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Abstract 27 

Understanding how an emergent pathogen successfully establishes itself and persists in a 28 

previously unaffected population is a crucial problem in disease ecology. In multi-host 29 

pathogen systems this problem is particularly difficult, as the importance of each host species 30 

to transmission is often poorly characterised, and the epidemiology of the disease is complex. 31 

Opportunities to observe and analyse such emergent scenarios are few.  32 

Here, we exploit a unique dataset combining densely-collected data on the epidemiological 33 

and evolutionary characteristics of an outbreak of Mycobacterium bovis (M. bovis, the 34 

causative agent of bovine tuberculosis, bTB) in a population of cattle and badgers in an area 35 

considered low-risk for bTB, that has no previous record of either persistent infection in 36 

cattle, or of any infection in wildlife.  37 

We analyse the outbreak dynamics using a combination of mathematical modelling, machine 38 

learning and Bayesian evolutionary analyses. Comparison to M. bovis whole-genome 39 

sequences from Northern Ireland confirmed this to be a single introduction of the pathogen 40 

from the latter region, with evolutionary analysis supporting an introduction directly into the 41 

local cattle population at least six years prior to its first discovery in badgers. Once 42 

introduced, the evidence supports M. bovis epidemiological dynamics passing through two 43 

phases, the first dominated by cattle-to-cattle transmission before becoming established in the 44 

local badger population.  45 

These findings emphasise the importance of disease surveillance for early containment of 46 

outbreaks, in particular for pathogens not causing immediately evident symptoms in the 47 

infected host, and highlight the utility of combining dynamic modelling and phylogenetic 48 

analyses for understanding the often complex infection dynamics associated with emergent 49 

outbreaks. 50 

51 
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1. Introduction 52 

Pathogens able to spread at the interfaces between livestock, wildlife, and humans are one of 53 

the most serious threats to human health, wildlife conservation, and livestock economic 54 

sustainability [1,2]. Generally, the spread of a pathogen is enhanced when it co-circulates in 55 

multiple sympatric host species, as interspecific and intraspecific transmissions can 56 

complement each other, resulting in pathogen persistence [3,4].  57 

M. bovis, a member of the Mycobacterium tuberculosis complex (MTBC) [5], is responsible 58 

for bovine (or animal) tuberculosis (bTB) in domestic cattle and a range of wild mammals 59 

[6], including European badgers and deer in Great Britain and Ireland [7–9], deer and wild 60 

boar in the Iberian Peninsula [10,11], deer and elk in Michigan, US [12], possums in New 61 

Zealand [13,14], and water buffalo in South Africa [15].  62 

In Great Britain and Ireland several studies have established an association between the 63 

presence of infected badger populations and the persistence of bTB in cattle [16–18]. More 64 

recently, researchers have been able to demonstrate that the same M. bovis strains are co-65 

circulating in domestic cattle and sympatric badgers in endemic bTB areas, first using the 66 

pathogen’s DNA genotyping techniques [19,20], and later using whole-genome sequencing 67 

[21,22]. Despite the efforts made by governments to control and eradicate bTB, the last 68 

decades have seen an increase in the number of cases and substantial expansion of bTB 69 

endemic areas, in particular in England and Wales [5,23]. The eradication efforts of this 70 

disease in England alone, costs the UK government around 100 million pounds per year 71 

[8,24,25].  72 

Collecting reliable and up-to-date data about wildlife populations can present many 73 

challenges at broader scales [26] and while over the years many studies focused on 74 

characterising specific badger populations (see [27], and references therein), the lack of 75 

information in some areas might prevent the design of effective disease control practices 76 
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when bTB is introduced. In addition, broad surveys across England have shown that, since 77 

the mid-1980s, the estimated number of badger social groups has been increasing by 2.6% 78 

annually, contributing to the uncertainty around their level of contributions potential as bTB 79 

reservoir in different regions [28]. However, reliable estimates of badger density, movement, 80 

and potentially infectious contact patterns are poorly recorded in most regions of Great 81 

Britain and Ireland, with only few populations such as at Woodchester Park (Gloucestershire, 82 

England) subject to denser sampling, in this case since the 1980s [29].  83 

Further complications arise from the difficulty of estimating the true prevalence of M. bovis 84 

infection in badgers, as well as in domestic cattle. First is the elusive nature of M. bovis: the 85 

bacillus is characterised by slow replication with the potential for latent periods of variable 86 

length within the host [30,31]. In addition, the accuracy of currently available diagnostic tests 87 

is suboptimal in both cattle [32] and badgers [33]. These factors contribute to obscuring the 88 

relative roles of the two species in bTB maintenance and spread, and hampering the control 89 

and surveillance strategies. In particular, if both species are able to maintain the disease, 90 

control efforts focused on only one will be ineffective in achieving eradication [22].  91 

One of the main goals of the current control and eradication strategy in GB is to prevent bTB 92 

from becoming established in new non-endemic areas, in particular those officially 93 

categorised as “low-risk” [34]. Within the Low Risk Area of England (LRA), the eastern part 94 

of the Cumbria county in north-west England (hereafter referred to as ‘East Cumbria’), has 95 

recently experienced a bTB outbreak of unusual magnitude and duration for this area. The 96 

outbreak began in 2014 and by mid-2019, through enhanced TB surveillance testing of all 97 

cattle herds in the affected area of East Cumbria, it had resulted in the detection of 39 98 

breakdowns (positive cattle herds) across 33 premises [35]. The outbreak was caused by a 99 

strain of M. bovis (genotype) new to England, but previously observed in Northern Ireland, 100 

which was shown by preliminary molecular analyses to be the likely area of origin (Skuce, 101 
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personal communication). Surveillance of ‘found dead’ wildlife (badgers and wild deer) for 102 

M. bovis infection was initiated in September 2016 in the area by the Animal and Plant 103 

Health Agency (APHA) [35]. By August 2018 three (out of 52 inspected) roadkill badgers 104 

had been found to be infected, all of them with the same bacterium genotype previously 105 

isolated from local cattle herds. As a result of this epidemiological link, a badger cull was 106 

licensed in a defined area within the affected part of East Cumbria with the aim of eradicating 107 

the disease in badgers and cattle. During the first season of culling operations in the autumn 108 

of 2018, 11% of all the removed badgers were found to be infected, all animals with the same 109 

genotype, suggesting that M. bovis infection has become established in the local badger 110 

population.  111 

The aim of this study was to shed light on the dynamic spread of M. bovis when introduced in 112 

a two-host system in a non-endemic area, for which the outbreak in East Cumbria provided 113 

us with a unique opportunity to closely study. Here, we describe the East Cumbria outbreak’s 114 

spatial and temporal characteristics, and identify the factors which led M. bovis infection 115 

becoming established in a wildlife population, while estimating the number of intraspecies 116 

and interspecies transmission events. Our approach includes the use of forensic molecular 117 

epidemiology [36], since over 60 isolates of M. bovis from the outbreak with usable whole 118 

genomic sequences were available at the time of writing; complete with precise metadata 119 

including dates, locations and, for cattle, animal and farm identifications. 120 

Results of this study are an important step toward a deeper understanding of bTB 121 

introduction and establishment into non-endemic areas, thus assisting with the process of 122 

disease risk assignment and future policy decision making by the animal health authorities.123 
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2. Results 124 

2.1.Outbreak description 125 

In November 2014, typical bTB lesions were detected via routine slaughterhouse inspection 126 

of a seven month-old male calf from a dairy herd in East Cumbria. Bacteriological culture of 127 

the lesions yielded an unusual genotype of M. bovis, designated 17:z by APHA (Figure 1, A). 128 

Following this first report, 23 more cattle were confirmed to be infected with the same strain 129 

in East Cumbria, with the last of these detected in November 2018 (at the time of writing). 130 

Further cattle were declared bTB positive (using the tuberculin skin test and/or 131 

supplementary interferon-gamma blood tests) during this period in the outbreak area, 132 

although an M. bovis bacilli could not be isolated. The 24 cattle infected with M. bovis 17:z 133 

genotype included three animals detected outside the outbreak area but still in Cumbria, as 134 

well as three in the neighbouring counties of Lancashire (two) and Yorkshire (one), all 135 

deemed likely to be part of the same outbreak due to associations through contact tracing.  136 

The index animal in this outbreak was a homebred calf that had never left its birth farm until 137 

it was moved to slaughter. Therefore, this animal could not have been the “case zero” of this 138 

outbreak. We attempted to trace back the first infected individual introduced in the outbreak 139 

area by analysing all the Cattle Trace System dataset records that included animals born in 140 

Northern Ireland or in the Republic of Ireland from 2009 to 2014. Tracing back the direct 141 

movements from Northern Ireland to the outbreak area indicated a limited number of “first 142 

arrival” premises (on average 9.3 per year, range 5-15), but unfortunately it did not reveal an 143 

obvious first introduction. Conversely, searching for indirect links between Northern Irish 144 

farms by selecting other British farms with links to the Cumbrian outbreak which previously 145 

imported animals from Northern Ireland, provided too many potential “arrival” premises (on 146 

average 216.5 and range 165-247, farms in the outbreak area per year).  147 
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During 2016 and 2017, respectively, two and 35 roadkill badger carcasses were reported to 148 

the local authorities within the designated outbreak area of East Cumbria. Three of the badger 149 

carcasses, retrieved respectively in January, February, and April 2017, were positive for M. 150 

bovis on culture (while two carcasses were unsuitable for inspection) (Figure S1.1), and all 151 

three positive animals were infected with the 17:z genotype.  152 

The identification of infected badgers led Defra, following a public consultation, to issue a 153 

badger culling licence in a specified section of the outbreak area in the autumn of 2018. 154 

Culling operations from September to November 2018 resulted in 602 culled badgers, of 155 

which 369 were submitted for post mortem inspection and laboratory testing (Defra 2019). In 156 

total, 42 were culture positive for M. bovis and of those 38 isolates yielded a whole genome 157 

sequence of sufficient quality to enable phylogenetic analysis [37].  158 

Data on found-dead surveillance of 2018 and 2019, but prior to the second culling season, 159 

included an additional 42 retrieved carcasses (29 and 13, respectively), all negative to M. 160 

bovis, except for 15 that were unsuitable for post-mortem inspection, and three still pending 161 

at the time of data gathering.  162 

 163 

2.2. Outbreak phylogeny and Northern Ireland isolates 164 

The phylodynamic tree of the East Cumbria outbreak is reported in Figure 1 (B). Early 165 

analyses identified a genotype usually found in Northern Ireland; further evidence showed 166 

the existence of cattle movements from this area to England and Wales. Coincidentally, the 167 

origin area included the recently completed Test, Vaccinate or Remove (TVR) trial area [38] 168 

in Northern Ireland (Skuce, personal communication) where extensive M. bovis whole 169 

genome sequencing had already been done – these isolates were included in the current 170 

analyses.  171 
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The complete phylogenetic tree (Figure 2) confirmed the association between the M. bovis 172 

circulating in the Northern Irish TVR area and in East Cumbria; thus it appeared that the East 173 

Cumbrian outbreak likely originated from the dominant strain circulating in or around the 174 

TVR area (Figure 2, orange branches) imported by movement of infected cattle, though the 175 

first introduction was not identified.  176 

 177 

2.3. Epidemiological signatures in genetic data 178 

Following our previous approach [22], epidemiological signatures in the sequence distances 179 

were identified using Boosted Regression Trees (BRT) [39], which combines decision trees 180 

and boosting techniques [40]. 181 

As previously, the dependent variable was the genetic distance between M. bovis strains, 182 

expressed as single nucleotide variants (SNVs); for explanatory variables we calculated 18 183 

relational covariates for each pair of sampled animals. These covariates are listed in Table 1 184 

and are divided into four categories: temporal (1 covariate), spatial (2 covariates), group (3 185 

covariates), and contact networks (12 covariates).  186 

The BRT model on the full dataset (1,711 observations) was able to explain 41% (pseudo R2) 187 

of the variability on the test dataset, while the Root Mean Squared Error (RMSE) was 0.94. 188 

To test the robustness of this model we ran the same analysis on the same dataset but with an 189 

increasing percentage of randomly reassigned values for the dependent variable (SNV 190 

distance) observations. The results (Figure S3.1) showed that even for a limited percentage of 191 

re-assigned data (10%) the model underperformed substantially, explaining only 28% of the 192 

variation on average. The full model results (Figure 3) showed that the most important 193 

covariate to explain the SNV distance between isolates was the time between isolate 194 

samplings (25.2%), followed by the hosts populations’ size (14.3%) and the geographical 195 

distance (considering both isolate sampling locations and between isolates land parcels, 196 
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respectively 11.3 and 9.3%). Among the contact network covariates, the degree in multi-layer 197 

(9.2%) and land parcels networks (9.1%) were the most important, while the covariates 198 

related to the single-species networks were not important (all lower than 4%). Partial 199 

dependency plots are reported in Figure S3.1.  200 

We ran a further three BRT models: two of them considered the within-species interactions 201 

only, cattle-to-cattle (153 observations), and badger-to-badger (820 observations). 202 

Conversely, the third model considered cross-species interactions (738 observations). These 203 

models were able to explain respectively 16%, 43% and 36% of the variation, while the 204 

respective RMSE values were 0.82, 1.04, and 0.96.  205 

The covariates influence rankings in the badger and inter-species models were similar to the 206 

full model (sampling time distance the most influent, respectively, 19.6 and 26.7%), with the 207 

exception that in both cases the degree in the land parcels network was the third most 208 

influential covariate (11.4 and 12.0%). In the badger model the population size dropped to 209 

sixth (9.7%), while the geographic distance between sampling locations was second (14.5%). 210 

The cattle model showed the most differences with the full model, with group size and degree 211 

in the land-parcel network being the most influential covariates (22.2 and 12.9%), while 212 

sampling time distance was third (11.0%).  213 

 214 

2.4. Pairwise transmission probability and most likely transmission tree 215 

The pairwise transmission probability was calculated using the Kolmogorov Forward 216 

Equations (KFEs)[41], and the pairwise transmission probability matrix was reported in 217 

Figure 4. The KFEs methodology was used to calculate the probability of observing a pair of 218 

bTB infected hosts given their sampling time and the genetic divergence between their 219 

bacterial isolates, assuming that a direct transmission occurred between the pair.  220 
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The animal that infected the first detected cattle (C1) with M. bovis might have escaped 221 

detection, since the transmission probabilities from other sampled animals are low (median 222 

0.13 ´ 10-3, range 0 – 1.98 ´ 10-3). Similarly, two out of three roadkill badgers (B44 and B18) 223 

had, respectively, the lowest and the third lowest average and maximum transmission 224 

probability from other sampled animals (see Figure 5). This indicates that animals infected 225 

early in the outbreak likely escaped detection (either the 4-year herd testing or carcass 226 

inspection), in particular the “case zero” (i.e. the first cow imported infected with the 17:z 227 

genotype of M. bovis).  228 

In general, within-species transmission probabilities were higher than between-species ones 229 

(Figure S4.1), and the phylogenetic root-to-tip temporal signal was strong as well (R2 = 0.39, 230 

p-value ~0; see Figure S4.2). This was consistent with the BRT model results, where the 231 

temporal signal was identified as the most important factor to predict the SNV distance.  232 

We computed 10,000 “random trees” built by selecting random transmissions (except the 233 

ones for which the probability was zero because the cattle’s lifespans did not overlap). 234 

Results showed that random trees had a median [95th quantile] of 17[13–21] cattle-to-cattle, 235 

26[21–31] badger-to-badger, 14[10–19] cattle-to-badger, and 6[2–10] badger-to-cattle 236 

transmissions (Figure S4.3). We computed the most likely transmission tree by selecting the 237 

transmissions with highest probability within the sampled animals while avoiding loops in 238 

the tree (see [41]). The best tree (Figure 4) showed that most of the transmissions in this 239 

system likely happened within-species, i.e. 20 cattle-to-cattle and 29 badger-to-badger, 240 

respectively. Conversely, inter-species transmissions comprised 12 cattle-to-badgers 241 

incidents, and 3 badgers-to-cattle. When comparing these results with the randomly 242 

computed trees, the most-likely tree showed a lower number of cross-species transmissions 243 

and a higher number of within-species transmissions, although the estimates fell in the 95th 244 

quantile of the random trees ones. 245 
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 246 

2.5. BASTA analysis 247 

The transmission rates estimated by Bayesian Structured coalescent Approximation 248 

(BASTA) [42] on the 10 different sub-samples suggest that transmission from cattle-to-249 

badgers occurred much more frequently (at least an order of magnitude) than transmission 250 

from badgers-to-cattle in Cumbria (Figure 7). In addition, there is little support for the 251 

inclusion of badgers-to-cattle transmission in the structured population model. In contrast, 252 

there is strong support for transmission of M. bovis from the sampled Northern Ireland area 253 

into the Cumbria area via the cattle population. Figure S5.1 shows the rate estimates that 254 

BASTA produced when no genomic data was provided, therefore only sampling dates were 255 

used. These analyses were conducted to determine how much signal there was in the genomic 256 

data to support the transmission rates being estimated. Given the contrasting rates shown in 257 

Figure 7 and Figure S5.1, there was strong evidence that there was sufficient signal in the M. 258 

bovis genomic data to estimate the transmission rates. Lastly, there is good agreement across 259 

the 10 sub-samples, suggesting that the estimated rates were robust to any inter-sub-sample 260 

variation.  261 

Analyses in BASTA leveraging the temporal signal in the M. bovis genomic data were used 262 

to estimate the timing of M. bovis transmission from the cattle in the TVR area to cattle in 263 

Cumbria (Figure S4.4). Whilst credible intervals around these estimates were very broad, the 264 

transmission event was estimated to have occurred in March 2011 (lower 2.5% bound 265 

estimate: August 2001; upper 97.5% bound estimate: April 2014). This reflect the slow and 266 

variable replication rate characteristic of M. bovis.  267 

268 
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3. Discussion 269 

While it is accepted that cattle movements are responsible for transmission on a wide spatial 270 

scale [23,43,44], uncertainty remains around the relative roles of cattle and badger in 271 

maintaining and spreading M. bovis infection at local scales, complicating the formulation 272 

and execution of control policies. Our analyses of the East Cumbria outbreak highlight this 273 

dynamic, with the introduction of M. bovis most likely being caused by a cattle movement 274 

from Northern Ireland, followed by a more complex spread among local cattle and badgers.  275 

Identifying the source of infection for the index case in cattle in this outbreak (marked as C1 276 

in the figures) would be a crucial piece of information. Should a badger be the most likely 277 

infection source then this would imply an earlier establishment of the disease in wildlife (i.e. 278 

before or during 2014). Our results suggest another infected bovid as the most likely bTB 279 

source for the index case, but the transmission from known cases is poorly supported as the 280 

transmission probabilities from the other sampled animals to the index are generally low 281 

(Figure 5).  282 

Overall, both the likely transmission tree selection (obtained with the KFEs) and the BASTA 283 

analysis indicate that most transmissions happened within-species, and that cattle-to-badger 284 

transmission has played a more important role than badger-to-cattle transmission, with 285 

similar outcomes obtained using two different analyses. 286 

Our hypothesis, which is supported by the described results, is that after an initial seeding of 287 

M. bovis into the local East Cumbria cattle population, the infection subsequently became 288 

established in local badgers. Once that happened, rapid spread of the pathogen led to the 289 

observed 11% prevalence in the autumn of 2018, with peaks up to 20.9% in the core area 290 

[37]. Given the historically low prevalence of M. bovis in this area [45], the immunological 291 

naivete of this specific badgers population might have facilitated a quicker spread, although 292 

more research in this direction is needed. From a disease dynamic point of view, the 293 
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relatively higher number of predicted cattle-to-badger transmission events suggests that the 294 

establishment in badgers may happen when infection pressure from the sympatric cattle 295 

population reaches a threshold, rather than a single transmission event.  296 

A concern might be that transmission tree outcomes have been affected by the sampling 297 

timeline, since early in the outbreak there are less M. bovis sampled sequences and most 298 

come from cattle, while later on the majority of sampled isolates come from badgers. While 299 

the BASTA analysis is designed to specifically reduce the effects of unbalanced sampling 300 

[42], our conclusions are also supported by a low genetic diversity in the recovered badger M. 301 

bovis isolates, which points to a relatively recent outbreak in this population. Nonetheless, the 302 

BASTA analysis was able to exploit this low genetic diversity, as it is shown by the different 303 

results of this model when neglecting the genetic information.  304 

Similar to a previous study in a separate population [22], the Boosted Regression Trees 305 

(BRT) analysis indicated temporal bacterial isolation differences, and spatial distance 306 

between hosts, as the most important factors to predict inter-M. bovis genetic distance 307 

(SNVs). Another important variable was host population sizes, with bigger groups (farms or 308 

setts) linked to higher SNV distances. This result was particularly strong for the BRT models 309 

which included cattle isolates, and it is consistent with farms size being a risk factor for bTB 310 

[46,47].  311 

Including different contact networks metrics variables in the BRT model can help to 312 

understand which transmission mechanism is more relevant in this system. Among these 313 

variables, the number of adjacent land parcels, corresponding to the spatial network’s degree, 314 

was equal (full model) or more important (cattle, badger and inter-species models) than other 315 

metrics. This points to fine-scale spatial effects which cannot be entirely explained by the 316 

simple distance between samples locations. On the contrary, the single-species network 317 

metrics (animal movements for cattle and sett adjacency for badgers) were not significant in 318 
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any models. This might be the result of complex interactions between the two species that 319 

cannot be explained when considered individually, as previously suggested [48]. However, 320 

these interactions become evident when both species contact networks are included in a 321 

single framework such as multi-layer network [49].  322 

The badger-to-badger model was able to predict the SNV distances in the test dataset slightly 323 

better than the full model (43% to 42%), despite reducing the sample size (from 1,711 324 

observations in the full model, to 820 in the badger only model). Furthermore, we observed 325 

that the SNV distance variability explained by the cattle only model was comparable to that 326 

of the full model when 20% of the data were randomly shuffled. This was surprising since 327 

more data are collected on domestic animals and this should provide a better picture than the 328 

equivalent wildlife data. One potential explanation is that the selected variables for this 329 

model might better explain M. bovis dynamics in badgers than in cattle, at the local scale. 330 

However, when we consider this and the good explanatory power of the land parcels network 331 

metrics, we could speculate that the cattle dataset might hide some contact patterns. This 332 

could occur due to the inability to isolate M. bovis in all herd breakdowns or in all cattle, or 333 

due to unrecorded movements, with cattle grazing in several land parcels belonging to the 334 

same farm but not contiguous to the farm [50,51]. In general, the landscape and the farmland 335 

fragmentation and distribution in space, which is ignored when considering farms’ main 336 

building locations only, might play a crucial role in disease dissemination. This calls for 337 

surveillance and control strategies to be adapted to specific contexts and informed by detailed 338 

veterinary investigation and spatial information, such as land parcel distribution. 339 

By comparing the East Cumbria outbreak with other bTB in other contexts leads to some 340 

important insights. In East Cumbria, badgers have played a lesser role in the local persistence 341 

of the disease, the converse to what observed in a bTB endemic area in Woodchester Park 342 

[22]. This may be due to the “age” of the outbreak. Whilst in newly infected areas, and 343 
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therefore non-endemic, cattle-to-cattle and cattle-to-wildlife transmissions may dominate, in 344 

endemic areas the dynamic may have shifted towards a more complex dynamic, where 345 

wildlife can play a more important role. While in both cases breaking the transmission at the 346 

wildlife/livestock interface is critical, in outbreaks within low risk areas (non-endemic) it is 347 

crucial to prevent the establishment of bTB. 348 

Questions remains as to how likely bTB is to get established in non-endemic areas, and how 349 

long it would take to detect it. From this perspective, the fact that the first introduction in this 350 

area (estimated to be 2011), and that the initial infected cattle were not detected until 351 

inspection at slaughter, indicates limitations of the bTB surveillance strategy in low risk areas 352 

and the importance of good biosecurity to reduce the risk of onward transmission to wildlife 353 

from introductions of cattle with undetected M. bovis infection. In order to mitigate this risk, 354 

in April 2016 Defra adopted mandatory post movement bTB testing of all cattle moved from 355 

high-risk to lower-risk areas [52].  356 

To conclude, our analyses of the recent East Cumbria outbreak highlight how the 357 

transmission dynamics of M. bovis can change during the establishment in a non-endemic 358 

area, and how these changes affect the relative roles of wildlife and domestic animals in 359 

establishing and maintaining the infection. Our results suggest how genomic data and 360 

phylogenetic analyses are becoming fundamental to disentangle bacterial pathogen outbreaks, 361 

in particular when combined with epidemiological and network models [53]. Therefore, 362 

infrastructures for genomic surveillance can definitely help inform bTB and other endemic 363 

diseases control policies.  364 

Finally, we highlight how local spatial dynamics might affect pathogen spread during the 365 

early phases of an outbreak. This makes the case for different diseases control strategies in 366 

endemic and non-endemic areas that take into account detailed characteristics about the 367 

system landscape and rearing practices, and for improving biosecurity, in order to achieve 368 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 12, 2020. ; https://doi.org/10.1101/2020.11.12.379297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.12.379297


  16 

minimal transmission at the cattle/wildlife interface and therefore preventing the 369 

establishment of newly introduced diseases. 370 

371 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 12, 2020. ; https://doi.org/10.1101/2020.11.12.379297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.12.379297


  17 

Methods 372 

4.1. Data description 373 

4.1.1. Sequences and metadata 374 

Test positive cattle, found-dead badgers and most culled badgers in the Cumbria area were 375 

subject to post-mortem and culture of suitable tissues at the Animal and Plant Health Agency 376 

(APHA), with positive cultures subjected to genotyping and whole genome sequencing at the 377 

Central Sequencing Unit in Weybridge. 65 M. bovis whole-genome sequences were available 378 

from East Cumbria (65 in total, 24 from cattle, 3 from roadkill badgers, and 38 from culled 379 

badgers). The sampling timeline of the available sequences is reported in Figure S1.1. The 380 

metadata included a unique identifier, the sampling date, location coordinates (for badger 381 

isolates), and the farm’s county-parish-holding (CPH) code (for cattle sequences only). The 382 

isolates and raw sequence data were processed using the same pipeline as described by 383 

Crispell et al. [22]. 384 

The East Cumbria outbreak dataset included a further sequence from the same M. bovis 385 

genotype sampled in Scotland (Figure S1.2). The epidemiological investigation showed that 386 

the animal was imported from Northern Ireland for slaughter only, thus we did not consider it 387 

in the analyses.  388 

 389 

4.1.2. Badger population 390 

A total of 160 badger setts were identified in and around the outbreak area in 2017/18 by the 391 

APHA, 117 of them were in the 2018 culling permit area. Badgers were both shot and 392 

trapped, with trapped animals subjected to post-mortem analysis, and population data 393 

(number of badgers removed, TB positive, negative, and TB status not determined) were 394 

available for 99 setts.  395 

 396 
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4.1.3. Cattle population and outbreak area definition 397 

To obtain all infected cattle life histories (movements, birth and death) we first matched the 398 

sequences’ unique identifier in the SAM dataset, then we extracted the data from the Cattle 399 

Tracing System (CTS) using the animal unique identifier. 400 

The outbreak area was defined as the area within the minimum circle around the sequences 401 

sampling locations and all 160 badger setts, and adding to that all the parcels assigned to the 402 

infected farms which are contiguous to the above described circle (Figure 1, A). This study 403 

included all the farms active between 01/01/2010 and 31/12/2018 (which reported any cattle 404 

movements, births or deaths) directly located in the area or which owned a parcel in the 405 

outbreak area. The total number of selected cattle farms was 336. 406 

 407 

4.1.4. Northern Ireland TVR data 408 

The Test, Vaccinate or Remove (TVR) trial in Northern Ireland ran from 2014 to 2018, and it 409 

was designed to determine whether a combination of vaccination and an animal side TB test 410 

could be an effective means of controlling M. bovis infection in badger populations. During 411 

this period M. bovis samples were taken from infected cattle and badgers in the area for 412 

culturing.  413 

All positive cultures were sequenced at the Agri-Food and Biosciences Institute in Belfast 414 

(AFBI-NI). In addition, archived M. bovis isolates that were stored as part of routine 415 

surveillance operations in the TVR area prior to the start of the trial were selected for 416 

sequencing. These additional isolates were sourced from routine test and slaughter 417 

surveillance of cattle or road killed badgers.  418 

From the TVR area in Northern Ireland, there were 544 M. bovis genomes sourced from 419 

infected cattle (479) and badgers (65), sampled from 1996 to 2017. The distribution of 420 

sampling times for the M. bovis genomes is shown in Figure S1.1.  421 
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 422 

4.2. Epidemiological information and machine learning analysis 423 

An important part of this analysis involved investigating the population, temporal, spatial, 424 

and contact network signatures in the sampled M. bovis genomic data [22]. We computed the 425 

inter-sequence Single Nucleotide Variants (SNV) distance and then we fitted a Poisson 426 

regression model using the Boosted Regression Trees [39] model in R [54]. 427 

As mentioned above, we used population, temporal, spatial, and network covariates, which 428 

are listed in Table 1. Network covariates (shortest distance, same community, degree, and 429 

number of infected nodes in the shortest path) were calculated for three contact networks: 430 

single species, spatial, and multi-layer.  431 

The single species network accounted for only the within-species potential contacts. The 432 

cattle population’s nodes corresponded to farms, and edges correspond to movements. In 433 

order to build these networks for each pair of cattle sequences, we only accounted for 434 

movements spanning from the previous year of the first of the two sequences sampled, to the 435 

year of the second one (i.e. if the two sequences were sampled respectively in 2015 and 2017, 436 

we computed the network by using movements recorded between 2014 and 2017). The 437 

badger population’s nodes corresponded to setts, and since most of the trapped badgers 438 

occurred near a sett, their sequences were assigned to the closest one. We used the Voronoi 439 

partition (or Dirichlet tessellation) to create the edges between setts, in order to avoid relying 440 

on an assumption for the distance at which two setts were connected. In this network 441 

configuration the inter-species sequences are considered not connected.  442 

The spatial network was built by considering each land parcel as a single node. Two land 443 

parcels were considered connected by the proximity criterion: if they shared a border or if the 444 

borders were closer than 100 meters. In this case, the degree of a node in this network (i.e. 445 

land parcel) corresponds to the number of neighbouring parcels.  446 
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Finally, the multi-layer network accounted for all the previously described contacts 447 

combined. In this case, nodes are defined as land parcels as well, but on top of the proximity 448 

criterion, two land parcels could also be connected if they include two farms or setts which 449 

were connected in the single species network.  450 

The network communities were defined using the Louvain method which optimises the 451 

modularity, as provided in the R package igraph [55].  452 

The model was run on the complete dataset (All Samples, Table 1 and Figure 3), on the cattle 453 

and badger isolates only, and on the inter-species isolates. In all cases the train and test 454 

dataset were half of the observations, while in the cattle dataset we used 60% for training and 455 

40% for testing, given the reduced observations compared to the others. We evaluated the 456 

models using the pseudo-R2 calculation comparing the observed and predicted SNV distances 457 

on the test datasets, and the Root Mean Squared Error (RMSE). These were both calculated 458 

using the package caret [56]. For BRT the relative influence of the covariates is determined 459 

by the times each variable is selected to split the data in a decision tree, which in turn is 460 

weighted by the improvement to the model fit that resulted from that variable being used at 461 

each split [39]. All models were fitted with a 10-fold cross validation. 462 

Preliminary runs of the models were used to tune the BRT parameters in order to improve the 463 

predictions. These parameters were the learning rate, which controls the contribution of each 464 

tree to the final model, and the tree complexity, which corresponds to the number of nodes in 465 

the tree. For the full dataset model the learning rate was set to 0.005 and the tree complexity 466 

to 5. For the other model we set the learning rate to 0.003, 0.009, and 0.0075 for the cattle, 467 

badger and inter-species dataset, respectively and the tree complexity to 7, 1, and 10. 468 

 469 

4.3. Pairwise KFE and transmission tree reconstruction  470 
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We calculated the transmission probability between pairs of animals where the M. bovis 471 

sequences have been sampled. We calculated this probability using the Kolmogorov-Forward 472 

Equations (KFE) methodology [41]. The KFEs consist of a set of ordinary differential 473 

equations which track the probability of a system to be in a given state through time [57–59]. 474 

In the pairwise transmission case, the system state was given by the combination of the two 475 

hosts disease progression state and, once an individual is infected, by the number of SNVs on 476 

its M. bovis strain. The underlying assumption was that, at the time of infection, the two 477 

pathogen strains found in the source and recipient hosts are identical. After the infection, the 478 

two strains start to replicate, and thus substitution on the pathogen DNA happens at a rate µ 479 

(substitution rate), generating SNVs. Because the two strains are diverging, we will call the 480 

SNVs found in a strain sampled in the source host A [recipient host B] as divergent SNVs, or 481 

divA[divB]. The sum of divA and divB results in the SNV distance between the two strains.  482 

In order to use this methodology, we have to provide three main pieces of information: the 483 

pathogens sequences, the two hosts sampling time, and an underlying model representing the 484 

disease progression. For bTB, we chose to use a simple Susceptible-Exposed-Infectious 485 

model [23,60], where susceptible can become exposed (or latent) after contact with an 486 

infectious host with infection rate b, and exposed hosts move to the infectious state with 487 

transition rate s (or after a latency period of average 1/s). In this study, we provided the 488 

birth date of the cattle as well, in order to limit the time span where each cattle could have 489 

been infected first. For badgers we assumed a constant death rate, based on the observation 490 

that less than 0.1% of individuals would survive past 8-years of age [27]. The 491 

epidemiological parameters were chosen according the most recent literatures (see [41]), and 492 

in order to account for their variability, for each pairwise transmission we tested a 1’000 493 

combination of randomly selected parameters combinations and chose the one returning the 494 

highest probability.  495 
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Following Rossi et al. [41], we assembled the most likely transmission tree by progressively 496 

selecting the pairs with the highest transmission probability, and excluding those not possible 497 

given the previously selected ones (e.g. if A®B and B®C are selected, B®A, C®B and 498 

C®A were going to be a priori excluded).  499 

 500 

4.4. BASTA analysis 501 

Given that the phylogenetic evidence suggests a large amount of inter-species transmission is 502 

occurring in East Cumbria, the next critical question is in what direction? We used the 503 

Bayesian Structured coalescent Approximation (BASTA) package [42] with the Bayesian 504 

evolutionary analysis platform BEAST2 (Bayesian Evolutionary analysis by Sampling Trees; 505 

[61]) to estimate M. bovis inter-species transmission rates. The BASTA package was able to 506 

estimate these rates whilst accounting for the known structure and sampling biases in the 507 

study population. In the current study, the sampled M. bovis population was split into four 508 

different sub-populations based on host species (badger or cow) and location (Cumbria or 509 

TVR) (Figure S4.1). In addition, to estimate transmission rates in a structured population, 510 

BASTA is robust to sampling biases, which are likely to be present in the current M. bovis 511 

dataset. Importantly, it is assumed that transmission from TVR to Cumbria only occurred in 512 

one direction, as the Cumbria clade is monophyletic within the larger TVR phylogeny 513 

(Figure 2).  514 

The evolutionary analyses using BASTA require that there is a temporal signal in the 515 

M. bovis genomic data. With the presence of a temporal signal, the accumulation of 516 

substitutions will be tied to the evolutionary processes of the sampled population, making it 517 

possible to leverage genetic variation to estimate evolutionary dynamics such as transmission 518 

rates. A root-to-tip versus sampling time regression was used to determine whether a 519 

measurable temporal signal was present in the M. bovis genomic data (Figure S4.2). The 520 
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positive trend observed in this regression indicates the presence of a weak temporal signal, 521 

therefore it was possible to proceed with the evolutionary analyses in BASTA.  522 

The computational complexity of the analyses to be conducted using BASTA meant that the 523 

large number of M. bovis genomes available within the outbreak clade (orange clade in 524 

Figure 2) had to be sub-sampled.  525 

In addition, it was only from 2014 to 2017 that the sampling of cattle and badgers in the TVR 526 

area can be considered approximately equal (in terms of effort). Therefore, only genomes 527 

sourced from infected cattle and badgers sampled from 2014 to 2018 were included in the 528 

BASTA analyses. The window was extended to 2018 to include the genomes sourced from 529 

Cumbria. The sub-sampling was then weighted to include samples from as many years as 530 

possible and from equal numbers of cattle and badgers. The sub-sampling was conducted 10 531 

times, each time selecting 20 badgers and 20 cattle-derived M. bovis genomes from Cumbria 532 

and 40 badger and 40 cattle-derived genomes from the TVR area (an example of a sub-533 

sample is shown in Figure S4.3). A root-to-tip versus sampling time regression was 534 

conducted for each sub-sample and found to be positive in all cases. Each sub-sample was 535 

then analysed separately in BASTA.  536 

537 
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Tables 732 

Category Covariates Description All 
samples 
model 

Cattle 
model 

Badger 
model 

Inter- 
species 
model 

Temporal SampleTimeDist 
Time distance (in days) 
between the isolates 
sample dates 

YES YES YES YES 

Spatial SampleGeoDist 
Geographical Euclidean 
distance between the 
isolates sampling locations 

YES YES YES YES 

Spatial ParcelsDist 

Minimum geographical 
Euclidean distance between 
the land parcels where 
isolates have been sampled 

YES YES YES YES 

Group SameSpecies Isolates from same species 
animals (YES/NO) YES NO NO NO 

Group SameGroup Isolates from same herd or 
sett animals (YES/NO) YES YES YES NO 

Group Sizes 
Size coefficient (squared 
root of product) of the 
isolates herd/social groups  

YES YES YES YES 

Network ShortestPathSNet 
Shortest path length 
between isolates nodes in 
single-species network 

YES YES YES NO 

Network InfNodesInPathSNet 
Number of infected nodes in 
shortest path between 
isolates in single-species 
network 

YES YES YES NO 

Network DegreeSNet 

Degree coefficient (squared 
root of product) of isolates 
nodes in single-species 
network 

YES YES YES NO 

Network SameCommSNet 
Isolates’ nodes in same 
community in single-species 
network (YES/NO) 

YES YES YES NO 

Network ShortestPathLPNet 

Shortest path length 
between isolates nodes in 
spatial (land parcels) 
network 

YES YES YES YES 

Network InfParcInPathLPNet 
Number of infected nodes in 
shortest path between 
isolates in spatial network 

YES YES YES YES 

Network DegreeLPNet 
Degree coefficient (squared 
root of product) of isolates 
nodes in spatial network 

YES YES YES YES 

Network SameCommLPNet 
Isolates’ nodes in same 
community in spatial 
network (YES/NO) 

YES YES YES YES 

Network ShortestPathML 
Shortest path length 
between isolates nodes in 
multi-layer network 

YES YES YES YES 

Network InfNodesInPathML 

Number of infected nodes in 
shortest path between 
isolates in multi-layer 
network 

YES YES YES YES 

Network DegreeML 
Degree coefficient (squared 
root of product) of isolates 
nodes in multi-layer network 

YES YES YES YES 

Network SameCommML 
Isolates’ nodes in same 
community in multi-layer 
network (YES/NO) 

YES YES YES YES 

 733 
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Table 1. Epidemiological covariates tested in the BRT algorithm. List of epidemiological 734 

covariates tested in the boosted regression trees (BRT) algorithm against the isolates genetic 735 

distance, calculated in number of SNVs. The four columns indicate in which model the 736 

covariate has been used. 737 

738 
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Figures 739 

 740 

Figure 1. East Cumbria outbreak area and phylogenetic tree. A: East Cumbria outbreak 741 

area (black) location in Cumbria (dark grey). B: M. bovis genomes phylogenetic tree 742 

(distance calculated in Single Nucleotide Variants, SNVs). Red dots represent badgers, and 743 

blue square cattle, and the label report the code assigned to each individual, sampling 744 

location and sample date.  745 
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 747 

Figure 2. East Cumbria and TVR M. bovis phylogenies. A maximum likelihood 748 

phylogeny of the M. bovis genomes sourced from Cumbria and the Test, Vaccinate, or 749 

Release (TVR) area in Northern Ireland. The tree is rooted with the M. bovis reference 750 

genome AF2122/97. The M. bovis genomes sourced from infected cattle and badgers in 751 

Cumbria are highlighted with a black semi-circle at the top left. The branches of the clade 752 

containing the M. bovis genomes sourced from Cumbria, and those from the TVR area that 753 

are most similar is highlighted in orange. 754 
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 755 

Figure 3. Covariate influence in the BRT models. The relative influence of the 18 756 

epidemiological covariates calculated by the Boosted Regression Trees (BRT) model. Bars 757 

colours correspond to the four models run with different sub-samples of the dataset: dark-red 758 

for the full model account all samples, light red for the badger-to-badger model, light-blue for 759 

the cattle-to-cattle only model, and dark-blue for the interspecies (badger-to-cattle) model. 760 
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  762 

Figure 4. Transmission matrix. Pairwise transmission probabilities between infected 763 

animals in the East Cumbria outbreak. Animals are reported in x (source animal) and y 764 

(infected animal) axes in the order they have been sampled, and they are labelled from one to 765 

65 and the species name (B for badgers and C for Cattle). Different colours correspond to 766 

transmission directions (red: badger-to-badger, green: badger-to-cow, light-blue: cattle-to-767 

badger, and magenta: cattle-to-cattle).  768 

769 

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

● ●●● ●●● ● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ● ●●●●● ● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●● ● ●●● ● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ● ●●● ● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ●●● ● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●●● ● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●● ● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●● ●●● ●●●● ● ● ●● ● ● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●● ●●● ● ● ●● ● ●●● ●● ●●● ●● ●● ● ● ●

●● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●●● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ●● ●● ●● ● ●● ●●● ● ●● ●●

● ●● ●● ●● ● ●● ●●● ● ●● ●●

●● ●● ●● ● ●● ●●● ● ●● ●●

● ●● ●● ● ●● ●●● ● ●● ●●

●● ●● ● ●● ●●● ● ●● ●●

● ●● ● ●● ●●● ● ●● ●●

●● ● ●● ●●● ● ●● ●●

● ● ●● ●●● ● ●● ●●

● ●● ●●● ● ●● ●●

●● ●●● ● ●● ●●

● ●●● ● ●● ●●

●●● ● ●● ●●

●● ● ●● ●●

● ● ●● ●●

● ●● ●●

●● ●●

● ●●

●●

●

C1
C60
C54
C15
C65
C38
C63
C37
C52

C5
C40

C2
C25
C41
B29
B44
B18
C35

C9
C26
C42
C30

C6
C39
C32
B13
B21
B24
B27
B48
B55

B4
B8

B10
B23
B28
B45
B47
B53
B57
B59
B14
B36
B50
B61
B62
B31
B46
B22
B58
B64
B16
B20

B3
B43
B56
B49
B12
C11
C19
B34
B17
B51
B33

B7

C
1

C
60

C
54

C
15

C
65

C
38

C
63

C
37

C
52 C
5

C
40 C
2

C
25

C
41 B2
9

B4
4

B1
8

C
35 C
9

C
26

C
42

C
30 C
6

C
39

C
32 B1
3

B2
1

B2
4

B2
7

B4
8

B5
5

B4 B8 B1
0

B2
3

B2
8

B4
5

B4
7

B5
3

B5
7

B5
9

B1
4

B3
6

B5
0

B6
1

B6
2

B3
1

B4
6

B2
2

B5
8

B6
4

B1
6

B2
0

B3 B4
3

B5
6

B4
9

B1
2

C
11

C
19 B3
4

B1
7

B5
1

B3
3

B7
Source

In
fe

ct
ed

Transmission probability
●

●

●

●

●

0.0005
0.0010
0.0050
0.0100
0.0150

Transmission direction
●

●

●

●

BB
BC
CB
CC

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 12, 2020. ; https://doi.org/10.1101/2020.11.12.379297doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.12.379297


  38 

 770 

Figure 5. Transmission probability to sequenced animals. Average (dots/triangles) and 771 

range (line) of infection probabilities (x axis) from all sampled infection sources to each 772 

individual animal (y axis). Red lines/dots correspond to badgers and blue lines/triangles to 773 

cattle. 774 
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 775 

Figure 6. East Cumbria M. bovis outbreak transmission tree. Most likely transmission for 776 

the sampled infectious individuals in the East Cumbria outbreak (transmissions from top to 777 

bottom). Red circles correspond to badgers, and blue squares to cattle. Edge thickness is 778 

proportional to the pair transmission probability and the edge label (dark green) indicates the 779 

SNV distance between the two individuals. 780 
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 782 

Figure 7. Transmission rates and number of transmissions estimated with BASTA. a) 783 

Inter-species and Northern Ireland to Cumbria M. bovis transmission rates (y axes, log scale) 784 

estimated using BASTA, based on analyses that used the genomic data and compared with 785 

the results for Woodchester Park [22]; b) estimates from BASTA of the number of 786 

transmission events (y axes) between the sampled cattle and badgers.  787 
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