ranges were the broadest for the Site Proximity and High
Quality Base Depth filters.

Filter Selection For Top 5% Fitted Models
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Figure 2.6: The range of threshold values that produced the best fitted Random Forest models,
which explained the most variation in the inter-isolate genetic distances (the top 5% of the
models). The ranges are shown for each of the different filters: Read Depth (A), High Quality
Base Depth (B), Site Coverage (C), and Site Proximity (D). For each filter, its range is shown
for the analyses based on the different datasets: Northern Ireland (black), New Zealand (red),
and Woodchester Park (blue). The points used to create the respective boxplots are overlaid

and jittered along the x-axis.

The fitted Random Forest models were able to explain variation in the inter-isolate genetic
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distances using their respective epidemiological metrics (Figure 2.3). Aspects of the epi-
demiology must, therefore, explain some of the genetic variation observed between isolates.
Depending on the information available for the sampling events and the animals sampled, the
number of epidemiological metrics available varied (Figure 2.7, Figure 2.9, and Figure 2.11).
The Random Forest algorithm measures the informativeness of each predictor variable by
randomly permuting each one separately, and measuring the increased difference between the
model’s predicted inter-isolate genetic distances and the true values. Where spatial, temporal
and network based metrics were available, they were all informative in explaining variation

in the inter-isolate genetic distances.

When the epidemiological metrics were ranked by their informativeness, these rankings were
sensitive to the thresholds used for each quality filter (Figure 2.8, Figure 2.10, and Fig-
ure 2.12). However, the changes in rank were mainly restricted to within the spatial, temporal
and network based categories and, therefore, were likely the result of many of the epidemi-
ological metrics being highly correlated. The Random Forest algorithm is robust to highly
correlated variables, but interpretation of the epidemiological metric rankings should be con-

sidered in the light of their sensitivity to the filter thresholds used.

Page 53



Chapter 2: Filter Sensitivity Analysis

Joseph Crispell

‘PUBOI] UISYIION UT PIOINOS dIOM Tt}

SQJB[OSI AU} JOJ SAOURISIP I1JoUAT 9)B[0SI-IAJUI YY) 0) [OPOW }SAI0,] WOopULRY Y} 3 0} pasn soLaw [edr3ojorwapido ay) Jo yoes jo soueprodwr ayJ, i/ g 2In31]

1B{YlO
SIONEIN
[eJjodwa]
leneds

aouenodw| ajgeLe

(ou/saA) salnads awes ay) Wolj uaye] sale|os|

Jayiebo) piay awes ay) ul Juads sjewiue pajdwes ay) eyl sAep Jo Jaquinu ayl

(ou/sak) xealqino awes ul pajosjul 8[1ed WOl udye) Sale|os|

spewiue pajdwres Jo spiay pajdwes ayl usamiag SIUSWSAOW [ewiue paplodal Jo Jaquinu ay L

spewiue pajduwres ay Jo suedsajl| papiodal ay) usamiaq dejlano sAep Jo Jaquinu syl

sjewiue pajdwes sy Jo spiay pajdwes ay) usamiaq Yibus| yred 1sa1ioys

sarep Buldwes ay) usamiag sieak Jo Jaquinu ayL

spJay pajdwes ayl usamiaq yred 1sa1nioys ay Jo sabpa ay) buoje Buisiadsip sjewiue Jo Jaquinu ueay

spJay pajdwes usamiaq (W) asuelsip reneds

Page 54



1S

Analys

itivity

Iter Sensi

Fi

Chapter 2

Joseph Crispell

*SONS1IdJoRIRYD (AN[Qq) JI0MIdu 10 (p[o3) [erodwd) ¢(par) Teneds 03 pajear A3y JAYIdYM 0} SUIPIOIIE PAINO[OI AIIM SILIAW [BIIFO[oTWAPIdd 9y [, “ploysaiyl
1SOMO] 13} 0} J3S AIM SIA)Y JOYI0 Y} I0J SIN[BA AU} UYM I3[ Y} JO dN[BA OB J0J UYL} Sem JuIuel Y, ‘[OPOW }$a10,{ WOPULY Y} Ul SSOUIATJBWIOJUT

II9Y) AQ padURI 9I9M SOLIJAW Y ], “so1aw [edr3ojorwapide ay) Jo sunjuer ay) uo s1a)y Ayfenb jo sproysioyy ay3 Surdueyd ay) Jo 90UINPUI Y], :§°Z I

Spiay pajdures usanag (un) SduBISIp [ereds

sfewiue pajdures Jo SpIay PAIAWES BU) UIBMIAQ SIUBLIBAOLI [EWIUE PAPI0D3] JO JBGINU BYL

Sfewiue pajdues au Jo suedsa| PaPI0daJ Ay} UAAMIAG delian0 SAEP J0 Jaquny UL

1aUpabo) piay awes au) uf uads Sfewue pajduwes ay) Tey) skep Jo Jaquinu sy L

(ou/sak) ea1qIN0 BWIES Ul Pa1IBJUI BIED WIOJ) UDXE) SaIR|oS|

(oufsaf) sapads awes ay) woy uae) sarelos]

sarep Buijdures ay) usamaq seak Jo JaquIn oYL

stewiue pajdures au Jo spiay pajdues sy usaMIaq YIBUB) yred 158110US

spiay pajdures au) usanaq yped 1SaLOYS au) Jo SaBpa aLp Buofe BuisiadsIp STeWIUE JO JaqUINY UEa

Spiay pajdures usanag (un) SdueISIp [ereds

sfewiue pajdures Jo SpIaY PAIAWES BU) UIBMIAQ SIUBLIBAOL [EWIUE PAPIOD3] JO JBGINU BYL

Sfewiue pajdures au Jo spiay pajduwes ay) usaMaq YBUS) yied 1Sa1I0US

1aUao piay awes au) ut uads Sewiue pajduwes ay) Tey) skep Jo Jaquinu By L

stewiue pajdures au Jo suedsaji PapI02aI L UBBMIB] deliaA0 SAep Jo Jaquinu By L

(oussaf) sapads awes ay) woy uaxe) sarelos]

sarep b

'S BU) UsaMIAQ SIEA JO JBQUINU BYL

spiay pajdures au udamIaq Ued 1531104s U1 J0 S3Bpa 8L Buofe Buisiadsip SfewUe 0 JaquIny Ueayy

(0u/sak) 22100 BWIES U PRIBIUI BED WIOY UBYE) SAIE0S|

Awixoid

06 08 0L 09 0S5 OF 0E 0C OT O

Y \AAAAS
\/ VYV

A

MANAN
.&Q<</

puejal| uByLoN

yideadH

o1 8 9 14 Z

/

i

XY
— ATy

\

puejal| udyloN

Huey

Huey

Spiay pajdures Usamaq () dUBISIP [eneds

serep Buydures a1 L

uayL

stewiue pajduwes au) 10 spiay pajdues au) usaMIaq UIBUS| Uied 1S3110US

1ay1abo1 piay swes ayy ul uads Sfewiue pajduwies sy ey sAep Jo Jaquinu ayL

sfewue pajdures ay) Jo suedsajll PapIoda 31 UBEMIAQ delIaN0 SABP JO JAqUINU BUL

(oussak) sapads awes ay) woy uaxe) sarelos]

Sewnue pojdwes o Spiay PaILIES BU) UAEMIBY SIUBLIAOL [EWIIUE PAPI0JB1 JO JBGUINU BUL

spiay pajdures au1 UsaMIaq red 158110US 3L Jo SaBPB aU) Buofe BuisIadsIp SfeLIE JO JaqUINU Ueal

(0U/Sak) Yea1GNo WIES U PRIBJU BB 0L UBYE) SANE0S|

spiay pajduwes usamiag (uny) aouelsip feneds

so1ep B

stewiue pajduwes au 1o spiay pajdwes au usamag UIBUa| Uied 1S3110US

(0u/SoK) Yea1qINO BUIES Ui PIDBJUI BIED WO} UBYE) SAIEOS|

stewue pajduwies au Jo suedsaji PapI02a1 L) USEMIA] deliaA0 Sep Jo Jaquinu By L

(oussaf) sapads awes ay) woy uae) sarelos]

STewILE PaICES J0 SpIaY PIAUIES OU U3OMI] SIUALIGAOW [PWIUE PAPI0JaI J0 JAGUINU AU

Spiay pajdures ay) uaamiaq yied saLI0US Ayl o Sabpa au) Buofe Bursiadsip SIEwWIUE J0 JAqUINU U

0T

60
|

NODdNS

80 L0
| |

90
|

S0

A N

N[/

\

P\

/\

\./ /
i

\

0§
1

Sy Oy G€ 0

puejal| uIBYLON

yideqg

G¢ 0¢

ST
|

0T
|

puejal| uiBYLoON

ey

ey

Page 55



Chapter 2: Filter Sensitivity Analysis

Joseph Crispell

SQJB[OSI AU} JOJ SAOURISIP I1JoUAT 9)B[0OSI-IAJUI YY) 0) [OPOW }SAI0,] WOopULRY Y} 3 0} pasn soLaw [edr3ojorwapido ay) Jo yoes jo soueprodwt ayJ, 6 2In31]

1B{YlO
SIONEIN
[eJjodwa]
leneds

aouelodw| a|qene

‘PUB[BOZ MIN UI PAOINOS dI9M JeY)

Page 56

(ouyseA) ysired swes wouy uaye) sare|os|

(ou/saA) saioads awes ay) wolj uaye] sale|os|

(ou/saA) uoibal awes wolj uaye] sare|os|

sarep Buidwes ay) usamiag sieak Jo Jaquinu ayl

(ouysak) adAl w3y swes ay) aney saie|os|

suoneoo| buldwes usamiaq (wy) asuelsip jeneds



*SONS1IdJoRIRYD (AN[Qq) JI0MIdu 10 (p[o3) [erodwd) ¢(par) Teneds 03 pajear A3y JAYIdYM 0} SUIPIOIIE PAINO[OI AIIM SILIAW [BIIFO[oTWAPIdd 9y [, “ploysaiyl
1SOMO] 13} 0} J3S AIM SIA)Y JOYI0 Y} I0J SIN[BA AU} UYM I3[ Y} JO dN[BA OB J0J UYL} Sem JuIuel Y, ‘[OPOW }$a10,{ WOPULY Y} Ul SSOUIATJBWIOJUT

II9Y) AQ payUeI 9I9M SOLIJAW Y, *sornauw [edr3ojorwapida ay) jo s3urjues oy uo s1a)y Ajenb jo spioysioy) oy SurSueyd oy} Jo duanygur Y], :0]°g 31

Awixoid NODdNS

06 08 0L 09 0S5 OF 0E 0C OT O 0T 60 80 L0 90 S0

Page 57

Chapter 2: Filter Sensitivity Analysis

Joseph Crispell

Suoneao] Buydures uaamiaq () aouersip fereds

uae) sare(os|

(0u/sak) uoiBal aures wioy uaye) satejos|

ALY
L)

suoneao] Buydures uaamiaq (uy) aoueisip feneds

Ustred awes wouy usxe) saelos|

(ouysak) uoiBas awes woyy uae) sarejos|

P T
D P
=] =]
= =
(oursak) adf) y3y awes ay aney saje|os| - (ou/sak) adAl vy awes au) aney salejos| / -
(ouysak) saiads awres auy wouy uaxe) satejos| vl\ /V|l|\ /'\ < < / — (ou/sak) sanads awes ay) WoJj uaxe) Sare|os| \ —
puereaz maN puereaz maN
yideadH yideq
[0)8 8 9 4 4 0 05 Gy Oy S€ 0€ G 0Z ST OT
L 1 1 1 1 I L 1 1 1 1 1 1 1 I
— suoneoo| buidwres us (wpf) aouelsip [eneds —
(ou/sak) saads auwes ay) woy uae) sale|os| — (ouysak) saiads aLwes au) WOy uaxe) Sarejos| / > j —
(ou/sak) uoibai awres wouj uaxe) sare|os| - (ou/sak) uoibas awes wouj uaxe) sare|os| —
P o
P P
=] =]
=~ =

(0u/sak) adky vy awes auy aney sayejos|

sarep Buijduwes ay) usamiaq Seak Jo JaquNU ByL

puejeaz meN

(oujsak) adfa v awes a aney saeios|

satep Buydues ay) uaaMIaq SI2aK J0 sequIN By L

IV

puejeaz meN



Analysis

ivity

. Filter Sensit

Chapter 2

Joseph Crispell

SQJB[OSI A} J0J SOOUB)SIP O1}OUIT 9)B[0OSI-IJUI A} 0} [SPOU }SAI0,] WOPURY Y} I 03 pasn sornaw [edr3ojorwaprda ayy Jo yoeo Jo aoueyroduwir oy, :11°¢ 2In31

1B{YlO
SIONEIN
[eJjodwa]
leneds

aouenodw| ajgeLe

"I I91SOYIPOOAA UT PIDINOS dIdM JBY)

Page 58

(ou/saA) 1abpeq awes ay) Wolj uaye] sale|os|

(ou/sak) dnoub palosjul swes wouy usyel saie|os|

(ou/saA) dnoub urew awes wolj uaye] sae|os|

(ou/sak) dnoub pajdwes awes wolj uaye] sale|os|

srewiue pajdwes ay) jo sdnolb pajdwes ay) usamiaqg yibus| yred 1sa1ioys

Jayiebol dnoub swes ay) ul Juads siabpeq pajdwes ay) eyl sAep Jo Jaquinu sy

srewiue pajdwes ay) Jo sdnolb palosjul ayl usamiag yibua| yred 1sa1ioys

sfewiue pajdwes jo sdnolb urew ay) usamIa(g SJUSWBAOW [ewIiUe PapJ0dal Jo Jaquinu ay L
srewiue pajdwes ay) jo sdnolb urew ay) usamiaq yibua| yred 1sa1ioys

sjewiue pajdwes jo sdnoib paiosjul 8yl Usamlaq SIUBWSAOW [ewiue PapIodal JO Jaquinu ay |
sfewiue pajdwes jo sdnob pajdwes ayl usamiag SJUSWSAOW [ewiue paplodal JO Jaquinu ay |
siabpeq pajdwes ay) Jo suedsayl] pa1dajul ayl usamiaq dejlano sAep Jo Jaquinu ayl

siabpeq pajdwes ay) Jo sdnolb urew ayr yiog ui painides siabpeq Jo Jaquinu ay L

sdnoub pajdwes ay) usamiaq yred 1sa1ioys ay Jo sabpa ay) Buoje Buisiadsip Ssfewiue Jo Jaquinu Ueay
sdnoub paloajul ay) usamiag yred 1sa1ioys ayi Jo sabpa ay) Buofe Buisiadsip sjewiue Jo Jaguinu Uuealn
siabpeq pajdwes ay) Jo sdnoib palosjul syl yloq ul painided sisbpeq jo 1aquinu ay |

sdnolb pajdwes usamiaq (W) asuelsip feneds

siabpeq pajdwes ayj Jo sdnoib pajdwes ay1 yioq ul paimded siabpeq Jo Jaquinu ayl

sdnoib paloajul usamiag (wy) asueisip jeneds

sdnoub urew ay) usamiaq yred 1sa1rioys ay Jo sabpa ay) buoje Buisiadsip sjewiue Jo JIaquinu Uesy
sdnoib urew usamaq (W) asuelsip [eneds

siabpeq pajdwes ay) Jo suedsayl| papiodal ayl usamiaq dejlano sAep Jo Jaquinu ayl

sarep Buldwes ayl usamiag sieak/sAep Jo Jaquunu ayL

Sa)ep UoI193918p UOII8juUl 8y usamiaq SAep Jo Jaquinu ay |



1S

ity Analysi

1t1v

*SONS1IdJoRIRYD (AN[Qq) JI0MIdu 10 (p[o3) [erodwd) ¢(par) Teneds 03 pajear A3y JAYIdYM 0} SUIPIOIIE PAINO[OI AIIM SILIAW [BIIFO[oTWAPIdd 9y [, “ploysaiyl
1SOMO] 13} 0} J3S AIM SIA)Y JOYI0 Y} I0J SIN[BA AU} UYM I3[ Y} JO dN[BA OB J0J UYL} Sem JuIuel Y, ‘[OPOW }$a10,{ WOPULY Y} Ul SSOUIATJBWIOJUT

II9Y} AQ paYyuelI 9IoM SILIJOW Y ], *SOLoW [ed13o[orwaprda ay) Jo surjue ayj uo s1d)[y Ajjenb Jo sproysioyi oy) Surgueyd 9y} JO 20uaNgul Y[, 7 g 2In3L]

Awixoid NODdNS

06 08 0L 09 0S5 OF 0E 0C OT O 0T 60 80 L0 90 S0

Page 59

Filter Sens

Chapter 2

sdnosB paroajul auy usamaq yed 1saL0yS oLy Jo SaBpa oyl Buofe BusIadsIp SewILE Jo JaquINU UBa
s1aBpeq pajdwes au) jo sdnoib urew aus Log ur paimden siabpeq Jo Jequinu au L

s1Bpeq paidwes auy jo sdnoi parajul au wog ui paimdes s1abpeq Jo Jaquinu syl

‘s1aBpeq padwes au jo suedsay) pa uaamaq deliano SAep Jo Jequinu au L

Sjewnue pajduwes Jo SAN0JB PaIduLIES aU) UAAMIB] SIUALIAOW [ELUILE PaPIJ) JO JoqUINY UL
sjewnue pajdures auy Jo SdNoIB paaajul auy usenaq IBU] ured 1saLIOUS

(0uysaA) dnosb urew awies wouy aer sare(os|

(oursak) dnosb pajdues awes woJ uae: sale(os|

Siabpeq pajduses ay) jo Suedsay| Papi0da) Ly uBaMIAq deliano SAep Jo Jaqu

s1aBpeq padues auy jo sdnoib pajdures auy o ur paimiden siabped Jo sequinu By L

s1abpeq pajduses ayi jo SAN0I6 urews ayl Uoq ui painides s1a6peq Jo Jaquinu UL

sdnoiB paroajur auy usemaq ued 1SaLI0YS aLp Jo SaBPa oyl Buofe BuISIAdSIP SfeLIUE Jo JaquINU URa
S1abpeq pajduses 2yl o SurdSay| PapI0da1 AL UBAMIAY depiano SAEp J0 JBquINy BUL

Stewiue pajdwes o SdNoJB pajdues ay) UBBMIA] SIUAWIAACU eI PaPIdAI JO JAqUINU AU L

Sdnob pajdures auy) uaamiaq yred 1Sa110US 2yl o SaBpa auy Buoe Buisiadsip S[EWIE J0 JBqUINU U
(ousef) dnosb urew awres wosy

(ouysak) dnosb pajduures awes ui

(oussef) dnou patoaju; awes ui

Joseph Crispell

I I
- ¢ - ¢
- € - €
A A
- S - S
-9 -9
C g C g
- 6 - 6
sdnosB patoajul usamiaq () aoue - 0T Ja1paboy dnosb awres ays uy ads siabpeq pajdues ay - 0T
SelEp U213 LONIBJUI AU} UBaMAG SAEp 10 JaqUI FIl 3 sanep Buyduwes au usawag sre: FIl 3
sfewue pajduwres ay1 jo sdnoib urew au) usamiag B3| yred 1saLIoYS F2l & sdnosB urew ay usamiag yied JsaLioys aus Jo s3BPa ayy Buofe BuisIadsIp SfEWILE 40 JaquInu UEajy FZl
(ouysaK) 19Bpeq aWes ay) WOl uaye) S3Ne|os| - €1 =] sfewuiue pajduwres Jo Sdnoif Pajosjul aL) U3BMIA] SIUBLISAOL [BWILER PAPI0JD] JO JAGLINU 3L - - €T =1
sdnoiB urew au: usawiag Yred 153110Us 3Ly Jo S3BpS au) Buofe BuISIAdSIP SIEWIE 10 JaqUINU UEB Fvl & (0u/55K) 18Bpeq awes auy woy uave) sarelos| AVAVAWVAIAN i, -y
s1abpeq pajdures ay) Jo sdnoib pajdures aus Uioq ur paimden siabpeq Jo Jequinu au L - ST s12Bpeq pajdures aus jo sdnoiB pajoajul auy 1o Ut paimded siabpeq Jo saquinu a1 - ST
Sfewiue pajdures Jo SAn0IB PaIKaJUl AUl UABMIA] SIUALIAOL [ELUILE PaPIJ) JO JoqUINY UL - 9T Sjewiue pajdwes ap jo sdnoib urew auy usaraq YIBU] Yed 1saLOUS - 9T
(ou/sak) dnoif patoajul aues woy uaye) satejos| - LT s1aBpeq pajduwes au Jo suedsay| paloajul ay) uIaMIq depiano shep Jo I 1oyl - JT
sdnoiB pajduwes au) usamiag red 15aLI0Ys 3} Jo SaBpa au Buofe BuisIadsIp SjewwILe J0 JaGUINU UBa — 81 sjewiue pajdwes ay) Jo sdnoiB paloajul ay usaMBq YIBUS| yed 1S8LI0YS. - 8T
Joyiabor dnoib aures ay) Ui wads S1a6peq paldues aul Jey) SAeP J0 JBqUINU BUL - 61 sdnob paidures usamiag (un) SduBISIp [eneds - 61
Spewiue pajdures aus jo sdnoib pajdues au) usanaq yBa) yed 1sa1I0US - 02 sjewiue pajdures au jo sdnoib pajdues au) uaaMaq YIBa) yied 15aV0US - 0Z
sdnoJb urew usamaq (wsy) soue: reds 4 sdnoiB urew usamaq (uy) soueisip feneds S 4
satep Buyduwes ay) usamiaq sJeak/skep Jo Jaquinu syl - ¢¢ Sfewie pajdures Jo SANOD UfeL 8L USANIA SIBLSAOL [EWILE PaPI0da1 J0 JBQUINU 3L - ¢¢
Spewiue pajduwes Jo SANOIB Ulew au) UAaMIA] SIUALLIBAOW [eLUILE PapI0d) J0 Jaquny aLLL I €2 Sa12 U013 LONGBJUI AL USBMIA] SAEP J0 JBqUINU B - €2
sdnoJb pajdures usamiag () sduelsip [eeds - e sdnoiB patoajul usamiag (W) souelsip eneds - ¢
Jled 181SaydpoopA Yled 181SaydpPOOoA
ydaadH yde@
0T 8 9 14 Z 0 0§ G O G€ 0¢€ G2 0¢ ST OT
L Il Il Il Il Il
s1Bpeq paidwes auy jo sdnoib patejul au yog ui paimdes s1abpeq Jo Jequinu syl - T s1aBpeq padures auy jo sdnoib pajdures auy o uy paimden siabped Jo sequinu By L -1
s16peq paidwes auy jo sdnoIB urew aul Uog ur paimden siabpeq Jo Jequinu au L A sdnoiB paroajul auy usemaq uted 1SaLI0YS aLp Jo SaBPa oyl Buofe BuISIAUSIP SfeLIUE Jo JAquINU UBa A
sdnosB paroajul auy usemaq ued 1SaLI0YS aLy Jo SaBPa oyl Buofe BuisIadSIP SfeLILE Jo JaquINU UBa - € s1abpeq pejduses ay1 jo sdnosb urews ayl Uoq ui paimides s1a6peq Jo Jaquinu uL - €
Siabpeq pajduses aus o Suedsey| Papi0ds aLy UsaMIBq deliano SAep Jo JaquINy auL - v (0u/sef) dnoi patoajur aures woy uaxe) Sarelos] - ¥
Sfewiue pajdwes o SINOIB Uew Bl UABMIA] SIUALIBAOW ELUILE PaPIJa) JO JoqUINY UL - S Sfewnue pajduwes o SdN0JB paldues Byl UBBMIA] SIUBLIAAOW eI PaPIdDI JO JAGUINU BUL ’—.\ - S
sdnoib pajdures auy uaamagq yred 1SaL0YS aul Jo SaBPa aLp Buofe BuiSiadsIp STeWILE JO JeqUIN UEBY -9 spewiue pajdwes aup jo SAnoIB paajul B usama BUS] Ued 1SaLI0US. \ ‘“"\ﬁ -9
(0U/53K) dnoJB UfewW BLIES WOL) UaYeY SaNeos| - 7 (ou Dﬂﬂ\“’ l> A o - 7
(oufsak) dnoib pajdwes awes woyy usse) sarejos| - 8 (ouysak) dnoiB urew awes w \ 74! A 7\ ]
s1abpeq pajdwes ay) Jo suedsaj) - 6 siabpeq pajdwes ays jo suedsay) papiodal ay) usamiaq dejiano skep Jo i A , R 5 W/ - 6
Sajep Buldues U UBIMIA] SIBaK/SAEP J0 Joquinu UL - 0T o1 urew uaamaq (L) Soue: :\4 ’ A IRV\VRvY A - 0T
o e wout o0 ot g i o C o M R RS R o
sfewiue pajduwes ay) Jo sdnoiB urew ay) usamiaq BUS) Ured 153110US - 2T % sdnoib palajul usamaq (L) soue) ’.’ )‘-4\)/ ‘b’ 3 - T %
Sfewiue pajdwes 10 SAnoiB Pa193JUl SU1 USAMIS] SIUBLLBAOW ELUIUE PaPIDB. JO JBGWINU BUL €T S Siewiue pajdwes 1o SAnoIB Pa193JUI U} USAMIB] SIUBWBAOW [EWIUR PAPIOD3 JO JBGUIN BUYL A »‘N’vﬁ % O .uambﬂda VYA ST S
[ S — Fvl & SdnoJ6 urew auy Usamaq Ured 15110US 3Ly Jo 53Bpa au) Buoje BUISIBASIP SIEWIUE J0 JaqUINU UEa| yan ' . /A o Mol v =
s1aBpeq pajdures au) Jo sdnolb pajdures aus Uog ur paimden siabpeq Jo Jequinu auL - ST s12Bpeq pajdures aut Jo sdnoIB patoajul auy 1o Ut paimded siabpeq Jo saquinu a1 ) A t.g\-’ /N K. [ 6T
sdnoJb urew au) usemag yred 1saLI0YS 8U} Jo SaBPa syl Buofe BuisIadSIp SfewIUE Jo JaqLINU Uealy - 91 sjewiue pajdwes ay} Jo sdnoib urew ay) usenaq yIBua] yred 130U - / . \e/ i (\V/’ - 9T
18UiaBoy dnoib awres ay) Ul uads $1aBpeq PajduLes U 1ey) SAEP J0 JAqUINU AL - T JauyaBo1 dnoib awes au) Ul 1ads siabpeq pajdLUes aU) 1eu) SAeP 10 Jaquinu UL A 1 /.~ \ 4. '4 Vo I 7T
sjewnue pajdues aup Jo sdnoiB paaajul Uy usanaq YIBU| Ured 1saLIOUS - 8T Sdnob pajdures oy uaamiaq yied 1sa110US Ayl o SaBpa auy Buofe Bursiadsip SIEwWIUE J0 JBqUINU LB lw ‘ - 8T
sfewiue pajdues Jo sdnoiB pajdures ay) Usamiaq SIUSLUBAOLU [2WILR PaPI0DRI JO JAGWNU BUL - 6T sjewiue pajduwres Jo sdnoif Ulew aL) UsaMIA] SIUBLIBAOLL [BWIUR PAPI0Ja] JO JAGLINU BYL AN Ny k Ve e - 6T
sfewiue pajdwes au) 1o sdnoib pajdures au U3aMag LBUa) yred 153110US l.b - 0z siewiue pajdwes aus 1o sdnoib pajdwes au U3aMaq LBUS) Ured 153110US A 'fd 4»4:[- - 02
sdnoib pajdures uaamag () 2o neds ”K — 12 sdnoib pajdures usamiaq () aoue) VO ‘b¢"b<.ll - T2
SdNoJ6 urews uaamiaq () a0 veds € - ¢¢ satep Buyduwes ay) usaMIaq Seak/skep Jo ' NV ANA L ¢¢
(0ussak) dnosB patoajul awes wioy usye) sajejos| - €2 4aq dejiano skep o i < .
sdnoiB patoajul usamag () aouelsip feneds - v¢ (0uysak) 1aBpeq aues aLp WoJ Uae) Sae(os| - v¢

yied 181Sayopoo ied Ja1sayopoom



Joseph Crispell Chapter 2: Filter Sensitivity Analysis

2.4 Discussion

In the published literature for M. tuberculosis and M. bovis, where WGS has been used, the
quality filters chosen, and the thresholds used for those filters, has varied considerably (Ta-
ble 2.1). Quality filtering is generally specific to the dataset being analysed as a result of
variation in sequencing quality. The current research demonstrates that the process of select-
ing appropriate quality filters and their thresholds can be informed by epidemiological data

assuming that the genetic and epidemiological data are related.

Three different bTB systems were sampled and the M. bovis isolates obtained were se-
quenced using WGS. The quality of these different datasets varied (Figure 2.2), likely as a
result of the isolate culturing, DNA extraction, and sequencing being conducted in differ-
ent places (although the same protocols were used). In addition, the scale of the sampling
and population data available differed for each system (Table 2.2). Using the principles of
epidemiological concordance, the available epidemiological data for each system provided a

means of evaluating the effect of the selection of quality filters and their thresholds.

The Random Forest algorithm was used to evaluate epidemiological concordance. This
algorithm was selected as it provides a highly flexible model fitting framework that is in-
sensitive to highly correlated or uninformative predictor variables [197]. Where available,
spatial, temporal, and network based epidemiological metrics were informative (Figure 2.7,
Figure 2.9, & Figure 2.11). This informativeness demonstrates that the dynamics of M. bovis
infection in the different sampled systems were captured, at least in part, by the epidemiologi-
cal data available. The extent of the agreement between the genetic and epidemiological data,
as measured by the proportion of the variation explained by the fitted Random Forest models,
varied between the datasets (Figure 2.3). The differences in the variation explained for the
three datasets, was the result of the different resolutions of sampling information and popula-
tion data available (Figure 2.3). The WGS data from Woodchester Park, in the southwest of
England, were accompanied by detailed life history data regarding the movements and bTB
testing histories of any captured badgers within the sampled population. The epidemiologi-
cal metrics, based on these data, were able to explain approximately 60% of the variation in
the inter-isolate genetic distances. In contrast, for the WGS data from New Zealand isolates,
for which there were only coarse sampling data available, the variation explained was much

lower (approximately 35%).

The degree to which changing the thresholds of each quality filter affected the variation
explained by the fitted Random Forest models, varied between the quality filters (Figure 2.3
& Figure 2 .4). Different thresholds for the Site Proximity filter had little effect on the agree-
ment between the genetic and epidemiological data. In contrast, different combinations of
high values for the Read Depth and Site Coverage filters produced genetic data that was

highly variable, in terms of how well it agreed with the epidemiological data (Figure 2.4).
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This variability may have resulted from the higher thresholds removing a large proportion of
the variant positions (Figure 2.5) and suggests that these extreme values should be avoided.
The selection of different thresholds for the Read Depth and Site Coverage filters had more
of an impact when the overall sequencing quality of the dataset was low (Figure 2.3). There-
fore, even in a low quality dataset, true genetic data relating to the system’s epidemiology

existed, but were more likely to be removed when quality filter thresholds were increased.

A broad range of filter thresholds that resulted in the best Random Forest models, was
observed for the New Zealand dataset (Figure 2.6). Therefore, for the high quality WGS M.
bovis isolates from New Zealand, the coarse epidemiological data available wasn’t very in-
formative for the selection of quality filters or their thresholds. As Figure 2.5 demonstrates,
this uninformativeness may be driven by a large proportion of the variant positions being
retained across a broad range of quality filter thresholds. For the WGS data from the isolates
from Northern Ireland, the detailed epidemiological information was particularly informative
suggesting only single thresholds for the Read Depth and Site Coverage filters and a narrow
range for the High Quality Base Depth filter. The detailed capture data was informative for
selecting thresholds for the selection of Read Depth and Site Coverage filters for the WGS
data from Woodchester Park.

The current research demonstrates that the selection of quality filters and their thresholds
does impact the genetic data and its agreement with the sampled system’s epidemiology.
Therefore, where epidemiological information is available, it should be used to inform the
selection of quality filters and their thresholds. If epidemiological data isn’t available, as is
often the case, careful consideration of the filters and thresholds is advised whilst taking into

account the quality of the sequencing data available.
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Chapter 3

Using whole genome sequencing to investigate

transmission in a multi-host system: bovine
tuberculosis in New Zealand

3.1 Introduction

Control of a disease in a multi-host system is most efficient when the role of the different hosts
is understood [123, 198]. Control of bovine tuberculosis (bTB) in domestic cattle herds is
motivated by the zoonotic risk of the causative agent Mycobacterium bovis, its impacts on
animal productivity, and the benefits of TB-free status in international trade [199]. M. bovis
infection has been successfully combated in many countries [9, 4, 10]. Effective campaigns
have relied upon test and slaughter regimes, movement restrictions and abattoir surveillance.
Despite success using such regimes, endemic bTB still exists, most notably in areas that have
wildlife reservoirs of infection. A broad host range, promoting multi-host bTB systems, is

considered to be one means by which M. bovis persists in the face of control [13, 200].

In New Zealand, the introduced brushtail possum (Trichosurus vulpecula) has long been
recognised as an important maintenance reservoir for M. bovis [201, 16]. In addition, deer,
pigs, and ferrets are thought to act as key spatial and temporal vectors of infection [16]. Con-
trol of bTB in cattle herds uses test and slaughter surveillance; more frequent testing and
movement control are employed in Vector Risk Areas (VRAs), where the risk of infection
from wildlife is highest [60]. Within VRAs, control methods such as trapping and poisoning
are primarily aimed at the possum population so as to limit the potential for intra- and inter-
species transmission [58]. The incidence of infected cattle herds has been drastically reduced
over the last two decades [7] but complete eradication remains elusive, likely as a result of

persistent infection in wildlife populations.

Discriminatory molecular typing tools have been extremely helpful in the study of M.

bovis infection in livestock, informing the tracking of infection [94, 104, 92] and improving
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our understanding of how bTB spreads and persists [62, 202]. Traditionally in New Zealand,
Restriction Endonuclease Analysis (REA) typing was used extensively during bTB surveil-
lance. Cattle and wildlife were shown to share the same REA type [21], and importantly,
local regionalisation of REA types enabled the distinction between re-infection and intro-
duction [36]. While REA typing is discriminatory, it is technically challenging to perform,
interpret and document, and has recently been replaced with Variable Number Tandem Re-
peat (VNTR) typing [92].

The advent of Next Generation Sequencing has made it increasingly feasible to sequence
and compare Whole Genome Sequences (WGS) in order to inform epidemiological analyses.
WGS data provide the highest resolution and, therefore, discriminatory power for understand-
ing the sampled system [24, 118]. Recently Glaser et al. [26] used WGS data to distinguish
outbreaks carrying identical VNTR types, as well as identifying transmission within and be-
tween cattle and deer populations. Similar work in New Zealand has demonstrated the utility
of WGS as a robust and highly discriminatory typing method (in preparation: Price-Carter
etal. 2017). Biek et al. [24] used WGS methods to examine bTB transmission in Northern
Ireland, and demonstrated that badgers and livestock living in close proximity shared very
similar M. bovis strains, suggesting that multiple inter-species transmission events had oc-

curred.

Our research aimed to refine our understanding of the role of wildlife in the transmission
and persistence of bTB across New Zealand and estimate the substitution rate of M. bovis in
this system. Samples taken from infected cattle and wildlife provided M. bovis isolates for
which WGS data was generated. In agreement with previous knowledge, wildlife species
were implicated in the transmission and persistence of bTB infection in the sampled popu-
lation. We found evidence of multiple inter-species transmission events and estimated their
force and direction. Estimating the transmission direction was found to be influenced by the
sampling patterns. The availability of WGS data presented the opportunity to evaluate the
use of WGS in routine typing. WGS methods were able to discriminate isolates to a finer res-
olution than REA typing, and there was good agreement between these typing methods. The
utility of WGS techniques depends on the frequency with which mutations are fixed within
the population. The estimated substitution rate was higher than those previously estimated
for M. bovis.
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3.2 Materials and Methods

3.2.1 Sampling and Isolate Preparation

As part of the routine bTB surveillance in New Zealand, any cattle or wildlife suspected of M.
bovis infection undergo a post-mortem examination, and if lesions are discovered a selection
are investigated using culture and strain typing. Conventional tests (described in [203]) were
used to positively identify M. bovis infection. Isolates were REA typed according to previ-
ously described methods [90, 94] and cultures were frozen and stored in the strain archive
at AgResearch Ltd. Isolates from the archive were selected to provide a representative sam-
ple of the M. bovis population circulating in cattle and wildlife across New Zealand between
1985 and 2013 (Figure 3.1).

To create this representative sample, groups of isolates, from cattle and wildlife, of the
same or closely related REA type from the same geographical region were selected from the
Central North Island region, and the West Coast and Northeast regions of the South Island.
The groups were selected to include all of the most frequently isolated REA types.

50.0 = Map data ©2016 Google

Figure 3.1: (A) An unrooted maximum likelihood phylogenetic tree built using PHYLIP
[204] and rooted using PATH-O-GEN [205]. Assigned clades are coloured accordingly: clade
1 =Dblue, clade 2 =red, clade 3 = gold and clade 4 = green. (B) The sampling locations of the
isolates are plotted onto a map of New Zealand. Cattle and wildlife isolates are represented
by squares and triangles, respectively. Isolates are coloured by their associated clade in the
phylogenetic tree (A). Only isolates from clade 1 (blue) were selected for further analysis
(white outline), faded isolates are those not selected. Isolate locations were jittered to ease

interpretation.

Selected isolates were re-cultured at AgResearch Ltd. to generate DNA (Deoxyribonucleic
Acid) extracts for WGS. Frozen culture stocks were grown to mid log phase (OD600 = 0.4-

0.8) in 5ml of Tween/albumin broth [206] and sub-cultured into 100ml of the same media for
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5 to 11 weeks until the cultures reached stationary phase. Cell cultures were heat killed and
stored at -20°C. Bacterial DNA was specifically separated from the other cellular compo-
nents with a high salt hexadecyl trimethyl ammonium bromide (CTAB) extraction [183,91].
DNA was then extracted with a chloroform/isoamyl alcohol method and quantified using In-

vitrogen Qubit fluorometry.

A selection of 90 DNA isolates were sequenced at the University of Glasgow Polyomics
Facility using an Illumina MiSeq platform that produced 2 x 300bp paired end reads per
isolate. 17 additional isolates were sequenced at New Zealand Genomics Ltd. on a MiSeq
platform that produced 2 x 250bp paired end reads. The remaining isolates (n=204) were
sequenced at the Wellcome Trust Sanger Institute using an [llumina HiSeq that produced 2 x

100bp paired end reads.

3.2.2 Processing Sequencing Data

The raw reads for each isolate were examined using FASTQC (v0.11.2 - [189]) to identify
poor quality ends that were then trimmed using PRINSEQ (v0.20.4 - [191]). If adapter se-
quences were present these were removed using TRIMGALORE (v.04.1 - [190]). Each
isolate’s trimmed reads were aligned to the M. bovis reference genome, AF2122/97 [102],
using the freely available Burrows-Wheeler Alignment tool [192, 176]. The mean coverage
(sites with Read Depth (DP) >20) for the isolates was 99% (2.5% Lower: 96.9, 97.5% Up-
per: 99.8).

Site information across the isolates was collated to allow the quality of individual sites to be
assessed. Sites that fell within Proline-Glutamate (PE) and Proline-Proline-Glutamate (PPE)
genes or annotated repeat regions were removed [193]. Thereafter only variant positions,
sites for which at least one of the isolates showed variation against the reference genome,

were retained.

High quality sites were selected for subsequent analyses based on the Mapping Quality (MQ),
High Quality base Depth (HQDP) and Read Depth (DP). The variant positions for each iso-
late were filtered according to their specific MQ, HQDP, DP and allele support (SUP, the
proportion of reads mapped to the position of interest that support the allele called for that
position). In addition, the proportion of isolates which had sufficient quality at each vari-
ant position (COV) and the number of positions that SNPs had to be apart (Site proximity
— PROX) were used as filters. A sensitivity analyses was conducted in order to establish an

optimal filter combination.
For each isolate the sampling year, location (region, district, and latitude and longitude data

of sampling location), sampled species, and the REA (Restriction Endonuclease Analysis)

type was available. This isolate information was used to inform the selection of thresholds
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(for the filters described above), based upon the assumption that these data should, to some

degree, explain the variation observed in the inter-isolate genetic distance distribution.

Inter-isolate comparisons were made using the discrete (district, region, species, and REA)
and continuous (spatial and temporal distances) data that were then fitted to the corresponding
inter-isolate genetic distance using a Random Forest regression model [197]. The Random
Forest model was fitted in the statistical programming environment R (3.0.1 [194]). A filter
combination was selected by maximising the variation explained using the fitted Random
Forest model. The following filters were selected: MQ>30, HQDP>4, DP>30, SUP>0.95,
COV2>0.7, PROX=10. Variant positions were filtered based on this filter combination to

create a concatenated sequence FASTA file.

3.2.3 Isolate Selection

An early examination of the WGS data revealed that, although most isolates with the same
REA type were very similar, several isolates were quite distinct from the others with the
same REA type. These “outliers” were further investigated to determine whether they were
mislabelled. Although it was not possible to re-examine these isolates with the REA typ-
ing method, potentially mislabelled samples were further examined with Variable Number
Tandem Repeat (VNTR) assays (conducted by Marian Price-Carter of AgResearch). Spe-
cific REA types are known to be associated with specific VNTR types. VNTR assays were
conducted (described in [92]) using a subset of VNTR loci that were likely to discriminate
the isolates in question. For controls, a selection of isolates with similar sample numbers to
the questionable isolates was also re-examined. If the determined VNTR types differed from
what would have been expected based on previous analyses of these types [92], the isolate
was considered to have been mislabelled. Out of the 28 (14 suspects and 14 controls) isolates
that were examined, 15 had VNTR loci that differed from what would have been expected.
These 15 mislabelled isolates were removed from any further analyses (Table 3.1), leaving

296 isolates for further investigation.

Using the 296 isolates, a maximum likelihood phylogenetic tree was constructed in the pro-
gram PHYLIP (v3.695 - Felsenstein 1989) and rooted using the program PATH-O-GEN (v1 .4
- [205]). For each isolate the sampling location (including latitude and longitude) and year
(of sample submission), sampled species, and REA type were available. Using the maximum
likelihood tree and the available sampling information, a selection of spatially and temporally

associated isolates were chosen from within clade 1 (Figure 3.1: A).

Although a large number of isolates were available for the current analyses, these isolates fell
within highly distinct clades. Isolates from a single clade were selected to ensure a relatively
recent common ancestor to the isolates analysed, and limit the effects of biases introduced

by examining genetically distinct groups. Unique pairs of cattle and wildlife isolates were
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chosen from within strict spatial (40km) and temporal (+/- 3 years) limits to reduce the impact
of potential temporal and spatial sampling biases (Figure 3.1: B & Figure 3.2). The spatial
and temporal thresholds were chosen so as they were the minimum values necessary to retain
a large enough sample size for further analyses. Using the spatial and temporal thresholds
described, only Clade 1 had enough spatially and temporally associated isolates to warrant

further analyses.

3.2.4 Clustering of Inter-Isolate Genetic Distances

The available data for the isolates — REA type, sampling location (district where the sam-
pling took place) and sampled host - were used to define groups of isolates and the within-
and between-group genetic distances were examined to determine whether there was an as-
sociation. The concatenated sequence of variant positions of each isolate was compared to
one another to generate an inter-isolate genetic distance (using the p-distance — defined as the

proportion of the sites that differ between two sequences).

The observed difference between the mean intra- and inter-group genetic distances was calcu-
lated where the groups were defined, separately, by host species sampled, sampling location
and REA type. To determine whether each observed difference could have arisen by chance
alone, the isolate data were shuffled and the difference re-calculated. The shuffling was re-
peated 10,000 times to generate null distributions of observed differences. The associations
were considered significant if the observed metric fell outside the lower (2.5%) and upper
(97.5%) quantiles of the null distribution. Importantly, any species signature is likely to be
nested within a spatial one, since regional localisation of bTB is known. To account for this,
only comparisons that were between isolates sampled in the same district were included in

the clustering analyses using the host species sampled.

3.2.5 Phylogenetic Analyses

The Bayesian Evolutionary Analysis by Sampling Trees (BEAST v1.8.4 - [207]) software
was used for a phylogenetic analysis of the isolates’ sequences combined with their sam-
pling years. BEAST was used to estimate the phylogenetic tree topology, substitution rate
and date of the Most Recent Common Ancestor (MRCA) for the sampled M. bovis popula-

tion. A BEAST analysis requires the existence of a clock-like substitution process.

Additional analyses, as conducted by Firth et al. [208], were used to examine whether a
clock-like process could have produced the inter-isolate variation. A linear regression was
conducted on the sampling year against the root-to-tip distance for the temporally and spa-
tially matched isolates from clade 1 and the reference (to aid with the tree rooting). A signif-
icant relationship was observed (p-value=0.018) with an R? value of 0.075. The estimated
substitution rate, 0.53 (2.5% Lower: 0.22, 97.5% Upper: 0.94) events per genome per year,

was compared to an analysis using the same model structure but the associated sampling dates
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were randomly shuffled. The sampling date shuffling was repeated 10 times and BEAST was
used to estimate the substitution rate. A substitution rate of 2.85 * 10 (2.5% Lower: 2.81 *
10°%,97.5% Upper: 1.24 * 10™) events per genome per year was estimated using the shuffled
data. These estimations are significantly lower than those estimated on the unshuffled data.
The difference between the substitution rates based upon shuffled and true data, in addition
to the significant relationship observed between the root-to-tip distances and sampling year,
support the presence of a temporal signal to inform the estimation of a substitution rate for

the sampled population.

Models selected in a BEAST analysis may significantly impact the results. Care must be
taken to select appropriate models for the substitution process [209] and the underlying pop-
ulation dynamics [210]. A series of BEAST analyses were completed in a hierarchical fash-
ion to explore the different models available; for each analysis a chain length of 500,000,000
steps, sampled every 50,000 steps, was used and three replicates were completed. This ap-
proach had three levels: 1) a range of substitution models were examined whilst using the
simplest clock and population models, 2) once the substitution model had been selected, the
available clock models were evaluated using the selected substitution model and the simplest
population model, and 3) lastly, the different population models were investigated in com-
bination with the selected substitution and clock models. Following the removal of a 10%
burn-in, the posterior distributions were examined to determine which structure of BEAST
analysis best described the isolate data. At each level (1, 2, and 3) the analyses were com-
pared based upon log likelihood scores, model convergence and posterior support of param-
eters (assessed using TRACER v1.6 [211]), path sampling and stepping stone analyses. In

addition the biological feasibility of the results was examined for each analysis (Table 3.2).

The selected BEAST analysis used the Hasegawa-Kishino-Yano (HKY) substitution model,
a relaxed clock model, drawing from an exponential distribution, and the Gaussian Markov
Random Field (GMRF) Bayesian Skygrid population model. The HKY substitution model
allows variable base frequencies, transition and transversion rates to be estimated [212]. A
relaxed clock model enabled the estimated substitution rate to vary across the branches of the
phylogenetic tree; the extent of this variation was modelled using an exponential distribution.
The GMRF Skygrid model is a flexible model that is able to estimate changing population
dynamics over the course of a phylogenetic history [210]. In a BEAST analysis, population
dynamics are estimated based on the structure of the phylogenetic tree according to coales-
cent theory [213].

An additional Discrete Ancestral Trait Mapping (DATM) analysis [214, 209] for two states
was implemented in the BEAST analysis. According to the host species sampled, isolates
were assigned either a cattle or wildlife state. Based upon the states of the tips of the phylo-
genetic tree (the isolates), the DATM estimates the ancestral states in the phylogeny, and as

such the most likely sources of infection within the sampled M. bovis population. A compar-
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Table 3.2: A hierarchical approach to model selection for the BEAST analyses. Each model
structure described above (defined by the substitution, clock and population models selected)
was repeated three times using a chain length of 500,000,000 with every 50,000 step be-
ing sampled. The average likelihood (across the three replicates) is reported for the Path
Sampling and Stepping Stone model comparison methods. In addition, whether or not the

replicates converged was reported.

Run Substitution Model Clock Model Population Model Path Sampling Stepping Stone Sampling Converged

1 IC Strict Constant -5629980.18  -5629974.54 YES
2 HKY Strict Constant -5435731.8 -5435724.63 YES
3 GTR Strict Constant -5435743 4 -5435740.84 YES

HKY Relaxed-Log Constant - - NO

HKY Relaxed-Exp Constant -5435687.14 -5435685.9 YES
6 HKY Relaxed-Exp Logistic - - NO
7 HKY Relaxed-Exp Exponential -5435682.54 -5435681.21 YES
8 HKY Relaxed-Exp Expansion - - NO
9 HKY Relaxed-Exp Skyline -5435682.32  -5435681.25 YES
10  HKY Relaxed-Exp Skyride -5435692.02  -5435690.3 YES
11  HKY Relaxed-Exp Skygrid -5435685.72  -5435683.68 YES

ison was made between a symmetric and asymmetric DATM analyses in BEAST using the
spatially and temporally matched isolates. The former symmetric analysis refers to the state
transition matrix being symmetric; this analysis estimates a single parameter (in a two state
analysis), the transmission rate of the pathogen from one state to another. The asymmetric
analysis has two inter-state transmission parameters and as such can be used to determine
whether there is a directional bias in the exchange; is the pathogen jumping from one popu-

lation into another more often than in the other direction?

3.2.6 Influence of Prior Selection

The influence of the selection of prior distributions for the parameters estimated in the BEAST
analyses, described above, was investigated by running an analysis where the data were re-
moved and only the prior distributions sampled. It was shown that the prior distributions
selected were conservative and that the data provided a strong signal for the parameter esti-

mations of our model.

The models selected in a BEAST analyses have set parameters whose estimation requires the
specification of prior distributions. Here prior knowledge about the sampled population was

used to inform the BEAST analyses.

The prior distributions for the final model were specified as follows:
HKY substitution model

* Allele frequencies were estimated using the sequence data provided.
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* The transition-transversion parameter prior distribution was a Log Normal distribution
with a log(mean) of 1 and log(SD) of 1.25.

* Four categories, modelled with a gamma distribution, were included to allow the sub-
stitution rate to vary across sites. The shape parameter for the gamma distributions was

estimated from an Exponential distribution with a mean of 0.5.
Clock Model

* A relaxed clock model drawing from an Exponential distribution with a mean of 0.005

(events per site per year) was used.
Population Model

* The Skygrid model uses a smoothing parameter to avoid large jumps in the population
size estimated based upon the structure of the phylogenetic tree. A Gamma distribution
(shape and scale values equal to 0.001 and 1000, respectively), was used as the prior

distribution for the smoothing parameter.

The prior distributions specified define the space used to estimate the parameters of interest. It
is important to investigate the extent to which the estimates resulting from a BEAST analysis
are influenced by the specification of the prior distributions. A BEAST analysis, using the
prior specifications defined above, was completed using only the sampling year data (for
the spatially and temporally matched isolates from clade 1). This prior sampling analysis
estimated a substitution rate of 0.004 (97.5% Lower: 0, 2.5% Upper: 0.19) events per site
per year. This estimate is orders of magnitude higher than the substitution rate estimated when
the genetic data were included. A right-skew on the true substitution rate estimates was not
evident; despite the broad and inaccurate prior distribution specified, there was enough of a

signal in the data to estimate the substitution rate.
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3.3 Results

3.3.1 Structure in the sampled M. bovis population

There were four recognisably distinct clades formed by the 321 isolates sampled in New
Zealand, which were regionally localised (Figure 3.1). A total of 3449 variant positions were
found. Long distance translocation and establishment of new foci of infection was evident
when the genetic structure of the population was considered. Clade 2 (Figure 3.1 — red),
although mostly found in New Zealand’s north island, has an established foci of infection
involving both cattle and wildlife on the south island. Clade 1 (Figure 3.1 —blue) isolates were
mostly situated on the south island of New Zealand, providing a densely sampled genetically
similar set from which to select the spatially and temporally associated isolates for further
analysis (Figure 3.1 & Figure 3.2). Clade 3 (Figure 3.1 — gold) included eight wildlife and
five cattle isolates, found across a broad spatial range in the southwest of New Zealand’s
South Island. Clade 4 (Figure 3.1 — green) included thirteen cattle and three wildlife isolates,
which were sampled from two locations <20km apart in the south of New Zealand’s South
Island.

3.3.2 Clustering of Inter-Isolate Genetic Distances

The inter-isolate genetic distance distribution of the spatially and temporally associated iso-
lates from clade 1 was examined. Isolates of the same REA type were, on average, more
genetically similar than those of different types. This difference was reflected in lower aver-
age within- than between- group genetic distances, when groups were defined by REA types
(Figure 3.3: B). In addition, diversity was evident in the within group distances demonstrat-
ing the added resolution of WGS data. The observed difference between the mean inter- and
intra-group genetic distances was unlikely to have arisen by chance when the isolates were
grouped by their REA type or sampling location (Figure 3.3: B & C). In contrast to the lower
within- than between-group genetic distances observed when groups were defined by REA
type or sampling location (as was demonstrated by the positive observed difference (Fig-
ure 3.3: B & C)), when groups were defined by the host species sampled, the within-group
distances were, on average, higher than the between-group distances (Figure 3.3: D). These
higher within-group distances resulted in a negative observed difference, which was unlikely
to have arisen by chance as it fell just outside the 95% bounds of the generated null distribu-
tion. This negative difference may be caused by lower within-outbreak distances resulting

from sampling local outbreaks (involving cattle and wildlife) that are separated in space.

3.3.3 Substitution Rate Estimation

Using a bootstrapping procedure the posterior distributions resulting from BEAST analyses
incorporating different population models were compared (Figure 3.4: B). For each pairwise

posterior comparison, a distribution of differences was generated by calculating the differ-
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Figure 3.2: Five plots illustrating the temporal range associated with each sampled host
species for all the isolates in the different clades (1 (A), 2(C), 3(D), and 4(E)), and the spa-

tially and temporally associated isolates from clade 1 (B). The size of each point is scaled by

the number of isolates that were taken from the given species in the given year.
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Figure 3.3: Clustering in the inter-isolate genetic distance distribution for the spatially and
temporally matched isolates from clade 1. (A) A Maximum Likelihood phylogenetic tree
generated using PHYLIP; coloured bars are used to highlight isolates that have the same
REA type (note that REA types that are only represented by one isolate are colour in black).
(B, C, and D) Three plots showing how the observed difference between the mean inter- and
mean intra-group genetic distances, when isolate groups were defined by REA, Sampling Lo-
cation, and Species (B, C, and D, respectively) compared to null distributions of differences
calculated on shuffled sequences. The sampling location was defined as the region where
sampling occurred. The difference was calculated for 10,000 independently shuffled sets.
Only the spatially and temporally matched isolates from clade 1 were used in this clustering
analysis. The blue line shows the observed difference between mean inter- and mean intra-
group genetic distances. The area outside of the lower (2.5%) and upper (97.5%) bounds of

the null distribution are coloured in red.
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ence between single point estimates, that were sampled proportionately from each of the two
posterior distributions. If similar distributions are compared using this pairwise comparison,
the calculated differences between point estimates drawn randomly from each distribution
will be close to zero. The paired posterior distributions were not significantly different; the
distribution of calculated differences resulting from each pairwise comparison overlapped
with zero. The Skygrid population model, which had a high likelihood in the model selection
procedures (Table 3.2) and agreed well with the other population models used (Figure 3.4),
estimated the substitution rate of the sampled M. bovis population to be 0.53 (2.5% Lower:
0.22,97.5% Upper: 0.94) events per genome per year.

Using the Skygrid population model, the MRCA to the sampled M. bovis population was
estimated to have been circulating in 1859 (2.5% Lower: 1525,97.5% Upper: 1936). Binney
etal. [215] recently established that a large number of cattle were imported into New Zealand
in the 1860s, mostly originating from Australia and the United Kingdom. The structure of
clade 1 and of the full maximum likelihood phylogeny (Figure 3.1: A) aren’t indicative of
a single introduction event into New Zealand. The sampling window used in this study was
narrow, relative to the phylogenetic history of the sampled population. Via simulation it was
shown that estimates of the substitution rate were robust to the shortening of the sampling

window; estimates increasingly lacked precision but retained accuracy (Appendix A).

3.3.4 Ancestral Traits Analysis

Different selections of isolates from clade 1 (all isolates, temporally and spatially matched
isolates, or 30 random cattle and wildlife pairs) were used in separate DATM BEAST anal-
yses. According to the path sampling likelihood values, the symmetric model (equal rates
from cattle to wildlife and vice versa) was favoured for the matched isolates (Figure 3.5:
A). The asymmetric (different rates) was favoured when the DATM analysis was based on
all the clade 1 isolates or the randomly paired isolates (Figure 3.5: A). The DATM analy-
ses were able to provide an estimate for the overall state transition rate (Figure 3.5: B). For
the analyses based on all the clade 1 isolates or randomly matched isolates the asymmetric
model provided directional estimates of the state transition rates (Figure 3.5: C & D). Us-
ing all isolates or the random cattle and wildlife pairs, a dominant direction of transmission
from wildlife to cattle was estimated (Figure 3.5: C & D). Using the spatially and temporally
matched isolates the symmetric model out-performed the asymmetric model and directional
estimates weren’t available. The difference in the support for the symmetric versus asym-
metric model was a result of the isolates selected and therefore shows a strong influence of
sampling. Without knowing which sample set is most representative it is difficult to have

confidence in the directional state transition rates.

Page 75



Joseph Crispell Chapter 3: WGS of multi-host system in New Zealand

Estimated Substitution Rate

Constant
Exponential

300
250—
200—
150
100

al
T

Number Posterior Samples

Rate (Events/Genome/Year)

Comparing Substitution Rate Estimates
between different Population Models

1.0—
0.5—
00—ttt

05— i

-1.0—

Difference between random samples

Skygrid—Exp —

Skyride—Exp—
Skygrid-Skyline—

Constant—-Exp—
Constant-Skyline —
Constant-Skyride —
Constant-Skygrid —

Exp-Constant—

Exp-Skyline —
Exp-Skyride —|
Exp-Skygrid —
Skyline—Constant—
Skyline—Exp —{
Skyline-Skyride —
Skyline-Skygrid —
Skyride—Constant—
Skyride-Skyline —
Skyride-Skygrid —
Skygrid—Constant —
Skygrid-Skyride —

Figure 3.4: The estimated substitution rate of the sampled M. bovis population. (A) The
sampled (n=9000, 10% burn-in removed) posterior distributions of the substitution rate es-
timated by BEAST analyses using different population models. Each analysis in BEAST
was repeated 3 times and replicates plotted with the corresponding colour for the population
model. (B) Pairwise comparisons of the posterior distributions resulting from analyses based
upon different population models. Each boxplot summarises the distribution of differences
produced by calculating the difference between 10000 random samples of the posteriors being
compared. The blue points represent the upper and lower bounds of distribution of differ-

ences. Outliers of the difference distributions are coloured in grey.
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Figure 3.5: The state transition rates estimated by a discrete traits analysis in BEAST on
isolates selected from clade 1. States were defined as either Cattle or Wildlife. BEAST
analyses were completed using all the clade 1 isolates (3 replicates), only spatially and tem-
porally matched isolates (3 replicates) and 30 randomly matched cattle and wildlife isolates
(10 replicates). (A) A box plot of the difference between the likelihoods (estimated using
path sampling) of the symmetric and asymmetric models for the different sampling sets. The
symmetric model was favoured for the matched isolates and the asymmetric model for the
analyses based on all the clade 1 isolates and randomly matched cattle and wildlife. (B) The
sampled (n=10,000) posterior distributions of the estimated overall transition rate between
Cattle and Wildlife based on the three sampling sets. Plots C and D show the posterior dis-
tributions of the transition rates from Cattle to Wildlife (Red) and Wildlife to Cattle (Blue)
resulting from BEAST analyses completed on the clade 1 isolates and the randomly matched

isolates. The median and 95% Credible Intervals are stated for the distributions.
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3.4 Discussion

The current research suggests that M. bovis infection was being transmitted between the sam-
pled wildlife and cattle populations. In Northern Ireland, where the role of badger populations
is under investigation, WGS data with only a few wildlife isolates has been used in an attempt
to elucidate the mechanisms of persistence of bTB in cattle herds [24,25]. High genetic sim-
ilarity suggested recent transmission links between badger and cattle populations. Similarly,
Glaser et al. [26], used WGS data to reveal exchange within and between cattle and deer

populations in Minnesota.

By the end of June 2015, there were 39 infected cattle herds in New Zealand [60]. Whilst
cattle movements remain a recognised cause of newly detected herd infections, wildlife are
thought to be the main contributors. In the current research, isolates originating from cattle
and wildlife sources were indistinguishable suggesting a high degree of exchange. A high
degree of exchange was supported by the estimations of an overall inter-species transmission
rate. With New Zealand’s low prevalence of bTB in livestock, despite being unable to esti-
mate inter-species transmission direction in the current research, it would seem highly likely
that wildlife populations are acting as maintenance reservoirs and as such should remain the

target of the eradication campaign.

When investigating any epidemiological process using genetic data of a pathogen, the
relative speed of that epidemiological process compared to the rate of change of the sampled
pathogen must be considered [121]. Ideally, the sampling of a system of interest should re-
flect the underlying epidemiological processes, and not produce additional noise or biases.
For example, if isolates are too distantly related (both genetically and epidemiologically)
noise may dominate the signal of the epidemiological events of interest, making the estima-
tion of these events difficult. Here, the inter-species transmission rate was estimated. The
difficulty encountered when estimating the direction of inter-species transmission may be a
reflection of a high rate of exchange of M. bovis between cattle and wildlife estimated using

a slowly evolving pathogen sampled from a broad genetic distribution.

The role of wildlife in the maintenance of bTB in New Zealand could provide an ex-
planation for why the substitution rate estimated here was relatively high, in comparison to
previously published estimates of the substitution rate for the M. tuberculosis complex (Ta-
ble 3.3). This difference will enhance the utility of genomic data for routine epidemiological
investigations because it will allow for better estimates of the time of introductions of new in-
fections into herds and wildlife populations and thus aid in the identification of likely sources

of infection.

Most brushtail possums suffer an extensive M. bovis infection if exposed, and many will

die within 6 months [216, 16]. In contrast, the majority of humans, cattle, and badgers suffer
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Table 3.3: A comparison between estimates of the substitution rates (events per genome per
year) taken from WGS analyses on M. tuberculosis and M. bovis, with the results of this study

inserted in the final row.

Published Source Bacteria Species Mean/Median Lower Upper Host Sampled Country

Walker et al., [116] M. tuberculosis 0.5 0.3 0.7 Human UK
Bryantetal.,[117] M. tuberculosis 0.3 NA NA Human Netherlands
Roetzer et al.,[118] M. tuberculosis 0.4 0.3 0.7 Human Germany
Biek et al., [24] M. bovis 0.15 0.04 0.26 Cattle/Badger UK

Trewby et al. [25] M. bovis 0.2 0.1 0.3 Cattle/Badger UK

Current Research M. bovis 0.53 0.22 0.94 Cattle/Possum New Zealand

a localised latent TB infection [217, 31, 65]. Given that herd breakdowns in New Zealand
are thought to be mainly the result of spill-over events from wildlife vectors [60, 36], the
higher levels of replication during the more extensive infection in possums could result in an

increased accumulation of mutations for the sampled M. bovis population.

Colangeli et al. [120] demonstrated that the likely lower rates of replication occurring
during latent M. tuberculosis infection, in humans, resulted in significantly lower accumula-
tion of mutations when compared to active infection. This research supports the theory that
replication rates impact substitution rates and is consistent with other observations on host-
level variability [116]. However, Ford et al. [114] were unable to find an effect of latency
on the substitution rate of M. tuberculosis in infected Macaque monkeys, in an experimen-
tal setting, and so this area requires further study. Alternatively, the higher substitution rate
could be the result of a lineage specific trait, which has been demonstrated for M. tuberculosis
[218, 219].

The patterns of sampling and their influence on results of any analysis are an important
consideration. Broad credible intervals were estimated around the substitution rate and date
of the MRCA for the sampled population. The isolates analysed in the current research were
sampled between 1987 and 2013; relative to the estimated root height (1859 [1525, 1936]),
this sampling window is narrow. M. bovis is likely to have been circulating in New Zealand
since the mid-1800s [7], therefore sampling early in this outbreak wasn’t possible. Analy-
ses based on simulated epidemics sampled using an increasingly late and narrow window,
demonstrated that a narrow sampling window had a pronounced effect on the precision of
estimates but, importantly, little effect on the accuracy of parameter estimation in BEAST
(See Appendix A).

In the DATM analysis a temporal bias was evident in the original set of clade 1 isolates
(Figure 3.2), with dense sampling of wildlife in early years and of cattle in later years, re-
sulted in a dominant direction of spread from wildlife to cattle being estimated. Using the

current data it wasn’t possible to determine whether this dominance exists, and the sampling
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patterns are a true reflection of New Zealand’s bTB system, or the directionality observed

was an artefact of the sampling patterns.

The WGS data provided added resolution to the examination of bTB in New Zealand, dis-
tinguishing isolates sharing an identical REA type (Figure 3.3: A). The declining cost, added
resolution, good agreement with REA typing, and evidence of a strong spatial signature all

act to endorse the use of WGS typing in routine surveillance.

The utility of any typing method lies in its molecular clock speed; too quick and noise
masks important events, too slow and important events could be missed [111, 112]. Both
human- and bovine-TB are caused by slowly evolving, genetically conserved, bacteria [102,
62]. With such a recognisably slow rate of change it is unlikely that infection dynamics
within or between individuals will result in significant genetic signatures. In contrast herd
level signatures are likely to be present and of use in routine surveillance that targets herds
[24, 121, 26].

In the current research it was shown that knowledge of epidemiology combined with
WGS data can provide a means for in-depth investigations of bTB dynamics, shedding light
on important and as yet unquantified features, such as the extent of inter-species transmis-
sion and the substitution rate. A caveat though, the influence of the sampling strategy used,
should be thoroughly examined as to its potential impact on any findings. Targeted control
of wildlife populations is part of New Zealand’s eradication strategy [58] and wildlife were
implicated in the current research. Identifying local persistence or introduction is the focus
of bTB surveillance in New Zealand and regional localisation of isolates makes this possible.
WGS data, despite the low substitution rate of M. bovis, adds resolution, decreasing the scale
at which persistence versus introduction can be evaluated. In addition, an estimate of the
substitution rate of M. bovis in New Zealand, however broad, will inform these evaluations.
For routine surveillance, the resolution gained by using WGS data must be weighed against
any increased costs, a decision that will be aided by the decreasing price of sequencing tech-

nologies.
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Chapter 4

Evidence of inter-species transmission between

cattle and badger populations residing within and
surrounding Woodchester Park

4.1 Introduction

Mycobacterium bovis infection of cattle populations remains a problem across large parts of
the United Kingdom [220]. Surveillance of bTB in the UK uses a cattle test and slaughter
regime, combined with movement controls and abattoir surveillance [57]. Despite similar
regimes being successful elsewhere [9, 4], including in Scotland [10], in parts of North-
ern Ireland, Wales and England M. bovis infection of livestock remains endemic, and reg-
ular surveillance is necessary to control spread and reduce health and economic burdens
[4, 199, 57]. Control is particularly necessary in the southwest of England, a high preva-

lence endemic bTB area whose range is expanding and where prevalence is increasing [220].

Although cattle are the principal host for M. bovis, it has an extremely broad host range
and a large number of mammals in the UK are susceptible to infection [11]. This broad host
range enables multi-host systems to develop and these greatly hinder eradication programs
[12,13,221,222,126,58]. A multi-host system, a system in which a pathogen infects multi-
ple host species, is important when the different hosts play a role in the spread and persistence
of the pathogen [123]. If the pathogen can survive in a multi-host system, control operations
in one species may be hindered by re-infection through spill-over of infection from a different
species. When each species is capable of maintaining infection independently, control oper-
ations in one species can be rendered ineffective as a result of spill-over events. In the UK,
the European Badger (Meles meles), a protected species [06, 17], is susceptible to M. bovis
infection [11, 144]. In order for control operations in badger populations to be a necessary
part of bTB control in the UK, badger populations need to be capable of both maintaining
M. bovis infection independently, and passing the infection into cattle populations. Under-

standing the role of this species in the spread and persistence of bTB in cattle populations
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has been the aim of a number of sanctioned culling trials with often apparently contradictory
outcomes [157, 158, 159, 161]. While the outcomes of these trials have been controversial,
these trials were able to demonstrate that, where re-population of an area was restricted, re-
duction in badger population densities resulted in decreased bTB prevalence in associated
cattle herds. The current use of badger control operations in the national bTB control scheme
of the Republic of Ireland is supported by the results of the culling trials that were completed
in this country [33, 160].

A variety of molecular typing methods have further informed the investigations into
the role of badger populations in bTB epidemiology in the UK and Republic of Ireland.
Sympatric cattle and badger populations have been shown to carry similar M. bovis strains
[223, 224, 22]. This similarlity was demonstrated, using methods such as Spoligotyping
[225] and Variable Number Tandem Repeat typing [103], which use annotated repeat regions
(one or multiple, respectively) of the M. bovis genome to characterise strains. Unfortunately
the resolution of these methods is such that it is difficult to quantify the direction of inter-
species transmission, since isolates taken over large spatial and temporal ranges can be indis-
tinguishable according to these techniques [112]. Next Generation Sequencing technologies
have allowed Whole Genome Sequencing (WGS) to become a feasible epidemiological tool
to study bTB inter-species transmission [111, 121]. Biek et al. [24] were able to demonstrate
high genetic similarity between spatio-temporally proximate infected cattle and badgers, and
inferred recent transmission between these populations. However, despite the high resolution
of WGS data, it wasn’t possible to assign a direction of transmission, since only a small num-
ber of samples from the badger population were available. Earlier this year, Glaser et al. [206]
identified transmission between cattle and deer populations in Minnesota by combining WGS
with detailed epidemiological data. Although evidence of within- and between-species trans-
mission was provided, the extent and direction of inter-species transmission wasn’t quanti-
fied.

A naturally infected badger population residing in Woodchester Park, a National Trust
owned park in the southwest of England, presented the ideal opportunity to investigate inter-
species transmission of bTB. Badgers in Woodchester Park have been routinely captured for
more than 30 years [185]. This densely sampled longitudinal dataset provides a rich source
of data regarding the dynamics of the host population. A similar resolution of data was
available for the cattle population in Great Britain, in the Cattle Tracing System (CTS) and
SAM (system for recording bTB testing results) databases, which provide the movements
and bTB test history of every cow in Great Britain, respectively [226]. The current research
investigates WGS data from isolates sourced from badgers and cattle living within and around
Woodchester Park that were found to be infected with M. bovis. In contrast to previous
WGS research of bTB in the UK, at least 100 isolates were available from both cattle and
badger populations living in close proximity. In addition, these data were accompanied with

detailed life history information describing both the sampled cattle and badger populations.
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The high resolution genetic data were examined in the context of each sampled animal’s
life history, to determine whether the sampled high density badger population was capable
of maintaining M. bovis infection independently. In addition, the current research aimed to
reveal and determine the direction of inter-species transmission events between the sampled

cattle and badger populations.
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4.2 Materials and Methods

4.2.1 Woodchester Park Surveillance

A long term field study has been on-going at Woodchester Park since 1977 [185]. Woodch-
ester Park is home to a high density badger population that is naturally infected with M. bovis.
The study at Woodchester Park involves trapping operations, within annually delimited bad-
ger group territories, four times a year. All badgers captured are given a unique identifying
tattoo. In addition, each time a badger is captured, samples are taken of blood, urine, faeces,
tracheal and pharyngeal aspirates, and swabs of any wounds or abscesses are collected. If,
during the capture operations, a dead badger is found, a post-mortem examination is carried
out and samples are collected from major organs and lymph nodes. Wilkinson et al. [146]
estimated the annual badger capture rate to be 85% of the population, therefore the capture
data represents an exceptionally dense record of the population and infection dynamics within
Woodchester Park. The blood, urine and sputum samples are tested to ascertain M. bovis in-

fection using the tests described in Table 4.1.

Table 4.1: A description of the different tests used on the samples collected from badgers,
which are captured during the on-going field study at Woodchester Park. The test sensitivity

and specificity estimates were taken directly from the literature [187, 20, 185]

Test Description Sensitivity ~Specificity ~Year Implemented

Bacteriological culture  Urine and sputum samples are cultured for the presence of M. bovis bacteria. If present, the 8% 99.8% 1982
bacteria were VNTR typed and spoligotyped [225, 103].

Brock Test ELISA An in vitro blood test, blood samples are exposed to an M. bovis antigen to test for 37% 98% 1982
for the presence of specific antibodies [187].

~-IFN test An in vitro blood test, blood samples are exposed to either avian or bovine tuberculin and 79.9% 95% 2006
the amount of 7-IFN produced is quantified using an Enzyme-Linked Immunosorbent Assay
(ELISA) with relative reseponses to the two types of tuberculin indicating infection status
[42].

Stat-Pak test A serological test utilising Lateral Flow Immunoassay (LFI) technology. Specific antigens bound to  79.9% 95% 2006

a medium visibly react to specific antibodies present in a blood sample [188].

The capture dataset from Woodchester Park, describing the timings and locations of trappings
as well as each badger’s age, sex and test results, were used to assess the infection status of
each sampled badger. Two hundred and thirty badger isolates were cultured from samples

taken from 84 infected badgers, captured during routine trapping operations.

4.2.2 Cattle Population Surveillance

In the southwest of England, where Woodchester Park is situated, cattle herds are tested for
bTB on an annual basis as part of routine bTB surveillance, using the Single Intradermal Com-
parative Cervical Tuberculin test (SICCT). For the SICCT, an M. bovis derived tuberculin and
an M. avium derived tuberculin are injected, and the hypersensitivity reactions are compared
to establish whether the cow is infected. In addition to the SICCT, abattoir surveillance is
part of routine bTB surveillance in the UK [57]. Each animal tested or examined (with the

SICCT or during abattoir surveillance, respectively) is recorded in the SAM database. The
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SAM database was established last year and provides a computerised version of the bTB cat-
tle testing data, previously recorded in VETNet - the national disease database. In addition to
recording testing histories, the movements of every cow in the UK are recorded in the CTS
database, which was established in 1998 [226]. Cattle herds surrounding Woodchester Park
have a history of bTB (Figure 4.2), and 100 cattle isolates were cultured from 100 different
infected cattle found on 58 farms within 15km of Woodchester Park. The movement data in
the CTS database isn’t complete, movements are sometimes missed or recorded incorrectly.
In addition, 42 of the cattle were sampled before 2005, when the cattle movement data was
less complete [226]. Figure 4.1 shows the range of herds sizes on herds around Woodchester
Park.

For each cattle farm in the UK, a single point location (Eastings and Northings) was avail-
able for the farm buildings. The point location information was used to identify cattle farms
surrounding Woodchester Park. Although specific land parcel data (describing the outlines
of each field associated with a cattle farm) does exist, it wasn’t available for the current
analyses. Therefore, the current analyses assume that these point locations are an accurate

representation of where the cattle associated with each farm reside.

4.2.3 Sampling and Isolate Preparation

4.2.3.1 Badger Isolates

All isolates that were cultured from samples taken from infected badgers, captured in Wood-
chester Park, were archived at the Food and Environment Research Agency (FERA) in York.
Two hundred and thirty of these M. bovis isolates were successfully re-cultured. Re-culturing
and DNA extraction were carried out at the the Agri-Food and Biosciences Institute in North-
ern Ireland (AFBNI). The archived isolates were grown on Lowenstein-Jensen medium (LJ)
slopes to form single colonies. DNA was extracted from these single colonies using standard
high salt hexadecyl trimethyl ammonium bromide (CTAB) and solvent extraction protocols
[183, 91]. The extracted DNA of each isolate was sequenced at the Glasgow Polyomics
facility using an [llumina MiSeq platform, which produced 2 x 300bp paired end reads.

4.2.3.2 Cattle Isolates

The 100 cattle isolates originated from cattle, which were determined to be infected either
through use of the SICCT or during abattoir surveillance (Figure 4.2). These isolates were
selected between 1997 and 2012; over this period there were 1012 confirmed breakdowns' in-
volving 8750 reactors (of which 2156 were confirmed to be M. bovis with culture) on 369 (of
749) cattle farms within 15km of Woodchester Park. Each of these reactor cattle were subject

to a post-mortem examination following slaughter, and M. bovis was cultured from suspect

'A herd breakdown is when a cow on the herd has reacted positively to the SICCT, and its infection has

been confirmed during a post-mortem exminmation or through M. bovis culture.
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Figure 4.1: The number of animals present on herds with 15km of Woodchester Park in 2012.
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granulomatous tissue. Cultures were grown and confirmed to be M. bovis using the same
standard protocol described above. Cultured isolates were then archived by the APHA. The
100 cattle isolates used for the current research were selected from the archive, re-cultured
and then DNA was extracted from the cultures. Re-culturing and DNA extraction were con-
ducted, as above, by APHA in York. The extracted DNA was sequenced at APHA’s central
sequencing unit in Weybridge, on an Illumina HiSeq platform producing 2 x 150bp paired
end reads. The isolates were selected to be from cattle that were infected on beef and dairy
herds within 15km of Woodchester Park between 1997 and 2012. The selection procedure
aimed to have samples from herds surrounding Woodchester Park over as broad a timeframe

as possible.

4.2.4 Processing Whole Genome Sequences

The raw reads of all the isolates sourced from infected badgers and cattle were examined
using FASTQC (v.0.11.2 - [189]). Poor quality ends that were identified in FASTQC, were
trimmed using PRINSEQ (0.20.4 - [191]). Adapter sequences, where present, were removed
using TRIMGALORE (v0.4.1 - [190]). The trimmed reads were aligned to the M. bovis ref-
erence genome, AF2122/97 [102], using the Burrows-Wheeler Alignment tool [192, 176].
Information for each site on the reference genome was collated across the isolates. Any
sites that were found within the regions encoding the Proline-Glutamate (PE) and Proline-
Proline-Glutamate (PPE) genes or annotated repeat regions were removed [193]. Only sites

that varied amongst the isolates (variant positions) were considered in further analyses.

High quality variant positions were selected based on the Mapping Quality (MQ), High Qual-
ity base Depth (HQDP) and Read Depth (DP). Filters were created using those quality metrics
as well as the support for the allele called (SUP), the site coverage across the isolates (COV),
and the minimum number of positions separating variant positions (PROX). The following
filters were used: MQ>30, HQDP>4, DP>30, SUP>0.95, COV>0.1, and PROX=10.

During a preliminary investigation of the isolates sourced from badgers, it was determined
that five were mislabelled. The extent of the mislabelling was examined, in the context of
the detailed capture data available for the sampled badgers. Eight additional isolates were
identified as being potentially mislabelled. The 5 mislabelled and 8 potentially mislabelled
isolates were removed, and not considered in any further analyses. Please refer to Appendix B
for a description of the investigation undertaken to determine the presence and extent of the
mislabelling. Isolates from badgers that failed the quality control levels (genome coverage
>90%) established for the bioinformatics pipeline, were removed (n=54) from any further
analyses. It wasn’t possible to include these isolates in the mislabelling investigation and,
therefore, it wasn’t possible to determine whether these were mislabelled. Only those isolates
sourced from cattle that had <10% of the variant positions with sufficient coverage were

removed (n=19). A lower threshold was used for the cattle isolates to retain as many of them
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as possible. For the remainder of the current chapter, a sampled animal refers to an animal

from which M. bovis was cultured, sequenced and selected for the current analyses.

4.2.5 Intraspecies Investigation of Inter-Isolate Genetic Distances
of Isolates from Badgers

This section describes an analysis that compares the inter-isolate genetic distances to epi-
demiological metrics describing the relationships between the sampled badgers based upon
spatial, temporal and network patterns. If the sampled badger population, present in Woodch-
ester Park, was capable of maintaining M. bovis infection, then the infection must be spread
through the movements and contact patterns of the badgers. We therefore expected there to
be a relationship between the inter-isolate genetic distances and sampled animal’s life his-
tories. For example, M. bovis isolates from two badgers that have lived their entire lives in
the same badger group at the same time might be expected to be more similar than isolates

taken from badgers that have never lived in the same group and weren’t alive at the same time.

For each inter-isolate comparison a genetic distance (the number of sites that differ) was

calculated, and the isolates were compared using the following epidemiological metrics:
1. Isolates taken from the same badger (yes/no).

2. Isolates taken from badgers with the same main/sampled/infected group (yes/no). The
main group was defined as the group that the badger spent the majority of it’s recorded
life in. The sampled group was defined as the group that the badger was captured in
when it was sampled for the current isolate. The infected group was defined as the

group that the badger was captured in when it’s infection was first detected.

3. Spatial distance (km) between the main/sampled/infected groups of the sampled bad-

gers for the isolates being compared.

4. The number of badgers that have dispersed between their main/sampled/infected groups

of the sampled badgers, for the isolates being compared.

5. Shortest path length between the main/sampled/infected groups of the sampled bad-
gers, for the isolates being compared. The shortest path was calculated on a weighted
adjacency matrix that recorded the number of badgers that dispersed between social
groups. The shortest path, on this adjacency matrix, between two groups was calcu-
lated using Dijkstra’s algorithm [196].

6. The mean number of badgers dispersing along the edges of the shortest path between

main/sampled/infected groups.

7. The number of badgers captured in both of the main/sampled/infected groups of the

sampled badgers, for the isolates being compared.
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8. The number of days overlap of the lifespans of each isolate’s sampled badgers.

9. The number of days overlap of the infected lifespans of the sampled badgers associated
with the isolates being compared. A badger’s infected lifespan started on the day of its

first positive test and ended with its last capture.

10. The number of days that the sampled badgers, of the isolates being compared, spent in

the same group together.

11. The number of days between the infection detection dates of the sampled badgers, for

the isolates being compared.
12. The number of days between the sampling dates for the isolates being compared.

The network, upon which the network based epidemiological metrics were calculated, was
built using the dispersal events that were recorded in the capture data. In this network, badger
social groups were treated as nodes. When a badger was captured in a group that was dif-
ferent to the group it was previously captured in, this was treated as a dispersal event and an
edge between the social groups involved was added to the network. The number of dispersal

events across each edge was also recorded.

Genetic distances between the high quality isolates sourced from badgers, were calculated
and compared to epidemiological metrics. The comparison between genetic and epidemio-
logical data was completed using a Random Forest regression model [197], which fitted the
epidemiological metrics to the corresponding genetic distances. The same fitting procedure
was also completed using a Boosted Regression model [227]. The model fitting was com-
pleted in the statistical programming environment R (v3.2.1 [194]). Genetic distances <15
SNPs were used for these comparisons to avoid fitting very large genetic distances, which
wouldn’t relate to the epidemiological information available, since these data correspond to
the recent dynamics in Woodchester Park. The 15 SNP threshold was chosen to select the
inner part of the bimodal inter-isolate genetic distance distribution, thereby retaining within-,

and ignoring between-, clade distances.

The Random Forest and Boosted Regression models are tree-based machine learning algo-
rithms. In each, a large number of decision trees are built using explanatory variables (epi-
demiological metrics) and a response variable (inter-isolate genetic distances) [197, 227].
Each node of a decision tree splits the data based upon an explanatory variable and its thresh-
old. The choice of which explanatory variables and their thresholds at each node, are done to
minimise the predictive error of the tree (the difference between actual and predicted genetic
distances). To model the continuous inter-isolate genetic distances, regression models were
necessary. In the current research the decision trees represented regression trees. Regres-
sion trees, instead of defining response categories at the tips of the tree, as a classification

tree would, provide a single predicted response value at each tip of the tree. These single
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predicted values are calculated as the mean of the response values that remain at each tip,
following the splits based upon the criteria at the previous internal nodes. Decision tree based
algorithms were selected in the current research because of their flexibility and insensitivity
to uninformative or highly correlated explanatory variables [197,227]. The explanatory vari-
ables considered here, the epidemiological metrics, were often highly correlated and highly

variable in terms of their informativeness.

Although both the Random Forest and Boosted Regression algorithms are based upon the
same decision tree structures, they differ in other respects. The Random Forest algorithm
builds a forest of random, independent, decision trees [197]. The final predictive Random
Forest model aggregates the results of each of the trees in its forest. The Boosted Regression
algorithm also builds a large number of decision trees but, in contrast to the Random Forest
model, these trees aren’t independent - each tree is built upon the residuals of the previous
trees [227]. This iterative process is designed such that the model is continually improved, by
targeting what is being poorly predicted by the current combination of decision trees. Both
the Random Forest and Boosted Regression algorithms were used for the current research so

as to increase the robustness of the analyses by using two different approaches.

4.2.6 Interspecies Phylogenetic and Epidemiological Investiga-
tion of Cattle and Badger Isolates

Following the examination of each isolate’s genome sequence, labelling and sequencing qual-
ity, 163 and 81 isolates sourced from infected badgers and cattle, respectively, were available.
Fifty-four of the 81 cattle isolates had genome coverage >90%. A maximum likelihood phy-
logenetic tree was constructed in the program PHYLIP (v3.695 - [204]) and rooted against the
reference sequence - AF2122/97. Using this tree it was possible to identify potential inter-
species transmission events by examining which isolates were closest to the root of each
clade. For example, if a clade contained closely related isolates from badgers and cattle,
and an isolate from a cow was closest to root of the clade then that was taken as an indica-
tion of a potential transmission event from cattle into badgers. Clusters of highly genetically
related isolates were defined surrounding the potential inter-species transmission events (Fig-
ure 4.6). For each cluster, the life histories of the associated sampled badgers and cattle were
interrogated to investigate whether there was additional evidence available to determine the
direction of transmission by providing information on the potential temporal sequence of

events that led to infection.

For each of the clusters defined in the phylogenetic tree, the life histories of the sampled
animals were interrogated. Here, life history refers to the recorded data regarding the cap-
ture/movement history of cattle/badgers surrounding/within Woodchester Park and the dates
and results of their bTB tests. The sampled animals were linked to their respective databases

(CTS for cattle, and Woodchester Park capture data for badgers) via an eartag number (for
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cattle) or a unique tattoo (for badgers). An animal’s observed lifespan started when they
were first recorded in their respective databases and ended on the date of their last observa-
tion. Over the course of each sampled animal’s observed lifespan, the dates of bTB testing
and sampling events were examined. In addition to interrogating the life histories of the sam-
pled animals, the histories of in-contact animals were investigated. An in-contact animal was
defined as an animal that lived in the same herd/social group at the same time as a sampled

animal.

The bTB tests (Table 4.1) conducted on badgers in Woodchester Park resulted in a positive
or negative reaction. Cattle tested using the SICCT were defined as reactors (positive), in-
conclusive reactors or negative. Inconclusive reactors were those animals where a difference
between the hypersensitivity reactions to injected bovine and avian tuberculins was evident,

but not above the threshold used to define reactors.
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4.3 Results

4.3.1 Intraspecies Investigation of Inter-lsolate Genetic Distances
of Isolates from Badgers

Both the Random Forest and Boosted Regression models were able to accurately predict the
inter-isolate genetic distances using the available epidemiological metrics. A Pearsons cor-
relation between the predicted and actual distances produced a value of 0.85 for the Random

Forest model and 0.91 for the Boosted Regression model.

The Random Forest and Boosted Regression models ranked each of the epidemiological met-
rics, by their informativeness in the fitting procedure. The Random Forest algorithm mea-
sures the informativeness of predictor variables by how much the prediction error of the
model increased, when the values of each of the predictor variable were randomly permuted
[197]. The Boosted Regression model measures the informativeness of predictor variables
by examining the number of times each variable is chosen at each node of each decision tree
to split the data, and by how much the model prediction is improved as a result of that variable
being used [227]. There was good agreement between the predictor variable rankings by the

Random Forest and Boosted Regression models (Figure 4.3).

Almost all the epidemiological metrics were informative in describing the variation in the
inter-isolate genetic distances (Figure 4.3). The temporal variables, describing the differ-
ence in days between the sampling and infection dates, were the most informative. The next
best variables were spatial and network based metrics: the spatial distance between and the
number of badgers that lived on both of the main groups of sampled badgers for the isolates
being compared. The least informative variables were those with binary answers, regard-
ing whether the isolates came from the same badger or whether the sampled badgers were
infected or sampled in the same group. In general, variables that referred to the sampled bad-
ger’s main group were more informative than those that referred to the infected or sampled
groups. The main group for each badger was defined as the social group that the badger spent
the most time in. The variables that counted the number of badgers dispersing between so-
cial groups were less informative than those that noted how many badgers lived on both the
groups being compared. By examining the number of badgers that lived on both, rather than
the number that dispersed between, badger groups, both indirect and direct movements were
accounted for. The variables that included the mean number of badgers dispersing along the
shortest path between badger social groups, in comparison to those that only measured the

length of the shortest path, were more informative.
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Number days separating infection detection dates of sampled badgers

Number days separating sampling dates of sampled badgers

Spatial distance (km) between main groups of sampled badgers

Number badgers that lived on both main groups of sampled badgers

Number days overlap of lifespans of each isolates sampled badgers

Number badgers that lived on both infected groups of sampled badgers

Spatial distance (km) between infected groups of sampled badgers

Mean number badgers dispersing along edges of shortest path between main groups
Number badgers that lived on both sampled groups of sampled badgers

Spatial distance (km) between sampled groups of sampled badgers

Mean number badgers dispersing along edges of shortest path between infected groups
Mean number badgers dispersing along edges of shortest path between sampled groups
Number days overlap of infected lifespans of sampled badgers

Shortest path length between main groups of sampled badgers

Number badgers dispersing between main groups of sampled badgers

Isolates taken from badgers with same main group (yes/no)

Number days the sampled badgers spent in the same group

Shortest path length between infected groups of sampled badgers

Number badgers dispersing between infected groups of sampled badgers

Number badgers dispersing between sampled groups of sampled badgers

Shortest path length between sampled groups of sampled badgers

Isolates taken from badgers with same infected group (yes/no)

Isolates taken from badgers with same sampled group (yes/no)

Isolates taken from the same badger (yes/no)

Variable Importance

Boosted Regression
Random Forest

Figure 4.3: The relative importance of the epidemiological metrics used in the Random Forest

(green) and the Boosted Regression (purple) models. The metrics were coloured if they were

based on temporal (gold), spatial (red) or network (blue) data, otherwise they were left black.
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4.3.2 Interspecies Phylogenetic and Epidemiological Investiga-
tion of Cattle and Badger Isolates

When clades were defined by a 15 SNP threshold, 10 separate clades could be defined (Fig-
ure 4.4). These clades demonstrated a limited degree of spatial clustering. The cattle associ-
ated with the red clade (n=8), which contained 131 badger isolates, were found on farms that
were <5km from Woodchester Park. Similarly, the pink clade (contained 15 badger and 3
cattle isolates) was very closely associated with Woodchester Park. In contrast, for the blue,
orange and cyan clades, which contained only cattle isolates (n=6, n=7, and n=3, respec-
tively), no cattle were sampled on farms closer than those sampled for the isolates from the
pink and red clades. The isolates sourced from cattle were considerably more diverse than
those from badgers. The majority of the isolates sourced from badgers were situated in a
dense highly genetically similar clade - red in Figure 4 4. In contrast, the isolates from cattle

were found in several highly distinct clades.

Using the phylogeny it was possible to identify clusters where inter-species transmission
events may have recently occurred, by identifying cattle and badger isolates that were highly
genetically similar (Figure 4.5). A number of the lower quality isolates also fell within the
defined clusters. The presence of these isolates within the clusters should be stable but the
length of the branches joining these isolates to the phylogeny must be considered unknown.
In clusters 0, 1, and 2, the presence of a number of cattle isolates towards the root of these
clusters suggested that the outbreaks represented by these sampled clusters may have begun
in the cattle population. In contrast, a larger number of badgers were associated with clusters
3 and 4, and the isolates sourced from cattle were fewer and nested within groups of isolates

from badgers. A zoomed in version of the clusters defined in Figure 4.5 is shown in Figure 4.6.

4.3.3 Interrogating the Sampled Animals in the Defined Clusters

The recorded movements and capture events of the sampled and in-contact cattle and badgers
associated with each cluster were interrogated. In addition, the bTB testing histories for each
sampled animal were examined. A number of metrics were recorded during the interrogation
of the sampled animals involved in each cluster, these were recorded in Table 4.2. This table

provides a summary of the figures that follow it.

In cluster O (Figure 4.7), all four badger isolates came from a single animal during its only
capture event. The two cattle isolates came from two different cows. For one of the sampled
cattle, it wasn’t possible to link their eartag to any movements in the CTS database, although
test data was available. Both cows were present and infected after the sampled badger. Four
hundred and eighty three unsampled in-contact cattle were associated with the sampled cow
for which movement data were available. Fifty-one of these in-contact cattle reacted to the
SICCT test (Table 4.2). The two sampled herds (herds that the sampled cattle were taken
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Figure 4.5: A maximum likelihood phylogenetic tree built using PHYLIP [204], rooted
against the M. bovis reference genome, AF2122/97 [102]. Assigned clusters were coloured
as follows: cluster O = cyan, cluster 1 = pink, cluster 2 = green, cluster 3 = orange and cluster
4 = purple. The reference sequence was represented by a black triangle. The sizes of the tips
on the phylogeny were scaled according to the sequencing quality as determined by the pro-
portion of the reference genome that had sufficient coverage (DP>20). Isolates from cattle

and badgers are represented by blue triangles or red circles.

Page 97



Joseph Crispell Chapter 4: Inter-species transmission of bTB in Woodchester Park

1SNP

A « . " 1sNP

»

Cluster 4

1sNP Coverage:

Species:
A COW
« BADGER

Figure 4.6: The phylogenetic relationships between the M. bovis isolates in the clusters de-
scribed in Figure 4.5. The sizes of the tips on the phylogeny were scaled according to the
sequencing quality as determined by the proportion of the reference genome that had suffi-
cient coverage (DP>20). Isolates from cattle and badgers are represented by blue triangles

or red circles.
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Table 4.2: A summary of the defined clusters described in Figure 4.5. Where necessary,
values were rounded to 2 significant digits. The rows are coloured by whether they refer to

temporal (gold), genetic (grey), spatial (red) or network (blue) characteristics.

Cluster-0  Cluster-1 Cluster-2 Cluster-3 Cluster-4

Number of badgers sampled 1 6 5 13 36
Number of cattle sampled 2 5 12 2 4
Number of in-contact badgers that tested positive 3 50 18 72 151
Number of in-contact cattle that tested positive 51 91 96 11 20
Number of in-contact badgers that NEVER tested positive 2 28 19 78 132
Number of in-contact cattle that NEVER tested positive 434 789 938 33 311
Minimum patristic distance (SNPs) of the sampled badgers to the MRCA of cluster 1.89 341 5.39 047 0.0
Minimum patristic distance (SNPs) of the sampled cattle to the MRCA of cluster 1.89 1.42 047 047 1.14
Mean spatial distance (KM) from the sampled herds to Woodchester Park 6.0 2.52 501 29 1.94
Mean number of movements of sampled cattle to or from the sampled herds 1.5 1.6 1.67 1.0 1.0
Mean number of movements of in-contact animals that tested positive to or from the sampled herds 51.0 352 11.0 9.5 0.75
Mean number of movements of in-contact animals that NEVER tested positive to or from the sampled herds 433.0 303.0 126.89 31.0 55.75

from) were approximately 6km from Woodchester Park (Figure 4.8).

In cluster 1 (Figure 4.9) the isolates were taken from six badgers and five cattle that lived
between 1998 and 2011. Infection was detected in three badgers before it was detected in the
sampled cattle. There were 880 in-contact cattle that encountered the sampled cattle, 91 of
these cattle reacted positively to the SICCT (Table 4.2). Those in-contact cattle that reacted to
the SICCT, did so between 2002 and 2014. The sampled badgers encountered 53 (of 81) un-
sampled in-contact badgers that reacted positively to bTB testing at some point in their lives
and the infection was detected in 30 of these in-contact badgers before 2002. The sampled
cattle with strains associated with cluster 1 were sampled in five different herds within 5 km
of Woodchester Park (Figure 4.10). These sampled herds were associated with an average of
2-3 recorded movements of the sampled cattle associated with cluster 1 (Table 4.2). Three of
these sampled herds were directly linked by recorded cattle movements. The sampled herds
were, on average, involved in almost 60 recorded movements of unsampled in-contact cattle
that reacted positively to the SICCT. The sampled badgers lived in 3 different social groups,

two of which were directly connected through the recorded movement of sampled animals.

In contrast to those animals associated with cluster 1, in cluster 2 (Figure 4.11) infection
was first detected in a sampled cow in July of 2002. The lifespans of the five badgers and
12 cattle associated with cluster 2, spanned from 2001 to 2011. 96 of the 1031 in-contact
cattle, which encountered the sampled cattle from cluster 2, reacted positively to the SICCT
(Table 4.2). 47 of the 96 in-contact cattle had reacted positively to the SICCT by the end
of 2004. The sampled cattle from cluster 2 were sampled on nine different farms that were
an average of Skm from Woodchester Park (Figure 4.12). These nine herds were involved
with an average of five recorded movements of sampled cattle, and 33 recorded movements
of in-contact animals that reacted positively to the SICCT. 18 of the 37 in-contact badgers
found, tested positive for bTB and two of these badgers were present in 1997. The sampled
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Figure 4.7: The observed lifespans and testing history of the sampled cattle and badgers
from cluster O and of the associated unsampled in-contact animals. BOTTOM: The observed
periods available for each sampled animal and the dates of their bTB testing and sampling
events. MIDDLE: A summary of the unsampled in-contact cattle. The grey line represents
the number of unsampled in-contact cattle alive on each date between 1990 and 2015. The
red and blue lines show the numbers of test reactors (inconclusive in blue and reactors in red)
on each date. TOP: A summary of the unsampled in-contact badgers. The total number of
unsampled in-contact badgers alive between 1990 and 2015 is represented by a grey line, the

number of those in-contact badgers that tested positive is shown by the red line.
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Figure 4.9: The observed lifespans and testing history of the sampled cattle and badgers from
cluster 1 and of the associated unsampled in-contact animals. BOTTOM: The observed peri-
ods available for each sampled animal and the dates of their bTB testing and sampling events.
The horizontal red dashed line separates the isolates with high genome coverage (>=90%)
from those with poor coverage. MIDDLE: A summary of the unsampled in-contact cattle.
The grey line represents the number of unsampled in-contact cattle alive on each date between
1990 and 2015. The red and blue lines show the numbers of test reactors (inconclusive in blue
and reactors in red) on each date. TOP: A summary of the unsampled in-contact badgers. The
total number of unsampled in-contact badgers alive between 1990 and 2015 is represented
by a grey line, the number of those in-contact badgers that tested positive is shown by the red

line.
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badgers lived in 3 different social groups, two of which were directly connected through the

recorded movements of sampled animals.
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Figure 4.11: The observed lifespans and testing history of the sampled cattle and badgers
from cluster 2 and of the associated unsampled in-contact animals. BOTTOM: The observed
periods available for each sampled animal and the dates of their bTB testing and sampling
events. The horizontal red dashed line separates the isolates with high genome coverage
(>=90%) from those with poor coverage. An empty blue diamond is used to show when
a sequence associated with a different cluster was sampled. MIDDLE: A summary of the
unsampled in-contact cattle. The grey line represents the number of unsampled in-contact
cattle alive on each date between 1990 and 2015. The red and blue lines show the numbers
of test reactors (inconclusive in blue and reactors in red) on each date. TOP: A summary of
the unsampled in-contact badgers. The total number of unsampled in-contact badgers alive
between 1990 and 2015 is represented by a grey line, the number of those in-contact badgers

that tested positive is shown by the red line.
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Sequences in cluster 3 originated from two cattle and 13 badgers (Figure 4.13). Infection
was detected in two of the sampled badgers before it was detected in the sampled cattle. The
lifespans of the sampled animals spanned 15 years from 1995 to 2010. The sampled badgers
encountered 153 in-contact badgers and 75 of these in-contact animals tested positive for
M. bovis infection (Table 4.2). By 1996 four in-contact badgers infected with M. bovis were
alive. Movement data were only available for one of the sampled cattle, this cow encountered
44 in-contact cattle. All of the 11 in-contact cattle that reacted positively to the SICCT did
so after 2005. Two herds, one within Woodchester Park’s grounds, were associated with the
sampled cattle from cluster 3 (Figure 4.14). The 13 sampled badgers lived in eight different
social groups that were all directly connected via the recorded movements of sampled and

in-contact badgers.

Cluster 4 contained sequences from four cattle and 36 badgers (Figure 4.15). Infection was
detected in the cattle five years after it was detected in the sampled badgers (Table 4.2). The
observed lifespans of the sampled animals began in 1993 and ended in 2010. All 20 of the
331 in-contact cattle that reacted positively to the SICCT did so after or during 2002. 162
of the 307 in-contact badgers tested positive for M. bovis infection and 72 of these badgers
had tested positive before infection was detected in any sampled cattle (March 2002). There
were four different sampled herds that were within 3km of Woodchester Park (Figure 4.16),
three were within the grounds. These herds weren’t connected by any recorded movements of
sampled or in-contact cattle. 13 of the 17 badger social groups that the sampled badgers lived

on, were directly connected via the recorded movements of sampled or in-contact badgers.
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Figure 4.13: The observed lifespans and testing history of the sampled cattle and badgers
from cluster 3 and of the associated unsampled in-contact animals. BOTTOM: The observed
periods available for each sampled animal and the dates of their bTB testing and sampling
events. An empty blue diamond is used to show when a sequence associated with a different
cluster was sampled. MIDDLE: A summary of the unsampled in-contact cattle. The grey
line represents the number of unsampled in-contact cattle alive on each date between 1990
and 2015. The red and blue lines show the numbers of test reactors (inconclusive in blue and
reactors in red) on each date. TOP: A summary of the unsampled in-contact badgers. The
total number of unsampled in-contact badgers alive between 1990 and 2015 is represented
by a grey line, the number of those in-contact badgers that tested positive is shown by the red

line.
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Figure 4.15: The observed lifespans and testing history of the sampled cattle and badgers
from cluster 4 and of the associated unsampled in-contact animals. BOTTOM: The observed
periods available for each sampled animal and the dates of their bTB testing and sampling
events. An empty blue diamond is used to show when a sequence associated with a different
cluster was sampled. MIDDLE: A summary of the unsampled in-contact cattle. The grey
line represents the number of unsampled in-contact cattle alive on each date between 1990
and 2015. The red and blue lines show the numbers of test reactors (inconclusive in blue and
reactors in red) on each date. TOP: A summary of the unsampled in-contact badgers. The
total number of unsampled in-contact badgers alive between 1990 and 2015 is represented
by a grey line, the number of those in-contact badgers that tested positive is shown by the red

line.
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4.4 Discussion

Woodchester Park, in the southwest of England, is home to a naturally infected high den-
sity badger population and is surrounded by cattle herds. The prevalence and extent of M.
bovis infection in the southwest of England has been increasing, and badger populations are
heavily implicated [57, 151]. Woodchester Park represents an ideal location to investigate
the transmission of bTB within and between badger and cattle populations. The current re-
search provides evidence that a sampled badger population was capable of maintaining M.
bovis infection independently, and that multiple transmission events occurred between this

population and the sampled cattle, in both directions.

A high proportion (approximately 70%) of the variation in the genetic distances between
the badger isolates can be explained by a statistical model incorporating spatial, temporal and
network-based metrics. The informativeness of the temporal, spatial and network based epi-
demiological metrics suggests that M. bovis infection is being transmitted via the movements
and contact patterns of the badgers within the sampled population. The dominant red clade
in Figure 4.4 contained 139 badger isolates and eight cattle isolates, all of which were less
than 10 SNPs apart. There were infected badgers involved in clusters 3 & 4 from Figure 4.5
between 1997 and 2010 (Figure 4.13 & Figure 4.15). Since these clusters were from within
the red clade, defined in Figure 4 .4, this suggests that the dominant strain at Woodchester
Park has been circulating for over a decade. A population can act as a maintenance reservoir
when infection is able to persist within it through time, without continued introductions from
outside the population. Given the agreement between the epidemiological and genetic data,
the high genetic similarity in the badger isolates, and the evidence of prolonged outbreaks
in the sampled badger population, these data suggest that the badger population within and

surrounding Woodchester Park is capable of acting as a maintenance reservoir for bTB.

For badger populations to be important in the spread and persistence of bTB in UK cat-
tle populations, badger to cattle transmission must occur. The observed lifespans and bTB
testing histories of the badgers and cattle associated with clusters 3 & 4 suggest that the repre-
sented strains of M. bovis originated in the sampled badger population. In cluster 4, infection
was detected in half of the sampled badgers before any of the sampled cattle (Figure 4.15),
was circulating within 13 (of 17) connected badger social groups (Figure 4.16), was found
on cattle farms that weren’t connected but were within 3km of Woodchester Park, and the 20
infected in-contact cattle involved, were infected late in the outbreak (Table 4.2). In cluster 3,
the evidence was less substantial but the sampled badgers were circulating in eight connected
social groups, infection was first detected in the sampled badgers, and only two sampled cattle
were involved, one of them lived on a farm that was within Woodchester Park’s grounds. No
recorded cattle movements linked the two farms that the sampled cattle lived on. However,

it wasn’t possible to link one of the sampled cows to any movement data.
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Transmission from cattle to badgers presents a mechanism by which the maintenance po-
tential of local badger populations could be linked to the long distance mobility of cattle.
There was evidence that the strains represented by cluster 2 originally circulated in the sam-
pled cattle population, and spread into the sampled badgers. In cluster 2, infection was first
detected in the sampled cattle. These sampled cattle encountered 96 in-contact cattle that
tested positive for bTB - 18 of which were infected before any sampled badgers. In addi-
tion, the sampled cattle lived on highly connected herds that were an average of Skm from
Woodchester Park, and were closest to the ancestor of the cluster. The five sampled badgers
involved, lived in groups that weren’t connected via the recorded movements of sampled or
in-contact badgers. In addition, Figure 4.5 shows that clusters 0, 1, and 2 are distinct (approx-
imately 20 SNPs) from the main strain circulating in Woodchester Park. These clusters may
represent strains that were introduced and are becoming established. In the case of cluster 2,

the WGS and epidemiological data suggest that its ancestor originally resided in cattle.

The WGS data available for the sampled cattle and badger population surrounding and
within Woodchester Park provides evidence, both of the maintenance ability of a high den-
sity badger population, and of inter-species transmission of bTB between cattle and badgers.
However, there are problems with the data that was analysed. The badger population, al-
though densely sampled, was only sampled within a limited spatial range. The 100 cattle
isolates represent a large under-sampling for the cattle population (Figure 4.2). Figure 4.2
demonstrates that farms around Woodchester Park were more densely sampled, and that these
included slightly more beef than dairy farms. In addition, the potential to detect M. bovis in-
fection in both cattle and badgers is limited, as a result of the low sensitivities of the diagnostic
tests available, which means that there may be a large number of undetected infected animals
whose impact is difficult to quantify. The evidence for badger to cattle transmission, and
the maintenance role of the sampled badger population, should be unaffected by these data
issues, since the badger population was densely sampled and cattle were found carrying the
dominant strain present in the badger population. The evidence for cattle to badger trans-
mission may be affected if badgers outside of Woodchester Park are found to carry similar

strains to the cattle.

Despite the limitations of the current dataset the results and observations have important
implications. The sampled high density badger population appears to be acting as a main-
tenance reservoir providing a mechanism for local persistence of bTB within Woodchester
Park. A wealth of literature demonstrates that badgers and cattle interact [ 148, 147, 149, 151,
228] and the WGS data available provides strong evidence of badger to cattle transmission.
Recurrence of M. bovis infection on cattle farms is a problem across the UK [81]. In Ireland,
badger populations are recognised as a means of local persistence and a driver of breakdown
recurrence [84, 82]. Surveillance and control of infection in a wildlife maintenance reservoir
is necessary to limit its spill-over potential. Despite its success in Ireland, badger culling has

been shown to be ineffective in the south of England [224,229]. Vaccination trials in badger
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populations in England are on-going [170], but the current vaccine does has limited efficacy
[230, 169]. A Test, Vaccinatate, or Remove (TVR) trial, which combines animal-side bTB
testing, vaccination, and culling, is on-going in Northern Ireland and may provide a publicly

acceptable and efficient means of controlling bTB in badger populations [172].

The current research presents evidence of inter-species transmission from cattle to bad-
gers. As Figure 4.2 demonstrates, there has been a large number of breakdowns in the herds
surrounding Woodchester Park. M. bovis infection is present in cattle populations across Eng-
land, although bTB is most prevalent in the southwest [57]. The high genetic diversity of the
cattle isolates may reflect links to the broader England-wide M. bovis population (Figure 4.5).
Whilst the dispersal of badgers is generally under 10km [231], cattle movements regularly
span hundreds of kilometres [226]. These long distance cattle movements are recognised as
an important driver of the spread and persistence of bTB in the UK cattle population [73].
Importantly, if cattle to badger transmission of bTB does occur, as the current research sug-

gests, it could be a mechanism for creating and linking local reservoirs.

Woodchester Park provided an opportunity to investigate the transmission of bTB be-
tween cattle and wildlife. WGS provides the highest possible genetic resolution to inform
this investigation. Cattle and badgers from Woodchester Park were sampled and the isolated
M. bovis was sequenced. The genetic relationships between the isolates suggested that the
badgers were maintaining M. bovis infection and that inter-species transmission was occur-
ring in both directions, although a single host species dominated in each observed cluster.
The detailed epidemiological data available for the sampled populations was interrogated
and corroborated the patterns in the genetic data. These findings have important implications
for the control of bTB in the UK. Surveillance operations of local badger populations may be
necessary to identify and limit the spill-over risk of local maintenance reservoirs. In addition,
reducing the amount of cattle moving out of high prevalence areas will be necessary to limit

the long-distance spread of bTB.
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Chapter 5

General Discussion

5.1 Summary of Findings

Mycobacterium bovis is the bacterium responsible for bovine tuberculosis (bTB). It is well
adapted to surviving in multiple hosts and exploits this ability in order to persist in situations
where a single-host pathogen could be eradicated. Control of bTB in livestock populations,
deemed necessary due to the health and economic burdens of the disease, is often hindered
when wildlife reservoirs are present. In the United Kingdom (UK), the European badger
(Meles meles) is thought to act as a reservoir for infection [ 18], whereas the brushtail possum
(Trichosurus vulpecula) plays this role in New Zealand [16]. The presence of these wildlife
hosts greatly complicates bTB control in these countries. The overall aim of this thesis was to
describe an investigation into the transmission of bTB within and between wildlife and live-
stock populations by exploiting Whole Genome Sequenced (WGS) M. bovis isolates taken
from bTB systems in New Zealand and the UK.

The continuing advances of available sequencing technologies, in speed, accuracy and
price, now means that WGS could be incorporated into routine surveillance as a molecular
typing tool, replacing methods such as Variable Number Tandem Repeat (VNTR) typing and
spoligotyping. This transition will require the tools necessary to handle and process the vast
quantities of data that WGS produces. Chapter 2 of this thesis describes an automated pro-
cedure to inform the selection of quality thresholds used in the processing of WGS data. The
selection of quality thresholds is usually informed by expert knowledge and published liter-
ature. This chapter examined WGS data taken from different systems in the UK and New
Zealand in relation to spatial, temporal, and network data and demonstrated that the epidemi-
ological data available for the sampled bTB systems could additionally be used to inform this

selection process.

If WGS data is to be incorporated into the routine surveillance of bTB in livestock it

should, ideally, have good agreement to other molecular typing methods that are in use.
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A good agreement will ease the transition from previous methods to WGS. In Chapter 3,
there was a high level of agreement between the Restriction Endonuclease Analysis (REA)
types and the phylogenetic relationships between the WGS M. bovis isolates (Figure 3.3).
Within each REA type, isolates could be further distinguished using variation present in their
genomes. One of the most exciting parts of the current surge in the use of WGS methods, is
learning how these high resolution genetic data can be used. The aim of the research described
in Chapter 3 was to use WGS to evaluate the role of the wildlife reservoir species found in
New Zealand - the brushtail possum (7richosurus vulpecula). Using the data available it was
only possible to show that M. bovis infection was passing between cattle and wildlife popu-
lations, but not to determine the direction of this transmission. Although the analyses of the
current data available weren’t able to quantify inter-species transmission rates, for reasons
discussed below, given the current situation in New Zealand with less than 40 herds across
the whole country infected with M. bovis [60], the current predominant direction of transmis-

sion is likely to be from possums to cattle.

The inability to provide directional estimates of inter-species transmission between wildlife
and cattle in New Zealand, based on the WGS dataset available for this system, was partly
due to sampling biases. The extent of the effect of these sampling biases was examined
using a simple simulation model, which is described in Appendix A. Biased sampling of
the pathogen across time and multiple host populations produced potentially misleading es-
timates of inter-population transmission rates. Therefore, interpretation of the inter-species
rate estimates when such biases exist (such as is the case with the New Zealand dataset) must

be bolstered by a thorough examination of these biases as was done here.

The WGS data available from New Zealand provided the opportunity to estimate the
substitution rate for M. bovis in New Zealand. This rate can be used as a prior for future in-
vestigations into the separation times of distinct epidemiological populations. An additional
simulation study demonstrated that the broad credible intervals surrounding this estimate
may have resulted from the narrow sampling window, relative to the potential number of
M. bovis generations involved for the sampled population (Appendix A). Importantly, Chap-
ter 3 demonstrates that WGS is most powerful when the sampling is conducted appropriately.
Sampling of a pathogen in multiple populations should be conducted relative to the incidence
of the pathogen in each population. For the particular pathogen it is important to consider
how quickly genetic variation is generated. The temporal and spatial sampling ranges should
be broad enough to observe genetic variation at the same scale as that of the epidemiological
questions being asked. For example, if you were interested in the within-herd dynamics of
bTB, densely sampling a herd across a single year would result in a large number of almost
identical M. bovis strains that aren’t very informative. Whereas, sampling the same herd
over a number of years would generate considerably more genetic variation and potentially
provide insights into the within-herd dynamics. In this case, since the aim of Chapter 3 was

to examine inter-species transmission of bTB it may have been more appropriate to retain a
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broad sampling timeframe but focus the sampling efforts on a smaller spatial scale.

In the course of the analyses of the WGS data from the New Zealand isolates, evidence
of mislabelling was uncovered. Isolates of the same REA type, which were expected to be
genetically similar, were highly genetically distinct. Additional VNTR assays were con-
ducted (by Marian Price-Carter, a collaborator in New Zealand) and the mislabelled isolates
identified were removed from any further analyses. Using spoligotyping data, a similar pat-
tern revealed mislabelling in the WGS dataset from Woodchester Park (Appendix B). The
spoligotyping information revealed mislabelled isolates. The detailed epidemiological data
available for the sampled badger population provided an additional means of investigating
the extent of the mislabelling. For any mislabelled isolates, it would be expected that the re-
lationship between the proposed epidemiological metrics and the observed genetic distances
should be damaged, so long as the set of metrics include the most important factors describing
the epidemiological distances between the isolates. Therefore, isolates whose pairwise ge-
netic distances were poorly described by the epidemiological metrics were removed as these
were most likely to have been mislabelled. Unfortunately this means that correctly labelled
isolates that don’t relate well to the available epidemiological data, as a result of interesting
and unanticipated interactions, may be removed. The high level of agreement between the
genetic and epidemiological data, overall, suggested the extent of the mislabelling was lim-
ited and unlikely to impact any conclusions drawn. Mislabelling is an unfortunately common
occurrence but the current research shows that if WGS and epidemiological data, which here
included other molecular typing data, are interpreted in combination, inconsistencies can be

revealed and removed.

The cattle and badger populations surrounding and within Woodchester Park provided an
ideal system to investigate inter-species transmission at a local scale (Chapter 4). WGS data
from isolates, sampled across 15 years, were accompanied by extremely detailed records of
the sampled population dynamics. These data were analysed to determine the direction and
extent of inter-species transmission in this bTB system. Unfortunately, sampling biases were
present in this dataset with considerably more isolates from badgers sequenced than from
cattle. In addition, the badgers were sampled from within a smaller spatial area. Keeping
these biases in mind, there was considerable evidence available to suggest that inter-species
transmission was occurring between the sampled cattle and badger populations, in both di-
rections. In addition, the detailed epidemiological data available for the sampled badger pop-
ulation was used to demonstrate that genetic signatures in the badger isolates could be tied,
using machine learning approaches, to the recorded spatial, temporal, and network dynamics
of the sampled population (Figure 4.3). These strong genetic signatures of the badger popu-
lation dynamics in Woodchester Park, alongside the evidence of outbreaks persisting for over
a decade (Figure 4.13 & Figure 4.15) suggested that the sampled high density badger pop-
ulation was acting as a maintenance reservoir. If, as the current data suggests, inter-species

transmission does occur in both directions and badger populations can maintain infection in-
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dependently, the inter-species transmission provides a mechanism by which the long distance
mobility of UK cattle populations can be linked to the maintenance role of local badger pop-

ulations.

To understand the role of a wildlife reservoir in the spread and persistence of bTB in
cattle populations, quantifying the extent of transmission between livestock and wildlife is
essential. Chapter 3 & Chapter 4 provide a detailed description of some of the methods used to
investigate inter-species transmission between livestock and wildlife in the United Kingdom
and New Zealand. These analyses demonstrate the relevance of wildlife reservoirs in the
control of bTB in cattle populations, but also highlight how sampling biases can influence

results.
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5.2 Limitations, Opportunities and Future Directions

This thesis describes a series of methods and analyses conducted to investigate inter-species
transmission of bTB using WGS. It is important to understand the results of these chapters
in the context of the limitations of the data used and analyses conducted. The future progres-
sion of the research described in this thesis will involve addressing and accounting for these

limitations, as well as incorporating new data and analyses.

Chapter 2 details an automated procedure to inform the selection of quality criteria to
be used in a processing pipeline for WGS data. This procedure relies upon available epi-
demiological data, and therefore the degree to which it can be informative is limited by the
quality of the epidemiological data available. A further limitation of these analyses was effec-
tively avoiding over-fitting. In some cases if too strict quality filtering was implemented, the
variation explained by the fitted Random Forest model improved. Simply selecting the qual-
ity thresholds that resulted in a fitted Random Forest model explaining the highest amount
of variation in the inter-isolate genetic distances would have meant using very strict filter
thresholds, keeping very high quality, and likely true, genetic data but discarding a lot of
genetic data that may have proved informative. In Chapter 2 this was addressed by using
the number of sites removed by the filtering as an indication of when the filtering was too
harsh. An improvement to the analyses could be the development of a method that penalises

quality filtering by automatically accounting for the number of sites that the filtering removes.

The analyses in Chapter 2 were limited to only six quality filters. Additional quality filters
could be incorporated. For example, the general quality score - QUAL - that has been used
previously on WGS M. bovis data (Table 2.1) could be examined. In addition, the threshold
ranges for the quality filters investigated could be broadened to allow for the effects of stricter

thresholds to be examined.

The filter sensitivity analysis could be further improved by examining convergences of
SNPs. Convergent SNPs, observed between isolates without a recent shared ancestry, are
more likely to be errors, since the low substitution rate of M. bovis (Table 3.3) means that
there is a low probability that a mutation will occur at the same position on a genome more
than once. If many of these convergent events were observed, this could be an indication that
the quality processing conducted was ineffective. Convergent SNPs have been considered
for WGS M. bovis [25] and M. tuberculosis [117,232] before. Therefore, the filter sensitivity
analysis could be improved by incorporating a metric describing the number of convergent

SNPs, which were present in a WGS M. bovis dataset, following quality filtering.
An important step in the incorporation of WGS into routine bTB surveillance will be the

development of a standard bioinformatics pipeline to process and handle the vast quantities

of data that such surveillance would produce. Chapter 2 represents a stepping stone in that

Page 118



Joseph Crispell Chapter 5: General Discussion

direction. Such analyses could be used to inform the quality filtering undertaken in the au-
tomated pipeline. A fully automated pipeline would have to be generalisable, able to handle
data from a variety of sequencing platforms producing data with varying degrees of quality,
in addition to being at least as accurate as the semi-automated approaches currently used. An
important consideration, with the generation of WGS M. bovis data from across the world,
will be how these data can be compared whilst accounting for the large amount of genetic and
epidemiological history that separates the datasets. This problem was alluded to in Chapter 3,
where, although over 300 WGS M. bovis isolates across New Zealand were available, only a
small subset of these could be used, since the large between-clade genetic distances relate to

epidemiology that wasn’t on the same scale as the epidemiological questions of interest.

The selection of a small subset of the available isolates for Chapter 3 demonstrates an
important point. If WGS is to be used effectively, it is important to recognise its limitations,
and how sampling is conducted is a big part of that. A continuation of the research in Chap-
ter 3, using the same data, could be done to address a different question. For example, were
movement data regarding the sampled cattle populations available, it might be possible to
use the WGS data to recognise patterns of movements that were associated with bTB spread.
In the future when more WGS data for M .bovis isolates are available, the inter-species trans-
mission question could be readdressed. To quantify the role of wildlife, cattle and wildlife
would ideally be sampled densely within a small spatial scale (10-20km) across as broad a
time scale (at least 5-10 years) as possible. Importantly, any sampling conducted would have
to be done in such a way that the dataset was representative of the underlying population

densities through time.

The simulation model described in Appendix A was designed to investigate the influence
of the types of biases observed in the New Zealand dataset. An analysis of the simulated ge-
netic data using BEAST, a phylogenetic analysis platform, provided an estimated substitution
rate that was consistently higher than the substitution rate specified in the model parameters.
This difference may have been the result of estimating the rate on a tree based structure. If
this can be shown to be true it would have important implications. Substitution rates based on
a phylogenetic tree could be overestimations, in situations where the true rate is low, relative
to the transmission rate. Once the difference between the specified and estimated substitution
rate is resolved, the analysis could be extended by increasing the complexity of the simulation
model; heterogeneity in the substitution rate could be explored. A simulated pathogen with
a highly variable substitution rate might be more representative of M. bovis. Factors such as

latency have been investigated as drivers of substitution rate variability for TB [120, 114].

The sequencing quality and sampling biases (representativeness) of the WGS data from
isolates sourced from infected badgers and cattle within and surrounding Woodchester Park
represent the main limitations of the analyses described in Chapter 4. The badger population

was sampled more densely and at a smaller spatial scale than the cattle population, which
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made it difficult to determine true cattle to badger spread. This bias could be mitigated if there
were additional data regarding the badger population surrounding Woodchester Park, such as
population densities and disease prevalence statistics. The bias of the sampling towards more
badgers was addressed by investigating the test and movement histories of unsampled cat-
tle, however it would be better mitigated if more WGS cattle isolates were available. The
poorer sequencing quality of a number of the cattle isolates used in the analyses described
in Chapter 4 is also an important consideration. The genetic data available for the poorly
sequenced isolates went through the same quality filtering as the other isolates did, therefore
their lower sequencing quality will result in less high quality information being available for
further analyses. The loss of information may have caused an underestimation of genetic
distances involving these isolates. This underestimation is unlikely to influence the results
discussed above, since the spatial, network and temporal patterns were investigated inde-
pendently of the genetic data. In addition, where the available genetic data place a poorly
sequenced isolate within a defined clade on the phylogeny, this placement is likely to be sta-
ble. In this chapter the issue of sequencing quality has been considered, but not dealt with.
Given the importance of the results found, it might be worthwhile to have the cattle isolates
with poor sequencing quality re-cultured and sequenced again or finding/developing phylo-

genetic inference methods that could explicitly account for the poorer sequencing quality.

The results presented in Chapter 4 suggest that inter-species transmission has occurred
in both directions between the sampled cattle and wildlife populations. The patterns ob-
served in the genetic, temporal, network, and spatial data act to corroborate one another and
make this argument more compelling. An improvement to this research would be to exam-
ine the genetic, temporal, network, and spatial patterns that result from randomly selecting
groups of isolates. The patterns of the random selections would provide a means of com-
parison, strengthening the conclusions if the patterns were different. In addition, ancestral
state reconstruction methods could be used to quantify inter-species transmission rates in the
sampled bTB system. However, as demonstrated in Chapter 3, these methods are highly sen-
sitive to sampling biases. De Maio et al. [233] recently developed a method that can conduct
ancestral state reconstruction methods whilst accounting both for the structured population
and sampling biases. A continuation of the work described in Chapter 4 will be to evaluate
whether this method can be applied to the Woodchester Park’s sampled bTB system. Given
that De Maio et al.’s [233] approach relies upon phylogenetic inference, and therefore genetic
distances, an important part of this future work will be considering the impact of including

the poorly sequenced cattle isolates.

Many of the sampled herds and social groups, in the Woodchester Park dataset, were
linked directly via the recorded movements of the sampled or in-contact cattle and badgers.
This observation suggests that cattle movements and badger dispersal are important mecha-
nisms of bTB transmission within the sampled cattle and badger populations. Cattle move-

ments have previously been shown to be an important means by which bTB is spread within
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the UK cattle population [73, 75]. Network measures were incorporated into the investiga-
tions of the inter-isolate genetic distances for the sampled badger population. If the sequenc-
ing quality of the cattle isolates could be improved, a similar analysis could be conducted to
determine whether network characteristics on a local scale relate to bTB transmission. We-
ber et al. [234, 235] recently used proximity loggers on resident badgers from Woodchester
Park and found that infected badgers were socially isolated within their own social group
but well connected to badgers within other social groups. The use of proximity loggers al-
lowed badger movement to be analysed at a finer scale than was available for the research
described in Chapter 4. The movements of sampled and in-contact badgers in Woodchester
Park recorded via the trapping data could be further examined to determine whether this re-
lationship between infection and spread could be observed on a larger coarser spatial scale.
If infected badgers were consistently involved in more dispersal events between groups than
susceptible badgers, this work could be extended to investigate whether being more mobile

resulted from or in M. bovis infection.

A much higher proportion of the in-contact badgers were found to have tested positive for
bTB in their lives than the in-contact cattle examined (Figure 4.7 , Figure 4.9, Figure 4.11,
Figure 4.13, & Figure 4.15). However, the proportion of in-contact badgers testing positive
for bTB at some point in their lives approximately matched that of the badger population as
a whole. Therefore this observation suggests that living in the same social group as a bad-
ger who tests positive isn’t an important predictor of future infection and highlights the high
prevalence of bTB in this high density badger population. Understanding the importance of
this finding and the difference in prevalence observed in the in-contact badgers and cattle

could be an aim of continued investigations of these data.

In this thesis, the analyses conducted and lessons learnt shouldn’t be restricted to the sys-
tems examined. There are wildlife reservoirs involved in the spread and persistence of bTB
in livestock around the world, wild boar and deer in Spain and France, buffalo in Africa,
and deer in North America [200]. If appropriate data becomes available, the methods used
here could be utilised elsewhere to investigate the role of these different wildlife reservoirs.
Outside of bTB systems, defining the role of species in multi-host communities is a consid-
erable challenge and quantifying the extent and direction of inter-species transmission is an

important part of this.
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Conclusions

This thesis describes research that aimed to use WGS data of M. bovis to investigate the trans-
mission of bTB within and between cattle and wildlife populations. Statistical, mathematical

and simulation based approaches were used to address three main themes:
1. The utility of WGS in epidemiological investigations of M. bovis transmission.

2. The application of phylogenetic inference methods to examine the dynamics of bovine

tuberculosis.

3. The role of wildlife reservoirs in the transmission and persistence of M. bovis infection

in domestic cattle populations.

The vast quantities of data resulting from Next Generation Sequencing platforms can be
handled and processed efficiently. The error rates of these platforms can be mitigated, to
some extent, by conducting quality filtering, a process that can be informed using both the
published literature and any available epidemiological data. Following the handling and pro-
cessing of the WGS available it was possible to investigate sampled bTB systems in the UK
and New Zealand. The WGS data were demonstrated to be consistent with, and provided
considerably more discriminatory power than previous molecular typing methods. For the
sampled bTB system in New Zealand it was possible to demonstrate a high degree of ex-
change between the sampled cattle and wildlife populations. In addition, the substitution
rate estimate, although broad, will inform future epidemiological investigations. Using the
WGS M. bovis isolates from a bTB system in the southwest of England it was possible to re-
veal potential inter-species transmission events, providing the first evidence for transmission
occurring in both directions. Importantly, these analyses of inter-species transmission were
both affected by sampling biases and emphasise that WGS is most powerful in combination

with appropriate sampling design.

The WGS data analysed, combined with detailed epidemiological information, were able
to provide additional evidence that wildlife populations, the brushtail possum in New Zealand
and the European badger in the UK, are important in the spread and persistence of bTB in
cattle populations. Therefore, these analyses suggest that surveillance, and possibly control,
of M. bovis infection in wildlife reservoirs is necessary and should be accompanied by WGS
of the any sampled M. bovis. In New Zealand, vector control operations currently target pos-
sum populations and effectively limit the risk of infection in livestock. In the UK, promising
vaccination projects, like the Test-Vaccinate-Release trial in Northern Ireland, aim to limit
the maintenance ability of badger populations, whilst protecting this iconic species. Cattle
movements were also highlighted as an important means of spread, which emphasises the

continued need for cattle testing and movement surveillance.
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Appendix A: Description of simulation model

designed to investigate the sampling biases evident
in Chapter 3

A simulation modelling framework was designed to investigate the influence of the sam-
pling patterns evident in Chapter 3. For this chapter, the Whole Genome Sequenced (WGS)
M. bovis isolates were sampled over 30 years. This sampling window was relatively nar-
row, considering that the Most Recent Common Ancestor (MRCA) was estimated to have
been circulating in 1859 (2.5% Lower: 1525, 97.5% Upper: 1936). In addition, the isolates

sourced from wildlife were, in general, sampled earlier than the cattle isolates (Figure 3.2).

A.1 Description of the Model

A Susceptible-Infected-Removed (SIR) individual based compartmental infection model was
developed, under the assumption of density dependent transmission (Equation A.l) [236].
The infection probability, p, of a single susceptible individual was a function of the number
of infected individuals, I, and the per contact transmission probability 7'. The susceptible

population size was kept constant by replacing any individual that was removed.

p=1—-(1-T) (A.D)

The pathogen in the simulation model was incorporated as a mutating sequence. Each in-
fected individual, during a simulation, carried a sequence of mutation events inherited from
its source. Upon the completion of a simulation each mutation event was mapped onto a

randomly generated reference genome using a Jukes Cantor substitution model [237].
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A.2 Model Parameters

The simulation model was parameterized to resemble a population infected with Mycobac-
terium bovis (Table A.1).

Table A.1: The parameter settings for the simulation model.

Parameter Symbol Value Units

Population size N 1000 individuals

Per contact transmission probability 7' 0.1 individual/time-step
Removal probability r 0.2 individual/time-step
Genome size g 4,500,000 base pairs

Substitution probability m 0.5 per genome per time-step
Simulation length l 120 time-steps (years)

A.3 Sampled Transmission Tree

During a simulation, the path of transmission was stored by recording who infected whom in
an adjacency matrix, M. M;; = 1 when individual 7 infected individual j and M;; = 0 when

there was no transmission.

A sampled transmission tree was constructed to resemble an ideal phylogenetic tree. This

tree was built, based on the sampled population, using two steps:
1. Any un-sampled individuals with an out degree equal to zero were recursively removed.

2. Any un-sampled individuals with an out degree equal to one were removed.

A.4 Changing the Sampling Window

A set of simulations were completed using sampling windows of different sizes (Table A .2).
Each sampling window was defined by the start time-step, after which sampling could occur,
and the end time-step, when no more sampling could be conducted. Randomly sampled
infectious individuals were removed and their specific sequences of mutation events were
recorded. The nucleotide sequences, created for each sampled individual, were analysed
in the program BEAST (v1.8.4, [238]). BEAST analyses were ran using a Jukes Cantor
substitution model, a constant population size model and a Strict Clock model. A Uniform
prior distribution was used to estimate the substitution rate. A chain length of 10,000,000
steps was used, sampling every 1,000 steps (burn-in = 10%). The phylogenetic tree estimated
in BEAST should partially resemble the sampled transmission tree. The BEAST substitution
rate estimate was compared to the rate estimated on the sampled transmission tree, so that the

estimates being compared were both based on a tree like structure. The substitution rate was
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estimated on the sampled transmission tree by using the observed genetic distance between
the sources and sinks on the branches of the tree and length of time (in time-steps) between

the infection events for the source and sink (branch lengths).

Table A.2: A table showing how the four different sampling windows were defined. Each

sampling window was applied to 10 independent simulations.

Number Of Time-steps Time-steps Sampled Proportion Sampled Per Time-step Number Sampled

100 20-120 0.001 100
50 70-120 0.002 100
25 95-120 0.004 100
10 110-120 0.01 100

A.5 Estimating State Transitions

The individuals in the simulation model’s homogeneous population, described above, were
assigned a state (A or B). Simulations were conducted to evaluate how applying different

biased sampling strategies could influence the estimation of inter-state transmission rates.

For a two-state system, Equation A.l was changed to incorporate state transition probabilities
(Equation A.2).
pa=1—[1=T*Qua) (1 —TxQpa)'?] (A.2)

The probability, p 4, of a single susceptible individual, of state A, was a function of the number
of infected individuals in each state, /4 and /g, and the per contact transmission probability
T'. Each infected individual’s infectiousness was scaled by the state transition probability
defined in the matrix (Q:

A B
Q=] A 08 02
B 0.2 0.8

For the estimation of the state transition rates, involving the off diagonal elements of (), Pagel
et al.’s method [214] was modified to approximate the rates based upon a transmission tree.
The approximation was simplified, to avoid the necessity for Markov Chain Monte Carlo
estimations, by retaining the states and timings of the ancestral nodes on the transmission
tree. For a given set of state transition rates (), the likelihood of a given branch, of length
t, beginning in state i and ending in state j was given by P(t);;. The matrix P, for a given
branch length ¢, was calculated as the matrix exponential of the matrix (), multiplied by time, ¢
(Equation A.3). The likelihood of the transmission tree was the product of the branch-specific
likelihoods.

P(t) = @ (A3)
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Three different sampling strategies were evaluated, each sampling 100 individuals. These

strategies were designed to replicate the sampling patterns evident in Chapter 3:
1. Individuals of either state had an equal probability of being sampled.
2. Individuals of state A were preferentially sampled.

3. Individuals of state A were sampled early whilst individuals of state B were sampled

later.

For each scenario the state transition rates were estimated on the complete and sampled trans-
mission trees using the likelihood function described above. Each simulated scenario was

replicated 100 times.

A.6 Modelling output

A.6.1 Changing the Sampling Window

As the size of the sampling window was reduced, the estimations of the substitution rate re-
mained accurate (Figure A.1). The rate estimates in Figure A.l were higher than the mutation
rate specified in Table A.1 and closer to the rate estimated using the sampled transmission

tree.

A.6.2 Estimating State Transitions

When sampling biases were introduced, the state transition rates estimated on the sampled
transmission tree were inaccurate (Figure A.2). Sampling only 100 individuals reduced the
precision of the rate estimates. Sampling individuals of state A more than those of state B
meant the state transition rate from B to A was overestimated. Sampling individuals of state
A earlier meant the state transition rate from A to B was slightly overestimated and highly

variable.
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Figure A.1: The influence of the sampling window size on the estimation of the substitution
rate. Histograms of the sampled (n=9000, 10% burn-in removed) posterior distributions for
the substitution rate estimates produced by BEAST are plotted. Using sampling windows of
varying sizes - 100 time-steps (blue), 50 time-steps (green), 25 time-steps (red) and 10 time-
steps (cyan) - 100 individuals were sampled from a simulated outbreak and their sequences
were analysed in BEAST. 10 replicates were completed for each of the four window sizes.
The substitution rate estimated on the sampled transmission tree was shown as a vertical
dashed black line.
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State Transition Rate Estimation
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Figure A.2: The influence of different sampling regimes on the estimated state transition
rates. Three different sampling scenarios were investigated and the state transition rates were
estimated using the sampled transmission tree. The state transition rate estimates based on
the sampled transmission tree were compared to those estimated with the full transmission
tree (black). A minimum convex polygon was drawn around the estimates, taken from 100
simulations, for each sampling regime. 100 individuals were sampled over 100 time-steps in
each of the regimes, equally (blue - scenario 1), with a bias towards state A (red - scenario
2), with individuals of state A sampled in the first 50 time-steps and individuals in state B

sampled thereafter (green - scenario 3).
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Appendix B: Investigating the mislabelling of the

Whole Genome Sequenced isolates used in Chapter 4

Woodchester park, in the southwest of England, is home to a high density badger popula-
tion. This population is naturally infected with Mycobacterium bovis, the causative agent of
bovine tuberculosis (bTB). Badgers living in this population are routinely captured and tested
for bTB [185]. Two hundred and thirty M. bovis isolates from samples, taken during trap-
ping operations, were Whole Genome Sequenced (WGS) and preliminary analyses of these
data revealed some mislabelled isolates. These isolates were spoligotyped on two separate

occasions and the types didn’t match for five isolates.

The aim of this investigation was to use the epidemiological data to determine the extent
of the mislabelling of the WGS badger isolates from Woodchester Park (Chapter 4). This
investigation assumes that mislabelling will result in the isolate being decoupled from its
sampled badger, and the epidemiological data associated with that badger. As a result the
genetic relationships between the mislabelled isolates and all other isolates shouldn’t agree

well with the epidemiological data describing how the sampled badgers were related.

B.1 Comparing the genetic and epidemiological data

Of the 230 WGS M. bovis isolates available, 176 had sufficient sequence quality (>90% of
the M. bovis genome with read depth >20) to be used in further analyses. The mislabelling
investigation was only conducted on these 176 isolates. Each of the 176 remaining WGS M.
bovis isolates were associated with an individual badger as identified by it’s tattoo. Using
the tattoo it was possible to examine each of the sampled badger’s capture histories. In order
to determine whether any further isolates were mislabelled, the available WGS data were
compared to the epidemiological data. To compare each isolate’s genetic data, inter-isolate
genetic distances were calculated by counting the number of sites that differed between iso-
lates. Epidemiological metrics, described in Table 2.4 were used to make inter-isolate epi-

demiological comparisons.
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Inter-isolate comparisons generated epidemiological metrics that were fitted to the respective
pairwise genetic distances between the isolates. A Random Forest regression model [197]
was used to fit the epidemiological metrics to the genetic distances in the statistical program-
ming environment R (v3.2.3 [194]). Once the Random Forest model was fitted, it was used
to predict the inter-isolate genetic distances. Similarly, a Boosted Regression model [227]
was used to fit the epidemiological metrics to the inter-isolate genetic distances and predict
those same distances. These different machine learning approaches, the Random Forest and
Boosted Regression models, were used independently to increase the robustness of the anal-

yses.

As Figure B.1 demonstrates, the isolates originate from a number of highly distinct clades
producing a skewed inter-isolate genetic distance distribution as a result of having multiple,
highly distinct clades. To avoid the Random Forest or Boosted Regression models fitting to
very large genetic distances between clades that very distantly epidemiologically related and
unlikely to be captured by the available data, the epidemiological metrics were only fitted to

genetic distances that were <15 SNPs - i.e. within-clade distances (Figure B.1).
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Figure B.1: Histograms of the inter-isolate genetic distance distribution. The genetic distance

was calculated as the number of differences (Single Nucleotide Polymorphisms - SNPs) be-

tween the isolates. TOP: The full inter-isolate genetic distance distribution, the vertical red

dashed line marks a genetic distance of 15. BOTTOM: The inter-isolate genetic distance

distribution for distances <15 SNPs.
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B.2 Shuffling the isolates

To examine the effect of further isolate shuffling, on the fitting of the Random Forest model,
an increasing proportion of the isolates were shuffled, and the impact of shuffling on the fit
of epidemiological metrics to the inter-isolate genetic distances was investigated. A range
of shuffling proportions were examined, from O to 1 in steps of 0.05. For each shuffling

proportion, 10 replicates were completed.

B.3 Output from comparing the genetic and epidemi-
ological data

The predicted inter-isolate genetic distances from both the Random Forest and Boosted Re-
gression fitted models showed a good agreement to the actual genetic distances. A Pearsons
correlation between the predicted and actual distances, produced a value of 0.83 for the Ran-

dom Forest model and 0.89 for the Boosted Regression model.

The good agreement between the predicted and actual inter-isolate genetic distances resulted
in a low median difference between them (Figure B.2 & Figure B.3). There were some clear
outliers - isolates for which both the fitted Random Forest and Boosted Regression models
weren’t able to accurately predict the genetic distance between them and other isolates. These
outliers appear to have been sampled around 2003 and included three of the five isolates that
were identified as mislabelled (Table B.1). In addition, seven of the outliers of the fitted

Random Forest and Boosted Regression models were the same.

Table B.1: The isolates that were poorly fitted by the Random Forest and/or the Boosted

Regression models and those that had spoligotype mismatches.

Isolate ID Outlier Random Forest Outlier Boosted Regression  Spoligotype Mismatch

WB65 YES YES NO
WB71 NO YES YES
WB72 NO NO YES
WB74 YES YES NO
WB75 NO YES NO
WBO1 YES NO NO
WB96 YES NO NO
WB98 YES YES NO
WB99 YES YES NO
WB100 YES YES YES
WBI105 YES YES YES
WB106 YES YES NO
WB107 NO NO YES
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Isolate Prediction
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Figure B.2: Each isolate’s sampling date against the median difference between the actual
and predicted inter-isolate genetic distances produced by the fitted Random Forest model.
A horizontal red line is plotted at the 95% percentile. The isolate labels are shown for those
isolates whose median difference falls in the highest 5% of the median difference distribution.
Those points highlighted with a square are the median values for the isolates that are known
to be mislabelled. Isolates of spoligotype 17 and other types are represented by blue and red

circles, respectively.
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Figure B.3: Each isolate’s sampling date against the median difference between the actual and
predicted inter-isolate genetic distances produced by the fitted Boosted Regression model. A
horizontal red line is plotted at the 95% percentile. The isolate labels are shown for those
isolates whose median difference falls in the highest 5% of the median difference distribution.
Those points highlighted with a square are the median values for the isolates that are known
to be mislabelled. Isolates of spoligotype 17 and other types are represented by blue and red

circles, respectively.
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B.4 Output from further shuffling

With no shuffling the fitted Random Forest model reports that approximately 70% of the
variation in the inter-isolate genetic distances was explained by the epidemiological metrics
(Figure B 4). As the shuffling proportion of the isolates increases towards one, the variation

explained by the Random Forest model declined towards zero.

Effect of Shuffling on a Fitted RF Model
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Figure B .4: The effect of shuffling a varying proportion of the isolate sequences on the varia-
tion explained by a fitted Random Forest model. The mean of the 10 replicates completed for
each shuffling proportion was shown as a black point. The vertical grey lines span the range
of values between the minimum and maximum variation explained by the fitted Random

Forest model.
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