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1. SUMMARY 

 
Bovine tuberculosis (bTB) is an infectious disease with a complex epidemiology at the 

human-animal-environment interface which, despite the application of extensive control 

measures, is still prevalent in livestock and wildlife in several regions of Spain. The disease, 

caused by Mycobacterium bovis (and to a lesser extent M. caprae), remains a concern due to 

its negative impact on animal health and welfare, together with the important consequences 

for production and animal trade that its presence imposes. Eradication programs of bTB in 

cattle in Spain are based on a combination of regular test and slaughter policies using mostly 

the single intradermal test (SIT), the interferon-gamma (IFN-γ) assay as an ancillary test in 

infected herds, and abattoir post-mortem inspection. Disease eradication at the herd level is 

challenging due to several factors including the limitations in the sensitivity of available 

diagnostic techniques, the risk of introduction of undetected infected animals, the proximity 

to positive farms, and the contact with infected wildlife reservoirs. This thesis is based on the 

application of different analytic tools such as social network analysis, epidemiological 

models and whole genome sequencing (WGS) to quantify the relative importance of risk 

factors impairing disease control in Spain using a multidisciplinary approach.  

Chapter 1 includes the characterization of the cattle movement network in Castilla y Leon, a 

high bTB prevalence area in Spain, and the assessment of the possible role of between-farm 

movements on the observed pattern of bTB breakdowns between 2010 and 2015 in the 

region. A high degree of heterogeneity in the contact patterns was observed, as most units 

had a small number of connections, but a small proportion of units were highly connected, 

what translates into an also heterogeneous risk of contributing to bTB spread if infected. The 

observed pattern of bTB cases in Castilla y Leon revealed that bTB-positive farms were not 

more connected than would be expected by chance with other positive farms through direct 

movements. However, positive farms were more connected to other units and moved more 

cattle than negative farms, suggesting an association between cattle movements and 

infection. Additionally, positive farms were clustered spatially, with positive farms being 

more likely to be within 10 km of other positive farms than expected. This study emphasizes 

the potential for units with certain characteristics and located at pivotal positions in the 

network to act as sources of bTB if movements of infected cattle occur before its detection. 
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Chapter 2 comprises the study of the factors contributing to disease persistence in bTB-

positive herds between 2010 and 2017 in Castilla y Leon. This study investigates the impact 

of farm characteristics and bTB breakdown-specific variables on the risk of experiencing 

prolonged bTB breakdowns and becoming chronically infected herds (outbreaks with 

duration ≥784 days) using survival analysis and multivariable models. Province of origin and 

municipality bTB herd prevalence, production type, herd size, entry of animals in the last 

three years, and number of skin test reactors and culture-positive animals in the disclosing 

test were associated with increased breakdown duration. In contrast, production type was not 

associated with experiencing a chronic breakdown once the farm is infected. This study 

provides useful information on the characteristics that influence the persistence of bTB in 

highly prevalent areas and can be used to identify infected herds that may experience chronic 

outbreaks at an early stage. 

Chapter 3 aims to evaluate the efficiency of slaughterhouse surveillance in detecting bTB 

and subsequently confirming the disease through laboratory tests between 2010 and 2017 in 

abattoirs in Castilla y Leon. Two multivariable mixed models were fitted to calculate the risk 

of lesion detection and laboratory confirmation per abattoir in animals that were positive or 

negative/with no information in ante-mortem tests while accounting for the effect of potential 

confounding variables. The probability of disclosure of bTB-like lesions among reactors was 

associated with the type of source unit, the breed and age of the animal, and the season of 

slaughter, whereas for the negative animals or those with no information on ante-mortem 

tests the latter was not. A substantial heterogeneity in the detection and laboratory 

confirmation rates of the abattoirs in Castilla y Leon was detected, especially regarding the 

risk of bTB-suspect lesion detection in reactors. However, animal and herd level 

characteristics did not contribute to this variability, indicating that the practices applied in 

detecting bTB-like lesions were not uniform among abattoirs. Results obtained in this study 

may help to quantify the baseline detection rates of bTB-like lesions in different animal 

populations and the observed variability in detection between abattoirs, along with the 

identification of certain animal- and farm-related factors. 

Chapter 4 includes the characterization of the genomic diversity of M. bovis isolates 

recovered from different animal species and locations of Spain that belong to the third most 

prevalent spoligotype in Spain (SB0339). The reconstruction of the phylogenetic 

relationships between the isolates revealed a variable genetic diversity for isolates recovered 
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from the same and different host species. However, this genetic heterogeneity was 

geographic rather than host species-specific, as isolates recovered from both cattle and 

wildlife sharing recent common ancestors were more closely related within same provinces 

compared to isolates from the same species but geographically distant. Limited within-herd 

genetic diversity between isolates recovered up to ten years apart in five out of ten chronically 

infected herds was observed. Additionally, closely related isolates coming from wildlife and 

cattle were also found in certain instances, demonstrating the potential for between-species 

transmission and the role that wildlife may play in certain settings for disease maintenance 

in endemic areas in Spain, and highlighting the need to develop improved strategies for 

controlling bTB in both cattle and wildlife populations. 

The combination of epidemiological and molecular tools applied here may help to elucidate 

the effect of the risk factors hampering bTB control in Spain, especially in areas where 

disease is endemic. The findings of this thesis demonstrate the usefulness of a 

multidisciplinary approach to gain insights on the critical points driving bTB occurrence in 

livestock (and wildlife) in Spain. 
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2. RESUMEN 

 
La tuberculosis bovina (TBb) es una enfermedad zoonósica de gran relevancia en la interfaz 

ser humano-animal-medio ambiente causada por las especies bacterianas Mycobacterium 

bovis y -en menor medida- M. caprae. La TBb tiene un gran impacto en la salud y bienestar 

animal, además de las graves consecuencias económicas que su presencia provoca en la 

producción y el comercio de ganado. A pesar de la aplicación de exhaustivas medidas de 

control, la prevalencia de la TBb es elevada en ganado y especies salvajes en varias regiones 

de España. Los programas de erradicación se basan en la aplicación rutinaria de estrategias 

de diagnóstico y sacrificio, empleando principalmente la prueba de la 

intradermotuberculinización (IDTB), el test de detección de interferón gamma (IFN-γ) 

complementario en rebaños infectados y la inspección post-mortem en matadero. La 

erradicación de la TBb a nivel de rebaño resulta compleja debido a diversos factores entre 

los que se incluyen la limitada sensibilidad de las pruebas diagnósticas disponibles, el riesgo 

de introducción de animales infectados no detectados, la proximidad a granjas positivas y el 

contacto con reservorios salvajes infectados. La presente tesis doctoral se basa en la 

aplicación de diversas herramientas analíticas como el análisis de redes sociales, modelos 

epidemiológicos y técnicas de secuenciación masiva para cuantificar la relativa importancia 

de los factores de riesgo que afectan el control de la TBb en España.  

El capítulo 1 comprende la caracterización de la red de movimientos de ganado bovino en 

Castilla y León, área de elevada prevalencia de TBb en España, y el estudio del posible rol 

de los movimientos entre granjas en el patrón observado de los casos de TBb entre 2010 y 

2015 en la región. Se observó un elevado grado de heterogeneidad en los patrones de contacto 

entre las granjas, ya que la mayoría de las unidades mantuvieron pocas conexiones con otras 

granjas, pero una pequeña proporción estuvo altamente conectada, lo que podría convertirlas 

en focos de alto riesgo en la transmisión de la TBb. A pesar de que las granjas positivas no 

estuvieron directamente conectadas a través de movimientos de ganado con otras granjas 

positivas más allá de lo esperado por azar, sí estuvieron más conectadas con otras unidades 

y movieron un mayor número de animales que las granjas negativas, lo que sugiere una 

asociación entre los movimientos de ganado y la TBb. Además, se detectó un claro patrón de 

agregación espacial de granjas positivas, de tal manera que hubo 27 veces más granjas 

positivas situadas en la proximidad de otras granjas positivas en un radio de 10 kilómetros 

de lo esperado por azar.  
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El capítulo 2 incluye el estudio de los factores que contribuyen a la persistencia de la TBb en 

los rebaños positivos en Castilla y León. En él se evalúa el impacto de características propias 

del rebaño y de variables específicas de episodios de TBb en el riesgo de desarrollar brotes 

particularmente largos y convertirse en rebaños crónicamente infectados (brotes de duración 

≥784 días) empleando análisis de supervivencia y modelos de regresión múltiple. La 

provincia de origen y la prevalencia a nivel de municipio, el tipo productivo, el tamaño de 

rebaño, la entrada de animales en los tres años anteriores al inicio del brote y el número de 

reactores y animales confirmados por cultivo en el inicio del brote estuvieron asociados con 

una mayor duración de los brotes de TBb. En cambio, el tipo productivo de la granja no 

estuvo asociado con la cronicidad en el rebaño una vez infectado.  

En el capítulo 3 se evalúa la relativa eficiencia de la vigilancia en matadero para detectar la 

TBb y confirmar la enfermedad en los animales positivos y negativos a las pruebas ante-

mortem (y aquéllos sin resultados a las pruebas) sacrificados en los mataderos de Castilla y 

León entre 2010 y 2017 empleando modelos mixtos multivariable. La probabilidad de 

detección de lesiones compatibles con TBb en los animales reactores estuvo asociada con el 

tipo de la unidad de origen, la raza y edad del animal y la época de sacrificio, mientras que 

esta última no afectó en los animales negativos (o sin datos). Se detectó una considerable 

heterogeneidad en las tasas de detección y confirmación de TBb entre los mataderos de la 

región, siendo más evidente la primera en los animales reactores. Sin embargo, las 

características evaluadas no contribuyeron a dicha variabilidad, lo que sugiere que la 

inspección post-mortem no es uniforme entre los mataderos.  

El capítulo 4 incluye la caracterización de la diversidad genómica de las cepas de M. bovis 

recuperadas de diferentes especies animales y regiones de España pertenecientes al 

espoligotipo prevalente SB0339. La reconstrucción de las relaciones filogenéticas entre las 

cepas reveló una relativamente elevada diversidad genética. Sin embargo, esta 

heterogeneidad estuvo asociada en mayor medida a la región que al hospedador, ya que las 

cepas recuperadas de ganado bovino y especies salvajes estuvieron relacionadas de manera 

más estrecha dentro de cada provincia comparado con las cepas de la misma especie pero 

geográficamente distantes. Se detectó una limitada divergencia genética entre las cepas 

procedentes de la mayoría de los rebaños analizados y recuperadas en un periodo de hasta 10 

años. Asimismo, se identificaron distancias genéticas reducidas entre cepas de diferentes 

hospedadores, lo que sugiere que la interacción entre el ganado bovino y los reservorios 

silvestres representa un importante rol en el mantenimiento de la TBb.  
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El enfoque multidisciplinar presentado en esta tesis demuestra que la aplicación combinada 

de herramientas de carácter epidemiológico y molecular resulta muy valiosa en el complejo 

escenario que representa la TBb en España, especialmente en áreas endémicas. La 

caracterización del potencial riesgo que presentan los movimientos para actuar como fuentes 

de TBb, la identificación de los factores que influyen en su persistencia en áreas de alta 

prevalencia, la variabilidad en la detección en matadero y confirmación laboratorial, así como 

la diversidad genética, a menudo limitada, de las cepas de M. bovis en diversas especies 

animales ponen de manifiesto la necesidad de incorporar estrategias integradas de control de 

la TBb tanto en ganado bovino como en reservorios silvestres en España.
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3. INTRODUCTION 

 
3.1. BOVINE TUBERCULOSIS 

 

Bovine tuberculosis (bTB) is a chronic bacterial disease with a notable economic 

significance. The disease is caused by members of the Mycobacterium tuberculosis complex 

(MTBC), mainly M. bovis and to a lesser extent M. caprae, that may affect an extremely 

wide range of host species including livestock, wildlife and humans (Aranaz et al., 1999; 

Cousins, 2001; Fitzgerald & Kaneene, 2013; Francis, 1958; Perez-Lago et al., 2014). Cattle 

are the most relevant animal reservoirs of bTB, and consequences of its control lead to major 

economic impact and trade barriers. The term bTB has been traditionally used to refer to 

tuberculosis infection in cattle and was further extended to the disease in other animal 

species, including other domestic species and wildlife. In 2019, the World Organisation for 

Animal Health (OIE) updated the OIE-Listed diseases, infections and infestations of 

importance to international trade and included bTB as "Infection with MTBC" within 

multispecies diseases section (OIE, 2020). In the present thesis, tuberculosis is denoted as 

TB. 

Despite many years of efforts invested in the eradication of bTB, the disease is 

heterogeneously distributed worldwide and remains a serious problem for both human and 

animal health, especially in many developing countries. In regions where disease control in 

cattle and routine pasteurization of cow’s milk are successful, human cases of zoonotic TB 

(mainly caused by M. bovis and M. caprae) are relatively rare, which shows the efficacy of 

eradication programs. However, when bTB is established in the animal population, complete 

elimination of the disease is difficult due to its inherent complexity and different factors 

involved in its persistence. Such factors include the bTB long incubation period, failures in 

the detection of infected animals due to diagnostic limitations, the presence of maintenance 

hosts in the environment, certain herd management practices, and movements of animals 

between farms (Aranaz et al., 2006; Broughan et al., 2016; de la Rua-Domenech et al., 2006; 

Pollock & Neill, 2002).  

Eradication programs in cattle are based on whole-herd tuberculin testing and slaughter of 

infected animals. On this basis, bTB incidence quickly decreases and animals with clinical 

signs are rarely encountered due to the application of single intradermal test (SIT), which 



INTRODUCTION 

10 
 

allows presumptive detection prior to clinical stages. Australia, United States, Denmark, 

Germany, Netherlands, Luxembourg, Czech Republic, Austria, Slovakia, Finland, Sweden, 

and Belgium are examples of countries that had successfully eradicated bTB though test and 

slaughter policies during the last decades (European Food Safety Authority [EFSA] Panel on 

Animal Health and Welfare [AHAW], 2014; More et al., 2015; Reviriego Gordejo & 

Vermeersch, 2006), whereas some developed countries such as France and Italy have reduced 

the disease burden and kept it limited to one or more areas (OIE, 2013). However, elimination 

of the disease is complicated in other countries such as United Kingdom (UK), Ireland and 

Spain, where bTB detection is often delayed due to limitations in the accuracy of diagnosis 

and the presence of wildlife species (often sharing habitat with livestock) that may act as 

maintenance hosts of the disease, among other factors (Allen et al., 2018; Aranaz et al., 2004; 

Cheeseman et al., 1989). 

To understand the magnitude of bTB, it is important to gain insights into the historical 

framework of the disease. The origins of mycobacteria date back to 150 million years ago 

according to the present distribution of endemic foci of M. ulcerans, that resulted from a 

previous break-up of a great southern land mass to form the continents in the south 

hemisphere (Hayman, 1984). An early ancestor of M. tuberculosis might have infected early 

hominids in East Africa 3 million years ago (Gutierrez et al., 2005). Based on data on the 

variability of the molecular markers detected in mycobacteria isolated from infected humans, 

the most common ancestor of the MTBC emerged 40,000 years ago from its progenitor in 

East Africa, where modern human population disseminated with subsequent waves of 

immigration out of Africa (Wirth et al., 2008). The patterns of the disease have been reported 

to follow the expansion of urban populations (Herzog, 1998). During the Fertile Crescent, 

nomad traditions were replaced by farming culture based on domesticated livestock and 

crops, thus promoting mycobacterial spread and spillover to new animal hosts (Diamond, 

2002). Additionally, there is evidence supporting the possible occurrence of TB among 

population of ancient Egypt, the Peruvian pre-Columbians, Greece, India and China (Adams, 

1849; Fusegawa et al., 2003; Herzog, 1998; Salo et al., 1994; Zink et al., 2001).  

Although TB was present in the majority of civilizations over the course of history, the 

disease became a serious problem in the mid-17th and 18th centuries, as the rise in population 

density and industrialization crowded people together in unsanitary conditions in large cities 

(World Health Organization [WHO], 2010). By the end of the nineteenth century, TB was 
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the major health threat in Europe: one out of seven people was dying from TB. Twenty-five 

years after Klencke claimed to have produced TB in animals by the inoculation of 

tuberculous matter (Klencke, 1843), Jean-Antoine Villemin first established the 

transmissibility of TB from human or cattle to rabbits in 1865 (Villemin, 1865), but the 

microorganism responsible for the deadly disease was not found until Robert Koch 

discovered the tubercle bacillus as the cause of TB in 1882 and defined the Koch postulates 

(Koch, 1882). Successive scientific experiments confirmed that inoculation of tuberculous 

matter could infect both cattle and humans, and, at the end of the century, there was enough 

knowledge to demonstrate that the disease originated in domesticated cattle could be 

transmitted to humans through contaminated milk and uncooked meat (Rosenkrantz, 1985). 

Since then, the scientific understanding of TB rapidly increased, with the discovery of the 

tuberculin for the diagnosis of the disease through the tuberculin skin test -which little has 

changed to our times-, and the introduction of BCG (Bacillus Calmette–Guérin) vaccine 

(Calmette, 1927; Mantoux, 1910). 

Throughout the 20th century, TB incidence decreased in most developed countries due to the 

economic growth, the improvement in living conditions and important achievements in 

medicine and public health. However, the zoonotic implications of bTB were not often well 

understood and the incentive for bTB control was mainly monetary, and for this reason, many 

developing countries cannot afford comprehensive bTB controls (Good & Duignan, 2011). 

In the early 1950’s, the development of refined diagnostic tools allowed for the introduction 

of control protocols and regulations, including the systematic slaughter of tuberculin-positive 

cattle. Eradication of bTB has been a major issue since the beginning of the European 

Economic Community (EEC). In 1964, detection and surveillance of bTB in cattle through 

routine testing, slaughter of positive animals and movement controls turned into government 

policy. Council Directive 64/432/EEC of 26 June 1964, on animal health problems affecting 

intra-community trade in bovine animals and swine established the animal health 

requirements needed for the trade between the Member States and first defined the “officially 

tuberculosis-free bovine herd” (OTF) status (Anon, 1964a). Subsequent Council Directives 

(77/391/EEC, 97/12/EC) and Decision (90/424/EEC) endorsed community measures for the 

eradication of bTB providing the legal framework for qualifications on trade and bTB 

diagnosis in cattle in the European Union (EU) (Anon, 1997). Considerable progress was 

made in the early years of the policies and since the compulsory bTB testing was introduced, 
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which progressively reduced the number of reactors by late 1970’s. However, persistence of 

bTB due to animal trade, the use of less restrictive interpretation criteria in the skin tests -

among other diagnostic challenges-, and the presence of wildlife reservoirs complicate its 

eradication in several countries. 

First attempts to control bTB in Spain date back to early 1950s, when herd prevalence peaked 

at 50%. The first bTB tests were conducted in dairy cattle in the north of the country. In 1965, 

a National Plan to fight against bTB and brucellosis was first established, and it was mainly 

targeted towards dairy herds located in the northern and central areas of Spain. However, 

these initiatives were not successful due to the high cost imposed to farmers. It was not until 

1986, after Spain became a member of the EEC, that an eradication program was developed, 

based on the Directives 77/391/CEE and 78/52/CEE, and Decision 87/58/CEE (Anon, 

2020b). In 1993, when most beef and dairy herds were included in the national eradication 

program, bTB herd prevalence was around 6% (Anon, 2011). Since then, and until 2005, 

herd prevalence decreased to 1.5% (Anon, 2020b). However, herd prevalence has remained 

relatively constant for the last 16 years (2.2% in 2002 and 2.3% in 2018) (Figure 1).  

Between 2005 and 2013, eradication schemes only achieved a slight reduction in bTB herd 

prevalence (from 1.52 to 1.39%). However, during 2015 and 2016, a marked rising bTB trend 

was observed (Figure 1). This apparent increase of the bTB herd prevalence is likely to have 

been associated with the improvement of diagnostic sensitivity (Se) at the herd level, which 

results crucial in order to identify residual infections. The implementation of reinforcement 

measures such as the application of pre-movement tests, the introduction in 2006 of 

interferon-gamma (IFN-γ) as an ancillary test for detection of the maximum number of 

infected animals in bTB-positive herds, the application of additional testing to herds sharing 

pastures, the implementation training courses to veterinary practitioners, and audits of the 

execution of the eradication program by the different regions carried out by the Ministry for 

Agriculture, Fisheries and Food may be the indicative factors behind these fluctuations.  
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Figure 1. Evolution in herd prevalence (purple) and animal incidence (pink) of bTB in Spain, 2001-2018. 
Adapted from: Ministerio de Agricultura, Pesca y Alimentación (Anon, 2020b). 

 

Burden of bTB is not homogeneous throughout Spain, with areas with herd prevalence <0.2% 

and areas with >5% (Anon, 2020b). A large sum of bTB-positive herds are located in regions 

where conditions that favor disease persistence are common, such as the presence of wildlife 

reservoirs and the predominance of extensively managed bullfighting and beef herds 

(Alvarez et al., 2014b). Additionally, diagnostic tests have limitations in terms of Se and 

specificity (Sp), especially in certain production types, which may lead to a certain proportion 

of infected animals be missed from detection and some non-infected animals being 

unnecessarily slaughtered (Nunez-Garcia et al., 2018). 

The complex scenario of bTB in Spain illustrates the potential disruption of the boundaries 

at the (human-) livestock-wildlife interface, and for these reasons, the national eradication 

program should be uninterruptedly monitored for effectiveness, to identify and evaluate the 

constraints hampering disease control and challenging the progress in disease eradication. 

Moreover, alternative policy adaptations and the implementation of necessary modifications 

to the program should be constantly required. 
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3.1.1. Clinical presentation and transmission 

 

M. bovis -and to a lesser extent, M. caprae-, a Gram-positive, acid-fast bacterium, has been 

recognized as the main causative agent of bTB for more than a century. Cattle are considered 

the main host, although many other livestock and wildlife species may also be affected. The 

complexities that surround the disease are in part related to its chronic, progressive nature 

and the fact that it can remain subclinical for a long period. Although bTB does not cause 

acute mortality, infected animals may lose weight and reduce milk yield, which have a huge 

impact on productivity. Fertility losses have also been reported (Bernues et al., 1997). During 

slaughterhouse inspection, organs and even the whole carcass of the infected animal may be 

confiscated. 

 

Figure 2. Graphical representation of the spectrum of immune responses in cattle following infection with M. 
bovis. Source: Pollock & Neill, (2002), with permission from The Veterinary Journal. 

 

Infection with this pathogen is difficult to diagnose specially in the early stages, when clinical 

signs are not visible (Figure 2). In fact, the dynamics of bTB infectiousness in cattle change 

with time. Temporal transmission kinetics of bTB are frequently captured through a standard 

compartmental approach, with four mutually exclusive states where infected individuals are 

classified based on their disease stage: latent, reactor, infectious and anergic (Kao et al., 

1997). Newly infected animals may become undetectable or have a poor response to the in 

vivo tests. Estimates of the length of the unreactive period range between 22 and 275 days 
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from infection to detection depending on the applied modeling approach (Alvarez et al., 

2014a; Barlow et al., 1997; Conlan et al., 2012). At this point, the regime and frequency of 

testing turn out to be of utmost importance in order to detect bTB infected animals early on 

in the breakdown. Thereafter, at a reactor state, cell-mediated immune (CMI) responses 

predominate and animals may become detectable by skin test, but they are not infectious until 

they begin to excrete the pathogen after an estimated period that ranges between 6 and 35 

months (Barlow et al., 1997; Smith et al., 2013). During the infectious state of the disease, 

and especially in more advanced stages, infected animals may present weakness, anorexia, 

emaciation, lethargy, pneumonia with a chronic cough, swollen lymph nodes and visible 

lesions at slaughterhouse inspection. Beyond a certain stage of severe and disseminated bTB, 

cattle can develop a state of anergy. This implies a reduction in the skin test responsiveness 

as cell-mediated immunity to tuberculin is depressed in a host without symptoms (Pollock & 

Neill, 2002). These anergic animals are highly infectious and may remain undetectable in the 

herd, thus acting as sources of bTB to other animals. 

As bTB progresses, there is a shift towards the development of humoral responses (Pollock 

& Neill, 2002); for this reason, the single use of antibodies to detect bTB in recently exposed 

cattle is not recommended. However, assays based on detection of specific antibodies may 

complement the currently available ante-mortem tests (namely the skin test and the IFN-γ 

assay) in cattle, as reviewed elsewhere (Bezos et al., 2014). 

The development of lesions in bTB infected cattle is a consequence of the immune response 

after invasion of tissues as disease progresses. Detection of bTB in cattle by slaughter 

surveillance requires the presence of visible lesions at routinely inspected locations. 

However, animal-, farm-, and factory-associated factors may contribute to the variation in 

the detection of these lesions in infected cattle (Byrne et al., 2017a; Frankena et al., 2007). 

Advanced stages of bTB infection in cattle are rarely found in developed countries nowadays, 

due to the early detection of bTB-positive cattle through skin test and/or detection of IFN-γ. 

Still, the lack of steady clinical signs, the behavior of the disease in each individual, the 

complex inherent nature of the pathogen and the uncertainty about the true performance of 

the diagnostic tests may lead to a delayed detection of bTB infected animals. 

Direct oro-nasal transmission has been extensively considered as the main infection route of 

bTB (Pritchard, 1988). Cattle-to-cattle transmission occurs through the inhalation of aerosols 

containing the bacteria into the bovine lung, where the mycobacteria are phagocytosed by 
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alveolar macrophages. Microscopic lesions detected 7 days post-infection may become 

visible macroscopically by 14 days in lymph nodes associated with the upper respiratory tract 

(retropharyngeal and submandibular) (Neill et al., 2001). If the animal has not been detected 

by an early skin test, infection may spread to further locations such as the spleen, udder, 

meninges, liver and the regional lymph nodes. Transmission via the oral route is considered 

secondary to the respiratory route, while vertical, genital, congenital and infections from the 

udder are less common (Neill et al., 1994b). The manifestation of bTB is strongly related to 

the routes of infection in cattle. The pattern and lesions distribution found in most post-

mortem analyses harmonize with the idea of the aerogenous route as the most important for 

the transmission of bTB to cattle, with a predominant involvement of the upper and lower 

respiratory tract and the regional lymph nodes (Francis, 1947). Extrapulmonary/extrathoratic 

lesions found in the intestine of tuberculous cows are due to the ingestion of a heavy bacterial 

load from contaminated feed, water, or even unpasteurized milk used to fed calves, and some 

studies suggest that lesions in mesenteric lymph nodes may also arise from swallowed 

sputum in infected cattle (Neill et al., 1988; Srivastava et al., 2008).  

Although M. bovis is considered as an obligate intracellular pathogen, some evidences of 

indirect environmental transmission at shared waterholes and feeding sites have been 

reported, which may also act as potential risk spots for bTB transmission (Barasona et al., 

2017). However, the infectivity period of M. bovis recovered from environmental sources 

(such as pasture, water sites, urine and faeces) for susceptible species is generally short and 

ranges between 1 week and 1 month due to the strong dependence on the soil and daylight 

conditions (Duffield & Young, 1985; Tanner & Michel, 1999), although estimates of M. 

bovis survival in soil of more than 15 months has been shown elsewhere (Young et al., 2005). 

Transmission routes other than aerogenous have declined in developed countries under the 

influence of current eradication schemes. 

 

3.1.2. Socio-economic impact on public and animal health 

 

Tuberculosis is still the leading cause of death from a single infectious agent in humans 

worldwide. The current “Stop TB Strategy” developed by the World Health Organization 

(WHO) aims at reducing the global burden of TB by allowing access to high-quality care for 
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all affected human population and ensuring early case detection and effective drug supply 

(World Health Organization [WHO], 2006).  

Unlike the main presentation of TB -caused by M. tuberculosis-, which is spread from person 

to person and somewhat restricted to immunocompromised individuals in developed 

countries, zoonotic transmission of M. bovis occurs primarily through close contact with 

infected animals (e.g., hunters and farmers) or consumption of unpasteurized dairy products 

or raw meat. Transmission cases of mycobacteria from wildlife reservoirs to humans are 

circumstantial (Kiers et al., 2008; Murphree et al., 2011). Although there is a low proportion 

of human cases related to M. bovis in the EU – with 170 confirmed cases reported in 2018- 

(Figure 3) (European Food Safety Authority and European Centre for Disease Prevention 

and Control [EFSA and ECDC], 2019), an estimated 147,000 new cases and 12,500 deaths 

due to zoonotic TB were reported globally in 2016, with the heaviest burden located in Africa 

followed by South-East Asia and Latin America (World Health Organization [WHO], 2018). 

Estimates of the proportion of zoonotic TB due to M. bovis ranges between 1.4% (in regions 

outside Africa) and 3.1% (for countries in Africa) over all TB cases in humans (Cosivi et al., 

1998; Muller et al., 2013). This proportion may be underrated as isolation and confirmation 

of M. bovis is not routinely performed in many low-income and high-disease-burden 

countries and/or there are no laboratory procedures to differentiate M. bovis from M. 

tuberculosis, as TB caused by either the former or the latter is clinically indistinguishable. 

Globally, the burden of zoonotic cases of TB may reflect the bTB prevalence in cattle. 

Consequently, the zoonotic potential of M. bovis is of major concern in public health and 

involves intersectoral alliance of human, animal, and environmental health. For these 

reasons, the disease is one of the main examples of the so called One Health approach, based 

on the concept that human health is inextricably tied to the environment and animal health. 

The OIE stated that, between 2017 and 2018, among the 188 countries and territories that 

declared their bTB status, 44% (82 countries) reported the disease in livestock and/or wildlife 

(OIE, 2019). In most countries of Africa bTB is prevalent, although awareness about its 

zoonotic potential is limited and the disease is either partly controlled or not controlled at all. 

In Tanzania, Ethiopia, and Nigeria the median estimated proportion of TB due to M. bovis in 

humans was 26.1%, 17%, and 15.4%, respectively (Muller et al., 2013). In India, where the 

disease is not perceived as a hazard by farmers and stakeholders, bTB-related human cases 

can be >9% of the total human TB cases, while the burden of bTB in cattle ranged between 



INTRODUCTION 

18 
 

1.6 and 51.2% (Bapat et al., 2017; Chauhan et al., 2019; Prasad et al., 2005). Estimates of 

bTB prevalence among cattle in Mexico were up to 16%, while median percentage of TB 

caused by M. bovis in humans was estimated to be around 8% (range 0-31.6%), or even up 

to 13.8% (Milian-Suazo et al., 2008; Perez-Guerrero et al., 2008). Furthermore, international 

migration through the United States- (USA) Mexico border may play a key role in the spread 

of bTB among humans and cattle, and the disease is suggested to be recurrently circulating 

within the country and spilling over into the USA through movement of infected people and 

livestock (Sandoval-Azuara et al., 2017). 

Additionally, access to treatment and health care determine the burden of dual human 

immunodeficiency virus (HIV) and M. bovis infection, as TB is a major opportunistic 

infection in HIV-infected people in regions where conditions favor the exposure to both, such 

as Africa and South-East Asia (Trinh et al., 2015).  

Another factor challenging bTB eradication is the emergence of multidrug resistance. 

Mycobacterium bovis is intrinsically resistant to pyrazinamide, one of the four drugs applied 

in the standard first-line treatment routine. Several studies have documented outbreaks 

caused by multidrug-resistant M. bovis strains in humans, but the assessment of resistance 

mechanisms from animal isolates is scarce (Guerrero et al., 1997; Long et al., 1999; Romero 

et al., 2007). Most treatments in humans start without species identification or drug 

susceptibility testing, which may lead to either multidrug-resistant or extensively drug-

resistant strains of mycobacteria (Jain & Dixit, 2008). This generates a serious public health 

issue, as these multidrug-resistant strains may be transmitted among humans, and although 

treatment of bTB in cattle is prohibited, this resistance may be also transmitted from humans 

to animals.  

In developed countries, the current control policies applied together with milk pasteurization 

have drastically reduced the proportion of new cases in both humans and cattle. However, 

complete eradication of bTB in cattle is still difficult in some areas where wildlife reservoirs 

act as maintenance hosts, and together with the introduction of infected cattle into the herd 

may contribute to its persistence. The USA, Canada and New Zealand are some examples of 

countries outside the EU where, despite their relatively low herd prevalences, the disease is 

self-sustaining in a variety of wildlife hosts. Reported bTB herd prevalences in the USA are 

extremely low, occurring roughly 7 times per 1 million cattle herds on an annual basis 
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(USDA-APHIS, 2018). In New Zealand and Canada, bTB herd prevalence is below 0.1%, 

with only sporadic localized outbreaks (El Allaki et al., 2016; OSPRI, 2016). 

An overall low proportion of herds are bTB-positive in the EU (0.9%, 18,973/2,105,693 

herds in 2018) (Figure 3) (European Food Safety Authority and European Centre for Disease 

Prevention and Control [EFSA and ECDC], 2019). The bTB scenario among EU Member 

States is highly heterogeneous: 17 countries such as Denmark, Norway, Finland, and 

Germany, were OTF during 2018, while 11 either remained non-OTF or had non-OTF 

regions (namely Italy, Portugal, Spain and UK). Although being eradicated in several 

Member States, bTB is still detected in some herds and wildlife each year in some areas of 

France and Germany. Combined value of herd prevalence for England, Wales and Northern 

Ireland reached 15.5% in 2018, with a wide regional variation in bTB frequency, distribution 

and epidemiology which is suggested to be largely determined by bTB infection in badgers 

(Animal and Plant Health Agency, 2019). Greece, Ireland and Spain reported herd 

prevalences between 2 and 5%, whereas Portugal and Italy reported lower values (<0.5%) 

(European Food Safety Authority and European Centre for Disease Prevention and Control 

[EFSA and ECDC], 2019). 

 

 
Figure 3. Number of confirmed TB cases due to M. bovis in individuals of EU origin and country-level 
aggregated herd prevalence of bTB, EU/European Economic Area (EEA) and Switzerland, 2018. Data for 
EU/EEA human cases provided by ECDC. Source: EFSA and ECDC, (2019), with permission from EFSA. 
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The socio-economic consequences associated with bTB are largely known. The costs linked 

to reduced production efficiency, surveillance activities and testing, restriction of cattle trade 

and indemnification of slaughtered animals induce significant economic losses to farmers, 

stakeholders and governments worldwide. These costs also include a negative effect on the 

country’s reputation, and consumers and farmers loss of trust in the eradication programs. 

The direct impact of a bTB outbreak in a farm is jointly faced by the farmer and the 

government. When a bTB-positive animal is found in the herd, the farmer not only loses the 

value of the animal, but also its output. The primary productivity loses in cattle are associated 

with reduced milk yield and meat production, together with higher reproduction efforts. An 

estimated 10% reduction in milk productivity may be observed in bTB infected cattle 

compared to non-infected cows, while for meat production decrease values may be around 

6-12% (Thoen et al., 2006). Moreover, other on-farm expenses include movement 

restrictions (and subsequent reduction in the herd size) and replacement-associated costs. 

Disclosure of bTB-positive cattle also causes losses related to cattle movements to abattoirs, 

laboratory analyses to confirm the disease, and destruction of carcass/organs. Although 

animal compensation payments can help to alleviate these costs, the time interval between 

slaughter of a bTB-positive animal and receiving indemnification payments may range 

between 14 and 150 days (Bennett & Cooke, 2006).  

The economic impact of bTB is difficult to be accurately calculated due to the scarcity of 

global estimates. An estimated annual amount of several billion dollars is needed to face the 

consequences of one of the most widespread diseases in the world. Precise information is 

often only available for certain countries while in others, especially in developing countries, 

estimations are just guesswork (Caminiti et al., 2016; Tschopp et al., 2013; Verteramo Chiu 

et al., 2019). Variations in the targets of economic efforts depending on the country can be 

identified, as there exist substantial differences in the relevance of risk factors between 

control policies in high- and low-income countries. Because no eradication schemes are 

routinely performed in developing regions, the intensification of livestock production 

increases the risk of bTB transmission as livestock is gathered in close interaction with 

farmers. In these countries, farmer compensations are not a priority. In contrast, the 

prevalence of human TB, which correlates with socioeconomic conditions and the country’s 

gross national product, has decreased in industrial countries as milk pasteurization is not an 

issue anymore.  
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The EU provides a financial contribution to cover often up to 50% of costs of testing and 

compensation to farmers for bTB-positive cattle compulsorily slaughtered under the bTB 

eradication program. In Spain, total testing costs co-founded by the EU reached 

14,224,508.81€ in 2018, of which ~8.8 million € were associated with testing (Anon, 2019b).  

Control and eradication of bTB is possible, as seen in several countries worldwide. Cost-

benefit analyses may help to estimate the economic profits of eliminating bTB and results of 

utmost importance to motivate producers. It has been reported that after the acquisition of an 

OTF status, costs for the eradication of cattle diseases such as bTB, leucosis and brucellosis, 

can decrease by 50%, due to the reduction in testing frequency and the proportion of the 

target population (Caminiti et al., 2017).  

Control at the animal source and prevention of bTB transmission is necessary to achieve the 

goal of its complete eradication at the animal-human interface. All efforts should be targeted 

towards the improvement in food hygiene and husbandry practices, human living conditions 

and the reduction of prevalence of HIV, which exacerbate the situation especially in countries 

with lower gross national products. However, in a global point of view, these constrains 

should be of interest for all countries in a world where trade barriers are fading.  

 

3.1.3. Mycobacterium tuberculosis complex: characteristics and evolution 

 

The genus Mycobacterium encompasses a large group of Gram-positive, acid-fast bacilli in 

the phylum Actinobacteria, that cause a huge impact in human and animal morbidity and 

mortality (Brenner et al., 2005). This genus contains more than 180 species that are divided 

into culturable and no culturable, such as the human leprosy bacillus (Collins & Grange, 

2003). Some mycobacteria are obligate pathogens, while many other species are 

opportunistic pathogens of disseminated diseases (i.e., HIV), or live freely in the 

environment.  

Mycobacterial species differ widely in their growth rates. The slow-growing bacteria require 

more than 7 days to form colonies, while the rapid-growing bacteria require less than 7 days 

to form visible colonies on solid media. Robust phylogenetic analyses have demonstrated 

that all slow-growing mycobacteria belong to a single evolutionary branch that emerged from 

the rapid-growing mycobacteria (Forbes et al., 2018). Growth rate is intrinsically connected 



INTRODUCTION 

22 
 

to the ability of mycobacteria to infect humans, with the strict and most opportunistic 

pathogens of public health concern belonging to the slow-growing evolutionary branch [i.e., 

the MTBC and M. avium subsp. paratuberculosis (MAP)] (Tortoli, 2014). 

The non-tuberculous mycobacteria (NTM) are a group of species other than M. leprae and 

those belonging to the MTBC, that can be identified as either slow or rapid growers. These 

also called environmental saprophytes can be isolated from natural water, soil, grass, and 

unpasteurized milk. Although the NTM are not the causal agents of either leprosy or TB, 

they are a steadily considered emerging pathogens that cause opportunistic infections in 

humans and animals, and in the recent decades an increased human death rate associated with 

these bacteria has been observed (Cassidy et al., 2009). Additionally, non-specific responses 

to diagnostic herd tests have been linked to NTM infections (Jenkins et al., 2018). 

Another significant NTM is the abovementioned MAP, which is contained within the M. 

avium complex (MAC). There is increasing awareness of the importance of this pathogen in 

public health, as accumulating evidence have supported a causative association between 

MAP and Crohn’s disease, a chronic inflammatory bowel disease in humans (McNees et al., 

2015). The MAP species is the causative agent of paratuberculosis (or Johne’s disease) in 

cattle, a widespread disease with a significant economic impact and productivity losses. 

Likewise, in the presence of a concomitant MAP infection, the reliability of diagnostic tools 

during bTB detection may be compromised (Alvarez et al., 2009; Alvarez et al., 2008).  

The slow-growing mycobacteria includes the most harmful to public health obligate 

pathogens that have plagued human and animal populations for thousands of years, grouped 

as the Mycobacterium tuberculosis complex (MTBC). The MTBC is a closely related 

grouping of mycobacteria that are responsible for TB. This collection of mycobacteria 

includes the currently recognized species M. tuberculosis (Koch, 1882), M. bovis (Karlson 

& Lessel, 1970), M. bovis BCG (Grange et al., 1983), M. caprae (Aranaz et al., 2003), M. 

africanum (Castets & Sarrat, 1969), M. microti (Reed, 1957), and M. pinnipedii (Cousins et 

al., 2003). Other putative pathogens in MTBC are M. mungi (Alexander et al., 2010), and the 

genetic variants Dassie (Mostowy et al., 2004; Wagner et al., 1958) and Oryx bacillus/M. 

orygis (Lomme et al., 1976; van Ingen et al., 2012). Mycobacterium canetti displays a 

distinctive smooth colony phenotype on culture media [smooth tubercle bacilli (STB)], and 

is considered the most closely related mycobacteria that fall outside the MTBC (Supply et 

al., 2013; van Soolingen et al., 1997). 
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The MTBC is essentially clonal, with 99.9% similarity at the nucleotide level and identical 

16S ribosomal ribonucleic acid (rRNA) sequences (Huard et al., 2006; Sreevatsan et al., 

1997). While for two strains of Escherichia coli the divergence is 1.6%, the average genetic 

diversity between two M. tuberculosis and M. bovis isolates is less than 0.05%, (Garnier et 

al., 2003; Smith et al., 2006). Despite the close genetic relationship shared by the 

mycobacteria included within the MTBC, they diverge extensively in host preference, 

virulence, phenotype, and geographical distribution. These pathogens have an extraordinary 

ability to enter and establish themselves in a wide variety of mammalian hosts. While some 

species of this group affect mostly humans (M. tuberculosis, M. africanum, M. canetti), 

marine mammals (M. pinnipedii), rodents (M. microti), mongooses (M. mungi), and oryxes 

(M. orygis) others have a wide spectrum of distinct hosts (M. bovis, M. caprae, and also M. 

tuberculosis).   

The MTBC’s transmissibility profile is influenced by within-group genetic relationships and 

its evolutionary background. Such mono-morphic MTBC bacteria are believed to have 

evolved from a single ancestral tubercle bacilli called “Mycobacterium prototuberculosis”, 

resulting from reductions in diversity caused by selective sweep and an evolutionary 

bottleneck that arose 15,000 to 35,000 years ago in East Africa (Gutierrez et al., 2005; 

Hughes et al., 2002; Sreevatsan et al., 1997). Demographic explosion of the Homo sapiens 

and subsequent largescale movements led to a co-migration of the pathogen with humans out 

of Africa. Thereafter, between 20,000 and 30,000 years later, two major lineages emerged: 

one that spread exclusively among humans, whereas the other one is the probable responsible 

for TB spread from humans to animals. The ultimate pathogen major expansion occurred 

during the last two centuries, due to the human population explosion and the industrial 

revolution.  

Sequential deoxyribonucleic acid (DNA) deletions, phylogenetically informative spacer 

sequences, and single nucleotide polymorphisms (SNPs) can be used as molecular markers 

to identify different clades within the host-adapted strains of the MTBC. Compared to the 

MTBC, M. canettii differs in terms of phenotype and presents polymorphisms in certain 

house-keeping genes; it shows evidences for recombination of chromosomal sequences and 

genetic exchange, which has been reported absent among the rest of the MTBC strains after 

the evolutionary bottleneck (Boritsch et al., 2016; Chiner-Oms et al., 2019). In fact, several 

studies described M. canettii as a very distant group of strains that diverged first from the 
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common ancestor of the rest of the complex (Brosch et al., 2002; Fabre et al., 2004). 

Phylogenetic branching of the STB lineage is consistent with the presence of a higher number 

of SNPs (~tens of thousands of SNP differences between M. canettii and MTBC) compared 

to the members of the MTBC (~2500 SNPs between M. tuberculosis and M. bovis) (Supply 

et al., 2013).  

 

 
Figure 4. Phylogeny of the MTBC based on the phylogenetically informative mutations in the lineages leading 
to M. bovis. Adapted from Smith et al. (2006), with permission from Nature Reviews Microbiology. 

 

The presence or loss of the M. tuberculosis specific deletion 1 (TbD1), conserved in M. 

canettii, defines the subdivision in ancestral and modern M. tuberculosis strains. All 

members of the complex, other than M. tuberculosis and the more distantly related M. 

canettii, belong to a nested lineage characterized by the absence of a chromosomal region of 

difference (RD), the RD9, along with the TbD1 (Brosch et al., 2002). Other RD regions were 

lost during the speciation of MTBC. For instance, there is enough evidence to support that 

the main causal agent of bTB, M. bovis, can be traced back due to the specific deletion of 

RD4 (Figure 4).  

It has been long argued whether bTB was first transmitted from animals to humans as an 

adaptation from animal to human hosts. However, scientific research supports that 

subsequent phylogenetically informed deletions in M. bovis relative to M. tuberculosis 
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originated the cattle-adapted M. bovis (Figure 4) (Wirth et al., 2008). Genome-wide analyses 

indicated that these numerous deletions of genetic information in M. bovis had led to a 

smaller genome size (4,345,492 base pairs (bp) for the virulent bovine isolate AF2122/97) 

compared to M. tuberculosis [4,411,529 bp for the human isolate H37Rv] (Cole et al., 1998; 

Garnier et al., 2003). The extensive loss of genetic material in M. bovis and the differential 

gene expression is suggested to be responsible for its host preference (Garnier et al., 2003). 

Although there are differences in the phenotype, virulence and host tropism, genome 

sequences of M. tuberculosis and M. bovis are >99.95% identical (Garnier et al., 2003). 

However, minor genome variations have a deep effect on the distinctive features between the 

bovine bacillus. For example, a point mutation in the pncA gene in M. bovis is responsible 

for its resistance to the anti-TB pyrazinamide, which can be used to distinguish it from M. 

tuberculosis (commonly susceptible) (Barouni et al., 2004).  

M. bovis is also the precursor of the currently unique vaccine against TB, M. bovis BCG, a 

strain that was attenuated by 230 serial passage of M. bovis in a broth containing glycerol, 

potato-extract and bile salts (Calmette, 1927). 

Several chromosomal markers have been extensively used to differentiate between M. bovis 

strains -and also within the MTBC- and perform epidemiological tracing. The insertion 

sequence IS6110 is a mobile element that is exclusive to the MTBC, but the total number of 

copies of IS6110 found in the genome differs widely between the members of the complex 

indicating that it is highly unstable (Cave et al., 1991). For this reason, the IS6110 restriction-

fragment length polymorphism (RFLP) genotyping is a frequently used tool to perform 

epidemiological studies. However, the most commonly molecular-typing method applied is 

the direct variable repeat (DVR) spacer oligonucleotide typing (spoligotyping), which 

identifies polymorphisms in the spacer units in the direct repeat (DR) region of the 

chromosome, which is uniquely present in bacteria of the MTBC (Kamerbeek et al., 1997). 

Authoritative names for spoligotypes of all members of the MTBC from animal origin 

(written as the prefix SB followed by a unique four-digit code), are assigned according to the 

M. bovis Spoligotype Database Mbovis.org (Smith & Upton, 2012). Differences in the M. 

bovis spoligotype patterns are based on the presence or absence of spacer sequence regions. 

These polymorphisms have been exploited to differentiate MTBC isolates to assess the 

degree of strain diversity to distinguish the taxons within the group. However, homoplasies 
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(similar spoligotype pattern in unrelated lineages) are frequent, and thus this technique may 

sometimes lead to evolutionary convergence.  

Despite spoligotyping is the most commonly applied method for molecular typing and results 

useful for discrimination between isolates with a few copy numbers of IS6110, its 

discriminatory power is low when high copy number strains are analyzed. Another molecular 

typing method, the Mycobacterial interspersed repetitive units-variable number of tandem 

repeat (MIRU-VNTR), provides data on the number of repetitive sequences in polymorphic 

micro- and mini-satellite regions. Among the different MIRU-VNTR loci described, the 12-

loci system is the most widely used (Supply et al., 2006). The repeated unit nucleotide lengths 

range between 52 and 111 bp and therefore, discriminatory power of MIRU-VNTR typing is 

higher than for IS6110, since this technique successfully discriminates low-copy-number 

IS6110 strains (Cowan et al., 2002).  

The geographic distribution of M. bovis molecular patterns is highly heterogeneous, with 

some spoligotypes being worldwide distributed and others associated with specific areas, 

which may be related to both biological and historical pressures. Within M. bovis, several 

clonal complexes have been identified based on the spoligotype signatures and specific 

chromosomal deletions, namely African 1 (Af1, absence of spacer 30 and RDAf1 deletion), 

African 2 (Af2, absence of spacers 3-7 and RDAf2 deletion), European 1 (Eu1, absence of 

spacer 11 and RDEu1 deletion) and European 2 (Eu2) (Berg et al., 2011; Muller et al., 2009; 

Rodriguez-Campos et al., 2012b; Smith et al., 2011). While the first two are restricted to 

Africa, Eu1 is highly prevalent in England, Ireland, Latin America, and in former British 

colonies. In contrast, the clonal complex Eu2 is dominant in the Iberian Peninsula and Brazil 

(Sales et al., 2019). Members of this Eu2 lack spacer 21 in its spoligotype pattern and are 

also characterized by a mutation in guaA specific gene (Rodriguez-Campos et al., 2012b).  

Due to the high M. bovis diversity in Spain, spoligotyping is a cost-effective first resort for 

typing. In order to centralize molecular typing information from all over the country, and as 

part of the current Spanish eradication program, the Spanish Database of Animal 

Mycobacteriosis (mycoDB.es) was developed (Rodriguez-Campos et al., 2012a). The 

usefulness of mycoDB depends completely on the data provided by all the Regional 

Laboratories involved in the national bTB eradication program. This database offers a 

geographic viewer of mycobacterial isolations according to different searching criteria such 

as year of isolation, host species, location, spoligotype and MIRU-VNTR types. The access 
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to the webpage is restricted to Official Veterinary Services and Regional Laboratories 

involved in the national bTB eradication program. 

Since 1996, up to 531 SB profiles of M. bovis (recovered from 42,915 isolates) have been 

characterized from multiple animal reservoirs in Spain, of which 14 spoligotypes represent 

more than 76% of the total isolates (data extracted from mycoDB.es). These predominant 

patterns are repeatedly isolated in several areas of the country in different animal species 

(Rodriguez-Campos et al., 2010). Apart from cattle, M. bovis has been repeatedly recovered 

– and in different proportions- from wild boar, red deer, goat, mouflon, fallow deer, fox, and 

iberian lynx, among others. Based on a study performed to assess the diversity of the Spanish 

M. bovis isolates obtained from different species and collected between 1992 and 2007, the 

most frequent spoligotype in the country is the widely distributed SB0121, followed by 

SB0134 and SB0339 (Rodriguez-Campos et al., 2010). The SB0121 is also the most common 

pattern in Portugal and is frequently isolated in France; SB0134 was reported in these 

countries as well, which may be the consequence of repeated sharing of M. bovis strains due 

to the historical commercial links and the geographical proximity among these countries 

(Duarte et al., 2008; Hauer et al., 2015). The third most prevalent spoligotype in Spain, the 

SB0339, has been isolated from central and north areas, mainly in a previously defined high-

risk area in the Autonomous Community of Madrid (de la Cruz et al., 2014). In this study, a 

substantial genetic homogeneity in SB0339 among cattle isolates was found, suggesting a 

wide and maintained distribution in the area, and reflecting the endemicity of a reduced 

number of spoligo-VNTR profiles. Likewise, a high genetic variability for SB0121 isolates 

was identified, which concurs with the results obtained in a study including SB0121 isolates 

that were sampled from several regions across Spain (Rodriguez-Campos et al., 2013). This 

genetic diversity detected within the SB0121 may hint at the existence of a continuous risk 

of reinfection due to repeated contacts with sources of the M. bovis (i.e., through animal 

movements). Additionally, these abovementioned molecular profiles, together with the 

SB0265 and the SB0295 (among others) can be recovered from several wildlife reservoirs, 

which added to some singular farming systems in Spain (extensive management and/or 

bullfighting herds), defines a complex between-host transmission cycle and confirm the 

success of pathogen spread in certain scenarios.  

The recent technological advances and the increased knowledge in molecular 

characterization have led to methods for more rapid detection of mycobacterial DNA, so the 
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understanding of the genetic divergence within MTBC and M. bovis isolates has reached 

unprecedented levels. By using novel molecular epidemiological tools, along with traditional 

molecular techniques, significant insights about the sources of bTB and the role of different 

hosts or environments to the persistence and spread of the disease can be gained. Recent 

research demonstrated a close genetic relationship among M. bovis isolates recovered from 

cattle and wildlife populations (Biek et al., 2012; Glaser et al., 2016), and even the direction 

of transmission within this multi-host scenario has been quantified (Crispell et al., 2019). The 

development of whole genome sequencing (WGS) methods provides a robust tool with very 

high resolution to study the phylogenetic relationships between M. bovis strains, which may 

help to track the epidemiological links among cattle and wildlife isolates (Price-Carter et al., 

2018). The use of WGS, together with the expansion of genotyping databases of the 

pathogens causing animal TB, allows for a better picture of the worldwide MTBC diversity. 

This enables not only the development of broader-scale studies, but also facilitates the 

comparison of the epidemiological scenarios between regions. However, despite WGS has 

been used for determining the source of bacterial infections in the recent years in several 

countries worldwide, to date no studies have been conducted performing comparisons of the 

entire bacterial genomes for elucidating the phylogenetic relationships in the complex multi-

host scenario of bTB in Spain. In this sense, WGS may create unprecedented opportunities 

for studying the transmission network of M. bovis to complement other control measures 

included in the Spanish bTB eradication program.   
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3.2. CHALLENGES IN THE CONTROL AND ERADICATION OF BOVINE 

TUBERCULOSIS 

 

Bovine TB is a worldwide complex disease with consequences at the human-animal-

environmental interface. Therefore, the economic, personal, and medical efforts should be 

directed at the development of new strategies to eradicate bTB. A large number of positive 

animals are slaughtered due to bTB each year in Spain, with nearly 19,500 in 2018 (Anon, 

2019b). Significant financial efforts are invested every year to tackle bTB, including costs 

linked to animal testing, movement restrictions, production losses, and compensation 

payments to farmers for slaughtered animals. 

The core of all eradication programs is the accurate identification of bTB and the early 

removal of infected animals. Spanish eradication program relies heavily on compulsory 

regular live animal testing with the SIT test in all herds. In 2006, the ancillary IFN-γ assay 

was introduced in the eradication program for the detection of the maximum number of 

infected animals in positive herds where bTB had been confirmed through bacteriological 

culture or based on epidemiological grounds. All herds undergo one or two annual herd tests, 

depending on the bTB prevalence in their local area, and if any reactor to skin test and/or 

positive to the IFN-γ test is found this is slaughtered and the herd is subjected to movement 

restrictions. When bTB infection is confirmed through bacteriological culture, the herd is 

subjected to two consecutive SIT herd tests within the next 2-6 months until the OTF status 

is recovered: two consecutive negative herd tests separated by at least 60 days with no 

confirmation of any positive animals detected by either the tuberculin or IFN-γ tests. 

Moreover, an epidemiological investigation is performed when reactors are found in the herd, 

and information about the herds where the reactor/s resided and data on the animal 

movements prior to laboratory confirmation, the neighboring herds, and other potential 

sources of infection is collected. 

Based on the climatology, the wildlife populations, the distribution of production types, and 

the habitat, there exist two different scenarios in terms of bTB in Spain: the Atlantic Spain, 

including basically Galicia and Asturias, and the central-south-western part of the country. 

The former, comprised mainly of dairy herds with an intensive production system, has a 

history of low (below 0.1%, with certain hotspots) herd and wildlife bTB prevalences (<5%) 

(Anon, 2020b; Munoz-Mendoza et al., 2013). In contrast, the burden of bTB in cattle is 



INTRODUCTION 

30 
 

higher in Central-Southwestern Spain, where extensively managed herds in potential contact 

with heavily infected wildlife (bTB prevalence >50% in wild boar) may play a role in bTB 

maintenance and spread (Vicente et al., 2013). On this basis, the frequency in the routine 

surveillance testing schemes in cattle herds is dependent on the geographic area.  

In this context, the cattle industry and public health face several challenges to control bTB 

that differ based on areas of high or low bTB prevalence. In high bTB prevalence regions, 

the main issue impairing disease control is the persistence of mycobacteria within the herd, 

followed by the lack of performance of diagnostic tests and the existence of a constant source 

of reinfection (introduction of infected cattle, contact with infected wildlife, or inadequate 

biosecurity in the herd) (Guta et al., 2014b) . In contrast, low prevalence regions (<1%) face 

problems more related with non-specific reactions and in some cases, these are due to the 

presence of environmental mycobacteria. These differences evidence the importance in the 

application of specific control measures based on the habitat, the cattle population features, 

and the wildlife prevalence of TB in each particular setting. 

Several epidemiological studies have provided knowledge for quantifying the relative role of 

the potential factors that hamper disease control worldwide in general, and in Spain in 

particular  (Guta et al., 2014a; Martinez-Lopez et al., 2014). Animal- and herd-level risk 

factors, together with the imperfect performance of the currently available diagnostic tests 

and the heterogeneous wildlife distribution in the country contribute to the complex situation 

that hinders the eradication of bTB in Spain.  

 

3.2.1. Risk factors at the animal level 

 

Age 

 

Age is one of the most frequently identified risk factor of bTB infection by several studies 

worldwide. The chronic nature of the disease together with the complexities linked to its 

early detection lead a susceptible animal to have a higher probability of getting in contact 

with an infected animal and become infected with bTB as the age of the animal increases. 

Calves are less likely to become bTB infected than older animals, and although they might 

get the disease, they would presumably present clinical signs or be deemed positive in routine 
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testing when they became older. It has been suggested that even calves have a lower chance 

of detection, they have the potential to be high shedders of the pathogen (Brooks-Pollock et 

al., 2013). A nonspecific IFN-γ production by natural killer cells is frequently reported in 

calves with non-fully developed immune systems. Consequently, only animals over six 

months of age are eligible for IFN-γ testing (Gormley et al., 2013). 

Reactions to the ante-mortem tests are not governed by a constant hazard over the animal’s 

lifetime. In fact, this age-varying risk of infection has been characterized in previous 

research, with estimates of reactor rates that increase monotonically during the first 2-3 years 

of life (Brooks-Pollock et al., 2013). It has been argued whether the higher positivity rates in 

older cattle are due to either increased chances of exposure to other sources of infection or 

the slow progression nature of bTB. 

Currently available skin tests may lack Se depending on the age of the animal. In a study 

conducted in Spain, non-reactor animals older than 4.9 years in infected herds had greater 

odds of being positive to bacteriology than younger animals (Alvarez et al., 2014b). Although 

in most intensive cattle systems not many animals progress to older ages, animals in advanced 

stages of the disease in chronically infected herds may spontaneously turn into an anergic 

state in which they do not react to the diagnostic tools that measure the CMI response. 

However, this situation is less frequent due to the regular test and slaughter schemes applied 

in Spain. 

Infection may also become quiescent in a latent state for a long period before activation and 

progression at an older age, but further research is needed as this issue remains poorly 

understood (Pollock & Neill, 2002). 

 

Gender 

 

Sex of the animal is often recognized as a confounding factor in the risk of bTB. The 

susceptibility to M. bovis infection may be influenced by differences in the husbandry 

practices, region, herd type, and the environment, sometimes leading to ambiguous 

conclusions. Most epidemiological studies including gender to determine the risk factors 

associated with the occurrence of bTB are carried out in Africa, where management practices 

vary widely. Some studies performed in the continent reported no influence of sex on the 
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prevalence rate of bTB indicating that male and female cattle were at equal risk for bTB 

infection (Ameni & Wudie, 2003; Awah-Ndukum et al., 2012). In contrast, a four-year time 

span analysis performed in Tanzania with indigenous cattle reported significant differences 

between male and female cattle, with more males -in particular castrates- affected by bTB 

than females (Kazwala et al., 2001). In this region, male cattle are often used as oxen and 

kept in the herd for longer periods of time, thus increasing the chances of being exposed to 

other sources of bTB compared to females. 

In a study conducted in Nigeria, analyses of macroscopic lesions indicative of bTB suggested 

that gross lesions were observed more frequently among older female than male cattle 

(Ahmad et al., 2017). These findings may be due to the fact that most of the females calved 

several times and the stress induced by these pregnancies might have depressed the immune 

system. 

Other studies have reported an association between sex and intradermal skin test positivity, 

with female cattle being at higher risk than males (Cadmus et al., 2010; Inangolet et al., 

2008), although this fact was contradicted elsewhere (Katale et al., 2013). Association with 

bTB prevalence in terms of sex is often more related to other factors than to sex alone, as 

male and female cattle are managed in a different way no matter the location of the herd. 

Dairy female cattle and suckler cows tend to live longer -thus increasing the probability of 

exposure to M. bovis- than beef or fattening cattle (Bell et al., 2010). Although several studies 

reported a higher bTB prevalence in female than in male cattle, it is of utmost importance to 

comprehensively control for differences in production types, management practices, 

infection pressures, herd size, and the region to assess the effect of sex on bTB prevalence. 

 

Genetic resistance and breed 

 

Significant genetic variation in cattle resistance to bTB (and the SIT responsiveness) within 

breeds has been reported, and what’s more, the susceptibility to bTB may be heritable to 

some extent (Bermingham et al., 2009; Brotherstone et al., 2010; Richardson et al., 2014). 

However, the contribution of this variability is often underestimated as the imperfect 

performance of diagnostic tests and differences in the epidemiological scenarios (e.g., level 

of exposure to the pathogen and bTB prevalence) should be accounted. 
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Intensification of animal husbandry is required to satisfy current worldwide demand for meat 

and dairy products. In some cases, native cattle alone may not be a suitable option for meeting 

these necessities. For this reason, crossbreeding and introduction of exotic cattle (i.e., 

Holstein-Friesian, Brown-Swiss, Jersey, and crossbreed of Holstein with zebu) which has 

been shown to be highly efficient elsewhere is essential to improve the cattle industry in some 

regions of Africa and India. In developing countries, Holstein cows are often imported from 

other countries to increase milk production, though these genetically improved cattle may be 

more susceptible to bTB as in many cases these are kept under poor conditions and suffer 

from undernutrition. 

A higher incidence of the disease has been consistently reported in crossbreed cattle in 

several countries (Dinka & Duressa, 2011; Thakur et al., 2010). Over the last ten decades, 

pure breeds and autochthonous cattle such as the zebu (Bos taurus indicus) have been 

considered more resistant to bTB than introduced and mixed blood cattle (Carmichael, 1940; 

Liston & Soparkar, 1917). Indeed, some zebu breeds, if infected, present less gross pathology 

compared to crossbreed and imported cattle such as bTB infected Holstein-Friesians, as seen 

elsewhere (Vordermeier et al., 2012). Nevertheless, not all epidemiological studies concur 

with the significant advantage of the native cattle in resisting bTB, as it is imperative to 

compensate for artefacts such as the effect of animal husbandry conditions and production 

types to correctly address the risk associated with certain cattle breeds (Ameni et al., 2006). 

These findings highlight the potential risks associated with the introduction of exotic breeds 

that are more vulnerable to bTB than native cattle breed.  

Genetics could play an important role in reducing disease incidence and severity of 

breakdowns through breeding selection for enhanced animal resistance to bTB. However, 

considering the inherent complexities of the disease, this approach should be linked to other 

coordinated measures to enhance the eradication strategies. Still, further research is needed 

to unravel the genetic background underlying the heterogeneous range of responses to bTB. 

 

Physiological condition and immune status 

 

It has long been recognized a correlation between body condition and bTB. Under- or 

malnourished animals are more susceptible to the disease than animals in good body 
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condition. However, cause and effect are not yet elucidated, as poor body condition may be 

either a consequence or a predisposing factor for M. bovis infection (Kazwala et al., 2001). 

The heterogeneous response in cattle to diagnostic tests is sometimes driven by co-infection 

with other causative agents. Susceptibility to bTB can be enhanced in cattle infected with 

immunosuppressive viruses such as bovine immunodeficiency virus or bovine viral diarrhea 

virus. The immunosuppression linked to these infections may lead to the establishment or 

recrudescence of bTB. Although it has been reported that these co-infection patterns may 

challenge the immune response of animals and induce detection failures (especially in IFN-

γ assay), further research is needed to evaluate the actual effect of these viruses on bTB 

infected animals (Byrne et al., 2017b; Charleston et al., 2001). Other suggested example of 

concurrent infection is the parasitic helminth Fasciola hepatica, which has been negatively 

associated with the odds of bTB being diagnosed through the skin test (Claridge et al., 2012; 

Flynn et al., 2009).  

The impact on the immunological response to in vivo tests of co-infection or vaccination 

against MAP has been broadly described. Exposure to MAP may hinder the disclosure of 

truly infected cattle, as cattle with dual infection of M. bovis and MAP are more likely to 

produce false negative responses due to a decreased Se in diagnostic tests (Alvarez et al., 

2009; Aranaz et al., 2006; Hope et al., 2005). Cross-reactivity with MAP and other 

environmental mycobacteria is the reason for using the single intradermal comparative 

cervical tuberculin (SICCT) test, with the simultaneous injection of both avian and bovine 

tuberculins. This technique allows for better discrimination between animals infected with 

M. bovis and cattle sensitized with pathogens of the MAC or to NTM than the SIT test (de la 

Rua-Domenech et al., 2006; Francis et al., 1978). Concurrent infections may lead to truly 

bTB infected cattle being misdiagnosed as non-bTB infected, with the potential to spread the 

disease to other cattle within the herd, to other herds through movements, and even to 

wildlife. 

Other factors related to herd management may induce stress in cattle thus compromising their 

immune status. Intensively managed dairy cows in herds with high animal density are 

suggested to suffer more from hormonal shifts and production stresses derived from 

successive pregnancies throughout their productive lifespan, which may affect both their 

susceptibility to bTB and immune response to diagnostic tests. Pregnancy and lactation have 

been significantly associated with SIT reactions, with pregnant-lactating cows presenting the 
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highest bTB burden compared to calves and bulls (Ghebremariam et al., 2016; Kazwala et 

al., 2001). Other factors such as deficient or inadequate feed rations may also contribute to 

the higher susceptibility to bTB during pregnancy. 

 

3.2.2. Risk factors at the herd level 

 

Production type and herd management   

 

Herd type effects influence the risk for bTB and the success of eradication programs. Certain 

production types are associated with a higher risk of bTB exposure, although differences in 

this risk based on the epidemiological situation of the region and the husbandry practices of 

the herd may exist.  

The expected value of the average number of cattle infected from an infectious individual 

per unit of time -the transmission coefficient β- may vary with the management system. Dairy 

herds have been consistently considered to be at higher risk of bTB infection and have a 

higher value of β compared to beef herds (Barlow et al., 1997; Goodchild & Clifton-Hadley, 

2001). Dairy cows tend to have a longer productive lifespan, they are generally intensively 

managed in herds with a high animal density and stressed by overcrowding, which increase 

the risk of contact with other infected cattle and facilitate disease transmission. In a study 

conducted in the Autonomous Community of Madrid, Spain, higher values of β (β = 4.3) in 

dairy than beef (β = 2.3) and bullfighting (β = 2) herds were observed, although dairy cattle 

experienced outbreaks with significantly shorter lengths compared to beef and bullfighting 

herds (Alvarez et al., 2012b). Additionally, dairy cows are suggested to be less likely to 

present post-mortem evidences compatible with bTB, as shown in several studies conducted 

in England and Northern Ireland (Broughan et al., 2016; O'Hagan et al., 2015). The 

introduction of the IFN-γ assay in 2006, which increases the Se of bTB detection, together 

with the short between-test interval in these cattle herds may result in an early detection of 

bTB infected animals and a significant decrease of their time to recover OTF status.  

In the UK, a high proportion of the restrictions due to bTB is linked to the dairy industry, 

with dairy herds being 2.5 times more likely to be found infected than beef herds (Animal 

and Plant Health Agency, 2018). The formers tend to be large herds and are commonly 
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located in high risk areas of the country. However, when adjusting for both herd size and 

location the estimated effect was greatly reduced. For this reason, exploring other potential 

risk factors that might be jointly associated with herd type is imperative to adequately assess 

the risk of bTB infection.  

Different production types in Spain are exposed to a variety of epidemiological factors that 

define a very heterogeneous bTB scenario. Extensive production systems, usually associated 

with bullfighting and beef herds, have been repeatedly associated with a higher risk of new 

episodes and bTB persistence than dairy farms (Martinez-Lopez et al., 2014). These types 

are mainly located in west, central and south areas of Spain, where the likelihood of contact 

with infected wildlife is relatively high. Farms with large pasture areas and bTB infected 

neighboring farms are more prone to be persistently bTB infected, due to the presence of 

potential sources of infection such as wildlife, other infected cattle, and the environment 

(Guta et al., 2014a; Guta et al., 2014b). 

Additionally, currently available diagnostic test may present different performances 

depending on herd type, leading to herds experiencing significantly longer bTB outbreaks as 

infected animals are not adequately diagnosed. Significant differences in the immune 

responses across beef, bullfighting and dairy herds have been identified. Bullfighting herds 

are associated with higher -though often underestimated- bTB prevalences in Spain and 

higher likelihoods of finding bTB-positive animals in advanced stages of the disease. A large 

percentage of bTB infected animals of these free-range herds are disclosed during abattoir 

inspection. Alvarez and collaborators reported a higher proportion of non-reactors but 

culture-positive animals among bullfighting (55%) compared to beef (14.4%) and dairy cattle 

(5.9%) (Alvarez et al., 2014b). The main explanation to this result may be the poor individual 

Se of the tests relying on cell-mediated immune response (skin test and IFN-γ assay) in 

bullfighting cattle, which has been previously observed in France (Keck et al., 2018; Schiller 

et al., 2010a). The application of the skin tuberculin test in bullfighting is challenging due to 

the difficult logistics of administration on these dangerous animals, which may entail 

operator errors and false negative results. Additionally, the influence of stress on these rarely 

manipulated animals may also explain their lower response to tuberculins (and the poor IFN-

γ production) during bTB testing compared to other production types (Keck et al., 2018). 
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The relationship between production type and bTB incidence rate is affected by other risk 

factors such as herd size, location, manure management, and interaction with other potential 

domestic reservoirs.  

Feeding from the ground (especially at pasture), feed storage, and self-feed silage seem to be 

of great importance in the risk of bTB episodes (Griffin et al., 1993). Several investigations 

conducted in the UK showed that certain feeding habits may induce opportunities of contact 

with TB infected wildlife species that are attracted to cattle feed (Garnett et al., 2002; Reilly 

& Courtenay, 2007). 

Biosecurity and good hygiene practices may reduce the risk of bTB infection. Manure 

management is of paramount importance, as M. bovis can survive in slurry for 10-26 weeks 

(Hahesy et al., 1992). Grazing pasture immediately after spreading slurry has been associated 

with an increased risk of bTB, as cattle may become infected through the digestive route or 

by aerosol inhalation during the spreading process (Griffin et al., 1993). For this reason, 

storage of manure in a secure structure for at least six months before spreading on pastures 

is highly recommended. 

The presence of other livestock in the epidemiological unit such as goats, sheep, and other 

domestic animals, may have an influence on the time to clear bTB in cattle herds (Pesciaroli 

et al., 2014; Tschopp et al., 2011). Though not all studies have consistently reported a 

significant relationship, the presence of cattle and goats rearing together in the same herd 

may be a significant predictor of interspecies transmission and bTB persistence (Guta et al., 

2014a; Napp et al., 2013; Zanardi et al., 2013). In Spain, there is no official data on 

prevalence of caprine bTB and cases of bTB in goats are usually detected in the post-mortem 

inspection at the abattoir. Surveillance of bTB in goats is vital, since they may act as a 

potential reservoir of M. bovis (and M. caprae) in cattle. The Spanish eradication program 

includes compulsory bTB testing in goats sharing herds or grazing in common pastures with 

cattle (Regulation (EC) 853/2004). Additionally, several regions in the country such as 

Andalucia, Castilla y Leon, Murcia, and Canary Islands regularly perform skin testing on 

goat herds (and to a lesser extent, IFN-γ testing for research purposes) in the framework of 

the control program (Anon, 2020b; Bezos et al., 2012). Other species susceptible to M. bovis 

infection are sheep (Munoz-Mendoza et al., 2012), horses (Monreal et al., 2001), pigs (Bailey 

et al., 2013), camelids (Garcia-Bocanegra et al., 2010), dogs (Ellis et al., 2006), and cats 
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(Zumarraga et al., 2009), though limited information on their potential role in bTB 

transmission to cattle is available. 

Finally, contact with neighboring herds has been repeatedly identified as a risk factor of bTB 

in several studies (Griffin & Dolan, 1995; Johnston et al., 2011). The disease may spread 

across short distances through fence-to-fence contact between neighboring farms, leading to 

clustering of bTB cases. Several studies have demonstrated an increased local risk linked to 

the occurrence of bTB breakdown amongst farms located below 6 km (Green et al., 2008), 

10 km (Pozo et al., 2019), 12 km (Palisson et al., 2016), and 14 km (de la Cruz et al., 2014). 

Although these studies were conducted in areas with different epidemiological conditions, 

there exist sufficient support of the strong spatial component in the risk of bTB infection 

worldwide.  

Additionally, breakdowns confirmed in neighboring herds may be also linked to a common 

source of infection, such as wildlife reservoirs and the use of common pastures. A higher 

animal density in pastures increases the probability of contact with other bTB infected cattle 

and wildlife favoring bTB transmission. 

 

Herd size 

 

Herd size is the most frequently recognized risk factor associated with bTB infection. Farms 

with large animal populations tend to have more densely stocked animals (and thus an 

increased number of interactions between them), larger land coverage, increased probability 

of having more neighboring herds, higher likelihoods of being in contact with wildlife, and 

also tend to move more animals which increase the likelihood of bTB spread. The more 

animals are held in a farm, the higher probability that one of them become infected.  

It has long been argued whether this variable is a risk factor of bTB intrinsically, causing 

adverse consequences in the Se and Sp of the diagnostic tests as the herd becomes larger, or 

it acts as a proxy for other potential risk factors (i.e., area of the farm, purchase of animals, 

and number of neighboring farms) (Broughan et al., 2016; Skuce et al., 2012). 

Based on the approach and the model approximation followed (namely frequency vs. density-

dependent models), the influence of herd size in bTB spread may vary. In density-dependent 
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models, herd size is considered to have a higher effect in disease transmission, whereas in 

frequency-dependent models this variable has no effect (Alvarez et al., 2014a). In some 

approximations, it has been suggested that, together with animal density and β, herd size 

affects the rate at which susceptible animals are infected in the herd, leading to an increase 

in the rate of bTB spread as the number of animals become larger (Barlow et al., 1997). Using 

two compartmental SORI and SOR models to simulate the infectious bTB burden at the 

national level, Conlan and collaborators suggested that within-herd rate of cattle-to-cattle 

transmission increases non-linearly with herd size (Conlan et al., 2012). In this sense, 

additional attention should be focused on large herds, and targeted control measures early on 

in a breakdown should be applied. Herd size has been considered a significant risk factor for 

both chronic and recurrent bTB breakdowns in UK, Ireland, and Spain (de la Cruz et al., 

2019; Karolemeas et al., 2010; Olea-Popelka et al., 2004). 

Herd size is also correlated with ante- and post-mortem techniques, as the probability of 

detection of infected/positive animals in the herd increases with increasing herd size. 

However, once the infection is established, the imperfect performance of diagnostic tools 

(i.e., low Se and -acceptable- Sp in SIT test), especially in large herds, may lead to an increase 

rate of test failures and false positive reactors (de la Rua-Domenech et al., 2006). 

Additionally, production type and management may have an impact in the pattern of contacts 

between animals, further influencing the effect of herd size in the exposure and infection with 

bTB. 

 

Purchase of cattle and movement of animals 

 

The spread of TB between animal populations can be either through direct (between 

individuals) or indirect (environment) contact. Apart from the role of wildlife reservoirs 

which will be further assessed in next sections, direct transmission relies heavily on the 

pattern of contacts and spatial distribution of the populations, as production systems are 

mainly based on open herds with animal transfers and introductions. Every year, millions of 

cattle are moved between farms within and between countries for breeding, feeding, 

fattening, culling, and other purposes. These links create potential opportunities for long-

distance spread of infectious diseases, such as bTB. Although pre-movement tests are 

mandatory in several countries prior to animal movements, infected cattle may go unnoticed, 
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providing opportunities for disease transmission. This may be the result of the less than 

perfect Se of the diagnostic tests, leading to undetected bTB infected animals being moved 

between herds acting as potential sources of bTB spread.  

Cattle traceability systems, which record and monitor imports and exports across regions, 

may be used to study the network of potential transmission routes of infectious diseases based 

on interactions between farms. The frequency and distribution patterns of movements 

amongst herds have been recurrently used to investigate how disease spread is defined by the 

network features. This network analysis has been performed extensively on numerous 

infectious diseases in general and bTB in particular, to characterize the pattern of movements 

in several regions (Dube et al., 2010; Dutta et al., 2014), to estimate the potential size of 

epidemics (Dube et al., 2011; Kao et al., 2006), and to assess the effect of different control 

interventions (Gates et al., 2013b). Additionally, purchase of animals has been identified as 

a source of bTB infection in several regions worldwide, such as France, Great Britain (GB), 

and Uruguay (Palisson et al., 2016; VanderWaal et al., 2016a). In fact, one of the key 

associated risk factors for bTB in British farms that were restocked after the 2001 foot and 

mouth disease epidemic was sourcing cattle from herds that were routinely tested for bTB 

more than biennially (Carrique-Mas et al., 2008).  

Purchased cattle may be at higher risk of being a bTB reactor, as they might be more sensitive 

to exposure to M. bovis due to the stress associated with transport (Ramirez-Villaescusa et 

al., 2009). Bought-in cattle has also been identified as a risk factor for animals presenting 

with a confirmed bTB lesion (Clegg et al., 2016). In contrast, the contribution of cattle 

movements on bTB transmission, though indicative of higher risk of infection, could not be 

quantified in other studies conducted in Michigan (USA) (Grear et al., 2014) and Spain (Pozo 

et al., 2019). Overall, the role of animal movement is suggested to vary between regions due 

to several epidemiological factors that affect widely bTB dynamics, such as the presence of 

wildlife reservoirs and the involvement of different production types. For these reasons, 

comparisons between regions are challenging. 

The introduction of cattle bought in markets may result in additional risk for bTB 

transmission in the herd, as in those units (or holdings, defined as any place in which animals 

are held, kept or handled) animals coming from various sources tend to coexist. In the 

markets and auctions, there are abundant opportunities that promote M. bovis transmission 
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among cattle, and the disease may be then spread to -sometimes- distant geographical 

locations. 

Transhumance or movement of cattle for grazing based on seasonality may entail not only 

higher chances of contact with infected wildlife, but also the congregation of animals from 

several herds which increase the odds of TB transmission, as suggested elsewhere (Oloya et 

al., 2007). Control of the disease in pastoral communities, where cattle move in search of 

pastures and watering points, is difficult. These situations are aggravated specially during dry 

seasons, when the availability of food and water supplies force over-density of some species 

and animal aggregation at these resources (Mohamed, 2020). 

 

History of bTB in the herd and the region 

 

Previous history of bTB is an important predictor of breakdowns. Despite the efforts invested 

in disease control with compulsory slaughter of reactors and movement restrictions, it has 

been suggested that up to a quarter of bTB breakdowns in endemic areas may recur within a 

year, and model estimates may reach values of up to 50% (Conlan et al., 2012; Karolemeas 

et al., 2011). The associated risk of previous history of the disease in the herd has been 

consistently identified in several studies (Carrique-Mas et al., 2008; Clegg et al., 2016). Olea-

Popelka and collaborators, suggested that a herd’s future bTB breakdown would resemble 

the previous breakdown severity in terms of the number of standard reactors (Olea-Popelka 

et al., 2004). Additionally, future risk of infection is reported to increase with increasing 

severity of, together with decreasing time since, the previous breakdown (More & Good, 

2015). The number of reactor animals to in vivo tests during the outbreak and recent bTB 

history in the herd have been consistently associated with recurrent infection in several 

studies, despite the substantial differences in the analyses conducted, areas of study, wildlife 

populations, and management practices were observed (Karolemeas et al., 2011; Wolfe et 

al., 2010). 

Herds with a previous history of the disease may thus have an increased hazard for future 

breakdowns. Even tough positive animals are detected and removed from the herd and the 

herd has recovered the OTF status, the infection may remain in the herd if sufficient disease 

pressure exists. Based on the chosen cut-off point applied on the skin test, inconclusive 
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reactors are often regarded as test negatives. In fact, inconclusive reactors have been 

associated with a higher risk of post-mortem evidence of infection compared to the skin test-

negative cattle (Clegg et al., 2011; de la Rua-Domenech et al., 2006). This fact has been 

mostly linked to residual infection and bTB persistence, as infected animals may remain in 

the herd which is sometimes attributable to the imperfect Se of the diagnostic tools. 

Additionally, latent infection or states of anergy in bTB infected animals are of particular 

concern at the time of movement derestriction, as these may also represent a future risk of 

bTB at the destination unit and its neighboring units (Pollock & Neill, 2002). The 

contribution of residual infection to disease persistence has been addressed in several studies 

conducted in a wide range of countries such as New Zealand, GB, and Ireland (Dawson et 

al., 2014; Karolemeas et al., 2011; More & Good, 2015). 

The burden of bTB is suggested to be also related to the history of the disease in the area. 

Immediate local bTB prevalence has been recognized as a contributing factor for both bTB 

persistence and recurrence. Evidences of persistence (White et al., 2013) and re-infection in 

restocked herds (Carrique-Mas et al., 2008) suggest the potential effect of a constant local 

source of infection such as wildlife reservoirs, spread from the environment and farm-to-

farm transmission. 

This problem is exacerbated by the currently applied eradication policies in most European 

countries. The available diagnostic tools -with limited Se and Sp-, together with the current 

legislation concerning lifts of restriction after two clear consecutive negative full-herd skin 

tests, may not be sufficient to clear the infection from the herd few months after the last bTB 

infected animal was detected in the herd. These eradication schemes contrast with the 

successful Australian bTB program, where the whole herd was considered at risk for the rest 

of their lifetime, and towards the final stages of the program herds were subjected to full 

depopulation to avoid residual infection within the herd (More, 2019; More et al., 2015). 

 

3.2.3. Role of wildlife reservoirs  

 

M. bovis is one of the best examples of pathogens shared at the human–livestock–wildlife 

interface. Infections with this pathogen is suggested to be maintained in multi- rather than 

single-host populations, even in low prevalence regions (Gortazar et al., 2017; Vicente et al., 
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2013). Apart from humans and a wide range of domestic species, the bacteria can be isolated 

from a long list of wildlife reservoirs worldwide, which vary widely in terms of susceptibility 

to infection. Some wild species have been recognized as significant reservoirs of the 

pathogen and constitute a major obstacle to bTB eradication from livestock populations. 

In most cases, M. bovis transmission between livestock and wildlife is bi-directional. 

However, the extent to which bTB spreads is a function of the frequency of contact between 

two species. On one hand, certain wildlife species may act as maintenance hosts of bTB 

within a susceptible population in the absence of other sources of infection, sustaining the 

disease on the ecosystem. Examples of these are the Eurasian badger (Meles meles) in Ireland 

and the UK (Corner et al., 2011), the brushtail possum (Trichosurus vulpecula) in New 

Zealand (Jackson et al., 1995), the African buffalo (Syncerus caffer) in South Africa and 

Uganda (Michel et al., 2006; Woodford, 1982), the wild boar (Sus scrofa) in Spain (Aranaz 

et al., 2004), the white-tailed deer (Odocoileus virginianus) in Michigan, USA (Hickling, 

2002), and the wood bison (Bison bison athabascae) in Canada (Nishi et al., 2006). On the 

other hand, other species may act as spill-over hosts in which bTB is not maintained in the 

absence of other sources of infection, and therefore the disease would fade if there are no 

reintroductions in the ecosystem.  

Patterns of bTB-like lesions differ between these two types of host species: maintenance 

hosts usually present lesions in the upper respiratory tract, whereas digestive lesions are 

suggestive of spill-over hosts (and wild boar) due to oral contamination by eating bTB 

infected carcasses (de Lisle et al., 2002). Some spill-over mammalian predators and other 

scavenger species such as the endangered Iberian lynx (Lynx pardinus), the coyote (Canis 

latrans), the lion (Panthera leo), and the feral pig may prey on weak infected animals or 

scavenge on carcasses and eventually become infected. Some of these mammals have been 

previously used as sentinels and indicators of the presence of bTB infection (Keet et al., 

2002). However, the classification of maintenance and spill-over hosts is inconclusive, as in 

the presence of high density some examples of spill-over hosts may eventually act as 

maintenance hosts [e.g., the feral ferret (Mustela furo) in New Zealand] (Caley & Hone, 

2005). 

Interspecies transmission of bTB at the wildlife-livestock interface may occur through either 

direct (aerosol) or indirect (environmental) contact. This is also influenced by the species 

ecology and behavior, which have an impact on the extent to which a bTB infected individual 
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may spread the disease to other susceptible animals. For example, prevalence of bTB in wild 

boar may be already high in its early life as a consequence of the proximity with other 

infected individuals in the family social group (Vicente et al., 2013). Species characterized 

by denning behaviors, such as the brushtail possum and the badger, have an increased risk of 

close contact with other infected animals of the same species. Moreover, these species may 

find shelter in cattle buildings or behave abnormally when they are terminally ill, thus leading 

to cattle being directly exposed to the infection. It is also believed that cattle may become 

infected when smelling contaminated carcasses or sniff hay heavily contaminated with urine 

from these animals (Morris et al., 1994). 

The combination of several wildlife species that can either independently or jointly pay a role 

in disease transmission adds more complexity to this multi-host scenario. Even in officially 

declared bTB-free regions, sporadic outbreaks in cattle are still detected due to the presence 

of bTB infected wild animals that act as local maintenance hosts. In France, a surveillance 

system to monitor bTB in free-ranging wildlife between 2012 and 2017 estimated mean 

apparent prevalences in badger and wild boar populations of up to 5% and 3%, respectively 

(Réveillaud et al., 2018). Furthermore, bTB infected wildlife was repeatedly detected in the 

vicinity of infected cattle herds, and isolates recovered in both livestock and wild populations 

exhibited the same genotypes. Similar findings have been also reported in the UK, where 

bTB infections in badger and cattle are consistently clustered (Woodroffe et al., 2005). 

Despite the comprehensive control measures to curtail bTB transmission between cattle and 

wildlife that have been applied for several decades, the disease in still endemic in several 

regions in both populations. 

In the UK and Ireland, the European badger is the main wildlife reservoir for bTB in cattle 

and has been constantly reported as the main obstacle to achieve eradication (Griffin et al., 

1993; Reilly & Courtenay, 2007). In an attempt to reduce bTB incidence in cattle, intensive 

badger culling has been performed in these countries drawing, however, diverse conclusions 

regarding the effectiveness of this measure (Downs et al., 2019). Although it has been proved 

that it reduced bTB incidence in cattle located in areas in which badgers are culled, an 

increase in disease burden in cattle and badgers in adjacent areas has been also reported 

(Donnelly et al., 2006). One of the reason that might explain these results is that badger 

culling can alter not only the spatial distribution of M. bovis in cattle and badger populations 

but also the social structure of badgers; bTB infected badgers tend to remain socially isolated 
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from their own setts but at the same time they may act as important contributors to disease 

spread among groups (Weber et al., 2013). A spatial relationship in bTB incidence in cattle 

and badgers has also been reported in Spain (Balseiro et al., 2013). However, even though 

the role of infected badgers as either maintenance or spill-over host of M. bovis in Spain 

remains unclear, given its potential to act as reservoir (as demonstrated in other countries), it 

is important to perform routine surveillance of the situation in the badger population, and 

apply control measures to prevent interspecies contacts. The distribution and circumstances 

in which disease is maintained varies according to the inherent epidemiology of each 

location, as each setting tend to have an exceptional set of conditions (Nugent, 2011). Even 

though some free-living wild species play a central role in disease transmission and spread 

in some countries, they may not be considered as key impediments to bTB control in others.  

The Iberian Peninsula is considered a multi-host system of bTB which involves mainly cattle, 

wild boar, red deer, fallow deer (Dama dama), and other minor species. The distribution of 

bTB-positive cattle herds in the country is not uniform, and this could be related at least in 

part to the situation in wildlife. Different scenarios have been described in terms of bTB 

epidemiology and transmission dynamics in the country. The disease is endemic in wild 

ungulates, which are mostly associated with Mediterranean woodland habitats located in the 

Central and Southwestern Spain. These regions are characterized by a very high density of 

wild boar and red deer populations that are often intensively managed for hunting through 

artificial feeding, fencing, and animal translocation. These situations increase the spatial 

concentration of individuals and wild animals with disseminated bTB are frequently 

observed. In contrast, in northern parts of the Atlantic Spain bTB prevalence is lower, with 

much lower densities of ungulates and where game-management of wildlife for hunting is 

uncommon. However, relatively high densities of badgers are found in these habitats, with 

reported prevalences of M. bovis of >12% in certain areas (Acevedo et al., 2014; Balseiro et 

al., 2013). 

The most important species with detrimental implications for the control of bTB in the 

Iberian Peninsula system are the wild boar, and to a lesser extent, the red deer. These wild 

animal species can maintain bTB and efficiently spread the pathogen in the absence of other 

potential sources of infection. Mycobacterium bovis prevalences can range between 50% and 

63% in wild boars from Southwestern and Central Spain, whereas estimates of up to 11% 

have been reported in Portugal (Naranjo et al., 2008; Santos et al., 2009; Vicente et al., 2013). 
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Several studies have found a positive association between the presence and density of wild 

boars and the incidence rate of bTB in cattle in Spain (Cowie et al., 2013; Gortazar et al., 

2005). Expanded distribution and increased population densities of this species induce a large 

negative ecological impact, and its effects are also evident throughout Europe (Réveillaud et 

al., 2018; Wilson, 2013). Nevertheless, the current risk of bTB transmission to cattle 

associated with wild boar in countries such as the UK is considered relatively low in 

comparison to the Spanish context.  

The role of red deer in bTB transmission in Spain is more limited, and lower bTB prevalences 

(between 2% and 9%) have been reported in this species (Vicente et al., 2013). This is 

consistent with the situation observed in other European countries (Pavlik et al., 2005; 

Réveillaud et al., 2018). However, the importance of deer resides in its potential to start new 

bTB outbreaks, or to reinitiate the infection in other areas, as these reservoirs are considered 

to be long-lived species with a higher frequency of suffering generalized bTB lesions 

(Gortazar et al., 2008). 

The presence of infected wild populations interferes with bTB eradication efforts in several 

regions. Molecular characterization of M. bovis isolates has been used extensively to study 

the role of wildlife in bTB maintenance and transmission to cattle worldwide, and specifically 

in Spain. Mycobacterium bovis DNA fingerprinting provides a very useful tool to identify 

sources of bTB infection, especially when wildlife reservoirs are suspected to be involved. 

Spoligotyping of isolates recovered from numerous locations in Spain revealed the presence 

of several M. bovis strains that were recovered from domestic animals and wildlife from the 

same geographical region (Aranaz et al., 2004). In 2008, Romero and collaborators used the 

combination of spoligotyping and MIRU-VNTR tools to corroborate that artyodactila and 

carnivores were infected with strains that were more prevalent in cattle in the same area and 

time in Doñana National Park (DNP), located in Southwestern Spain (Romero et al., 2008). 

The diversity of M. bovis strains found in wildlife in DNP suggest multiple introduction 

events in wild populations, which is suggestive of a complex multi-host scenario of 

interactions between different species as observed in several other ecosystems in Spain 

(Gortazar et al., 2011). 

Although have proven useful in the past, traditional molecular tools have certain limitations 

and lack the resolution required for precisely assessing the evolutionary history of infection 

in different hosts and quantifying the role of different sources to disease maintenance. The 
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recent advances in high-throughput sequencing technology (WGS) provides new 

opportunities to characterize bTB transmission pathways between and within species. Recent 

molecular epidemiological studies have shown not only close genetic relatedness among M. 

bovis isolates recovered from both cattle and wildlife, but also good correlations between 

genetic and spatial distances (Biek et al., 2012; Glaser et al., 2016; Salvador et al., 2019). 

These results provide additional evidences that substantial interspecies transmission occurs 

in certain regions. 

The quantification of the directionality and frequency of bTB transmission in the cattle-

wildlife interface is a matter of recent investigation. The clonal nature of the pathogen 

together with the typical imbalanced availability of isolates from different hosts hampers 

efforts to identify who infected whom in multi-host scenarios. To date, few reports that have 

successfully addressed this question exist; in a study conducted in Britain, Crispell and 

collaborators suggested that the most frequent direction of bTB transmission occurred from 

badgers to cattle, and that transmission happened at higher rates within species than between-

species (Crispell et al., 2019). A strong support for transmissions between deer and cattle and 

deer and elk was observed in Michigan (Salvador et al., 2019). In this study, it was concluded 

that elk, even though was underrepresented compared to deer, was unlikely to be a 

maintenance reservoir, while deer was considered a significant source of infection for cattle 

and other wild species, including elk. 

Several conditions that may favor interspecies bTB transmission occur in Spain. An 

increasing concern regarding bTB in wildlife led the Government to establish a reinforced 

surveillance program for bTB in wildlife (Plan of Action on Tuberculosis in Wild Species 

(Anon, 2019c). The wide variety of wild and domestic hosts that are susceptible to M. bovis 

infection, together with the presence of certain extensively managed production types, and 

the exponential growth that wild populations have experienced in the last decades due to 

game farming lead to a complex epidemiological scenario where infected wild and domestic 

populations coexist. Reducing contact with potentially bTB infected wildlife is keystone in 

every control program. Additionally, a multifaceted policy is required to eradicate bTB, as 

no region has eliminated the disease in cattle without dealing with its occurrence in wildlife 

populations.  
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3.2.4. Factors associated with failures in the diagnostic tests 

 

Eradication programs in developed countries typically include routine testing and slaughter 

of infected animals combined with traceback inquiries. Knowing the features of bTB 

diagnostic tests and their application is essential to understand their effect for successful 

disease confirmation. The key characteristics commonly used to assess the ability of the tests 

to detect diseased animals correctly are the Se and the Sp. The former refers to the proportion 

of bTB infected animals that test positive, whereas the latter denotes the proportion of non-

bTB infected animals that test negative (Dohoo et al., 2003).  

Bovine TB in cattle is known to be associated with several animal and herd related risk factors 

that include primarily those aforementioned. However, the accurate detection and removal 

of bTB infected animals is still the major challenge of the current control schemes, since bTB 

diagnostic tests performance is far from being perfect, particularly under certain field 

conditions. Infected animals may remain in the herd after diagnostic tests are implemented 

as unfortunately none of them approaches 100% Se. Similarly, non-infected animals may be 

wrongly classified as positive due to the lack of Sp. Quantifying the performance of 

diagnostic tests for bTB is particularly challenging due to the lack of a gold-standard that can 

at some point establish unequivocally the true disease status of animals, so that often their 

nature (as false positive or false negative animals) remains unknown. In addition, there still 

exists a gap of knowledge regarding the relationship between the intermittent pathogen 

shedding and bTB detection through the current available diagnostic tests in livestock.  

Ante-mortem surveillance is primarily based on the application of the in vivo tuberculin skin 

test and the in vitro IFN-γ ancillary assay, which both measure the cellular immune response 

triggered at an early stage of M. bovis infection. Other in vitro techniques, such as the 

enzyme-linked immunosorbent assay (ELISA) tests, rely on the humoral response that is 

elicited in more advanced stages. These tools based on antibody detection can be sometimes 

used to identify bTB infected animals missed by other screening tests. However, currently 

the use of serological tests is restricted to very specific situations due to their lower accuracy 

compared to the tuberculin tests and the IFN-γ assay.  

Post-mortem surveillance is based on the detection and subsequent confirmation of bTB 

lesions or the presence of the bacteria in tissues from cattle at slaughter and laboratory, which 

is crucial for the goals of eradication programs. Nevertheless, the low Se in post-mortem 
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examination and the difficulties achieving success in tracing back cases of bTB are still major 

limitations in current surveillance. 

Even though several countries have achieved eradication, others still deal with bTB 

persistence in cattle populations in spite of having applied similar eradication schemes. 

Understanding the performance of ante- and post-mortem techniques and how it depends on 

different local conditions is crucial to design effective control measures and achieve the 

eventual goal of bTB eradication. 

 

The intradermal tuberculin tests 

 

The application of the intradermal tuberculin test (or skin test) for ante-mortem diagnosis 

started more than 100 years ago. In 1890, Robert Koch discovered the glycerol extract of 

pure filtrated mycobacterial tubercle bacilli cultures and then observed that subcutaneous 

injection of this tuberculin elicited systemic reactions. Even though it was first considered as 

a possible therapy for TB in humans, Bang introduced the Koch’s old tuberculin as a 

diagnostic test of choice in cattle, and was included in the first eradication programs at the 

end of 19th century in Denmark and Finland (Bang, 1908; Francis, 1958). Progressively and 

between the late 1890s and the first decades of the 20th century, other countries such as the 

UK, France, and the USA started the application of test and slaughter policies on a large 

scale, leading to a gradual decrease of bTB incidence (Francis, 1947). Over the years, the 

tuberculin discovered by Koch has been refined, and repeated application of the nowadays 

called M. bovis-derived purified protein derivative (PPD) tuberculin remains the cornerstone 

of bTB control programs in countries worldwide. Nowadays, there are two types of PPDs in 

use for bTB eradication: bovine tuberculin (bPPD) is produced from M. bovis AN5, a strain  

isolated in England circa 1948, whereas the avian PPD (aPPD), used to increase the Sp of the 

test, is obtained from the M. avium subsp. avium D4ER or TB56 strains (de la Rua-Domenech 

et al., 2006).  

The skin test, which may refer to the SIT test, the SICCT test or the caudal fold (CF) test, is 

the international standard for ante-mortem diagnosis of bTB (OIE, 2018). This field test is 

performed by the inoculation of bPPD into the skin of the neck or CF (Monaghan et al., 

1994). If tuberculin test is applied into an animal sensitized to tuberculin or cross-reacting 
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antigens, a delayed-type hypersensitivity reaction mediated by a population of sensitized T 

cells is triggered (Thorns & Morris, 1983). The immune system responds with inflammatory 

cells at the inoculation site, causing local swelling. The interpretation of the test is based on 

the degree of difference in skin thickness measured with a caliper before and after 72 h the 

PPD injection, and, in the case of the SICCT, its comparison with the reaction elicited by the 

simultaneous inoculation of aPPD. On the SICCT test a greater reaction to bPPD than aPPD 

is expected in M. bovis infected animals.  

The dermal swelling at the inoculation site, along with the presence of local clinical signs 

such as pain, is the measure to detect animals bTB-positive to the test. Depending on 

epidemiological conditions and according to the EU Council Directive 64/432/EEC, animal 

responses at the injection site of the bPPD may result in either inconclusive [increase of the 

skin-fold thickness of 2-4 millimeters (mm)] or positive (increase of  ≥4 mm) responses based 

on standard or severe interpretation criteria (Anon, 1997). In the standard interpretation only 

positive reactors to the test are considered bTB infected, while under the severe interpretation 

all positive and inconclusive animals are considered bTB infected. The severe interpretation 

enhances the Se of the skin tests in comparison with the standard interpretation, as its cut-off 

maximizes the number of infected animals detected in bTB infected herds. However, due to 

its associated reduction in the Sp and the subsequent -sometimes unnecessary - culling of 

inconclusive reactors, the severe interpretation is not used in routine testing in areas where 

disease risk is not high. In Spain specifically, the severe interpretation is applied in those 

farms located in regions with bTB herd prevalence ≥1% and also in herds where bTB has 

been confirmed;  in the latter scenario, disclosure and subsequent herd tests are applied under 

the severe interpretation, as also in UK and Ireland (though in that case the SICCT is the test 

of election) (Anon, 2020b; de la Rua-Domenech et al., 2006; Lesslie & Herbert, 1975). 

Priorities in terms of performance of the test may vary depending on the bTB setting: in OTF 

herds/regions or low prevalence situations, the aim is to maximize Sp to reduce the number 

of false positive animals, whereas in bTB infected herds/regions a maximum Se -to maximize 

the likelihood of detecting bTB infected animals- is pursued.  

In Europe, non-OTF countries may use SIT or SICCT as the primary diagnostic tool in their 

eradication schemes. The SIT test is mostly applied in herds located in continental Europe, 

whereas the SICCT has been extensively used in eradication programs in Ireland and the UK 

(Good et al., 2007; Monaghan et al., 1994). In these two countries, the SICCT is preferred 
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due to its higher Sp, with estimated proportions of false positive reactions avoided using the 

SICCT instead of the SIT of between 8-12% (Nunez-Garcia et al., 2018; O'Reilly & 

MacClancy, 1975). In UK and Ireland a high abundance of slow growing environmental 

mycobacteria has been reported, which may lead to cross-reactive responses to bPPD 

inoculation, as many antigens contained in the bPPD are shared between NTM thus reducing 

the Sp of the test (Cooney et al., 1997; Monaghan et al., 1994; Schiller et al., 2010a). In this 

context, the SICCT test allows for a better discrimination between animals infected with M. 

bovis and those exposed to NTM or mycobacteria of the MAC than the SIT test (Monaghan 

et al., 1994). However, when the Sp is prioritized a decrease in the Se must be assumed. Thus, 

the choice between SIT and SICCT tests often relies on whether the objective is to maximize 

Se or Sp. 

Inoculation of tuberculin was first performed in the CF, as this region was considered the 

most appropriate site for injection (Francis, 1947). Since then, several sites of tuberculin 

injection have been used historically, such as the ophthalmic, palpebral, and vulvar region. 

However, the inoculation of PPD in the neck is nowadays recommended over the CF in many 

countries, as the skin in this area is considered more sensitive to a tuberculin-related 

hypersensitivity reaction than the skin in the base of the tail (Schiller et al., 2010a). In Europe, 

the SIT and SICCT tests are the primary bTB screening tests, while the CF is used for routine 

screening in the USA, Canada, New Zealand, Australia and most South American countries 

(Farnham et al., 2012; Tweddle & Livingstone, 1994). Differences in the Se of the skin test 

depending on the site of the neck where the PPD is inoculated have been also reported in 

experimentally sensitized or naturally infected cattle. In a study carried out in OTF and bTB 

infected herds with different disease prevalence located in Central Spain, Casal and 

collaborators demonstrated a higher probability of obtaining positive skin test results and 

larger reactions when PPD was inoculated in the anterior neck area of infected cattle, with 

no effect of the side where the tuberculin was injected (Casal et al., 2015). These results 

confirmed earlier works and suggested the importance of a proper inoculation of the 

tuberculin to avoid false negative reactions in infected cattle, what may increase the chances 

of bTB persistence in a herd (Good et al., 2011b; Paterson, 1959). 

Advantages of the use of skin test include its low cost, easiness of application in the animal, 

and a long experience in their use. Its use however still poses several issues regarding, in the 

first place, its administration and interpretation: to ensure reliable results, a proper training 
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of veterinary practitioners is essential, who must also visit the herd twice (first for the 

inoculation, second for reading the test). Moreover, the intrinsic subjective nature of the test 

may increase its also inherent imperfect accuracy as its standardization is extremely 

complicated.  

The skin test is recognized as a good herd test but, at the same time, is considered a more 

limited test for identifying individual infected animals (de la Rua-Domenech et al., 2006). 

The influence of within-herd bTB prevalence and the nature of the infection in the herd 

(chronically or newly bTB infection), the individual immune response (that will vary at 

different disease stages and severity), the variability in the interpretation of the test, and the 

possible occurrence of infections with cross-reacting mycobacteria are factors that may affect 

test performance. In this sense, deficiencies in the detection of infected animals through the 

skin test may lead to increased rates of disclosure of lesioned animals at the abattoir. In the 

case of a recent bTB infection, animals may result in false negatives in the SIT test since 

most of them will be in a pre-allergic state. A delayed-type hypersensitivity response may 

not develop until up to 6-9 weeks post-infection, increasing the likelihood of infected but 

non-detected animal remaining in the herd in contact with other susceptible animals for an 

extended period until detected in following herd tests (Good & Duignan, 2011; Thom et al., 

2006). Reactivity to the skin test is therefore dependent upon the time elapsed since bTB 

infection; animals in this early (“occult”) stage of bTB may be infected but are not yet 

detectable. Moreover, chronically (anergic) infected animals in an advanced stage of the 

disease may be unresponsive to the tuberculin test, probably due to a collapse of the allergic 

defense mechanism (Kleeberg, 1960; Pollock & Neill, 2002). There is a high variability in 

the development of the immune response in the animal, which may be affected by some of 

the animal, herd, pathogen and local factors above-mentioned (namely age, body condition, 

M. bovis strain and infective dose, and co-infection with other diseases). 

The reliability of the skin test depends also on the frequency of testing. In the late 1930s, a 

progressive loss of skin reactivity after sequential tuberculin inoculations was demonstrated 

(Buxton & Glover, 1939). Desensitization owing to successive short-interval tuberculin 

testing was further confirmed in several posterior studies (Coad et al., 2010; Hoyle, 1990). 

This should be considered when suspect or inconclusive reactors are found during skin 

testing. In contrast, if the interval between herd tests is too long, bTB infected animals that 

were not detected in the previous routine herd test will have time to infect other cattle in the 
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herd before being tested again. The efficiency of skin tests and of the eradication programs 

at large depend therefore not only on the performance of the diagnostic test, but also on the 

challenging timescales of bTB dynamics and the frequency of testing (Conlan et al., 2012). 

Therefore, an interval of at least 42 days between consecutive tuberculin testing protocols 

has been recommended to allow desensitization to wane (OIE, 2018). 

Other factors related with the diagnostic test itself may play a role in the lack of success of 

eradication efforts. The quality of the PPDs used in the skin tests in terms of manufacturing 

and potency has been also associated with differences in the number of reactor animals 

detected (Good et al., 2011b). Since these tuberculins are the basis of the primary ante-

mortem test used worldwide, the marked variability in their potencies may have severe 

implications in the success of eradication efforts.  

Several estimates of Se and Sp have been reported under different study conditions. To 

account for the large uncertainty regarding the true Se and Sp of the skin tests, these estimates 

are usually presented as 95% confidence intervals (CI). Numerous meta-analyses and reviews 

combining Se and Sp from multiple studies have been conducted to summarize estimates of 

performance of the skin tests (Bezos et al., 2014; de la Rua-Domenech et al., 2006; Farnham 

et al., 2012; Nunez-Garcia et al., 2018). In a review of the ante-mortem diagnostic techniques, 

de la Rua and collaborators reported Se estimates for the SIT test that ranged from 80.2% to 

100% (de la Rua-Domenech et al., 2006). In a Bayesian framework and including prior 

information, Nunez-Garcia and collaborators in a more recent meta-analysis reported that the 

highest median Se among tuberculin tests was the one of the SIT test compared with SICCT 

and CF, with values  between 94% (95% credible interval (CrI) 49-100%) and 81% (95% 

CrI 53-94%) (Nunez-Garcia et al., 2018). In Spain, the Se of the SIT test using the severe 

interpretation was 63.7% (95% CI 54.5-72.0%) in naturally bTB infected beef herds located 

in central areas of the country, which was consistent with the results of median 66.1-69.4% 

obtained in bTB infected cattle from the north-western parts (Alvarez et al., 2012a; Casal et 

al., 2017). The relatively low Se reported in these studies may be related in part to the 

inclusion of breeds with dangerous temperament (bullfighting breeds) that makes the 

performance of skin tests challenging (Alvarez et al., 2014b; Schiller et al., 2010a).  

Estimated Se values for the SICCT test derived from studies conducted during 1973-2004 in 

different epidemiological conditions ranged between 52% and 100%, (median values of 

80.0% and 93.5% for standard and severe interpretations, respectively) (de la Rua-Domenech 
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et al., 2006). In the more recent meta-analysis cited above, low to moderate values for SICCT 

(between 50%, 95% CrI 26-78% and 64%, 95% CrI 48-78%) using the standard 

interpretation were considered concerning as this technique is widely applied and sometimes 

solely used (Nunez-Garcia et al., 2018). These values contrast with other studies performed 

in GB, where the Se of the SICCT test ranged from 75.0-95.5% using the standard criteria 

(de la Rua-Domenech et al., 2006; Karolemeas et al., 2012).  

According to several reviews and meta-analysis the SICCT test at the standard criteria has a 

higher Sp compared to the SIT tests (de la Rua-Domenech et al., 2006; Schiller et al., 2010a; 

Nunez-Garcia et al., 2018). This is due to its ability to detect animals exposed to other 

sensitizing mycobacteria, as stated above. However, high Sp values for the SIT test have been 

reported in Spain, where this technique is the standard in most of the situations, with median 

estimates of Sp under the standard criteria ranging from 99.6 to 99.7% while the severe 

criteria yielded median Sp of 99.3-99.4% (Alvarez et al., 2012a).  

The Se and Sp estimates obtained in a specific setting should be extrapolated with caution, 

as the scenario, the animals in which the test is applied, the tuberculin, the manufacturer, the 

PPD potency, and the burden of the disease may differ from one study to another. The ideal 

100% Se and Sp skin test is not available so far, as Se and Sp are inversely correlated. 

Regardless, programs based on the repeated tuberculin testing of cattle have succeeded in 

several areas in eradicating bTB, always in regions where the disease was restricted only (or 

mostly) to cattle. However, given the limited Se of the skin tests, in countries where there are 

several factors hampering bTB control and, additionally, several animal populations are 

involved, the performance of the skin test might be enhanced by combining the SIT test with 

in vitro techniques.  

The performance of the tuberculin tests can be affected not only by factors related to the test 

itself, but also to external factors diminishing the reactivity to the skin tests. Topical or 

systemic inoculation of corticosteroids (Doherty et al., 1995), events associated with stress 

(that induces the release of ACTH-cortisone) or even injection of cortisone itself, depress the 

reaction to tuberculin considerably (Pollock & Neill, 2002). The use of other drugs (isoniazid, 

ergotin, and atropin) (Kleeberg, 1960), and local manipulations in the tuberculin inoculation 

site for fraudulent purposes may also depress -and even suppress- the animal immune 

response to the skin tests. 
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 The interferon-gamma (IFN-γ) assay 

 

Limitations in the intradermal tuberculin test have long hindered the success of bTB 

eradication programs in several regions. The imperfect Se of the skin tests, the need to wait 

72 h to obtain a result, the minimum 42 days interval required between herd tests (often 

extended to 60-90 days) even if these are positive, and the problematic proportion of false 

negative responses potentially occurring in certain scenarios have led to the development of 

alternative tests to maximize the detection of bTB infected cattle. The most extensively used 

alternative technique is the IFN-γ assay, an in vitro test that has been found successful in 

detecting bTB infected cattle, especially in the initial stages of the disease. Similar to the skin 

test, the basis underpinning this assay relies on the detection of the specific CMI responses 

that dominate early infection (Pollock & Neill, 2002). Nowadays, the IFN-γ assay is 

recommended by the OIE (OIE, 2018), and approved by the USDA (USDA-APHIS, 2004) 

and the EU (Anon, 1997; EFSA Panel on Animal Health and Welfare [AHAW], 2012) as a 

useful ancillary test to the skin test in bTB eradication schemes. 

In the late 1980s, Wood and collaborators developed this assay, which is based on the 

detection of IFN-γ released by peripheral blood mononuclear cells in response to M. bovis 

antigens (Wood et al., 1990). The assay is performed in two stages: first, whole blood 

heparinized samples collected on the herd are incubated in the laboratory with PPDs 

(typically bPPD and aPPD) or antigen cocktails to stimulate the release of the cytokine IFN-

γ by predominantly T lymphocytes. Secondly, after 16-24 h blood samples are centrifuged 

and plasma is then harvested and analyzed for the quantification of IFN-γ by means of a 

sandwich ELISA (Wood et al., 1990; Wood & Rothel, 1994). As with the SICCT, the IFN-γ 

assay makes use of the comparison of IFN-γ production after stimulation with both M. bovis 

and M. avium antigens. In this case, an optical density (OD) value is calculated by subtracting 

the OD value obtained in aPPD stimulation from that of bPPD stimulation. Those animals 

infected with M. bovis may present quantifiable levels of IFN-γ when stimulated with bPPD, 

whereas if the infection is due to members of the MAC or other NTM, the amount of IFN-γ 

should be higher when stimulated with aPPD compared to bPPD (de la Rua-Domenech et al., 

2006).  

One of the main advantages of the ancillary use of IFN-γ assay is that it detects overlapping 

yet slightly different subpopulations of cattle infected with M. bovis than those responding 
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to the skin tests (Pollock et al., 2005). Some infected animals may be positive to both the 

skin test and the IFN-γ assay, whereas others will be positive to only one of them. Therefore, 

the justification for the ancillary use of the IFN-γ assay is that it may detect a considerable 

proportion of bTB infected cattle that escape detection by the tuberculin tests (Neill et al., 

1994a). In fact, it has been suggested that the assay could detect infection as early as 14 days 

post-infection, and even earlier than the tuberculin test (Buddle et al., 1995). Several studies 

reported that cattle that tested negative to the skin test but were positive to the IFN-γ assay 

were at higher risk of being bTB infected that those negative to both tests (Coad et al., 2008; 

Gormley et al., 2006). Taken all this together, the application of the IFN-γ test is considered 

to increase Se of eradication schemes, which allows the early removal of those skin test 

negative but infected animals that would otherwise have remained in the herd with the solely 

result of the skin test. When performed within a few days of a non-negative result to the skin 

test, the IFN-γ assay can have higher Se compared to the SICCT test performed six weeks 

later, and equal Sp (Praud et al., 2019). In fact, when the results of the SIT and the IFN-γ test 

were combined, more than 95% of the bTB infected cattle could be identified in a herd (Wood 

et al., 1991). These results evidence the potential value of the IFN-γ assay as a predictor of 

bTB infection and emphasizes the danger associated with not removing skin test negative 

cattle that are positive to the IFN-γ assay.  

Another advantage of this test is the possibility of testing animals repeatedly without delay, 

reducing the risk they become a source of bTB for other animals. Consequently, the IFN-γ 

assay offers a means of shortening restriction periods for bTB infected herds. Moreover, this 

assay is based on more standardized procedures interpretations in comparison to the skin 

tests, as it is mostly laboratory-based. 

In regions within the EU with a high bTB prevalence, the concurrent use of the tuberculin 

test and the IFN-γ assay is recommended in order to maximize the detection of bTB infected 

animals (Anon, 2006; Gormley et al., 2006). The IFN-γ assay is implemented preferentially 

in chronically infected herds or in those in which there is a high suspicion of bTB -and/or 

bTB has been confirmed-. The application of this test has proved to be highly effective for 

detecting bTB on particularly wild and heavily infected cattle breeds. In a study performed 

on bullfighting herds in the region of Camargue (France), the ancillary use of an adapted 

IFN-γ test following tuberculin testing reduced the annual incidence from above 5% in 2005 

to below 1% in 2014, despite achieving a low Se (Keck et al., 2018). Lower responses in the 
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assay in these bullfighting infected animals might be explained by differences in IFN-γ 

production as suggested elsewhere (Schiller et al., 2009). In contrast, in areas of low herd 

prevalence, Sp issues have precluded its routinely use in herds with low probability of M. 

bovis infection. In these cases, the lower Sp of the IFN-γ test compared to the skin test may 

lead to the disclosure of a high number of false positive reactors (Bezos et al., 2014). 

Additionally, one of the most important causes of false positive reactions to PPDs, MAP 

infection, can also affect the performance of the IFN-γ assay. The potential of MAP co-

infection to compromise the performance of the IFN-γ test has been demonstrated in several 

studies (Hope et al., 2005; Aranaz et al., 2006; Alvarez et al., 2008; Alvarez et al., 2009).  

From an owner/farmer’s point of view, occurrence of false positive reactions can lead to a 

loss of confidence in eradication schemes due to the culling of non-infected animals.  

Effects of tuberculin injection on the results of the IFN-γ test have been extensively assessed, 

with contradictory published data. Single cervical injection of tuberculin had no effect in the 

reliability of the IFN-γ assay in a study using naturally infected cattle in Ireland (Gormley et 

al., 2004). In contrast, injection of bPPD for CF test has been reported to boost IFN-γ 

responses in experimentally bTB infected cattle, and this effect could last for more than 3-7 

days (Palmer et al., 2006; Rothel et al., 1992; Whipple et al., 2001). In a study conducted on 

experimentally infected calves in GB, a pronounced reduced IFN-γ response was observed 

in blood samples taken 3 days post-SICCT, though without effect on the qualitative 

interpretation of the assay (Whelan et al., 2004). However, results obtained in studies 

conducted on experimentally infected animals could not be verified in naturally infected 

cattle (Schiller et al., 2010b). Interferon-gamma responses were also affected after a skin test 

performed on cattle with a mixed infection of paratuberculosis and bTB. The single cervical 

injection of tuberculin boosted the IFN-γ production for cattle naturally infected with MAP 

and experimentally infected with M. bovis (Roupie et al., 2018). Additionally, an increased 

level of IFN-γ recorded post-SICCT test in a study conducted on in Irish dairy cows indicated 

that bTB testing may contribute to MAP control (Kennedy et al., 2017). Authors suggested 

that administration of PPD as part of the bTB test led to an amplified immune system 

response due to IFN-γ, enhancing macrophage autophagy function and thus limiting infection 

by MAP. However, the contribution of a previous sensitization with environmental 

mycobacteria to the increased IFN-γ levels could not be excluded in this study. The 

underlying factors that may explain these reported differences on the impact of the skin test 

on the IFN-γ assay include the tuberculin test protocol, the interpretation criteria used in the 
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assay, the cattle population included in the studies, and the disease stage and nature of the 

infection (Gormley et al., 2006).  

The Se and Sp of the IFN-γ assay using bPPD and aPPD estimated from trials performed in 

several countries worldwide varied between 73 and 100% (median 87.6%) and 85-99.6% 

(median 96.6%), respectively (de la Rua-Domenech et al., 2006). A recent meta-analysis 

including studies from 2010 to 2015 also suggested that the IFN-γ test using PPDs had similar 

or higher Se than the tuberculin and serological Ab tests (Nunez-Garcia et al., 2018). 

However, the Sp of the IFN-γ blood test with PPD was over 90% but not as high as the Sp of 

the SICCT test (Nunez-Garcia et al., 2018). Differences in the estimated values were 

attributed to characteristics of the cattle populations included in the studies, the cut-off 

values, and the PPDs used among other factors.  

Since 1988, the first commercial IFN-γ assay, namely Bovigam® (Thermo Fisher Scientific, 

Waltham, Ma, USA) has been extensively trialed in Australia, Brazil, Ireland, Northern 

Ireland, Italy, New Zealand, Romania, Spain, and the USA (Wood & Jones, 2001). In Spain 

the large-scale implementation of the IFN-γ assay as an ancillary test in 2006 led to an 

increase of the individual diagnostic test Se when used in infected herds (Alvarez et al., 

2012b). In fact, median time to recover OTF status decreased after the test was included in 

the bTB eradication program, which led to a quickening bTB clearance at a herd level in high 

prevalence regions. 

A second version of the IFN-γ test (ID Screen® Ruminant IFN-γ, IDvet, Grabels, France) 

was included in the Spanish eradication program in certain regions in 2016.  A recent study 

conducted in Spain assessed its accuracy and included concordance analyses between the 

new IDvet and the Bovigam tests (de la Cruz et al., 2018). Agreement between both IFN-γ 

assays was poor and using the cut-off of 35 recommended by the manufacturer, and the IDvet 

test had a significantly lower Se compared to Bovigam, which contradicted results obtained 

in studies conducted on experimentally infected cattle in Belgium, France, and Mexico 

(Anon, 2014). However, the limited number of animals included in those studies, together 

with their bTB-positive infection status could have led to an overestimation of the Se. These 

results evidence the importance of the evaluation of the accuracy of a test when it is 

introduced in the eradication schemes of a particular region, as well as its performance in 

different epidemiological settings.  
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The application of the IFN-γ assay may vary as a function of the burden of the disease in a 

herd/region. The cut-off values used for defining a positive IFN-γ animal can be modified to 

change the interpretation of the test. In high bTB prevalence scenarios a more sensitive 

criteria is endorsed to increase the probability to detect truly infected cattle (Alvarez et al., 

2014b; Casal et al., 2017), and has been demonstrated elsewhere (de la Cruz et al., 2018). In 

other circumstances, i.e. if environmental sensitization is suspected, then the cut-offs can be 

modified to optimize the test Sp (de la Rua-Domenech et al., 2006). Again, in any 

epidemiological scenario, modifications to the test procedures should be validated, ideally 

testing the proper cohort of animals to make sure test performance is optimized for a 

particular situation (Gormley et al., 2013). 

Apart from the aforementioned apparent lower Sp, limitations of this test comprise also its 

high costs and high logistical demands, as blood samples should be transported to the 

laboratory to perform the incubation step within a certain period of time (in most countries 

<6-8 hours is the preferred option) at a stable temperature between 10-26 ºC (de la Rua-

Domenech et al., 2006). Additionally, this assay should be performed only on cattle older 

than 6 months, as a nonspecific IFN-γ response triggered by natural killer cells is frequently 

encountered in young calves (Gormley et al., 2013; Olsen et al., 2005). As with the skin tests, 

the IFN-γ assay has a low probability of detecting bTB infected cattle in an anergic state, due 

to their depressed CMI response to tuberculins. However, these potentially represent a small 

proportion out of the bTB infected cattle (Pollock et al., 2005). 

Alternative antigens to PPDs, such as the early secretory antigen target 6 kDa (ESAT6) and 

culture filtrate protein 10 (CFP10), can be included in the IFN-γ assay to increase test Sp, as 

these proteins are encoded by genes absent in mostly all NTM (Hughes et al., 2002; Pollock 

et al., 2000; Roupie et al., 2018; Vordermeier et al., 2001). The potential for improved Sp of 

the IFN-g assay when using these alternative antigens compared to conventional PPD IFN-γ 

assay has been demonstrated on herds with a high proportion of false positive cattle and herds 

located in low prevalence/OTF regions (Schiller et al., 2010a). Furthermore, an IFN-γ test 

with ESAT6 and CFP10 may be a valuable alternative to shorten restriction periods in herds 

with suspicion of bTB: a test based on this mix of antigens performed within a few days of a 

non-negative result to the tuberculin test to confirm the presence of infection in French cattle 

herds had higher Se than the SICCT performed six weeks later and equal Sp (Praud et al., 

2019). Other potential cause of non-specific sensitization to bovine tuberculin is vaccination 
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with BCG, whose effect on all currently available surveillance tools has been extensively 

reported. The use of ESAT6 and CFP10 antigens in IFN-γ tests has been also shown to 

discriminate M. bovis infected animals from vaccinated animals (the so-called “DIVA” test) 

(Vordermeier et al., 2001). 

Other factors that critically affect the reliability of the test include the time post-tuberculin 

testing and potential delays in processing of blood samples at the laboratory (de la Rua-

Domenech et al., 2006; Gormley et al., 2006). Systemic administration of dexamethasone is 

associated with suppressed PPD-stimulated IFN-γ production, which may lead to false 

negative results in the assay (Goff, 1996; Wood & Jones, 2001).  

The use of specific antibody (Ab) detection has been also assessed in recent years (Waters et 

al., 2011; Wood et al., 1992). However, due to the lower Se compared to the tuberculin and 

IFN-γ tests reported in most studies, diagnosis based on humoral response detection should 

be ancillary to these tests. Antibodies are generally produced in more advanced stages of the 

infection, so the accuracy is likely to be higher in animals at progressed stages of the disease, 

and therefore serology could be useful when the goal is to diagnose animals with visible 

lesions (Pollock & Neill, 2002). The use of serological tools has been shown to increase the 

likelihood of detecting a proportion of bTB infected animals that may go undetected with the 

tuberculin tests, especially in those situations when the IFN-γ cannot be applied due to 

logistic and financial reasons (Casal et al., 2014). 

 

Slaughterhouse surveillance and post-mortem analyses 

Routine factory surveillance continues to be the primary means of passive surveillance for 

bTB to supplement live animal testing. All bovine animals slaughtered are subjected to an 

official post-mortem examination, which is conducted by veterinarian inspectors at the 

abattoir, and includes palpation, incision and inspection of different lymph nodes of the head, 

chest, mesenterium, pleura, lungs, and the prescapular, popliteal, iliac lymph nodes, as well 

as examination of specific organs (mainly lungs and liver). Suspicious organs/tissues (i.e, 

those showing macroscopical lesions compatible with bTB) are then sampled to confirm the 

infection.  
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Lesions may vary in size and location depending on disease stage and route of transmission, 

and they can be easily overlooked during meat inspection, particularly during early stages of 

disease. Moreover, lesions due to bTB can be difficult to distinguish on gross inspection from 

non-tuberculous granulomas. For these reasons, any lesion compatible with bTB detected in 

cattle should be further examined and analyzed in the laboratory. 

Bovine tuberculosis cases identified at abattoir inspection are then traced-back to identify the 

source herd. Further epidemiological investigations are performed to detect other infected 

cattle within the herd and, when appropriate, disentangle the network of contacts of that 

source herd. In order to achieve a successful trace-back of any other animals potentially 

exposed to the tuberculous animal, there is a great need for the availability of accurate 

individual and herd level census and movement information (Eames & Keeling, 2003). 

However, not less important is the correct animal identification traceability during the 

inspection chain. For this purpose, animal identification tags should be linked to all parts of 

the carcass during inspection and evisceration at any time. Currently, the available 

information systems with standardized databases containing information on animal origin, 

movements, and disease history, together with the use of electronic identification systems, 

facilitate the traceability of animals from birth to slaughter.  

Emphasis on abattoir surveillance started in the 1950s. Around that time, and although bTB 

prevalence decreased through routine skin testing in cattle, in vivo control measures became 

costly and ineffective as the sole mean to identify bTB infected herds in areas of low 

prevalence (Kaneene et al., 2006). Council Directive 64/433/EEC of 26 June 1964 on health 

problems affecting intra-community trade in fresh meat established the procedures for the 

post-mortem inspection at the slaughterhouse within the EU (Anon, 1964b). Since then, meat 

from bTB infected animals with generalized disease is not considered fit for human 

consumption and must therefore be discarded.  

Subsequent laboratory diagnosis after bTB-like lesion detection at the abattoir includes 

histopathology and bacteriological culture in either solid (Lowestein-Jensen, Coletsos) or 

liquid media (OIE, 2018). Culture identification of MTBC is extremely slow, which results 

in 43 days for solid media and around 28 days for liquid media for confirmation of its 

presence or absence in clinical samples (Corner et al., 2012; Hines et al., 2006). If the culture 

is positive, the identity of the bacteria in the medium is performed through a polymerase 

chain reaction (PCR). The target sequence is usually IS6110, which is highly specific as it is 
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present in mycobacteria included in the MTBC (Thierry et al., 1990). However, IS6110 has 

recently been found in the genome of other mycobacterial species, such as M. smegmatis and 

other environmental mycobacteria (Coros et al., 2008; McHugh et al., 1997). In this sense, 

the development of more sensitive, specific and rapid method for MTBC has been pursued 

in the last two decades. The Real-Time targeting the mpb70 gene and the use of 

immunomagnetic separation to facilitate subsequent detection by PCR are reported to have 

the potential to improve M. bovis detection in clinical samples (Lorente-Leal et al., 2019; 

Stewart et al., 2013). Additionally, to overcome delays in disease confirmation, detection of 

mycobacterial DNA from animal tissue samples using direct PCR has been considered as a 

promising alternative to culture (Costa et al., 2014; Lorente-Leal et al., 2019). This method 

not only could decrease considerably the time needed until pathogen identification in 

achieved, but also may improve the decision-making capacity in eradication schemes. 

Estimating the performance of post-mortem tests is particularly challenging due to the lack 

of a reference test (post-mortem tests are typically considered the gold-standard, in spite of 

their known limitations). In this context, Bayesian latent class analysis emerges as a valuable 

tool to estimate Se and Sp without a gold standard (Branscum et al., 2005). Through a meta-

analysis and latent class analysis, the EFSA reported estimates of abattoir surveillance Se 

with a median of 71% (95% CrI 38-92%) (EFSA Panel on Animal Health and Welfare 

(AHAW), 2012). The 95% CrI ranged from 35.9-42.3% in Ireland, 54.3-63.2% in Northern 

Ireland, and 62.0-87.1% in Spain. As reported by Willeberg and collaborators, these point 

estimates resulted in a median individual-level inspection Se of 55%, but a considerable 

variation was observed (9.5-87.1%) (Willeberg et al., 2018). In contrast, the overall estimated 

median Sp of meat inspection was higher (99.3%, range 97.4-99.9%), with 95% CrI of 97.4-

98.5% in Ireland, 98.8-99.7% in Northern Ireland and 97.7-98.7% in Spain (EFSA Panel on 

Animal Health and Welfare [AHAW], 2012; Willeberg et al., 2018). 

Estimates of the relative Se of meat inspection vary widely in comparison with laboratory 

tests. Under French field conditions Courcoul and collaborators made use of the Bayesian 

framework to obtain Se estimates of direct PCR conducted on tissue samples (mean 87.7%, 

95% CrI 82.5-92.3%), which were higher than estimates for bacteriology (mean 78.1%, 95% 

CrI 72.9-82.8%) and close to those for histopathology (mean 93.6%, 95% CrI 89.9-96.9%) 

(Courcoul et al., 2014). These estimates of Se for bacteriology are in agreement with other 

reports of between 58% and 80% under different culture protocols observed elsewhere 
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(Corner et al., 2012). Values of Sp of PCR and bacteriology reported by Courcoul and 

collaborators were very good (mean 97.0%, 95CrI 94.3-99.0% for PCR and 99.1%, 95CrI  

97.1-100.0% for bacteriology), but Sp for histopathology was lower than the two other tests 

(mean 83.3%, 95 CrI 78.7-87.6%) (Courcoul et al., 2014). 

Success in detecting bTB lesions depends on several factors. First, slaughterhouse 

surveillance effectiveness is affected to some extent by the burden of bTB, and as prevalence 

of disease declines, detection of the remaining bTB infected animals becomes gradually more 

challenging: abattoir inspection may fail to detect lesions in a moderately high proportion of 

reactors (and inconclusive reactors) to tuberculin tests due often to an early stage of disease 

(i.e., no time for development of visible lesions), ranging from 30% to 70% depending on 

the epidemiological scenario (Collins, 2000; Morrison et al., 2000; Ryan & Livingstone, 

2000). Secondly, once a lesion is present, the accuracy and reliability of bTB detection during 

abattoir inspection depends on whether the personnel observe and identify the lesion as 

compatible with bTB and, if so, whether they submit the lesion for further laboratory testing. 

Consequently, it is of the utmost importance that veterinary inspectors are experienced, 

interested, motivated and not overloaded. They should be also encouraged to maximize the 

number of bTB-like lesions detected. In fact, by using a more thorough meat inspection, a 

10% increase of the number of lesioned animals detected was reported in Australia, where 

eradication schemes have successfully controlled the disease (Corner et al., 1990). 

Inadequate meat inspection may result in delays in eradication programs and thus increases 

in the cost associated with control schemes. 

A strong increasing effect of age on detection of bTB-like lesions and confirmation rates was 

demonstrated in most of the studies assessing the reliability of abattoir surveillance, as older 

animals were more likely to be detected at the slaughterhouse than younger animals 

(Frankena et al., 2007; McKinley et al., 2018; Pascual-Linaza et al., 2017). The probability 

of detecting bTB in the herds through meat inspection is also a function of the number of 

animals sent to slaughter. As cull rates are lower in small herds compared to larger herds, 

bTB is less likely to be detected in the former case, and larger herds are associated with more 

opportunities to detect bTB infected animals and confirm the disease in the herd. Herd level 

Se at the slaughterhouse is also a function of the probability of successful trace-back to the 

herd of origin of a particular bTB case animal and the probability of confirming infection in 

the herd of origin (USDA-APHIS, 2009).  
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Slaughterhouse surveillance may be considered as the last resort for detecting those infected 

animals that escape both in vivo and in vitro diagnostic techniques. Despite the generally low 

Se of abattoir inspection, it is considered the most cost-effective measure for passive 

surveillance of bTB, especially in low prevalence/OTF regions where testing schemes are 

less exhaustive (Schiller et al., 2011). It also represents an effective tool for detecting residual 

bTB infection. In more challenging scenarios such as Ireland, up to 46% of all new bTB 

breakdowns in any year can be detected by abattoir surveillance (Frankena et al., 2007; 

O'Keeffe & White, 1999). In the UK, the proportion of newly bTB infected herds detected 

during abattoir inspection reached 16% in 2008, whereas in those non-endemic regions where 

routine testing schemes were applied every four years this proportion was 35% (Shittu et al., 

2013). In spite of the routine testing performed in Northern Ireland, between 18%-28% of 

the newly confirmed breakdowns were first detected at the abattoir (Pascual-Linaza et al., 

2017). In Spain, 14% out of the 687 new herd bTB breakdowns included in a study were also 

detected through slaughterhouse surveillance (Guta et al., 2014b). Additionally, in regions 

with a high infection pressure and/or cross-reacting mycobacteria, deficiencies in skin testing 

may potentially result in greater rates of disclosure of animals with bTB lesions at the abattoir 

(McKinley et al., 2018). Cases of bTB infected animals are detected occasionally in 

apparently non-infected animals sent to slaughter. A low proportion (11%) of herds with 

confirmed bTB incidents can be detected in this manner, with abattoir cases associated with 

a low number of reactors in their source herds, as reported elsewhere (Goodchild & Clifton-

Hadley, 2001). Furthermore, chronically infected herds may contain some anergic animals, 

which are difficult to detect with ante-mortem tests, but that are more prone to present 

advanced visible lesions during meat inspection. 

Missing bTB infected animals with visible lesions at factory inspection could result in an 

increased time to clear the disease in undisclosed bTB infected herds. If bTB is not detected 

through ante-mortem and post-mortem analyses, within-herd prevalence is expected to 

increase. Epidemiological transmission models estimated that bTB infected animals may 

infect a range of 2.2-5.2 susceptible animals per year under the density-dependent 

transmission assumption -in which the transmission rate will increase if the herd size 

increases-, and thus their early detection is critical (Alvarez et al., 2014a; Fischer et al., 2005).  

Research conducted in Ireland and the USA have reported estimates of detection rates of 

bTB-like lesions of 4-14 per 10,000 and 22-25 per 10,000 animals, respectively (Frankena et 
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al., 2007; Kaneene et al., 2006; Olea-Popelka et al., 2012). Overall, a significant variation in 

the probability of finding animals with visible lesions from bTB herds at the abattoir has been 

reported (Byrne et al., 2017a). This variability may be attributed to factors associated with 

the animals, herd-related factors, co-infections and sensitization to environmental 

mycobacteria. The rates of bTB detections and confirmation of M. bovis in bTB-like lesions 

from different factories may also vary considerably: a wide range in confirmation rates 

(between 21% and 81%) between slaughterhouses was reported in Ireland (Frankena et al., 

2007; Olea-Popelka et al., 2012), Northern Ireland (Pascual-Linaza et al., 2017), and GB 

(Shittu et al., 2013). Differences in the risk profiles (bTB history and animal- and farm-

related factors) of the animals slaughtered in the abattoirs were not associated with the 

variability in detection and confirmation rates in the Irish studies (Frankena et al., 2007; Olea-

Popelka et al., 2012). This was in agreement with the Northern Ireland study, in which the 

variation in the risk of detection and confirmation of bTB lesioned animals at routine 

slaughter was attributed to factors related to the slaughterhouse (Pascual-Linaza et al., 2017). 

In the only study conducted in Spain so far, the average Se of abattoir surveillance of the 

different cattle slaughterhouses in Catalonia was 31.4% (95% CI 28.6-36.2%), and 

significant differences related to the availability of certain facilities at the slaughterhouse 

were reported (Garcia-Saenz et al., 2015). This low Se was attributed to the use of the IFN-γ 

assay as an ante-mortem test, that would have led to the early detection of bTB infected 

animals that would therefore not show visible lesions. In contrast, animal- and herd- related 

factors together with the slaughterhouse were indeed associated with laboratory confirmation 

rates in GB (Shittu et al., 2013).  

Some variability has been also attributed to the location of the abattoir: factories located in 

high-bTB-risk areas have been reported to disclose more bTB lesioned animals than those 

located in low-risk areas despite more frequently testing in the former (McKinley et al., 

2018). This study also identified atypical slaughterhouses with either increased or decreased 

rates of bTB lesioned animals detected, which should be taken into account when quantifying 

the overall contribution that slaughterhouse surveillance makes to the overall detection rate 

of bTB breakdowns.  

Identification of bTB infected animals at the slaughterhouse is critical, particularly when it 

happens in non-detected infected herds, since it may contribute to minimizing the size of bTB 

breakdowns and the spread of the disease to contiguous herds (Olea-Popelka et al., 2012). 
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Given the lack of a perfect diagnostic bTB tool, monitoring of the effectiveness of factory 

inspection is highly recommended, and may eventually help to improve bTB surveillance 

programs, particularly in the latter stages of eradication programs. These studies demonstrate 

that the performance of abattoir surveillance for bTB passive surveillance is very 

heterogeneous -especially in different endemic regions- and that the Se of different 

slaughterhouses is not uniform.
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4. HYPOTHESES AND OBJECTIVES 

 
Despite decades of efforts invested on its eradication and control, bTB is still an important 

infectious disease raising economic and public health concerns worldwide. The impact on 

livestock productivity, the costs of eradication programs, the restrictions in trade and the 

potential disruption of both human well-being and economy associated with the disease lead 

to the objective of its eradication. In order to do so, it is necessary to understand the factors 

governing bTB persistence in endemic countries such as Spain, where this persistence is often 

linked to the imperfect performance of currently available diagnostic strategies and the 

presence of wildlife reservoirs, among other reasons.    

Overall, the main goal of the present thesis was to gain insights into the critical points 

hampering disease eradication in cattle, such as cattle introductions into the herd, bTB 

persistence, failures in disease detection, and the role of other potential animal sources for 

bTB maintenance in cattle. To accomplish that, both epidemiological and molecular tools 

have been applied to elucidate the effect of the factors that shape the complex scenario in 

Spain. Different methodologies to better understand the factors explaining the distribution of 

bTB in Spain were applied. First, by analyzing information gathered from a high bTB 

prevalence region, the focus was set on an endemic scenario in which the disease is more 

difficult to control. Second, the interpretation of WGS data recovered from multiple bTB 

infected species in a wide temporal and spatial window provided valuable information to 

understand the evolutionary and epidemiological relationship between M. bovis strains 

recovered in Spain, in an attempt to quantify the role of wildlife reservoirs in bTB 

maintenance.  

In this context, the following hypotheses were considered: 

▪ The characterization of the cattle movement network in a high prevalence region in 

Spain can be useful to assess the relevance of animal movements in bTB transmission.  

▪ Certain animal and herd characteristics are associated with bTB persistence at the 

herd level, and their identification can help to optimize bTB control and eradication 

programs.  
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▪ Determining the accuracy of passive surveillance for detection of bTB infected 

animals (and herds) is a critical step to optimize bTB eradication and surveillance 

programs. 

▪ High resolution molecular tools can help to clarify the role that wildlife reservoirs 

play in the bTB multi-host system in Spain. 

According to the hypotheses stated above, this thesis is structured around four chapters that 

cover the following four objectives: 

1. Characterization of the cattle movement network and evaluation of the potential role 

of animal movements in the transmission of bTB in a high prevalence region in Spain 

over a 6-year period. 

2. Identification of factors associated with an increased duration of bTB breakdowns in 

herds located in a high prevalence region in Spain. 

3. Assessment of the reliability of slaughterhouse surveillance and characterization of 

abattoir-specific detection rates in a high prevalence region in Spain. 

4. Characterization of the genetic diversity of Mycobacterium bovis isolates circulating 

in cattle and wildlife in Spain using whole genome sequencing. 

 

4.1. OBJECTIVE 1. Characterization of the cattle movement network and 

evaluation of the potential role of cattle movements in the transmission of bTB 

in a high prevalence region in Spain over a 6-year period. 

 

Bovine TB can be transmitted either through short-distance spread (fence-to-fence or indirect 

contacts between neighboring farms) or long-distance spread (through animal movements of 

infected cattle between infected and bTB free farms). Although the eradication program in 

Spain includes mandatory skin testing prior to the movement of cattle, the imperfect Se of 

the test may result in the misclassification of a certain proportion of truly infected animals as 

bTB negative, which may contribute to disease spread within the destination herd. 

The role of cattle movements between epidemiological units (e.g., farms) as a potential 

source of bTB infection has been evaluated extensively in several countries. In areas without 

a known wildlife reservoir of bTB and/or areas with a low prevalence of disease, purchased 

animals have been identified as the most likely source of introduction of infection into bTB-
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free herds. However, in other regions the contribution that animal movements play in bTB 

spread has not been elucidated. Although the presence of TB-infected wildlife was 

considered more important as a source of bTB than the introduction of infected cattle in some 

studies conducted in endemic areas, the relevance of the latter cannot be disregarded. In any 

case the role of cattle movements may vary between regions, as other factors related to the 

epidemiology of the disease, local sources of infection (such as infected wildlife) and the 

bTB history in the area may be simultaneously contributing to disease transmission, and 

should therefore be considered separately in different epidemiological situations 

Movement characterization through social network analysis may help to identify the most 

frequently or intensively connected units within the network, to ultimately better understand 

the potential risk of bTB spread in a susceptible cattle population.  

The usefulness of the analysis of contact patterns between units/holdings as transmission 

pathways to understand disease distribution has not been previously performed in Spain. This 

research conducted in a high bTB prevalence region, Castilla y Leon, may help to clarify the 

role of cattle movements in bTB spread. Additionally, findings derived from this analysis 

can be applicable to other infectious diseases. The identification of highly connected units or 

farms to target control efforts may be helpful to optimize surveillance activities in the 

framework of eradication programs and may be used to ultimately decrease the vulnerability 

of the network of farms to infectious diseases. 

As part of this objective 1, the following study was performed: 

⮚ Analysis of the cattle movement network and its association with the risk of bovine 

tuberculosis at the farm level in Castilla y Leon, Spain. 

This original research article was accepted for publication in Transboundary and Emerging 

Diseases (Impact factor: 3.554; ISI Journal Citation Reports © Ranking: 2018: 27/89 

(Infectious Diseases); 2/141 (Veterinary Sciences) 

Citation: Pozo, P., VanderWaal, K., Grau, A., de la Cruz, M. L., Nacar, J., Bezos, J., Perez, 

A., Minguez, O., & Alvarez, J. (2019). Analysis of the cattle movement network and its 

association with the risk of bovine tuberculosis at the farm level in Castilla y Leon, Spain. 

Transbound Emerg Dis, 66(1), 327-340. doi:10.1111/tbed.13025  
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4.2. OBJECTIVE 2. Identification of factors associated with an increased duration 

of bTB breakdowns in herds located in a high prevalence region in Spain. 

 

Disease persistence is one of the key challenges for bTB eradication programs worldwide. 

Persistence in a herd can happen due to either re-infection or residual infection, and leads to 

prolonged periods of movement restriction which occur more often in herds with specific 

characteristics.  

In those herds with certain known risk factors for persistence (including factors related with 

herd management, the specific disease outbreak happening, and the presence of wildlife 

reservoirs in the area), disease eradication is difficult with the current eradication policies. 

For this reason, an in-depth characterization of the factors leading certain herds to develop 

particularly longer breakdowns may be useful to implement additional control measures early 

during a breakdown. 

Factors consistently associated with chronic breakdowns (those with a longer period to 

recover OTF status) identified in other countries include herd management practices, within-

herd bTB history, local herd environment, history of incoming contacts and number of 

purchased animals. To date, factors associated with bTB persistence in terms of breakdown 

duration have not been characterized in Spain. The key objective of this research was to 

identify certain farm and breakdown characteristics that may help to predict the likelihood of 

experiencing a longer bTB breakdown infected herds in a high prevalence area. 

As part of the objective 2, the following study was performed: 

⮚ Evaluation of risk factors associated with herds with an increased duration of bovine 

tuberculosis breakdowns in Castilla y Leon, Spain. 

This original research article was accepted for publication in  Frontiers in Veterinary Science 

journal (Impact factor: 2.029; ISI Journal Citation Reports © Ranking: 2018: 18/141 

(Veterinary Sciences). 

Citation: Pozo, P., Romero, B., Bezos, J., Grau, A., Nacar, J., Saez, J. L., Minguez, O., & 

Alvarez, J. (2020). Evaluation of risk factors associated with herds with an increased duration 

of bovine tuberculosis breakdowns in Castilla y Leon, Spain (2010-2017). Frontiers in 

veterinary science, 7(668). doi:10.3389/fvets.2020.545328  
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4.3. OBJECTIVE 3. Assessment of the reliability of slaughterhouse surveillance and 

characterization of abattoir-specific detection rates in a high prevalence region 

in Spain. 

 

Abattoir surveillance is a crucial component for bTB control and eradication, as it can help 

to detect infected herds and confirm the disease in attested cattle, including infected animals 

that may have been not detected by ante-mortem tests. Infected herds should be detected 

early enough to avoid further spread to other herds through local contact and/or movements 

of infected animals. Abattoir inspection is therefore of utmost importance, especially in the 

context of low bTB prevalence and in OTF regions, where skin testing is performed less 

frequently and surveillance relies exclusively on post-mortem inspection, respectively.  

Based on the research conducted in several European countries, a significant proportion of 

all newly infected herds can be detected by abattoir surveillance, ranging between 16 and 

46% depending on the epidemiological situation. This emphasizes the important role of 

abattoirs in bTB detection. However, performance of the slaughterhouse surveillance may 

vary between abattoirs due to differences in the population of cattle being culled at each 

factory and the expertise of veterinary inspectors, among other factors. Very limited 

information on the performance of abattoir surveillance is available in Spain, with only one 

study reporting a relatively low Se. 

To gain insights into the overall performance of slaughterhouse surveillance in terms of the 

likelihood of bTB infected animals being detected, a study to estimate the rates of detection 

of bTB-like lesions at slaughterhouses in a high-risk area (Castilla y Leon) was conducted. 

First, the patterns in the cattle population slaughtered in different abattoirs and their rate of 

detection of bTB compatible lesions were explored. Then, measures of efficiency based on 

detection and laboratory confirmation of bTB-like lesions were adjusted for available 

covariates (animal age, diagnostic tests results, herd characteristics) to obtain abattoir-

adjusted performance estimators. 

As part of the objective 3, the following study was performed: 

⮚ Evaluation of the slaughterhouse surveillance for detection of bovine tuberculosis in 

cattle in Castilla y Leon, Spain 
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4.4. OBJECTIVE 4. Characterization of the genetic diversity of Mycobacterium 

bovis isolates circulating in cattle and wildlife in Spain using whole genome 

sequencing.  

 

Even though herd prevalence in Spain has decreased considerably since the first attempts to 

eradicate bTB in 1950 and the implementation of eradication programs, the burden of bTB 

has remained relatively constant over the last 15 years (1.8-2.3%). Disease distribution in the 

country is not uniform, with certain low (<1%) prevalence areas located in the north and east 

regions of Spain. In contrast, Central and Southwestern Spain have the highest proportion of 

bTB infected herds. Among other risk factors, in some of these regions cattle coexist with 

high densities of wildlife reservoirs which constitute a key obstacle for bTB control.  

Wild species such as the wild boar, and to a lesser extent, red deer and fallow deer, can 

maintain bTB and spread the infection efficiently. An association between the presence and 

density of wildlife and bTB incidence in cattle has been suggested in several studies 

conducted worldwide, including Spain. Additionally, the presence of spatial clustering of 

bTB infected cattle and wildlife has been demonstrated in the past. In some cases, the same 

strains [defined by spoligotype and/or multiple locus VNTR analysis (MLVA)] were found 

in infected wild ungulates and cattle. 

An evaluation of the role that wildlife-cattle interactions may play in M. bovis infection 

dynamics can be achieved through the quantification of the frequency of between-species 

transmission events. However, in this complex multi-host scenario of interactions between 

different species, conventional molecular tools have certain limitations, mostly derived from 

their limited resolution. The use of WGS technology, on the other hand, allows the precise 

characterization of isolates of M. bovis recovered from different species due to its much 

higher discriminatory power. 

Under the assumption that animals living in close spatial and temporal proximity are more 

likely to share closely related M. bovis strains, the aim of this last chapter was to identify 

patterns of spread and evolution of M. bovis isolates recovered from cattle and wildlife from 

different locations in Spain, and to reconstruct the phylogenetic relationships among them. 

Additionally, the within-herd evolution of circulating M. bovis strains was evaluated in 

persistently infected herds.  
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As part of the objective 4, the following study was carried out: 

⮚ Use of whole genome sequencing to investigate variability in a prevalent M. bovis 

spoligotype shared by cattle and wildlife in Spain.
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5. WORK PLAN AND METHODS 

 
The methodology applied in the present thesis included the application of different 

approaches to analyze epidemiological and molecular data. Information on cattle and abattoir 

demographics, between-farm movements of animals, bTB history records, and M. bovis 

genomes were gathered from different sources for carrying out the studies included here. 

The basic elements of the epidemiological studies included in the present thesis were: 

1. Formulation of the study hypothesis or research question. 

2. Selection of study populations and study design. 

3. Selection of outcome variable of interest and potential explanatory variables. 

4. Analysis of the relationship between the explanatory variables and the outcome. 

5. Interpretation of results and assessment of possible biases. 

Study design and populations, areas of study, data sources and a brief and integrated 

description of the analytical tools used are summarized below (see Table 1). Methodological 

approaches, model specifications and data analyses are described in detail in each of the 

chapters of this thesis. 
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Table 1. Summary of the studies performed in the present thesis. 

 
Objective Chapter Methodology Study 

population 
Study 
period 

Study 
1 

Characterization of the 
cattle movement 

network and evaluation 
of the potential role of 

cattle movements in the 
transmission of bTB in a 
high prevalence region 

in Spain 

Analysis of the 
cattle movement 
network and its 

association with the 
risk of bovine 

tuberculosis at a 
farm level in 

Castilla y Leon, 
Spain 

Social 
network 
analysis 

Units/herds 
located in 

Castilla y Leon 
that moved or 
received cattle 

2010-2015 

Study 
2 

Identification of factors 
associated with an 

increased duration of 
bTB breakdowns in 

herds located in a high 
prevalence region in 

Spain 

Evaluation of risk 
factors associated 
with herds with an 
increased duration 

of bovine 
tuberculosis 

breakdowns in 
Castilla y Leon, 

Spain 

Survival 
analysis and 

logistic 
regression 

models 

bTB-positive 
herds in Castilla 

y Leon 

2010-2017 

Study 
3 

Assessment of the 
reliability of 

slaughterhouse 
surveillance and 

characterization of 
abattoir-specific rates in 
a high prevalence region 

in Spain 

Evaluation of the 
slaughterhouse 
surveillance for 

detection of bovine 
tuberculosis in 

cattle in Castilla y 
Leon, Spain 

Generalized 
linear mixed 

models 

Animals from 
units/herds 
located in 

Castilla y Leon 
and slaughtered 
in abattoirs in 

Castilla y Leon 

2010-2017 

Study 
4 

Characterization of the 
genetic diversity of 

Mycobacterium bovis 
isolates circulating in 
cattle and wildlife in 
Spain using whole 

genome sequencing 

Use of whole 
genome sequencing 

to investigate 
variability in a 

prevalent M. bovis 
spoligotype shared 

by cattle and 
wildlife in Spain 

Whole 
genome 

sequencing 
analysis 

M. bovis 
isolates 

recovered from 
cattle and 

wildlife from 
different 

regions in Spain 

2005-2018 

 

 

5.1. Study design and study populations 

 

To provide an overview of the methods applied in this thesis, the key components of the 

studies are shown in Figure 5 (adapted from Dohoo and collaborators, Dohoo et al., 2003). 

All studies pursued in essence the same goal: to make causal inferences on factors leading to 
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an increased risk of the disease (or, at least, demonstrate that certain factors can help to 

predict the probability of bTB transmission, chronic infection, bTB-like lesion detection at 

the abattoir, and intraspecies and interspecies bTB transmission) accounting for known 

possible confounders (and with extraneous variables -not included in the study- potentially 

biasing the results).  

The four studies presented in this thesis were analytic (or explanatory) observational 

retrospective studies. No experimental research on animals was conducted in either of the 

studies included here.  

 

 
Figure 5. Graphical summary of the key components of epidemiologic research performed in the present thesis. 
Adapted from Dohoo et al., (2003) with permission from the author.  

 

Livestock units (including both herds and other units such as auctions and pastures) located 

in Castilla y Leon that were the source and/or received cattle from other units located within 

or outside the region between 2010 and 2015 were the study population included in the first 

chapter. The overall Castilla y Leon movement network, where the study subjects with 

heterogeneous bTB status were followed-up throughout a 6-year period, was characterized. 

Additionally, herds subjected to bTB testing in the region as part of the Spanish eradication 

program were considered the accessible population to further evaluate the likelihood of 

spatial and movement-mediated bTB transmission.  
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In the second chapter, the effect of farm and bTB breakdown characteristics on the 

probability of disease persistence in bTB-positive herds located in Castilla y Leon between 

2010 and 2017 was evaluated. First, the association between each explanatory variable and 

the outcome variable “duration of the bTB breakdown” was explored in a survival analysis. 

Second, a case-control study was conducted using the chronic status (yes/no) for herds 

experiencing particularly long breakdowns as the outcome. Case and control herds were 

selected based on different bTB breakdown duration criteria. After controlling for the 

potential confounding influence of explanatory variables, the odds of chronic bTB infection 

among the case herds were then compared with the odds of chronic bTB infection among 

control herds. 

In the third chapter, animal level data of the animals culled in abattoirs located in Castilla y 

Leon was gathered to first describe the slaughterhouse movement network during 2010-2017. 

As the aim was to quantify the relative efficiency of abattoir surveillance performed in 

factories located in Castilla y Leon in the disclosure of bTB lesions, the study population 

eligible here was the total number of animals originated from herds within Castilla y Leon 

that were culled in abattoirs located in the region. Risk factor analyses were performed to 

calculate estimates of the detection of bTB-like lesions and laboratory confirmation rates in 

these abattoirs. Risks were modelled at the individual animal level while accounting for the 

effect of potential confounding variables, including animal-, farm-, bTB-history- and 

abattoir-specific characteristics.  

In the fourth chapter, WGS data was used to analyze the relatedness of M. bovis genomes 

from multiple species (livestock and wildlife). A selection of M. bovis isolates available on 

the VISAVET-Health Surveillance Centre strain collection with suitability of bacteriological 

culture was considered as the study population of this last chapter. A subsample of bTB 

infected cattle isolates recovered from chronically infected herds was additionally selected 

to assess within-herd genetic heterogeneity over time. Total genomic DNA from the selected 

strains were extracted from the cultured M. bovis samples, and suitable isolates were 

subsequently shipped to the USDA National Veterinary Services Laboratory (NVSL) to 

perform WGS.  
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5.2. Areas of study 

 

Spain is the fifth country in number of cattle heads in the EU and a relevant exporter of 

livestock to third countries (Anon, 2019a). The country is divided in 17 Autonomous 

Communities, of which seven have had bTB herd prevalences historically higher than 1% 

(Anon, 2020b).  

 

 
Figure 6. Map of bTB herd prevalence (expressed as percentage, %) in Spain in 2018. Adapted from Ministerio 
de Agricultura, Pesca y Alimentación (Anon, 2020b). 

 

Within the country, a great variety of epidemiological situations can be identified due to 

differences in cattle population characteristics, presence and density of wildlife reservoirs, 

and bTB prevalence. In this sense, eradication programs face different issues in regions of 

low (<1%) and high (>1%) bTB prevalence. Figure 6 represents the maximum levels of bTB 

herd prevalence per area reported in Spain during 2018 (Anon, 2020b). At first sight, one can 

observe three well-defined regions: a vast green zone dominated by areas of 0% prevalence 

in two thirds of the country, a second sector in Atlantic Spain where a higher number of low 

prevalence (<1%) areas converge, and a great intricate zone of herd prevalence higher than 

3% in Central and Southwestern Spain.  
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Figure 7. Map of number of units located in Castilla y Leon provinces in the period 2010-2015. 

 

In this thesis, the study region is mainly set on a high prevalence area, Castilla y Leon. The 

Castilla y Leon Autonomous Community is located in Northwestern-Central Spain (next to 

the border with Portugal) and is home of the country’s largest cattle population with 

>1,431,000 (21% of the total) heads in 2019 (Anon, 2019a). The region is divided in nine 

provinces (Avila, Burgos, Leon, Palencia, Salamanca, Segovia, Soria, Valladolid and 

Zamora), and in terms of area, it represents the largest Autonomous Community in Spain, 

with more than 94,000 km2 (INE, 2018). 

Castilla y Leon has a long tradition of meat production, and the majority of cattle herds are 

for beef cattle (50.7% of all active units in early 2019) and, to a lesser extent, fattening cattle 

(14.2% units) (Anon, 2019a). Dairy (and mixed) farms in Castilla y Leon are the third 

predominant production type (<10%), and bullfighting represents only 1% of all units. 

Certain cattle management practices are associated with specific geographic locations. While 

intensive farming is mostly located in the interior areas of the region, extensively managed 

beef and bullfighting herds are often located in the southern provinces, with a high percentage 

of their territory covered by pastures and meadows. Extensive livestock rearing has been an 

essential tool in the preservation of most of the Castilla y Leon rich environmental heritage. 

However, production systems based on extensive management also offer additional 
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opportunities for cattle to get in repeated contact with local wildlife or other domestic 

reservoirs of bTB. In terms of cattle census, the highest proportion of both units and animals 

is located in southern provinces (mainly Salamanca, followed by Avila), whereas Soria, 

located in the eastern part of the region, has the lowest cattle census (Figure 7). 

 

 
Figure 8. Map of mean municipality-level herd prevalence (expressed as %) of bTB in Castilla y Leon in the 
period 2015-2017. 

 

Castilla y Leon has a lengthy history of bTB endemicity, but thanks to the multiple efforts 

invested in its control, a considerable decline in disease prevalence has been observed in the 

last 15 years. While in 2003 5.7% of all tested herds were bTB positive, this value decreased 

to 1.4% in 2018 (Anon, 2020b). The distribution of the burden of bTB between provinces is 

very heterogeneous: the highest number of bTB infected herds is mostly located in the 

peripheral areas of Castilla y Leon, with certain hotspots located in the interior of the region. 

Southern provinces such as Salamanca and Avila have, in addition to the largest numbers of 

cattle, the highest proportion of bTB infected herds (Figure 8). Between 13-16% of the 

counties within these provinces reached mean herd prevalences above 2% in the period 2015-

2017, and the majority of these reached >4%. The disease is also present in other provinces 

such as Leon, Soria and Valladolid, but in these cases, mean herd prevalences were higher 
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than 2% in only a moderate proportion (1-5.7%) of counties during the same three-year 

period (Figure 8).  

 

5.3. Data sources  

 

This thesis is based on the use of the registers of cattle population, movements, bTB 

diagnostic test results and abattoir inspection drawn from the SITRAN (Sistema Integral de 

Trazabilidad Animal), the Spanish animal traceability system containing details of all cattle 

in Spain that is administered by the Ministry of Agriculture, Fisheries and Food (Anon, 

2020c). This information system represents a centralized and heterogeneous database that 

interconnects the animal registers of the different Autonomous Communities. It is comprised 

by the individual animal identification register (Registro de Identificación Individual de 

Animales, RIIA), the general register of livestock holdings (Registro General de 

Explotaciones Ganaderas, REGA) and the register of livestock movements (Registro de 

Movimientos, REMO). The SITRAN is sustained by data supplied by the Autonomous 

Communities, which, in turn, receive information from the Official Veterinary Services, 

stakeholders and farmers. To date, the SITRAN includes registers of more than 6.7 million 

of cattle heads, of which >1.4 are located in Castilla y Leon (Anon, 2020c).  

Data on the population and exposure variables of interest used in the first three studies of this 

thesis was extracted from these different official databases. Hence, information available for 

each animal/unit included its unique identification number, production type, location, 

number of animals present at the beginning of each year and bTB status of farms. For the 

movement network characterization, date, origin and destination, and number of animals 

moved were also available. Additionally, detailed information on bTB history including the 

date, type of intervention (routine testing, pre‐movement test, or follow‐up tests in bTB-

positive farms), date in which OTF status was acquired or withdrawn, number of animals 

tested and number of reactors in the skin test and/or the IFN‐γ assay for herd‐tests performed 

in the frame of the bTB eradication program were available. 

The fourth study of this thesis was based on a selection of strains recovered from bTB 

infected cattle and wildlife extracted from the mycoDB.es database, which forms part of the 

Spanish bTB eradication program (Rodriguez-Campos et al., 2012a).  
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Regarding the time periods considered in this thesis, the movement network characterization, 

the identification of factors associated with chronic bTB breakdowns and the analysis of the 

efficiency of the slaughterhouse surveillance included animal data from 2010 to 2017. The 

fourth study, based on the monitorization of the genetic diversity in a sample of M. bovis 

isolates circulating in both cattle and wildlife in Spain, included isolates from an even wider 

time range, from 2005 to 2018. The long time period considered in all studies is necessary to 

study a chronic and slowly progressing infection like bTB, given the delay before bTB 

infected cattle become detectable, the prolonged course of the infection and the long 

incubation and latency periods associated with the disease. 

 

  

5.4. Analytical tools 

 

Most data analyses performed in the different chapters of this thesis were conducted on R 

software (R Core Team, 2019). R is an open-source software environment for statistical 

computing and graphics that can be easily extended due to the availability of >10,000 

packages, making it an ocean of useful statistical functions. It represented a valuable tool 

especially at the initial stages of each study, as cleaning and organizing data were the most 

time-consuming tasks. Each of the studies presented here included large datasets, most of 

them involving millions of individual records, which required extensive data mining.  

Prior to getting any study underway, and after the hypothesis formulation, exploratory data 

analyses were performed to further understand the information gathered. The attempt was to 

preliminarily discern patterns in the data included in the studies through the use of statistical 

visualizations and simple summarizations, such as frequencies and order statistics. In a 

second step, and in order to establish an association between the explanatory variables and 

the different outcomes considered in each study, different models were constructed.  

In summary, the R workflow applied in all studies was as follows: 

1. Data mining. 

2. Data exploration and graphical visualization to understand distributions. 

3. Data transformation if/when needed. 

4. Model construction. 
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5. Model evaluation. 

6. Output interpretation and visualization of the results. 

Other software for epidemiological analyses applied in this thesis included two programs 

suited for the analyss of spatial, temporal, and space-time data, SatScanTM and ClusterSeer® 

(Cuzick & Edwards, 1990; Kulldorff & Information Management Services I, 2009).  

Additionally, the analysis of the transmission of M. bovis in the Spanish multi-host system 

involved other high throughput tools that allowed dealing with a mass-scale characterization 

of genomes. In the four chapter of the thesis, the analysis of phylogenetic relationships 

between the isolates was performed with the in-house pipeline developed by the NVSL 

(vSNP, available at https://github.com/USDA-VS). This tool takes as input the paired 

FASTQ files obtained after sequencing. The output consists in a spreadsheet containing the 

SNP calls identified in the samples analyzed and sorted in evolutionary order, together with 

the genome position information and the corresponding phylogenetic trees. The SNP call 

files obtained in this study were subsequently validated visually using the Integrative 

Genomic Viewer (IGV) software, which enables intuitive real-time exploration of the 

diverse, large-scale genomic datasets included in the analysis (Robinson et al., 2011).  

https://github.com/USDA-VS
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6. RESULTS 

 
To address the abovementioned objectives, this thesis has been structured in the following 

four chapters: 

6.1. CHAPTER 1. Analysis of the cattle movement network and its association with the 

risk of bovine tuberculosis at a farm level in Castilla y Leon, Spain.  

 

6.2. CHAPTER 2. Evaluation of risk factors associated with herds with an increased 

duration of bovine tuberculosis breakdowns in Castilla y Leon, Spain. 

 

6.3. CHAPTER 3. Evaluation of slaughterhouse surveillance for detection of bovine 

tuberculosis in cattle in Castilla y Leon, Spain. 

 

6.4. CHAPTER  4. Use of whole genome sequencing to investigate variability in a 

prevalent M. bovis spoligotype shared by cattle and wildlife in Spain.
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CHAPTER 1. 

Analysis of the cattle movement network and its association with the risk 

of bovine tuberculosis at a farm level in Castilla y Leon, Spain. 
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Analysis of the cattle movement network and its association with the risk 

of bovine tuberculosis at a farm level in Castilla y Leon, Spain. 

 
Authorization of the co-authors was granted to include the following research in the present 

thesis. This study was adapted from the original article published in the journal 

Transboundary and Emerging Diseases (DOI: 10.1111/tbed.13025). The necessary 

permission from the journal was also obtained for reproducing the results in the printed and 

online version of this thesis. 

 

1. Introduction 

 

Transmission of bTB may occur through direct or indirect contact with infected animals 

located at short distances (i.e., fence-line contact between neighboring farms), potentially 

leading to a spatial clustering of cases (Skuce et al., 2012). Nevertheless, long‐distance 

between‐farm spread may also happen due to movements of infectious livestock, and the 

importance of these movements as a route for the spread of infectious diseases in general 

(Ezanno et al., 2006) and bTB in particular (Gilbert et al., 2005; Gopal et al., 2006) has been 

demonstrated in the past.  

The social structure of animal populations and the network of contacts between them 

considerably influence bTB transmission dynamics. In this context, cattle traceability 

systems may constitute valuable tools to study the network of potential transmission routes 

based on interactions between herds (Eames & Keeling, 2003). Social network analysis 

provides a conceptual framework that allows the study of contact patterns between units (i.e., 

farms) to identify those most frequently or intensively connected within the network. This 

could ultimately lead to a better understanding of the potential risk for bTB spread in a 

susceptible cattle population through the evaluation of the distribution of positive units within 

the network (Dube et al., 2009; Martinez-Lopez et al., 2014). Several analytical approaches 

can be then applied to quantify the role of movement networks in disease transmission, such 

as the use of predictive network-based epidemiological models to simulate pathogen spread 

(Brooks-Pollock et al., 2014; Gilbert et al., 2005; VanderWaal et al., 2017).  
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Despite the resources and efforts invested on the bTB eradication program in Spain, herd 

prevalence has remained relatively constant for the last 15 years (1.8% in 2004 and 2.3% in 

2018) (Anon, 2020b). As described in previous sections, the Spanish bTB eradication 

programme is based on a test-and‐cull strategy using mainly the SIT test on animals older 

than 6 weeks of age and the IFN‐γ assay as an ancillary test in infected herds to increase 

diagnostic Se. Positive animals are then culled and sampled for confirmation of the infection 

through post‐mortem inspection for detection of lesions compatible with bTB and 

bacteriological culture of the causative agent. Positive herds are subjected to movement 

restrictions to prevent disease spread until they recover the OTF status.  

A large proportion of infected herds in Spain are located in certain geographical areas where 

conditions that favor disease persistence are relatively common, such as presence of wildlife 

reservoirs and predominance of certain management or production types (especially 

extensively managed bullfighting and beef herds), among others (Allepuz et al., 2011). The 

Castilla y Leon Autonomous Community is considered one of the highly prevalent regions 

of Spain, which are defined as those areas with a bTB prevalence higher than 1%. In 2015, 

herd prevalence was 1.93% (Anon, 2020b). Additionally, 29% of all non‐OTF herds in Spain 

were located in this region (Anon, 2019b). Here, social network analysis was used to I) 

characterize the cattle demographics and movement network from 2010 to 2015 in Castilla y 

Leon, II) compare the network‐associated features of bTB-positive and negative farms over 

this period; and III) identify the presence of clustering of bTB-positive farms in the spatial 

and/or network neighborhood as a proxy of the likelihood of spatial or movement‐mediated 

transmission in infected herds. These results may help to clarify the role of cattle movement 

in bTB spread in Spain and provide recommendations to optimize disease eradication 

programmes in the country. 

 

2. Materials and methods 

 

2.1. Study population, data sources and descriptive analysis 

In this chapter, the terms farm and herd are used indistinctly to refer beef, dairy, bullfighting, 

fattening, mixed or heifer breeding holdings, whereas the term unit is used to refer to all 

farms and other production entities that hold live cattle at some point, such as slaughterhouses 

(see below for non‐herd categories) (Table 2). Information on the cattle population, 
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movements and bTB diagnostic tests in Castilla y Leon was collected through the SITRAN 

information system (Anon, 2020b), so that data on census of active units, cattle movements, 

and bTB status of farms was extracted. Additionally, results of the annual bTB diagnostic 

tests performed as part of the Spanish national bTB eradication program were provided by 

the Castilla y Leon competent authorities. Hence, information available for each unit 

included its unique identification number, unit production type [beef (cow‐calf farms), 

bullfighting, dairy, fattening, breeding heifer or mixed (beef and dairy) for herds; bullfighting 

arena, auctions and dealers, pastures (shared or owned), slaughterhouse, or other for non‐

herd locations], location (latitude and longitude), and number of animals present at the 

beginning of each year. Likewise, date, origin and destination, and number of animals moved 

were available for all movements from or into units within the region during the period of 

study. For movements connecting units within Castilla y Leon with others located in a 

different region in Spain, only the location at the province level and the production type for 

the unit located outside Castilla y Leon was available. In addition, movements between units 

within Castilla y Leon and other countries were also included in the database, but no 

information on production type, location, and census was available for those units located 

outside Spain. Geographic distances in kilometers (km) of all movements connecting units 

within Castilla y Leon were calculated using the Haversine formula. The distances covered 

and the number of animals moved per movement were then compared by production type 

using the Kruskal‐Wallis test followed by post‐hoc tests using Bonferroni corrections for 

multiple comparisons.  

Farms for which information on location, production type and/or census and movements in 

which origin, destination, and/or date were not available were removed prior to the analysis. 

In addition, information on the date, type of intervention (routine testing, pre‐movement test, 

or follow‐up tests in bTB-positive farms), date in which OTF status was acquired or 

withdrawn, number of animals tested and number of reactors in the skin test, and/or the IFN‐

γ assay for herd‐tests performed in the frame of the bTB eradication programme were 

collected. The total number of cattle older than 6 weeks tested per herd was used to calculate 

herd size. All OTF farms undergo one or two annual herd‐tests depending on the bTB 

prevalence in their local area. Farms identified as infected (≥1 animal positive in post‐mortem 

analyses) are subjected to follow‐up tests that must be conducted within the following 2‐6 

months until they recover the OTF status (two consecutive negative herd‐tests separated by 

at least 60 days). In addition, all animals are subject to a pre‐movement test before leaving 
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the farm except when leaving a historically OTF herd (OTF for over three consecutive years) 

located in a low (<1%) prevalence area and going to a high (>1%) prevalence area.  

 
Table 2. Production/unit type data and coding of units in and connected with Castilla y Leon. 

Original production/unit type Recoded production 
type 

Duration of 
stay 

Breeding 
farm 

Number 
in Castilla 
y Leon 

Number 
(Total) 

Zoos, school farms, research centers… Others NA NO 84 251 
Commercial trader Others Days/weeks YES 123 414 
Other leisure center Others Days/weeks NO 49 101 
Non-permanent livestock event Auctions and dealers Days NO 68 130 
Permanent livestock event Auctions and dealers Days NO 19 41 
Slaughterhouse Slaughterhouse Days NO 87 231 
Pasture Pastures Weeks/months NO 0 1,590 
Shared pasture Pastures (shared) Weeks/months NO 2,818 2,818 
Owned pasture Pastures (owned) Weeks/months NO 3,353 3,353 
Permanent bullfighting arena Bullfighting arena Days NO 249 587 
Non-permanent bullfighting arena Bullfighting arena Days NO 409 564 
Bull production and breeding Bullfighting Days YES 52 52 
Mixed bull production and breeding Bullfighting Months/years YES 199 199 
Beef cattle feedlot Fattening unit Months NO 3,992 6,955 
Beef production and breeding Beef Months/years YES 13,346 34,916 
Milk production and breeding Dairy Months/years YES 1,776 5,546 
Heifer production and breeding Breeding heifers Months/years YES 11 93 
Beef and milk production and breeding Mixed (beef & dairy) Months/years YES 998 2,210 
Unknown Not considered NA Unknown 0 1,785 
TOTAL   27,633 61,836 

 

Because all active farms must undergo at least one annual herd test as part of the bTB 

eradication programme, farms included in the SITRAN dataset that had not been tested were 

considered inactive and excluded from the study. This study focused on OTF routine testing 

and follow‐up tests. A herd was defined as positive when there was at least one reactor to the 

skin test, the IFN‐γ assay and/or any post‐mortem (slaughterhouse surveillance and/or 

bacteriology) tests irrespective of whether bTB was confirmed through bacterial isolation. 

No experimental research on animals was conducted in this study. 

 

2.2. Network analysis 

Cattle movements were represented as a network of contacts in which units were defined as 

nodes (vertices) and movements between units were considered edges. The consequent 

contact network (𝑔𝑔) based on movements during the study period was assumed directed 

(𝑔𝑔𝑖𝑖𝑖𝑖  ≠ 𝑔𝑔𝑖𝑖𝑖𝑖) due to contacts having a particular origin (node i) and destination (node j) with 



CHAPTER 1 

93 
 

specific direction in the affiliation (Jackson, 2008). To assess the stability of the network 

over time, six annual networks were constructed for each of the 6 years of study, and a 

cumulative network of all movements between 2010 and 2015 was also created in order to 

capture the global network structure. Two network analyses were conducted; the first analysis 

included all movements (full network, FN), whereas the second analysis excluded 

movements that involved farms of unknown type or slaughterhouses (restricted or 

slaughterhouse‐free (SF) network).  

Metrics of individual node connectivity (in‐degree and out‐degree) (Jackson, 2008; 

Wasserman & Faust, 1994) were calculated yearly and in the cumulative network. The 

correlation between the in‐degree and out-degree of a unit was evaluated using Spearman's 

non‐parametric rank correlation (rho) statistic. Flow polarity (fpa) was estimated to further 

analyze the position along the supply chain of units, and to evaluate the dominance of either 

suppliers, demanders, or wholesalers (Moslonka-Lefebvre et al., 2016). This parameter is 

defined as the difference of each unit's in‐ and out‐trade flows divided by its total‐trade flow 

(−1 ≤ fpa < 1). Farm‐level metrics were calculated on the cumulative network, and in‐ and 

out‐degree were compared using Wilcoxon signed rank test for paired samples. To detect 

differences in the in‐ and out‐degree depending on the farm characteristics and bTB status 

the Kruskal‐Wallis test was used to compare the degree distributions between production 

types, Spearman's rho was used to assess the correlation between herd size and degree 

distribution, and Mann‐Whitney test was used to detect significant differences between bTB-

positive and bTB-negative units. Because bTB-positive farms are subjected to movement 

restrictions until they recover OTF status, farm level metrics (in‐ and out‐degree, total 

number of incoming and outgoing movements, and total number of animals entering/leaving 

the farm) were divided by the number of months farms were classified as OTF for comparison 

of values obtained in bTB versus OTF farms (“weighted degrees”).  

Network‐level parameters [average path length, density, diameter, transitivity (clustering 

coefficient), Jaccard index, proportion of nodes in giant strongly and weakly connected 

components (GSCC and GWCC, respectively), and assortativity] were estimated for the six 

annual and the cumulative networks using both the entire dataset, and a dataset that excluded 

slaughterhouses (Jaccard, 1912; Jackson, 2008; Klimkova et al., 2011; Newman, 2002; 

Wasserman & Faust, 1994). Scale‐free properties were tested to determine whether degree 

distributions fit a power law drawn from a probability distribution of the kind 𝑝𝑝(𝑋𝑋) ~ 𝑋𝑋−𝛼𝛼, 
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where 𝛼𝛼 is a constant parameter of the distribution known as the exponent or scaling 

parameter, and 𝑋𝑋 is the number of in or out movements per unit (Clauset et al., 2009). Few 

empirical phenomena obey power laws for all values of 𝑋𝑋; for that reason, a lower bound of 

𝑋𝑋 (𝑋𝑋𝑚𝑚𝑖𝑖𝑚𝑚) to the power law behavior that minimizes the distance between the theoretical and 

empirical data was estimated [the Kolmogorov‐Smirnov (KS) statistic]. To determine 

whether the power law distribution with the chosen 𝛼𝛼 and 𝑋𝑋𝑚𝑚𝑖𝑖𝑚𝑚  parameters was a good fit to 

the data, a one‐side goodness of fit test via a bootstrapping procedure was performed using a 

p <0.1. Moreover, a likelihood ratio test to evaluate whether alternative distributions to the 

power law (such as the exponential and log‐normal distributions) might provide a better fit 

was computed. The presence of small world properties [networks with higher clustering 

coefficient (CC) and a shortest path length (L) than generated random networks with the 

same size and average connection density as the observed network, that is, CCobserved/CCrandom 

>>1 and Lobserved/Lrandom ≤ 1] was also tested (Watts & Strogatz, 1998). Farm and network‐

level metrics estimated in the present study are defined in Table 3. 

To evaluate whether there was a significant relation between the observed network and the 

distribution of cases across the network, a permutation test was performed. The observed 

distribution of the bTB-positive farms in the movement network and in geographic space was 

compared independently with the expected under the null hypothesis of random distribution 

of cases in space and within the network using the k‐test, as described elsewhere 

(VanderWaal et al., 2016a). Briefly, the k‐test compares the observed number of bTB-

positive farms neighboring a given bTB-positive farm in space (within a certain distance) 

and in the movement network (within a certain number of movements) with the expected 

distribution under the null hypothesis, generated through 1,000 Monte Carlo simulations in 

which the bTB status of farms in the population under study is permutated. Reallocation of 

bTB cases was performed using a degree swapping approach to preserve the overall degree 

distribution of bTB-positive farms while randomizing the locations of positive farms relative 

to one another; bTB farms were randomly swapped with farms whose degree fell in the same 

quartile of the overall degree distribution. The k‐test was performed considering farms 

located within 5 and 10 km distances and k = 1 steps within the network as neighbors. The 

k‐statistic is the mean number of cases observed to occur within one step of an infected case 

in the network. In addition, the presence of purely spatial clustering in the distribution of 

bTB-positive herds up to the 20th level of neighborhood was assessed using the Cuzick‐

Edward test (Cuzick & Edwards, 1990).  
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Table 3. Network (g) parameters calculated in the present study.
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Network analyses and graphics were conducted using PMCMR (Pohlert, 2014), sp (Pebesma 

& Bivand, 2005), igraph (Csardi & Nepusz, 2006), plyr (Wickham, 2011), and ggplot2 

(Wickham, 2009) packages for R version 3.2.2 software (R Core Team, 2019). 

 

3. Results 

 

3.1. Descriptive analysis 

Between 2010 and 2015, there were 27,633 units in Castilla y Leon at some point during the 

study period. Out of the nine provinces in the region, Salamanca had the highest number of 

units (n = 9,427, 34.1%) (Figure 7, page 80). The number of units per year and throughout 

the 6‐year span are shown in Table 4. Most units within Castilla y Leon (n = 20,374; 73.7%) 

were classified as herds, with beef being the predominant production type (65.5% of all of 

herds) followed by fattening (19.6%), dairy (8.7%), mixed (beef & dairy) (4.9%), 

bullfighting (1.2%), and heifer breeding farms (0.1%) (Table 4).  

 
Table 4. Summary of cattle census by year and overall located in Castilla y Leon between 2010 and 2015 and 
included in the study. 

Item 2010 2011 2012 2013 2014 2015 Cumulative 
Unitsa in CyLb 23,925 23,761 23,381 23,168 23,374 23,576 27,633 
Herdsc in CyL 18,254  17,879 17,447 17,119 17,078 16,975 20,374 

T
y
p
e 

Beef 11,926 11,719 11,473 11,342 11,372 11,547 13,346 
Fattening  3,383 3,346 3,312 3,223 3,235 3,208 3,992 
Dairy 1,754 1,671 1,581 1,501 1,448 1,284 1,776 
Mixed (beef & dairy) 969 924 857 836 805 710 998 
Bullfighting 217 213 218 211 211 217 251 
Breeding heifers 5 6 6 6 7 9 11 

Units connected with CyLd 13,952 15,401 15,819 14,924 14,000 15,188 34,203 
Herds connected with CyLe 12,359 13,692 14,080 13,163 12,236 13,239 29,597 

T
y
p
e 

Beef 8,852 10,149 10,432 10,164 9,413 10,168 21,570 
Fattening  1,135 1,189 1,359 1,158 1,121 1,210 2,963 
Dairy 1,957 1,929 1,846 1,471 1,360 1,286 3,770 
Mixed (beef & dairy) 383 399 416 346 322 547 1,212 
Bullfighting 0 0 0 0 0 0 0 
Breeding heifers 32 26 27 24 20 28 82 

a Units: bullfighting arena, auctions and dealers, pastures (shared), pastures (owned), slaughterhouse, beef, 
breeding heifers, bullfighting, dairy, fattening, mixed (beef & dairy) farms and others 
b CyL: Castilla y Leon 
c Herds: beef, breeding heifers, bullfighting, dairy, fattening or mixed (beef & dairy) farms  
d Number of units located in Spain or in different countries 
e Number of herds located in Spain 
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Out of the total number of herds tested (n = 16,835), in 69 herds (0.4%) no information on 

herd size was available. For the remaining 16,766 herds, the median size (after averaging 

data collected in each herd over the 6‐year period) was 50 (Interquartile range (IQR) = 21–

96), with bullfighting (median size = 107.5, IQR = 34–227), breeding heifers (median size = 

103, IQR = 22–289), and dairy herds (median size = 58, IQR = 25–116) being significantly 

p <0.001, Kruskal‐Wallis test) larger than beef (median size = 50, IQR = 21–96).  

Most units in Castilla y Leon (n = 23,945; 86.7%) were involved in the cumulative movement 

network, which included 1,408,595 movements and 8,804,796 animals (Table 5). Total 

number of movements per year ranged between 222,243 and 244,736, remaining largely 

stable over the years (Table 5). Most (n = 923,251; 65.5%) of the movements originated and 

ended within Castilla y Leon, whereas 18.2% (n = 256,868) and 16.2% (n = 228,475) had a 

source or a destination outside this region, respectively. When considering movements within 

Castilla y Leon, provinces tended to trade animals among themselves, with a range between 

58.6% (province of Avila) and 82.9% (province of Leon) of each province's movements 

taking place between units located within their own borders (nominal province‐level 

assortativity = 0.6). 

 
Table 5. Summary of movement data by year and overall involving at least one unit located in Castilla y Leon 
between 2010 and 2015 and included in the study. 

Item 2010 2011 2012 2013 2014 2015 Cumulative 

Total units in the network 37,877 39,162 39,200 38,092 37,374 38,764 61,836 

Trading CyL unitsa, b 19,821 19,629 19,279 19,099 19,197 19,276 23,945 
Movements within CyL 153,083 160,169 159,178 151,791 145,456 153,574 923,251 

Movements with source outside 
CyL 

38,546 44,432 46,956 42,163 40,218 44,553 256,868 

Movements with destination 
outside CyL 

37,641 38,409 38,601 38,710 36,569 38,545 228,475 

Movements without SLc 101,422 109,387 114,425 115,656 114,180 123,504 678,574 

Between-herds movements 48,094 51,054 51,436 51,113 48,861 51,540 305,117 

Total movements 229,270 243,010 244,736 232,664 222,243 236,672 1,408,595 

a CyL: Castilla y Leon 
b Units involved in movements originating and ending within Castilla y Leon 
c Number of movements after exclusion of those involving slaughterhouses (SL) and units with missing data 

 

Up to 51.3% (n = 722,508) of the total 1,408,595 movements from 2010 to 2015 had an 

abattoir as the destination and were removed from further analysis because they were not 
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considered important for disease transmission (Table 5). After their exclusion (as well as the 

movements involving a unit with unknown production type), 84.7% of the Castilla y Leon 

units (n = 23,417, 97.8% out of the total trading units) were involved in the remaining 

678,574 movements. The predominant destination of these movements were fattening farms 

(43.1%, n = 292,139), followed by auctions and dealers (23.9%, n = 161,896), beef herds 

(14.7%, n = 99,703), and others (8.9%, n = 60,633). The predominant production type of the 

origin units was beef (56.4%, n = 382,488), followed by dairy (14.8%, n = 100,381), auctions 

and dealers (5,5%, n = 37,167), and others (4.6%, n = 31,302). The most common movement 

type when slaughterhouses were excluded from the analysis, was beef‐to‐fattening farms 

(25.6%, 173,522 movements), followed by beef‐to‐auctions (12.2%, n = 83,021), beef‐to‐

beef (7.5%, n = 50,631), dairy‐to‐auctions (7.4%, n = 50,018), and dairy‐to‐fattening (5.4%, 

n = 36,545) (Table 6, Figure 9). That pattern was consistent in all six annual networks. 

 

 

Figure 9. Percentage of movements between units located in Castilla y Leon and other regions in Spain by type 
of source and destination unit in the cumulative SF network during 2010‐2015. 

 

The number of animals per movement across the full network was low (median = 2, IQR = 

1–6), but significantly (p <0.001, Kruskal‐Wallis test) higher when they originated from 

auctions and dealers (median = 7, IQR = 2–21 in 43,491 movements) or when the destination 

was a pasture (median = 12, IQR = 4–27 in 28,636 movements) compared to other origins 

and destinations, respectively. Significant differences were also found in the number of 
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animals involved in beef‐to‐fattening movements (median = 4 animals, IQR = 2‐8, max. 218), 

beef‐to‐beef (median = 2, IQR = 1‐5, max. 468), and dairy‐to‐fattening movements (median 

= 2, IQR = 1‐3, max. 146) (p <0.001, Kruskal‐Wallis test). 

 

Table 6. Number of cattle movements during the period 2010‐2015 by type of source and destination unit in 
the cumulative SF network. Percent of the total movements is indicated between brackets. 

 
Type of 
source 
herd  

Type of destination herd (%) 

BF Others 
Auctions 
and 
dealers 

Pastures BF 
arena Fattening  Beef Dairy Mixed Heifers Total 

(%) 

BFa 677 
(0.1) 

1,056 
(0.2) 

273 
(0) 

301 
(0) 

7,926 
(1.2) 

1,494 
(0.2) 

718 
(0.1) 

1 
(0) 

18 
(0) 

8 
(0) 

12,472 
(1.8) 

Others 61 
(0) 

507 
(0.1) 

4,526 
(0.7) 

17 
(0) 

919 
(0.1) 

20,944 
(3.1) 

3,780 
(0.6) 

322 
(0.1) 

223 
(0) 

3 
(0) 

31,302 
(4.7) 

Auctions  
and dealers 

38  
(0) 

4,285 
(0.6) 

1,816 
(0.3) 

132 
(0) 

0 
(0) 

21,988 
(3.2) 

6,935 
(1.0) 

1,400 
(0.2) 

565 
(0.1) 

8 
(0) 

37,167 
(5.4) 

Pastures 238 
(0) 

4,702 
(0.7) 

7,021 
(1.0) 

3,242 
(0.5) 

143 
(0) 

16,701 
(2.5) 

30,872 
(4.6) 

518 
(0.1) 

877 
(0.1) 

2 
(0) 

64,316 
(9.5) 

BF arena 2,348 
(0.4) 

408 
(0.1) 

0 
(0) 

35 
(0) 

155 
(0) 

192 
(0) 

863 
(0.1) 

0 
(0) 

96 
(0) 

3 
(0) 

4,100 
(0.6) 

Fattening  16 
(0) 

1,539 
(0.2) 

1,807 
(0.3) 

25 
(0) 

847 
(0.1) 

12,746 
(1.9) 

355 
(0.1) 

177 
(0) 

105 
(0) 

1 
(0) 

17,618 
(2.6) 

Beef 1,169 
(0.2) 

44,840 
(6.6) 

83,021 
(12.2) 

23,920 
(3.5) 

3,000 
(0.4) 

173,522 
(25.6) 

50,631 
(7.5) 

769 
(0.1) 

1,596 
(0.2) 

20 
(0) 

382,488 
(56.3) 

Dairy 1 
(0) 

1,701 
(0.3) 

50,018 
(7.4) 

318 
(0.1) 

4 
(0) 

36,545 
(5.4) 

3,246 
(0.5) 

4,889 
(0.7) 

1,766 
(0.3) 

1,893 
(0.3) 

100,381 
(15.0) 

Mixed 116 
(0) 

1,566 
(0.2) 

13,386 
(2.0) 

627 
(0.1) 

334 
(0) 

7,920 
(1.2) 

2,273 
(0.3) 

778 
(0.1) 

570 
(0.1) 

123 
(0) 

27,693 
(4.0) 

Breeding 
heifers 

5 
(0) 

29 
(0) 

28 
(0) 

1 
(0) 

5 
(0) 

87 
(0) 

30 
(0) 

837 
(0.1) 

5 
(0) 

10 
(0) 

1,037 
(0.1) 

Total (%) 4,669 
(0.7) 

60,633 
(9.0) 

161,896 
(23.9) 

28,618 
(4.2) 

13,333 
(1.8) 

292,139 
(43.1) 

99,703 
(14.8) 

9,691 
(1.4) 

5,821 
(0.8) 

2,071 
(0.3) 

678,574 
(100) 

a BF: bullfighting 

 

3.2. bTB surveillance data 

Throughout the study period, a total number of 142,414 herd‐tests and 8,443,219 individual 

tests were performed in 17,033 herds, representing 83.6% of all herds in Castilla y Leon. The 

remaining 16.4% (n = 3,341) herds that were not tested were fattening farms located in OTF 

regions or moving animals only into slaughterhouses, both of which represent contexts where 

testing is not mandatory. Over two‐thirds of the herd tests (70.6%, 100,513/142,414) were 

performed in OTF farms, 20.6% (n = 29,404) were pre‐movement tests, and 8.1% (n = 
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11,535) were follow‐up tests in bTB-positive farms. The number of OTF routine tests and 

follow‐up bTB herd‐tests, herds tested, and positive herds performed per year are shown in 

Table 7. Of the total 112,048 OTF routine and follow‐up herd tests performed in 16,835 

herds, the majority were conducted in beef herds (78.7%, n = 13,258), followed by dairy 

(10.5%, n = 1,762), mixed (5.9%, n = 987), fattening (3.4%, n = 567), bullfighting (1.5%, n 

= 249), and breeding heifer herds (0.1%, n = 12). Nevertheless, the median number [IQR] of 

herd tests per unit was similar between production types (beef = 6 [6–9]; bullfighting, dairy 

and mixed farms = 6 [6–8]; breeding heifers = 3 [2–8], and fattening farms = 2 [1–4]). 

  

Table 7. Number of OTF routine and follow‐up bTB herd tests, herds tested, and positive herds by year of study 
and overall. The yearly and cumulative values in brackets are shown as percentage with respect to the total 
number of tests, number of tested herds, and type of bTB-positive herds out of the number of tested herds per 
type. 

 2010 2011 2012 2013 2014 2015 Cumulative 
Number of tests 21,050 21,247 18,250 18,432 16,759 16,310 112,048 

Number of positive tests  736 (3.5) 1,077 (5.1)  764 (4.2) 1,104 (6) 1,136 (6.8) 996 (6.1) 5,813 (5.2) 

Ty
pe

 o
f t

es
t 

(%
) 

SIT  37 (0.2) 651 (3.1) 423(2.3) 689 (3.7) 753 (4.5) 625 (3.8) 3,180 (2.8) 

IFN-γ 517 (2.5) 547 (2.6) 389 (2.1) 536 (2.9) 503 (3) 452 (2.8) 2,944 (2.6) 
Both 35 (0.2) 148 (0.7) 86 (0.5) 130 (0.7) 131 (0.8) 93 (0.6) 623 (0.6) 

Number of tested herds  15,019 14,725 14,213 14,004 13979 13,907 16,835 

Number of positive herds  473 (3.2) 711 (4.8) 579 (4.1) 828 (5.9) 803 (5.7) 720 (5.18) 2,522 (15) 

Ty
pe

 o
f h

er
d 

(%
)a 

Bullfighting 29 (13.6) 26 (12.4) 18 (8.3) 20 (9.9) 7 (3.4) 6 (2.8) 51 (20.5) 
Fattening  2 (0.7) 5 (1.8) 3 (1.3) 1 (0.5) 1 (0.5) 1 (0.5) 11 (1.9) 
Beef  412 (3.5) 597 (5.1) 510 (4.5) 726 (6.4) 722 (6.4) 642 (5.6) 2,185 (16.5) 
Dairy  14 (0.8) 50 (3) 30 (1.9) 52 (3.5) 46 (3.2) 47 (3.7) 171 (9.7) 
Mixed 16 (1.7) 33 (3.6) 18 (2.1) 29 (3.5) 26 (3.2) 24 (3.4) 103 (10.4) 
Breeding heifers 0 (0) 0 (0) 0 (0) 0 (0) 1 (14.3) 0 (0) 1 (8.3) 

a Percentage of bTB-positive herds over tested herds per production type 

 

Overall, the median number of herd tests per herd over the 6‐year study period was 6 (IQR 

= 6–9) and the median number of tested animals per herd test was 50 (IQR = 21‐96). A few 

(n = 5,813/112,048; 5.2%) herd‐tests performed in herds resulted in the detection of at least 

one reactor (positive herd test) (Table 7). Up to 15% (n = 2,522/16,835) of the herds tested 

(through OTF routine and follow‐up tests) had one or more reactors at least once throughout 

the 6‐year period; in those events, reactors were found in 1–14 positive herd‐tests (median 

two positive herd‐tests, IQR = 1–3). The highest percentage of positive herds was found 

among bullfighting herds with a cumulative percentage of 20.5% (total positive during the 
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study period = 51, range per year = 6–29), followed by 16.5% in beef herds (n = 2,185, range 

= 412–726), 10.4% in mixed herds (n = 103, range = 16–33), 9.7% in dairy herds (n = 171, 

range = 20–52), 8.3% in breeding heifers (n = 1, range = 0–1), and 1.9% in fattening farms 

(n = 11, range = 1–5) (Table 7). Infection was confirmed through culture in 1,053 of the 

2,522 positive herds (41.8%). In the 2010‐2015 period, 276 herd‐tests (0.2%) were performed 

in 113 pastures, and 3.5% (n = 4) of them resulted in positives. Additionally, bTB-positive 

farms had a larger herd size (median = 79, IQR = 44–136) than bTB‐negative farms (median 

= 37, IQR = 13.5–76.5).  

 

3.3.Network analysis 

The Castilla y Leon cattle movement network showed a temporally stable pattern in its 

structure and social network parameters. Data on the number of nodes, edges, and network‐

level parameters of connectivity and cohesiveness (GSCC and GWCC) by year and for the 

full study period are shown in Tables 8 and 9 for the SF and full networks, respectively. 

Network metrics, and the number of movements and nodes were stable in each annual 

network from 2010 to 2015 for both the full and SF networks (movements: medianFN = 

234,668, medianSF = 114,302.5; nodes: medianFN = 38,428; medianSF = 37,846).  

 
Table 8. Descriptive parameters for the yearly and cumulative networks of Castilla y Leon cattle movements. 
Results of centrality and cohesiveness measures of cattle movements in the annual and cumulative 
slaughterhouse-free (SF) networks. Interquartile range is displayed in square brackets when convenient. 

SF Nodes Edges 
Average 
path 
length 

Density Dia-
meter 

Degreea In-
degreea 

Out-
degreea 

Transiti- 
vitya 

GSCCb GWCCc 

2010 37,306 101,422 5.87 4.1E-05  26 1 [0 – 3] 0 [0 – 1] 1 [0 – 3] 2.7E-03 0.08 0.67 

2011 38,559 109,387 5.54 4.0E-05  23 1 [0 – 3] 0 [0 – 1] 1 [0 – 3] 2.5E-03 0.08 0.67 

2012 38,605 114,425 5.71 4.1E-05  26 1 [0 – 3] 0 [0 – 1] 1 [0 – 3] 2.0E-03 0.09 0.68 

2013 37,582 115,656 5.48 4.4E-05  27 1 [0 – 3] 0 [0 – 1] 1 [0 – 3] 2.0E-03 0.10 0.72 

2014 36,807 114,180 5.55 4.5E-05  25 1 [1 – 3] 0 [0 – 1] 1 [0 – 3] 1.9E-03 0.12 0.73 

2015 38,110 123,504 5.40 4.4E-05  24 1 [1 – 3] 1 [0 – 2] 1 [0 – 3] 1.6E-03 0.12 0.73 

Cumd 59,820 678,574 4.58 6.3E-05  19 2 [1 – 7] 2 [0 – 5] 3 [0 – 8] 3.7E-03 0.29 0.79 

a Median value [IQR] 
b Proportion of nodes in giant strongly connected component 
c Proportion of nodes in giant weakly connected component 
d Cum: cumulative (2010-2015) 
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The Jaccard index or proportion of nodes and edges that remained active in the total SF, beef, 

bullfighting, and dairy networks through pairwise comparisons of years is shown in Table 

10. Throughout the study period, 71% of the nodes and 20% of the edges were present in the 

SF networks 6 years apart, while for consecutive years these values were >82% and >36%, 

respectively (Table 10). 

 
Table 9. Descriptive parameters for the yearly and cumulative networks of Castilla y Leon cattle movements. 
Results of centrality and cohesiveness measures of cattle movements in the annual and cumulative full (FN) 
networks. Interquartile range is displayed in square brackets when convenient. 

FN Nodes Edges 
Average 
path 
length 

Density 
Dia-
meter 

Degreea In-
degreea 

Out-
degreea 

Transiti- 
vitya 

GSCCb GWCCc 

2010 37,306 229,270 5.86 6.7E-05  26 2 [1 - 4] 0 [0 – 1] 2 [1 – 4] 2.2E-03 0.08 0.89 

2011 38,559 243,010 5.53 6.6E-05  23 2 [1 – 5] 0 [0 – 1] 2 [1 – 4] 2.0E-03 0.08 0.89 

2012 38,605 244,736 5.81 6.5E-05  23 2 [1 – 4] 0 [0 – 1] 2 [1 – 4] 1.9E-03 0.11 0.89 

2013 37,582 232,664 5.68 6.7E-05  26 2 [1 – 5] 0 [0 – 1] 2 [1 – 4] 2.2E-03 0.11 0.89 

2014 36,807 222,243 5.85 6.6E-05  26 2 [1 – 4] 1 [0 – 2] 2 [1 – 4] 2.2E-03 0.12 0.88 

2015 38,110 236,672 5.62 6.4E-05  26 2 [1 – 4] 1 [0 - 2] 2 [1 – 4] 2.1E-03 0.13 0.88 

Cumd 59,820 1,408,595 4.86 8.8E-05  16 3 [1 – 10] 2 [0 – 5] 6 [2 – 12] 3.2E-03 0.34 0.94 
a Median value [IQR] 
b Proportion of nodes in giant strongly connected component 
c Proportion of nodes in giant weakly connected component 
d Cum: cumulative (2010-2015) 
 

Table 10. Jaccard similarity matrix with the proportion of nodes (below the diagonal) and edges (above the 
diagonal) that remained active in pairwise comparisons among two years in the slaughterhouse-free (SF, black), 
beef (B, red), bullfighting (BF, green), and dairy (D, blue) networks. 
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Every year, the volume of cattle movements exhibited seasonal maximums and minimums 

during the late summer to mid-autumn and mid‐winter periods, respectively (Figure 10). The 

greatest number of movements was recorded in August 2012 and the lowest in February 

2014. Up to 13.3% (n = 3,688) and 14.9% (n = 4,129) of all nodes (units) in the region were 

isolated (i.e., did not participate in movements in any year) in the cumulative full and SF 

networks, respectively. Annually, the number of isolated nodes ranged between 10.5% (n = 

4,103, in 2012) and 11.2% (n = 4,177, in 2014) in the cumulative FN, and between 14.7% (n 

= 5,672, in 2012) and 16.3% (n = 6,080, in 2010) in the cumulative SF network. 

 

 
Figure 10. Number of monthly cattle movements in Castilla y Leon during the period 2010-2015. Data 
corresponds to the number of reported movements, with a maximum in August 2012 (n = 22,918) and a 
minimum in February 2014 (n = 14,487). 
 

Overall, Castilla y Leon units were connected to a median of two (IQR = 1–7) and three (IQR 

= 1–10) units in the cumulative SF and full networks, respectively (Tables 8 and 9). High 

degree nodes did not seem to be preferentially connected to other high degree nodes as 

demonstrated the degree assortativity (−0.05). The degree distribution followed a power law 

distribution above 𝑋𝑋𝑚𝑚𝑖𝑖𝑚𝑚 values of 0.012 and 0.001, with values of the exponents (α) of 1.48 

and 1.93 for in‐ and out‐degree, respectively (goodness of fit pout-degree = 0.7 and pin-degree = 1) 

(Figure 11). Likelihood ratio tests suggested an equally adequate fit when the log‐normal 

distribution was fitted to the in‐ and out‐degree distributions (p = 0.95 and p = 0.3, 

respectively) (Figure 11), while a poorer fit was obtained using the exponential distribution 

p <0.0001) for both in‐degree and out‐degree distributions. The same results were obtained 
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for all production types except bullfighting and auctions (out‐degree) and fattening herds (in‐

degree), in which the power law was not a good fit to the data (goodness of fit p <0.1).  

 
Figure 11. Cumulative distributions for in-degree (A) and out-degree (B) for the SF network. The power-law 
cumulative distribution (red) fits the observed data better than either a log-normal cumulative (green) or 
exponential cumulative distribution (blue). 
 

When considering directionality in edges, units in Castilla y Leon had significantly (p < 

0.001, Wilcoxon signed rank test for paired samples) higher out‐degree (median = 6, IQR = 

2–12) than in‐degree (median = 2, IQR = 0–5) in the FN, and in the SF network (medianout-

degree = 3, IQRout-degree = 0–8; medianin-degree = 2, IQRin-degree = 0–5) (Tables 8 and 9). When 

movements to slaughterhouses were excluded, bullfighting herds had the highest out‐degree 

(median = 17, IQR = 8–34), followed by dairy (median = 7, IQR = 3–12), beef (median = 6, 

IQR = 2–11), auctions (median = 5, IQR = 0–25.5), mixed (median = 5, IQR = 2–9), and 

breeding heifer herds (median = 2, IQR = 2–6.5) (p <0.05, Kruskal‐Wallis test) (Figure 12b, 

Table 11). As expected, for the SF network, fattening farms had a very low out‐degree 

(median = 0, IQR 0–0) but the highest in‐degree (median = 7, IQR = 2–24) (Figure 12a, Table 

11). Regarding other production types, a high in‐degree was also observed in bullfighting 
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herds (median = 6, IQR = 3–11) and auctions (median = 5, IQR = 0–21) (p <0.05, Kruskal‐

Wallis test). Non‐statistically different in-degree and out‐degree of production types based 

on post‐hoc pairwise comparisons with Bonferroni method are reported in Table 11.  

There was a significant though moderate positive correlation between herd size and in‐degree 

(rho = 0.37, p <0.001), herd size and out‐degree (rho = 0.44, p <0.001) and in‐ and out‐degree 

(rho = 0.31, p <0.001) for units located in Castilla y Leon in the cumulative SF network.  

 

 

Figure 12. Degree of units in the cumulative SF network. Units with higher in‐degree (A) and out‐degree (B) 
are represented. Middle bars in the boxes indicate median values, and the top of the boxes indicate the 75% 
quantiles. Whiskers denote the 95th quantiles. Maximum values per production types are represented above the 
whiskers. 

 

Table 11. Degree of units in the SF movement network of Castilla y Leon by production type. Descriptive 
parameters include median values and IQRs. Different letters in in-degree and out-degree denote non-
statistically different (p >0.05) groups as determined by Kruskal-Wallis test followed by post-hoc pairwise 
comparisons. 

In-degree Out-degree 
Type of unit Median IQR Groups Median IQR Groups 
Bullfighting  6 3 – 11 A B C 17 8 – 34 A 
Others 3 0 – 37.3 D E F G 2 0 – 22 B C 
Auctions and dealers 5 0 – 21 A D H I J 5 0 – 25.5 B D E F G 
Pastures (shared) 0 0 – 1 K 0 0 – 2 H I 
Pastures (owned) 1 0 – 1 K 1 0 – 3 J K 
Bullfighting arena 4 1 – 11 E H L 0 0 – 3 H J L 
Fattening 7 2 – 24 B M 0 0 – 0  
Beef 2 1 – 5 F I N 6 2 – 11 D M 
Dairy 1 0 – 3 O P 7 3 – 12 E N 
Breeding heifers 3 2 – 10.5 C G J L M N O Q 2 2 – 6.5 A C F I K LM N O 
Mixed 1 0 – 3 P Q 5 2 – 9 G O 
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Median flow polarity (fpa) in the cumulative SF network was ‐0.33 (IQR = ‐0.7–0.3). Both 

the SF and full networks were characterized by very low values for density (Tables 8 and 9). 

Overall, the average path length (L) connecting two nodes was approximately five steps, 

meaning that a unit could reach most other units via five in-between units. This network-

level metric was similar in both networks (LFN = 4.9 and LSF = 4.6 for the full and SF 

networks, respectively). Additionally, the value of LSF was found to be close to that obtained 

in a random graph with similar statistical properties (Lrandom = 5.6), and the CC or average 

transitivity was higher than in the random graph (CCSF = 0.27 > > CCrandom = 0.055).  

Similar diameter values were found for all years of study, with the largest shortest path 

among all the shortest paths in the network ranging between 23 and 27, and 23 and 26 in the 

SF and full networks, respectively (Tables 8 and 9). The yearly and cumulative proportion 

of nodes in GSCC and GWCC was lower in the SF than in the full network (Tables 8 and 9). 

At least 67% of the units moving cattle in Castilla y Leon each year were part of the GWCC 

of the SF network, and from 8% to 12% were part of the GSCC (Table 8).  

 

 

Figure 13. Distances covered by movements by type of unit of origin (A) and destination (B) for the main 
production types (bullfighting, fattening, beef, and dairy herds) and auctions. Middle bars in the boxes indicate 
median values, and the top of the boxes indicate the 75% quantiles. Whiskers denote the 95th quantiles and 
circles represent outliers. 
 

Distance of movements connecting herds, pastures, and auctions within Castilla y Leon, was 

highly variable as 50% of the movements occurred between units that were less than 31.4 km 
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apart (IQR = 10.3–70.6) (Figure 13). Significant differences (p <0.001, Kruskal-Wallis test) 

depending on the types of units were found, with a median distance of 79.7 km in dairy‐to‐

breeding heifers (IQR = 33.9– 112.5), 63 km (IQR = 50.9–79.1) in beef‐to‐auctions, 51.2 km 

(IQR = 14.6–108.9) in bullfighting‐to‐fattening farms, 38.2 km (IQR = 21.0–75.7) in dairy‐

to‐auctions, 30.0 km (IQR = 6.6–103.1) in beef-to‐fattening farms, 22.9 km (IQR = 9.7–43.7) 

in dairy‐to‐fattening farms, and 14.8 km in beef‐to‐beef (IQR = 5.0–35.1) (Figure 13). Non-

statistically different (p >0.05) production types of origin and destination of movements 

based on post hoc pairwise comparisons with Bonferroni method are reported in Table 12.  

 
Table 12. Distance in kilometers of movements covered by production types of origin and destination units in 
the SF movement network of Castilla y Leon. Descriptive parameters include median values and IQRs. 
Different letters denote non-statistically different (p >0.05) groups as determined by Kruskal-Wallis test 
followed by post-hoc pairwise comparisons. 

Type of unit of origin Type of unit of destination 

Comparison Median 
(km) 

IQR Groups Median 
(km) 

IQR Groups 

Bullfighting  45.3 18.7 – 92.4  42.3 15.4 – 102.1  

Others 71.1 19.3 – 125.7 A 28 13.2 – 46  
Auctions and dealers 62.6 28 – 117.2 B 59.7 33.7 – 77.9  
Pastures (shared) 17 5 – 51 C D 9.4 3.8 – 24.5  
Pastures (owned) 17 8.3 – 43.3 C E 13.6 7.5 – 25.4 A 
Bullfighting arena 53.2 25.4 – 110.9 A B 51.6 23.2 – 108  
Fattening 44.4 15.6 – 81.9  32.4 8.9 – 95  
Beef 32 9.3 – 70.7 F 14.1 5.2 – 33.3 B 
Dairy 29.3 14.3 – 62.7 F 17 7.2 – 39.4  
Breeding heifers 29.3 16.3 – 30.2 D E 67.2 44.7 – 112.5  
Mixed 34.9 14.4 – 63.6  14.1 5.1 – 31.2 A B 

 

The bTB-positive farms had significantly (p <0.001, Mann‐Whitney test) higher weighted 

in‐degree (median = 0.07 contacts/month, IQR = 0.03–0.13) and weighted out-degree 

(median = 0.15 contacts/month, IQR = 0.08–0.27) compared to farms that remained OTF 

through the whole study period (medianin‐degree = 0.03 contact/month, IQRin‐degree = 0–0.08; 

medianout‐degree = 0.04 contact/month, IQRout‐degree = 0–0.12). Likewise, bTB-positive farms 

were involved in a significantly (p <0.001, Mann‐Whitney test) greater number of incoming, 

median = 0.09 movements/month) and outgoing (median = 0.44 movements/month) 

movements compared to OTF farms during 2010‐2015 (median of 0.04 and 0.12 

movements/month for incoming and outgoing movements, respectively), that also involved 
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a significantly higher number of animals (Figure 14, Table 13). Similar results were obtained 

in the analysis stratified by production type (Table 13). 

 

 
Figure 14. Distributions of weighted in‐degree (A) and out‐degree (B), number of incoming movements per 
month (C), number of outgoing movements per month (D), number of incoming (E) and outgoing animals per 
month (F) in bTB-positive and bTB-negative farms in the cumulative SF network. 

 

When the k‐test was performed on the Castilla y Leon farms, no significant clustering of 

bTB-positive farms in Castilla y Leon in the movement network was observed: bTB-positive 

farms were directly connected to a mean of 0.9 other bTB-positive farms, which was not 

significantly different (p = 1) from what was expected if the disease was distributed randomly 

across the network. In contrast, the observed number of bTB-positive farms located within 5 

and 10 kilometers of each bTB-positive farm (mean = 8.7 and 26.9, respectively) was 

significantly greater (p <0.001) than what would be expected if positive farms were 

distributed randomly in space (Figure 15). Similar results were obtained when considering 

bTB-confirmed herds. When the same analyses were performed separately on bTB-positive 

beef, bullfighting and dairy herds similar results were observed (i.e., no clustering in the 

movement network and clustering in space, Figure 16). The Cuzick‐Edward test revealed 

significant (p <0.001) clustering of bTB-positive herds up to the 20th level of neighborhood.  
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Table 13. Results of global and per production types connectivity weighted parameters between bTB-positive 
(+) and negative (-) farms in the cumulative SF network. Descriptive parameters include median values and 
IQRs in square brackets. Results are weighted by the number of months in the OTF status in bTB-positive and 
negative farms. Asterisk (*) denotes statistical differences between bTB-positive and bTB-negative farms (p 
<0.05). 

 
 

 
Figure 15. Graphical results of the k‐test. The grey‐shaded region in the graph represents the null distribution 
of the k‐statistic when positive farms were randomly distributed within the network. The bold line represents 
the 95% of the distribution of positive farms within 1step. The star indicates the value of observed mean of 
positive farms within 1 step in the network (x‐axis observed value = 0.9, p = 1) and positive farms within 5 km 
(y‐axis observed value = 8.7, p <0.001) 
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Figure 16. Graphical results of the k-test for beef (A) and bullfighting (B) farms. In both production types, the 
pattern of cases within the network is unlikely to have emerged by chance (p <0.001). The grey shaded region 
depicts the null distribution of the k-statistic when bTB-positive farms are randomly re-allocated within the 
network. The vertical red line represents the observed number of positive farms within 5 km distance of a 
positive farm (observed value for beef = 9.1, p <0.001; observed value for bullfighting = 7.4, p <0.001). 
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4. Summary 

 

Between‐farm transmission of bTB occurs mostly through fence‐to‐fence contact between 

neighboring farms, endemic infected wildlife or movement of infected animals. 

Unfortunately, bTB detection is frequently delayed and identification of the source of 

introduction is often difficult, particularly in endemic regions. The aims of this study were to 

characterize the cattle movement network of Castilla y Leon, a high bTB‐prevalence (1.9% 

at the farm level in 2015) region in Spain, over six years and analyze the distribution of bTB 

to ultimately assess the likelihood of spatial and movement‐mediated transmission.  

Movement and bTB data from 27,633 units located in the region were analyzed, of which 

87% were involved in ~1.4 million movements of ~8.8 million animals. Network‐level 

connectivity was low, although a few highly connected units were identified. Up to 15% of 

the herds became bTB-positive at some point during the study, with the highest percentage 

found in bullfighting and beef herds. Although bTB-positive herds had a significantly higher 

degree and moved more cattle than negative herds, results of the k‐test, a permutation‐based 

procedure, suggested that positive farms were not significantly clustered in the movement 

network. Location was a likely risk factor as bTB-positive farms tended to be located within 

distances of up to 10 km from each other.  

Results suggested that movements may be a source of bTB in cattle in Castilla y Leon, 

although local factors may be more influential in determining risk of disease at the farm level. 

The description of the movement network in Castilla y Leon may be valuable for bTB 

surveillance in Spain. Moreover, results are useful to assess the movement‐associated risk 

for multiple diseases. 
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Evaluation of risk factors associated with herds with an increased 

duration of bovine tuberculosis breakdowns in Castilla y Leon, Spain  

 
Authorization of the co-authors was granted to include the following research in the present 

thesis. This study was adapted from the original article published in the journal Frontiers in 

Veterinary Science (DOI:  10.3389/fvets.2020.545328). . 

 

1. Introduction 

 

Accurate diagnosis of bTB in live animals is often difficult, and several factors that influence 

test performance and can hence lead to possible diagnostic failures have been identified. 

These include the intrinsic limited Se of currently available tests, the choice of the diagnostic 

cut-off, the test procedure, the disease stage of infected animals, the possible desensitization 

to the test in the case of the skin test, the existence of host or pathogen genetic variations, the 

occurrence of cross-reactions and the effect of concurrent infections (Aranaz et al., 2006; 

Broughan et al., 2016; de la Rua-Domenech et al., 2006; Pollock & Neill, 2002). Other factors 

that impede disease eradication are survival and persistence of M. bovis in the environment 

and the aggregation at communal water and food sources that can promote closer contacts 

between cattle and may increase the likelihood of interaction with infected wildlife reservoirs 

(Barasona et al., 2017). 

An extensively assessed feature of bTB is its persistence in certain herds, in terms of either 

herd recurrence or prolonged periods of restriction (Karolemeas et al., 2011; Doyle et al., 

2016). These may imply re-infection, which could be attributed to a local source (such as a 

contaminated environment, infected wildlife or farm-to-farm contacts with infected 

neighboring herds) or to the entry of undetected infected animals, and/or ongoing 

transmission due to residual (persistent but undetected) infection (More & Good, 2015). 

Infection persistence in a herd may indicate a test failure, thereby allowing false negative 

infected animals not only to remain in the population, but to potentially act as an ongoing 

source of infection to other herds and wildlife (Conlan et al., 2012; White et al., 2013). 

A large proportion of bTB-positive herds in Spain are located in areas where conditions that 

favor disease persistence are relatively common, such as the presence of potential wildlife 
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reservoirs (mostly red deer and wild boar) and the predominance of extensively managed 

bullfighting and beef herds (Alvarez et al., 2014b; Aranaz et al., 2004). The Castilla y Leon 

Autonomous Community is classified as a high prevalence region (>1%) in the country 

(Anon, 2020b), and has areas that meet the requirements described above to hamper the 

progress of the eradication program. Out of 3,550 positive herds detected during the period 

2010-2017, bTB infection was confirmed through bacteriological culture in 41% of them. Of 

these, >70% tested bTB-positive for two or more years, showing that a major part of the bTB 

burden detected in the region is concentrated on a subset of herds. The study performed on 

the cattle movement network described in the previous chapter demonstrated that infected 

herds in this region were clustered in space but not in the movement network, suggesting that 

factors other than movements may be related with disease introduction and maintenance in 

at least a proportion of positive farms (Pozo et al., 2019).  

Although several studies have been conducted on herd-level risk factors for bTB in Spain 

(Guta et al., 2014a; Martinez-Lopez et al., 2014), to date factors contributing to these 

persistently infected herds experiencing particularly long outbreaks have not been clarified. 

To improve our understanding on why certain herds have a higher risk of experiencing 

prolonged bTB breakdowns, the aim of the study included in this chapter was to examine the 

impact of farm characteristics (such as production type, herd size and animal trade flow) and 

bTB breakdown-specific variables (such as results in the initial bTB tests and bTB prevalence 

in the region) on the duration of bTB breakdowns during the 2010-2017 period in Castilla y 

Leon. This study may provide useful information on the characteristics that influence the 

persistence of bTB in highly prevalent areas and help in the design of targeted strategies to 

manage bTB-positive herds in Spain. 

 

2. Materials and methods 

 

2.1. bTB eradication program in Castilla y Leon 

In accordance with EU Directive 64/432/EEC (Anon, 1964a), the Spanish bTB eradication 

program is based on test and slaughter surveillance and live animal testing, using in Castilla 

y Leon the SIT test in all herds (except certain fattening herds in which compulsory testing 

may not be required if these only move cattle to the slaughterhouse) plus the interferon-
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gamma (IFN-γ) assay as a complementary test in infected herds to maximize the diagnostic 

sensitivity. Briefly, all animals above 6 weeks old in tested herds are subjected to routine SIT 

herd-tests by intradermal inoculation of 0.1 ml of the official bovine PPD (Cz Veterinaria, 

Porriño, Spain) in the anterior neck area with a frequency dependent on the bTB prevalence 

in their local area (ranging from one to two every year); after 72 h, animals with a >2 mm 

increase in skin fold thickness and/or presence of necrosis, edema, exudation or inflammation 

of lymph nodes peripheral to the inoculation site are considered reactors under the severe 

interpretation and culled within the following 15 days. Subsequently, OTF status is either 

suspended or withdrawn, and movement restrictions are applied.  

Farms confirmed as infected (≥1 positive animal in bacteriological culture and/or 

epidemiological evidences such as forming a single epidemiological unit sharing facilities 

with other herds where bTB has been confirmed) are then subjected to follow-up tests using 

the SIT and IFN-γ tests, that must be conducted within the following 2-6 months until they 

recover the OTF status (two consecutive negative herd-tests separated by at least 60 days, 

Figure 17). During the study period, two versions of the IFN-γ assay (using bovine and avian 

PPDs, CZ Veterinaria) were authorized for application in the region according to the Spanish 

National Eradication Program: during 2015-2016, the Bovigam IFN-γ test (cut-off value of 

0.05, Bovigam®, Thermo Fisher Scientific, Waltham, MA, USA), and in 2017, the IDvet 

IFN-γ test (manufacturer recommended cut-off value of 35, ID Screen® Ruminant IFN-γ, 

IDvet, Grabels, France) (Bezos et al., 2019; Wood & Jones, 2001). Additionally, pre-

movement tests within 30 days prior to the animal movement are routinely performed  in all 

herds (Anon, 2020b).  

When bTB is suspected in a herd (i.e., when reactors are found), the official veterinary 

services conduct an epidemiological investigation in which they collect information about 

the herds where the reactor(s) resided and its movements in the two years prior to bTB 

confirmation, the neighboring herds and other possible sources of infection. 
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Figure 17. Flow chart showing the sequential regime of testing in which the eradication program in Castilla y 
Leon is based. 

 

2.2. Data sources 

The primary population was comprised of all cattle herds in Castilla y Leon subjected to bTB 

testing during 2010 - 2017. Information on herd characteristics, cattle movements and bTB 

status of farms was collected through the SITRAN information System (Anon, 2020b). 

Demographic information available for each herd included its unique identification number, 

herd production type (beef, fattening, bullfighting, breeding heifers, dairy or mixed – beef 

and dairy) and number of animals present at the beginning of each year. Considering the 

similar management in dairy-mixed herds and the limited number of fattening units compared 

to beef herds (see results) these were grouped into two categories for simplicity (dairy/mixed 

and beef/fattening, respectively). Additionally, data about the number of movements 

(contacts) and animals received by each farm during 2007-2016 was also available and was 

thus extracted from the movement network characterization performed in the previous 

chapter. Finally, information on the date and type of bTB test (routine testing, pre-movement 

test, or follow-up tests in bTB-positive farms), number of animals tested and number of 

reactors found in the SIT test and/or IFN-γ assay for herd tests performed in the frame of the 

bTB eradication program during 2007-2018 was collected. For herds subjected to whole-herd 

depopulation, information on the date of depopulation was also obtained. The total number 
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of cattle older than 6 weeks tested per herd in routine and follow-up tests was used to 

calculate herd size. 

 

2.3.  Study definitions and duration of bTB episodes 

A bTB-positive herd test was defined as a herd test with at least one positive animal in the 

skin test, the IFN-γ assay or bacteriology. When infection was detected through passive 

surveillance at the slaughterhouse this was also considered a bTB-positive event. Two bTB-

positive herd tests were considered related if they were separated by less than 18 months 

regardless of the number of negative herd tests that could take place in the meantime (Figure 

18). Eighteen months was selected as a conservative threshold to increase the power to detect 

epidemiologically related positive tests since it was close to the median bTB breakdown 

duration in herds with ≥3 bTB-positive herd tests over the study period (see results). 

A bTB breakdown was formed by all related bTB-positive herd tests. The bTB breakdown 

duration was defined as the period elapsed from the first bTB-positive herd test until the first 

negative herd test following the last related bTB-positive herd test (Figure 18). A bTB 

breakdown was defined as resolved when the herd did not experience subsequent bTB-

positive tests within the next 18 months. For herds experiencing more than one bTB 

breakdown during the study period, only the longest bTB breakdown was kept in the 

database. Depopulated herds during a bTB breakdown were excluded to calculate the median 

bTB breakdown duration.  

 

 

Figure 18. Diagram of the bTB breakdown definition. Plus and minus signs denote bTB-positive and bTB-
negative tests, respectively. 
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Available explanatory variables for each bTB breakdown were province of the herd, bTB 

prevalence in the municipality the year before the start of the bTB breakdown (extracted from 

official records provided by the regional veterinary services, and available for the period 

2011-2017), herd type, median herd size in the year the bTB breakdown started, relative 

change in herd size prior to the disclosing bTB-positive herd test (percentage difference 

between the herd size in the first positive herd test of the bTB breakdown and the median 

herd size the previous year), number of herds sending animals to the bTB breakdown herd 

(in-degree) and number of incoming animals in the previous 3 years (for breakdowns 

occurring in 2010-2017), and number of positive animals to the SIT test and bacteriology in 

the disclosing test. For herds in which bTB was disclosed through pre-movement tests or 

abattoir inspection, the number of animals tested in the previous routine test was used to 

calculate the relative change in herd size at the disclosing test. Models considering certain 

risk factors (number of incoming contacts and animals in the three years prior to the start of 

the bTB breakdown and municipality-level herd prevalence) did not include breakdowns 

starting before 2010/2011 as no information for those factors were available. Herd size was 

categorized into three categories based on terciles (small = ≤41.1 animals, medium = >41.1 

- <134 animals and large = ≥134 animals), while relative change in herd size at the disclosing 

bTB-positive herd test, number of SIT reactors in the disclosing test, number of bacteriology-

confirmed animals in the disclosing test, in-degree in the three years prior to the start of the 

bTB breakdown and municipality-level herd prevalence were categorized into quartiles or 

quintiles. 

 

2.4. Survival analysis 

The association between each available predictor variable and the outcome variable “duration 

of the bTB breakdown/time to recover OTF status” was explored in a survival analysis. The 

survival distributions for the categories of each of the considered variables were plotted and 

compared using the Log-rank test. These analyses accounted for left truncation (i.e., 

incomplete information for  the start date, for herds with bTB breakdowns already started 

before January 2010) and right censoring (i.e., incomplete information for the end date, for 

herds with ongoing bTB breakdowns at the end of the study period, December 2017) as seen 

elsewhere (Cain et al., 2011). Here the included truncation time was days between the bTB 
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disclosure date (in 2007-2009) and the first test in 2010. Depopulated herds were also 

considered right-censored observations.  

Univariable Cox proportional hazards models were fitted to compare the hazard ratios (HR) 

of resolving an outbreak for herds depending on the covariates 𝑍𝑍1… 𝑍𝑍𝑘𝑘 so that: 

𝜆𝜆(𝑡𝑡,𝑍𝑍𝑖𝑖) =  𝜆𝜆0(𝑡𝑡)𝑒𝑒𝑍𝑍𝑖𝑖𝛽𝛽𝑖𝑖, 

were 𝑡𝑡 represents the survival time, 𝜆𝜆0(𝑡𝑡) is the baseline hazard function, and 𝛽𝛽𝑖𝑖 is the 

regression coefficient of covariate 𝑍𝑍𝑖𝑖 (Cox, 1972). Variables considered in the analyses were 

production type, number of SIT reactors and number of confirmed animals through 

bacteriology in the disclosing test, herd size, relative change in herd size, location at a 

province level, in-degree, number of incoming animals and municipality-level herd 

prevalence. Variables with p ≤0.2 were then considered in a multivariable Cox proportional 

hazards model. Categorical variables were preferred over continuous based on Akaike’s 

information criteria (AIC) scores. The choice of variable to include in the model for 

correlated variables (in-degree and number of incoming animals) was based on the AIC 

(Dohoo et al., 2003). The assumption of proportional hazards was evaluated by computing 

Schoenfeld residuals for each of the study variables. For variables that did not satisfy the 

proportional hazards assumption (i.e., the true hazard ratio does not change over time), time-

dependent effects   𝛽𝛽𝑖𝑖(𝑡𝑡) using a parametric continuous function to construct time-dependent 

covariates were introduced (Therneau et al., 2019; Zhang et al., 2018). 

 

2.5. Case control study 

A case control study to identify risk factors associated with herds with an increased duration 

of bTB breakdowns (‘chronic herds’) was also carried out. For this a case was defined as any 

herd with a bTB breakdown duration equal to or greater than 784 days. This 784-days 

threshold was selected as the aim of this study was to identify bTB breakdowns with an 

unusually long duration for Castilla y Leon, and this included only the top 25% longer 

resolved bTB breakdown of herds with ≥3 bTB-positive herd tests. A control was any herd 

with a bTB breakdown duration less than or equal to the median bTB breakdown duration in 

the whole study population (133 days, see results) as previously performed (Doyle et al., 

2016), that was resolved without recurring to depopulation. In this case calculation of the 
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bTB breakdown duration for breakdowns starting in 2007-2009 or finishing in 2018 included 

the time in those years. For case herds that underwent depopulation during the bTB 

breakdown, the date of the clearance/end of the bTB breakdown was set to the date of the 

depopulation. When herds tested positive following depopulation, this was considered a new 

bTB breakdown. 

Each of the potential risk factors listed above were then tested in a univariable logistic 

regression model using the chronic status (case/control) as the outcome variable. Risk factors 

that were significant in the univariable model at a liberal p <0.20 were considered for 

inclusion in a multivariable model. Multicollinearity between potential covariables was 

assessed using the variance inflation factor (VIF) to ensure a mean VIF of <5 among the 

variables (Belsley et al., 1980) before being offered to the multivariable model. For correlated 

variables, AIC was used again to perform variable selection (Dohoo et al., 2003). The final 

model considered the selected risk factors along with significant two-way biologically 

plausible interactions and was built using a backward selection procedure based on a 

likelihood ratio test (p ≥0.05). Results in the model were expressed as odds ratios (OR) and 

95% confidence intervals (CI). The Hosmer-Lemeshow statistic was used to test the goodness 

of fit of the model (Hosmer & Lemeshow, 2000). 

Statistical analyses were performed using R version 3.5.0 (R Core Team, 2019). Survival 

analyses and Cox proportional hazards models were built using the survival (Therneau, 2015) 

and survminer (Kassambara & Kosinski, 2018) packages, multivariate logistic regression 

models were analyzed using the lme4 package, and model fitting assessment was performed 

through the ResourceSelection (Lele et al., 2019) package in R. 

 

3. Results 

 

According to the definition used in this study there were 3,550 (20%) bTB-positive herds out 

of 17,793 tested herds in Castilla y Leon at some point during the period 2010-2017. Beef 

was the predominant production type among the bTB-positive herds (3,026/3,550, 85.2%), 

followed by dairy (274/3,550, 7.7%), mixed (beef & dairy) (148/3,550, 4.2%), bullfighting 

(63/3,550, 1.8%), fattening (38/3,550, 1.1%) and raising heifers herds (1/3,550, <0.1%, 

excluded from further analyses so that total number of positive herds considered is 3,549).  
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Figure 19. Map of total number of bTB-positive herds per province during 2010-2017 in Castilla y Leon. 

 

Throughout the study period, the majority of bTB-positive herds was found in the province 

of Salamanca (n = 1,452/3,549, 40.9%), followed by Avila (n = 603/3,549, 17%), Leon (n = 

348, 9.8%) and Segovia (n = 299, 8.4%), whereas the rest of the provinces accounted for the 

remaining 23.9% (n = 848) of the total number of bTB-positive herds in Castilla y Leon 

(Figure 19, Table 14). Out of these bTB-positive herds, 49.5% (n = 1,758) experienced only 

one bTB-positive herd test, 18.1% (n = 642) two, and 32.4% (n=1,149) of the herds were 

positive in three or more herd tests.  

 

Table 14. Total number of bTB-positive herds per province during 2010-2017 in Castilla y Leon. 

Province Number of positive herds (%) 

Avila  603 (17) 

Burgos 276 (7.8) 
Leon 348 (9.8) 
Palencia 131 (3.7) 
Salamanca 1,452 (40.9) 
Segovia 299 (8.4) 
Soria 137 (3.9) 
Valladolid 62 (1.7) 
Zamora 242 (6.8) 
Total 3,550 (100) 
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Four-hundred and nine herds tested negative at least once between bTB positive tests within 

the same breakdown. The median bTB breakdown duration in herds with ≥3 bTB-positive 

herd tests after the exclusion of 49 herds that were subjected to whole-herd depopulation 

during the bTB breakdown was 511 days (IQR = 284-784). 

 

3.1. Survival analysis 

Ninety-five out of the 3,549 bTB-positive herds were excluded from the survival analyses as 

they were tested only once during the study period. Up to 321 (9.3%) out of the remaining 

3,454 bTB-positive herds detected in the period 2010-2017 did not clear the infection during 

the study period or were depopulated and were therefore considered censored observations 

in the analysis. In addition, 247 (7.2% out of 3,454 herds) of the bTB breakdowns had started 

before 2010 and were therefore left-truncated.  

Kaplan-Meier curves for the nine predictor variables are shown in Figures 20-22. Results of 

the univariable analyses are shown in Table 15. No data on number of incoming contacts 

(and animals) in the three years prior to the start of the bTB breakdown and municipality-

level herd prevalence was available for breakdowns starting before 2010 (258 herds) and 

2011 (437 herds), respectively (Table 15). Additionally, no information about relative change 

in herd size was found for 83/3,454 herds as no routine tests were performed prior to the 

disclosing test. For the remaining 3,371 herds, relative change in herd size (median = 2.3%, 

IQR = -7.2 – 14.3) was not associated with the length of bTB breakdown duration (Table 15, 

Figure 22). All the remaining variables (increasing herd size, in-degree and number of 

incoming animals  in the three years prior to the start of the breakdown, municipality-level 

herd prevalence, production type, province, number of SIT reactors and positive to 

bacteriology animals in the disclosing test) were significantly (p <0.001) associated with an 

increasing time to recover OTF status (Table 15, Figures 20-22). However, the last four 

variables had non-constant Schoenfeld residuals across time with a large departure of the 

proportional hazards assumption, as non-random patterns against time in the graphical 

diagnostics were observed (p <0.05, Figures 23 and 24).  
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Figure 20. Kaplan-Meier survival estimates of bTB breakdown duration by production type. Crosses indicate 
censored observations. Number of censoring graph shows the number of herds that did not clear the infection 
during the study period or were depopulated during the study period at regular time intervals.  
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Figure 21. Kaplan-Meier survival estimates of bTB breakdown duration per province, median herd size, and 
per number of SIT reactors and positive to bacteriology in the disclosing test.  
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Figure 22. Kaplan-Meier survival estimates of bTB breakdown duration per in-degree and number of incoming 
animals in the 3 years prior to the start of the breakdown, municipality-level herd prevalence in the year prior 
to the start of the breakdown and per relative change in herd size. 
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Table 15.1. Results from the univariable survival analyses performed on herds with bTB breakdowns declared 
in 2010-2017 in Castilla y Leon using time to recover OTF status as the response variable. 

Variable (number 
of herds with 
information) 

Levels Number 
of herds 

Herds with 
resolved 
outbreaks 

Median time for 
recovery of 
OTF status 
(days) (95% CI) 

Hazard Ratio 
(95% CI) 

P-value 
Log- 
rank 
test 

Production type Beef/fattening 2,978 2,690 183 (168-202) 1 (NA) -c <0.001 
(n=3,454) Bullfighting 60 52 608 (448-865) 0.29 (0.2-0.5) <0.001  
      Interaction with time   Yes + a   

 Dairy/mixed 416 391 92.5 (87-110) 1.83 (1.6-2.1) <0.001  
      Interaction with time   Yes -b   

 
Province Avila 584 532 259 (216-308) 1 (NA) - <0.001 
(n=3,454) Burgos 270 255 105 (92-120) 1.4 (1.1-1.7) 0.002  

      Interaction with time   Yes +   
 Leon 336 301 98 (91-140) 1.57 (1.3-1.9) <0.001  
      Interaction with time   Yes -   
 Palencia 127 115 168 (92-224) 1.33 (<1.1-1.8) 0.047  
      Interaction with time   No   
 Salamanca 1,418 1,245 202 (169-251) 0.95 (0.8-1.1) 0.468  
     Interaction with time   Yes +   
 Segovia 290 283 161 (124-181) 1.32 (1.1-1.6) 0.006  
     Interaction with time   No   
 Soria 135 125 188 (126-295) 1.14 (0.9-1.5) 0.323  
     Interaction with time   No   
 Valladolid 59 51 343 (224-524) 0.78 (0.5-1.2) 0.228  
     Interaction with time   No   
 Zamora 235 226 118 (105-153) 1.35 (1.1-1.7) 0.004  
     Interaction with time   No   

 
Median herd size 
in the year the 
bTB breakdown 
started 
(n=3,447) 

Small 1030 963 106 (99-114) 1 (NA) - <0.001 

Medium 1230 1123 175 (148-205) 0.73 (0.7-0.8) <0.001  

Large 1187 1040 334 (282-384) 0.54 (0.5-0-6) <0.001  

a: + Interaction with time increases the value of the coefficient 
b: - Interaction with time decreases the value of the coefficient 
c: - Reference category 
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Table 15.2. Results from the univariable survival analyses performed on herds with bTB breakdowns declared 
in 2010-2017 in Castilla y Leon using time to recover OTF status as the response variable. 

Variable (number 
of herds with 
information) 

Levels Number 
of herds 

Herds with 
resolved 
outbreaks 

Median time 
for recovery 
of OTF status 
(days) (95% 
CI) 

Hazard Ratio 
(95% CI) P-value Log- 

rank test 

 0 777 687 484 (441-524) 0.24 (0.2-0.3) <0.001  
Number of SIT 
reactors in the 
disclosing test 
(n=3,454) 

    

    Interaction with time Yes + a   
1 1,518 1,401 112 (105-125) 1 (NA) -b <0.001 
2-4 945 864 146 (126-182) 0.8 (0.7-0.9) <0.001  
    Interaction with time No   
≥5 214 181 296 (233-412) 0.51 (0.4-0.6) <0.001  

      Interaction with time  Yes +   

 
Number 
positive to 
bacteriology in 
the disclosing test 
(n=3,454) 

0 2,174 2,050 98 (97-101) 1 (NA) - <0.001 
1 904 785 503 (483-530) 0.19 (<0.2-0.2) <0.001  

   Interaction with time   Yes +   

2 164 136 602 (547-707) 0.14 (0.1-0.2) <0.001  

   Interaction with time   Yes +   

≥3 212 162 750 (672-853) 0.08 (<0.1-0.1) <0.001  

   Interaction with time   Yes +   

 
In-degree in the 
three years prior 
to the start of the 
bTB breakdown 
(n=3,196) 

0 735 694 126 (112-141) 1.29 (1.2-1.4) <0.001 <0.001 
1 744 683 168 (140-203) 1.11 (0.9-1.2) 0.063  

2-3 915 823 184 (154-219) 1.07 (0.9-1.2) 0.193  

>3 802 694 217 (182-282) 1 (NA) -  

Number of 
incoming animals 
in the three years 
prior to the start 
of the bTB 
breakdown 
(n=3,196) 

0 735 694 126 (112-141) 1.45 (1.3-1.6) <0.001 <0.001 
1 640 584 141 (126-182) 1.31 (1.2-1.5) <0.001  

2-4 964 851 147 (127-181) 1.31 (1.2-1.4) <0.001  

>4 857 765 307 (259-356) 1 (NA) -  

 
Municipality-level 
herd 
prevalence in the 
year prior to the 
start of the bTB 
breakdown 
(n=3,017) 

0 1751 1,600 125 (113-139) 1 (NA)  <0.001 

0.01-0.06 571 520 168 (138-233) 0.83 (0.8-0.9) <0.001  

0.061-0.1 364 328 210 (169-295) 0.75 (0.7-0.8) <0.001  

0.11-0.2 259 222 315 (183-399) 0.63 (0.5-0.7) <0.001  

0.21-1 72 59 260 (174-574) 0.51 (0.4-0.7) <0.001  

 
Relative change in 
(n=3,371) 

1Q (-100- -7.2) 843 772 166 (146-195) 1 (NA) - 0.909 
2Q (-7.21-2.3) 842 768 167 (137-205) 0.97 (0.9-1.1) 0.614  

3Q (2.31-14.3) 855 774 175 (141-221) 0.97 (0.9-1.1) 0.568  

4Q (14.31- 
3,800) 

831 738 182 (147-218) 0.95 (0.9-1.1) 0.359  

a: + Interaction with time increases the value of the coefficient 
b: - Reference category 
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Figure 23. Graphs of the scaled Schoenfeld residuals against the transformed time for each category of 
production type, number of SIT reactors and positive to bacteriology animals in the disclosing test. The solid 
line represents a smoothing spline fit to each plot, and the dashed lines represented a ±2-standard-error band 
around the fit. Systematic departures from the horizontal line were observed in most categories of the variables 
(p <0.05). 
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Figure 24. Graphs of the scaled Schoenfeld residuals against the transformed time for each category of 
province. The solid line represented a smoothing spline fit to each plot, and the dashed lines represented a ±2-
standard-error band around the fit. Systematic departures from the horizontal line were observed in most 
categories of the variables (p <0.05). 
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The multivariable Cox regression model, run on 3,001 herds with complete information, 

contained all predictor variables except relative change in herd size (%) and in-degree. The 

final Cox model was fitted with both time-fixed (production time and number of SIT reactors 

in the disclosing test) and time-varying coefficients (province and number of positive to 

bacteriology in the disclosing test), and obtained coefficients did not differ substantially 

(<19% change) compared with those estimated in the univariable models except for 

production type, province and number of SIT reactors in the disclosing test (Tables 15 and 

16).  

Time to recover OTF status was significantly shorter in dairy than in beef/fattening (and 

bullfighting) herds (p = 0.007, HR = 1.2, 95% CI 1.1-1.3, Table 16). The probability of 

resolving the bTB breakdown over time was also lower in herds with no reactors in the 

disclosing test (thus detected by other means such as passive surveillance) and herds with ≥3 

reactors compared with those with just one reactor (Table 16). Province also affected 

significantly the expected herd breakdown duration. Herds located in Palencia had 

significantly longer breakdown durations, whereas the probability of resolving the bTB 

breakdown was lower in Soria and Valladolid (Table 16). Time required to recover OTF 

status was longer with increasing herd size, number of incoming animals (although not 

linearly), and municipality-level herd prevalence. There was also a trend of increasing hazard 

of longer bTB breakdowns associated with the number of bacteriology-positive animals in 

the disclosing test, although differences with the baseline category (no reactors) decreased 

over time (Table 16). 
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Table 16. Results from the multivariable survival analyses performed on herds with bTB breakdowns 
declared in 2010-2017 in Castilla y Leon using time to recover OTF status as the response variable. 

Variable (number of herds with 
information) Levels Hazard Ratio (95% CI) P-value 

Median herd size in the year the bTB 
breakdown started  
(n=3,447) 

Small 1 (NA)  -b 

Medium 0.78 (0.7-0.9) <0.001 
Large 0.64 (0.6-0.7) <0.001 

Number of incoming animals in the 
three years prior to the start of the bTB 
breakdown  
(n=3,196) 

0 1.2 (1.0-1.3) 0.014 
1 1.04 (0.9-1.2) 0.498 
 2-4 1.19 (1.1-1.3) 0.001 
>4 1 (NA)  - 

Municipality-level herd prevalence in 
the year prior to the start of the bTB 
breakdown  
(n=3,017) 

0 1 (NA) - 
0.01-0.06 0.89 (0.8-0.9) 0.041 
0.06-0.1 0.82 (0.7-0.9) 0.002 
0.1-0.2 0.72 (0.6-0.8) <0.001 

 0.2-1 0.59 (0.4-0.8) <0.001 
Production type  Beef/fattening  1 (NA) - 
(n=3,454) Bullfighting 1.2 (0.8-1.8) 0.414 
 Dairy/mixed 1.19 (1.1-1.3) 0.007 
Province  Avila 1 (NA) - 
(n=3,454) Burgos 0.86 (0.7-1.1) 0.214 
 Interaction with time Yes +a  
 Leon 0.98 (0.8-1.2) 0.835 
 Interaction with time No  
 Palencia 1.45 (1.1-1.9) 0.017 
 Interaction with time No  
 Salamanca 0.86 (0.7-1) 0.056 
 Interaction with time Yes +  
 Segovia 0.85 (0.7-1.0) 0.124 
 Interaction with time Yes +  
 Soria 0.56 (0.3-0.8) <0.001 
 Interaction with time Yes +  
 Valladolid 0.51 (0.3-0.8) 0.006 
 Interaction with time No  
 Zamora 0.92 (0.7-1.1) 0.462 
 Interaction with time No  
Number of SIT reactors in the 
disclosing test  

0 0.55 (0.5-0.6) <0.001 
1 1 (NA)  - 

(n=3,454) 2-4 0.93 (0.8-1.0) <0.001 
 ≥5 0.78 (0.7-0.9) <0.001 
Number of positive to bacteriology in 
the disclosing test  

0 1 (NA) - 
1 0.17 (0.1-0.2) <0.001 

(n=3,454) Interaction with time Yes +  
 2 0.12 (0.1-0.2) <0.001 
 Interaction with time Yes +  
 ≥3 0.09 (0.1-0.2) <0.001 
 Interaction with time Yes +  

a: + Interaction with time significantly increased the value of the coefficient 
b: - Reference category 
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3.2. Case-control study 

A total of 347 herds with a bTB breakdown duration equal to or greater than 784 days (cases) 

and 1,443 herds suffering a bTB breakdown with a duration ≤133 days (controls) were 

considered in this analysis. No herd had more than one chronic bTB breakdown. Spatial 

distribution of these chronic and non-chronic herds in Castilla y Leon from 2010 to 2017 is 

represented in Figure 25. Valladolid was the province with the highest proportion of 

chronically infected herds among all its herds included in this analysis (11/26, 42.3%), 

followed by Soria (19/71, 26.8%) (Figure 25, Table 17). 

 

 
Figure 25. Spatial distribution of case and control herds in Castilla y Leon included in the case-control study. 
The red and blue circles denote the location of case and control herds, respectively. 

 

Fourteen case herds underwent depopulation during the bTB breakdown. Forty-seven case 

herds with an ongoing bTB breakdowns at the start of the study period (January 2010) and 

30 case herds with ongoing bTB breakdowns after its end (December 2017) were included 

in the study since the breakdown they experienced already classified them as a case herd.  

The majority (>80%) of both case and control herds were beef/fattening (Table 17). Overall 

median herd size in the year the bTB breakdown started was 77 (IQR = 41.1-134), and was 

significantly (p <0.001, Mann-Whitney test) larger for cases (median = 134.8, IQR = 81.3-

229) compared to controls (median = 68.3, IQR = 36.4-115).  
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Proportion of herds with missing information for any given variable was always <8%; out of 

the 1,790 herds considered in the case-control study, no information for number of incoming 

contacts (and animals) in the three years prior to the start of the bTB breakdown and 

municipality-level herd prevalence was available for breakdowns starting before 2010 (51 

herds) and 2011 (130 herds), respectively, and were subsequently removed from models 

considering these variables (Table 17). Moreover, no information about relative change in 

herd size was found for 49 herds as no routine tests were performed prior to the disclosing 

test. In the univariable analysis, eight out of the nine evaluated variables (all except relative 

change in herd size at the disclosing bTB-positive test) were potentially associated with 

experiencing a chronic bTB infection (Table 17). In-degree and number of incoming animals 

were highly correlated (rho = 0.74, p <0.001), and the latter was selected for the multivariable 

model based on better AIC.  

According to the final multivariable model including 1,657 herds with complete information 

on all covariates considered, herd size, number of incoming animals in the three years before 

the outbreak, municipality-level prevalence before the outbreak, the province where the herd 

was located, number of SIT-positive and bacteriology-confirmed animals in the disclosing 

test were all associated with being a chronically infected bTB herd while production type 

was not (Table 17). Infected herds with a higher probability of suffering a chronic breakdown 

were larger (≥134 animals, OR = 10.9 CI = 5.6-22), located in Soria (OR = 4.5, CI = 1.9-

10.2), had either no (OR = 2.2, CI = 1.1-4.1) or above 5 (OR = 2.1, CI = 1-4.2) SIT reactors 

in the disclosing test and at least three (OR = 96.1, CI = 31.3-423) animals confirmed through 

bacteriology, and were located in counties with a herd prevalence above 0.2% (OR = 4.1, CI 

= 1.6-10.3) in the year preceding the start of the bTB breakdown (Table 17). There were no 

significant interaction terms. The model fitted well the data (Hosmer-Lemeshow test, ꭓ2 = 

2.27, p = 0.97).



 

 
 

 
Variable (number of herds 
with information) Exposure level Controls  Cases  Total OR 95% CI P-valuea OR 95% CI P-valuea P-valueb 

    Number % Number %   Univariable Multivariable 

Relative change in herd size 
at the disclosing bTB-
positive herd test (%) 
(n=1,741) 

1Q (-100 – -7.2) 339 24.2 89 26.2 428   0.891     
2Q (-7.21 – 2.3) 359 25.6 84 24.7 443 0.89 0.6-1.2      
3Q (2.31 – 14.3) 360 25.7 87 25.6 447 0.92 0.7-1.3      
4Q (14.31 –3,800) 343 24.5 80 23.5 423 0.89 0.6-1.3      

Median herd size in the year 
the bTB breakdown started 
(n=1,790) 

Small 424 29.4 24 6.9 448   <0.001    <0.001 
Medium 742 51.4 148 42.7 890 3.52 2.3-5.6  5.22 2.8-10.1 <0.001  
Large 277 19.2 175 50.4 452 11.16 7.2-17.9  10.87 5.6-22 <0.001  

In-degree in the three years 
prior to the start of the bTB 
breakdown 
(n=1,739) 

0 377 26.2 54 18 431 0.57 0.4-0.8      
1 330 22.9 74 24.7 404 0.89 0.6-1.3      
2-3 405 28.1 90 30 495 0.89 0.6-1.2      
>3 327 22.7 82 27.3 409     0.018     

Number of incoming 
animals in the three years 
prior to the start of the bTB 
breakdown  
(n=1,739) 

0 377 26.2 54 18 431   <0.001    0.026 
1 303 21.1 53 17.7 356 1.22 0.8-1.8  1.32 0.7-2.3 0.353  
2-4 464 32.2 62 20.7 526 0.93 0.6-1.4  0.72 0.4-1.3 0.252  
>4 295 20.5 131 43.6 426 3.1 2.2-4.4  1.44 0.9-2.4 0.166  

Municipality-level herd 
prevalence in the year prior 
to the start of the bTB 
breakdown 
(n=1,660) 

0 900 63.6 104 42.3 1,004   <0.001    0.005 
0.01-0.06 260 18.4 61 24.8 321 2.03 1.4-2.9  1.77 1.1-2.8 0.017  
0.061-0.1 138 9.8 36 14.6 174 2.26 1.5-3.4  2.03 1.1-3.6 0.017  
0.11-0.2 92 6.5 30 12.2 122 2.82 1.8-4.4  1.64 0.9-3 0.121  
0.21-1 24 1.7 15 6.1 39 5.41 2.7-10.5  4.11 1.6-10.3 0.003  

Production type Beef/Fattening 1,203 83.4 305 87.9 1,508 
  

  <0.001 
    

(n=1,790) Bullfighting 6 0.4 19 5.5 25 12.49 5.2-34.5 
     

 
Dairy/Mixed 234 16.2 23 6.6 257 0.39 0.3-0.6 

     

Table 17.1. Results from univariable and multivariable logistic regression models using the chronic status (case/control) for herds experiencing particularly long 
breakdowns as the outcome variable. 



 

    
 

 
Variable (number of 
herds with information) Exposure level Controls Cases Total OR 95% CI P-valuea OR 95% CI P-valuea P-valueb 

    Number % Number %   Univariable Multivariable 

Province 
(n=1,790) 

Avila 208 14.4 70 20.2 278 
  

<0.001 
   

0.002 
Burgos 144 10 10 2.9 154 0.21 0.1-0.4 

 
0.76 0.3-1.8 0.546 

 

Leon 178 12.3 24 6.9 202 0.40 0.2-0.6 
 

1.12 0.5-2.4 0.784 
 

Palencia 57 4 9 2.6 66 0.47 0.2-0.9 
 

0.35 0.1-1.1 0.084 
 

Salamanca 544 37.7 155 44.7 699 0.85 0.6-1.2 
 

1 0.6-1.7 0.972 
 

Segovia 128 8.9 24 6.9 152 0.56 0.3-0.9 
 

1.29 0.6-2.7 0.515 
 

Soria 52 3.6 19 5.5 71 1.09 0.6-1.9 
 

4.54 1.9-10.2 <0.001 
 

Valladolid 15 1 11 3.2 26 2.18 0.9-4.9 
 

3.14 0.9-9.8 0.058 
 

Zamora 117 8.1 25 7.2 142 0.63 0.4-1 
 

1.31 0.6-2.9 0.508 
 

Number of SIT reactors 
in the disclosing test 
(n=1,790) 

0 78 5.4 143 41.2 221 16.93 11.9-24.2 <0.001 2.16 1.1-4.1 0.019 <0.001 
1 831 57.6 90 25.9 921 

       

2-4 461 31.9 83 23.9 544 1.67 1.2-2.3 
 

1.27 0.8-1.9 0.277 
 

≥5 73 5.1 31 8.9 104 3.92 2.4-6.3 
 

2.06 1-4.2 0.053 
 

Number positive to 
bacteriology in the 
disclosing test 
(n=1,790) 

0 1,321 91.5 102 29.4 1,423 
  

<0.001 
   

<0.001 
1 109 7.6 150 43.2 259 17.82 13-24.6 

 
20.4 13.2-

32.1 
<0.001 

 

2 10 0.7 32 9.2 42 41.44 20.5-91.1 
 

29.52 11.3-84 <0.001 
 

≥3 3 0.2 63 18.2 66 271.9 98.7-
1126.5 

 96.06 31.3-
423 

<0.001 
 

aWalds test 
bChi-square test 

Table 17.2. Results from univariable and multivariable logistic regression models using the chronic status (case/control) for herds experiencing particularly long 
breakdowns as the outcome variable. 
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4. Summary 

 

Persistence of bTB in certain cattle herds is a major concern in countries pursuing disease 

eradication worldwide. The chronic nature of the disease, the lack of performance of 

diagnostic tools, and the presence of wildlife reservoirs may lead infected herds to require 

longer periods to achieve the OTF status. Here, the impact of farm and breakdown 

characteristics on the probability of disease persistence in infected farms in Castilla y Leon 

was evaluated using survival and logistic regression models. 

Data from bTB breakdowns occurring in 3,550 bTB-positive herds detected in 2010-2017 

were analyzed. A multivariable Cox proportional hazards model was fitted using time to 

recover OTF status as the response variable, and a multivariable logistic regression model 

using the chronic status (yes/no) for herds experiencing particularly long breakdowns as the 

outcome variable was also used. Both analyses revealed that municipality-level bTB herd 

prevalence, herd size, number of incoming animals in the previous 3 years and number of 

skin test reactors in the disclosing test were associated with increased breakdown duration. 

Production type was not consistently associated with chronic infection, suggesting that once 

infected it is not a significant predictor of outbreak duration beyond the initial stages of the 

breakdown. Province-level location and number of animals bacteriology-positive also 

affected significantly the expected herd breakdown duration, but their effect became less 

significant over time.  

Although several studies have been conducted on herd-level risk factors for bTB in Spain, to 

date factors contributing to persistently infected herds experiencing particularly long 

outbreaks have not been clarified. Farm and breakdown characteristics identified in this study 

may help to identify herds more prone to suffer chronic bTB infection that may require 

additional control measures early on in a breakdown.  
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Evaluation of slaughterhouse surveillance for detection of bovine 

tuberculosis in cattle in Castilla y Leon, Spain. 
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Evaluation of the slaughterhouse surveillance for detection of bovine 

tuberculosis in cattle in Castilla y Leon, Spain. 

 

1. Introduction 

 

Slaughterhouse inspection is the primary means of passive surveillance for bTB. In non-OTF 

countries, meat inspection in animals routinely sent to the slaughterhouse can help to detect 

bTB infected herds between skin tests, and can identify infected animals that failed to react 

to the ante-mortem tests. Additionally, in areas where the frequency of routine field testing 

for bTB intervals is low (in low bTB prevalence regions) or no ante-mortem testing is 

conducted (OTF regions), slaughterhouse passive surveillance is the cornerstone for 

detecting new bTB incidents and maintaining OTF status. 

However, abattoir inspection has also a limited performance for detection of bTB infected 

animals, as is the case of ante-mortem animal tests: bTB-like lesions may vary in size and 

location, and they can be easily overlooked during factory inspection. Additionally, the 

proportion of bTB infected animals detected at the slaughterhouse depends also on the 

thoroughness of post-mortem examination and factory-related circumstances (Corner et al., 

1990; Frankena et al., 2007). Failure to detect the infection at the abattoir may contribute to 

bTB spread in the herd, which implies particularly severe consequences for herds that are not 

subjected to frequent routine in-vivo testing. 

A wide variation in the performance of slaughterhouse surveillance among abattoirs has been 

reported in previous research conducted in Ireland (Frankena et al., 2007; Olea-Popelka et 

al., 2012), Great Britain (Shittu et al., 2013), and Northern Ireland (Pascual-Linaza et al., 

2017). Reported differences in the reliability of slaughterhouse surveillance were attributed 

to animal/herd characteristics of the culled population (namely geographic origin, production 

type, bTB history, age), and/or factors associated to the abattoir inspection itself (slaughtered 

population, line speed, personnel expertise). 

Limited information on the efficiency of slaughterhouse surveillance in Spain is available. A 

single study estimated the Se of the abattoir surveillance, but the population included in this 

study was restricted to skin test positive animals from herds located in Catalonia, a low bTB 
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prevalence region of the country (Garcia-Saenz et al., 2015). Given the diversity of the 

epidemiology of bTB in Spain, in order to assess the performance of bTB passive surveillance 

in the frame of the eradication program it is necessary to include data from high prevalence 

areas. In this sense, this third chapter of the thesis was focused on the evaluation of 

slaughterhouse surveillance on the cattle population slaughtered in Castilla y Leon, either as 

part of the bTB eradication program or due to routine slaughter. The specific aims of this 

study were I) to characterize the slaughtered population and the slaughter movement network 

in Castilla y Leon during 2010-2017, and II) to provide ranked estimates for the detection 

rates of suspect lesions and laboratory confirmation from different slaughterhouses located 

in the region. 

 

2. Materials and methods 

 

2.1. Study population and data sources 

The target population of this study was the population of animals culled in abattoirs in 

Castilla y Leon, whereas cattle culled in the region and whose farm of origin was also located 

in Castilla y Leon was considered the study population, since this was the only population 

for which complete information was available (see below).  

Data on the animals slaughtered in Castilla y Leon abattoirs between 2010-2017 were 

gathered from official sources. Information available included the identification, breed and 

age of the animal, and the identifications, location (coordinates), size and characteristics of 

the unit of origin (beef, bullfighting, dairy, fattening, breeding heifers or mixed type for 

herds; bullfighting arena, auctions and dealers, pastures, or others for non‐herd/units 

locations). These data, together with cattle movement information (origin unit, destination 

abattoir, and batch size) and bTB status of each unit of origin (see below) were collected 

through the Spanish integral traceability system (SITRAN) (Anon, 2020c). Census and 

movement data were used to describe the Castilla y Leon slaughterhouse movement network, 

as explained in the first chapter of the thesis. Complete information on farm characteristics 

was only accessible for units located within Castilla y Leon, while for those located outside 

only movement-related data was available. Individual information on the animals culled in 

each abattoir was used to provide a descriptive analysis of the slaughtered cattle population 
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in Castilla y Leon during the 8-year period. Here, the terms factory, abattoir and 

slaughterhouse are used indistinctively to refer to the facility where animals were 

slaughtered. Only a certain number of abattoirs in Castilla y Leon are authorized to slaughter 

bTB-positive animals, and these are referred to as “authorized abattoirs” from now on. 

 

2.2. Ante-mortem information 

Briefly, according to the Spanish bTB eradication program all herds in Castilla y Leon are 

subjected to routine SIT testing, plus the ancillary use of the IFN-γ assay in positive herds 

(Anon, 1964a, 2020b). Depending on the bTB prevalence of the local area, OTF herds are 

tested once or twice every year. Herds with a suspended or withdrawn OTF status are 

subjected to movement restrictions and the supplementary use of the IFN-γ assay on follow-

up tests repeated every 2-6 months. The OTF status is recovered once the herd tests negative 

in two consecutive herds-tests performed separated by at least 60 days. For this study, 

information on the date of ante-mortem testing and number of tested and positive animals to 

the SIT and/or IFN-γ assay in Castilla y Leon during the period 2010-2017 was also collected. 

Animals with a skin thickness increase in the SIT test >2 mm were considered positive based 

on the severe interpretation. No information on test results prior to slaughter for animals 

originating from units outside of Castilla y Leon (and for a proportion of animals from units 

from Castilla y Leon, see below) was available.  

 

2.3. Post-mortem information 

As part of the eradication program, all SIT and/or IFN-γ positive animals are culled and 

subjected to an exhaustive factory inspection. In addition, all animals routinely slaughtered 

are also subjected to a visual inspection for detection of macroscopical bTB-compatible 

lesions. Detected bTB-like lesions are subsequently submitted to the laboratory to perform 

bacteriological culture and confirm the bTB infection. Information on presence of bTB-like 

lesions and bacteriology results (for those submitted to the laboratory), along with the animal 

identification, breed, date of birth and date of slaughter was available for all animals 

slaughtered in abattoirs in Castilla y Leon.  
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2.4. Statistical analyses  

First, the Castilla y Leon slaughterhouse movement network considering all movements 

going to abattoirs in the region regardless of the location of the unit of origin was constructed 

in a social network analysis framework as previously described (Chapter 1, Pozo et al., 2019). 

The number of units sending animals to each abattoir (in-degree) was calculated per abattoir. 

The geographic distance covered by the movement to abattoirs from farms in Castilla y Leon 

was calculated using the Haversine formula. The distributions of the movement distances and 

the in-degrees between abattoirs were compared using the Kruskal-Wallis test followed by 

post-hoc tests using Bonferroni corrections for multiple comparisons, whereas the 

association between the province of the farm and the province of the connected abattoir(s) 

was assessed using the chi-square test (ꭓ2). The correlation between the age and the total 

number of slaughtered animals, and between the number of incoming movements and 

number of animals slaughtered at the abattoir were assessed using Spearman’s rho correlation 

test. 

Second, information on the animal and its unit of origin, together with bTB history and post-

mortem data, was merged in a single database. Slaughterhouse-specific crude rates of 

detection (the proportion of animals with detected bTB-like lesions among those culled in 

each slaughterhouse) and laboratory confirmation (proportion of animals in which infection 

was confirmed among those from which samples were submitted to the laboratory from each 

slaughterhouse) were estimated.  

The slaughtered animal population was then split into two subpopulations based on the 

availability and results to the ante-mortem tests: positive animals and animals with negative 

results/no information available (i.e., those for which no results of any ante-mortem test were 

available). Subsequently, two generalized linear multivariable mixed models were fitted to 

each subpopulation to calculate the adjusted risk of lesion detection and of laboratory 

confirmation per abattoir accounting for the effect of potential confounding variables, as 

described elsewhere (Frankena et al., 2007) (Figure 26). Briefly, the model 

𝑙𝑙𝑙𝑙 �
𝑝𝑝𝑖𝑖,𝑖𝑖,𝑘𝑘

1− 𝑝𝑝𝑖𝑖,𝑖𝑖,𝑘𝑘
� =  𝛼𝛼𝑖𝑖 + 𝛾𝛾𝑘𝑘 + 𝛽𝛽0+ 𝛽𝛽1𝑋𝑋𝑖𝑖1 + 𝛽𝛽2𝑋𝑋𝑖𝑖2 + ⋯+ 𝛽𝛽𝑚𝑚𝑋𝑋𝑖𝑖𝑚𝑚  

was fitted, where 𝑝𝑝𝑖𝑖 is the probability of animal 𝑖𝑖 from unit 𝑗𝑗 culled in slaughterhouse 𝑘𝑘 

having a detected bTB-lesion (adjusted detection risk) or confirmed as bTB infected through 
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bacteriological culture (adjusted confirmation risk), 𝑋𝑋1 …𝑋𝑋𝑚𝑚 are the possible confounders 

included in the model, 𝛽𝛽1 …𝛽𝛽𝑚𝑚 are the coefficients for those confounders, and 𝛼𝛼𝑖𝑖 and 

𝛾𝛾𝑘𝑘 represent the unit- and abattoir-specific effects, respectively (Figure 26). Two random 

effects were thus considered in the model to account for the lack of independence of animals 

coming from the same unit and culled at the same abattoir. 

The effect of animal (age at slaughter, breed and slaughter season) and herd (unit type) 

characteristics on the risk of bTB detection and confirmation was evaluated first using 

univariable logistic regression models with the presence of bTB-like lesion (yes/no) and 

laboratory confirmation (yes/no) as the outcome variables. Breed was categorized into 

crossbreed, Holstein Friesian, bullfighting and others, whereas for simplicity unit type was 

grouped into beef, fattening, dairy/mixed, bullfighting and others. Age was categorized into 

three categories based on terciles (≤1, 1-2, and >2 years), while season of slaughter was 

categorized into trimesters (January-March, April-June, July-September and October-

December). Significant variables based on a liberal p-value threshold (p ≤0.2) were then 

included in multivariable models. Results of multivariable models were expressed as OR and 

95% CI. To select the optimal random effects structure, two different generalized linear 

mixed models per each subpopulation including unit or unit and abattoir random effects were 

compared via the likelihood ratio test using the restricted maximum likelihood estimation 

(REML) as seen elsewhere (Zuur et al., 2009) (Figure 26). 

 

 
Figure 26. Flow chart of regression analyses performed to calculate the adjusted detection and confirmation 
risks in positive to ante-mortem tests animals and negative/no-information animals. 
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Diagnostics and goodness-of-fit evaluation of mixed models were performed using scaled 

simulated residuals. Simulated datasets from each fitted model were first created and the 

empirical cumulative density function for the simulated observations describing the possible 

values at the predictor combination of the observed value was calculated. The KS test was 

used for testing uniformity. Variability of the regression coefficients extracted from each 

unit-level random effect was further analyzed across each animal breed and unit type.  

Estimated crude and adjusted detection/confirmation risks derived from the multivariable 

logistic regression models were compared between abattoirs, and the correlation between 

abattoir-specific detection and confirmation rates was assessed using Spearman’s rho 

correlation test.  

Multiple comparisons, network analyses, graphics and model fitting were conducted using 

PMCMRplus (Pohlert, 2020), igraph (Csardi & Nepusz, 2006), ggplot2 (Wickham, 2009), 

ggspatial (Dunnington, 2018), dplyr (Wickham et al., 2019), rgdal (Bivand et al., 2013), sp 

(Pebesma & Bivand, 2005), lme4 (Bates et al., 2015), glmmTMB (Brooks et al., 2017), and 

DHARMa (Hartig, 2020) packages for R version 3.6.2 software (R Core Team, 2019). 

 

3. Results 

 

3.1. Castilla y Leon slaughterhouse movement network 

During 2010-2017, there were 933,981 movements to slaughterhouses (4,489,665 animals) 

involving a) units in Castilla y Leon as origin and/or b) abattoirs in Castilla y Leon (Table 

18), which formed the total Castilla y Leon slaughterhouse movement network. Out of these 

movements, 83.2% (n=777,031) movements (3,487,890 animals) ended up in 60 abattoirs 

located in Castilla y Leon. The remaining 156,950 (16.8%) movements (1,001,775 animals) 

were originated in Castilla y Leon and had an abattoir outside the region as destination (Table 

18). Out of the 60 abattoirs in Castilla y Leon, six abattoirs were excluded from further 

analyses as no complete information of the culled animals was available. 

Annually, the number of movements to slaughterhouse and culled animals in Castilla y Leon 

ranged between 84,601 (in 2017) and 111,161 (in 2011), and between 397,268 (in 2014) and 

475,935 (in 2012), respectively. A slight decrease in the number of movements to abattoir 
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over the study period was identified, and a similar seasonal pattern was observed for all years, 

with the highest and lowest number of movements and culled animals taking place during 

summer and winter periods, respectively (Figure 27).  

 

Table 18. Number of movements, slaughtered animals and abattoirs in Castilla y Leon (CyL) during 2010-
2017. 

Item 
Number of 
movements  

% 
Number of 
animals 

% 

Total CyL slaughterhouse movement network 933,981 100 4,489,665 100 

Destination abattoirs outside CyL  156,950 16.8 1,001,775 22.3 

Destination abattoirs within CyL (number) 777,031 83.2 
(100) 

3,487,890 77.7 
(100) 

D
E

ST
IN

A
T

IO
N

 
A

B
A

T
T

O
IR

 

Avila (10) 78,753  (10.1) 412,734 (11.8) 
Burgos (7) 50,962  (6.6) 268,483 (7.7) 
Leon (6) 95,090  (12.2) 337,830 (9.7) 
Palencia (6) 48,638  (6.3) 138,758 (4) 
Salamanca (8) 218,403 (28.1) 792,092 (22.7) 
Segovia (7) 66,154  (8.5) 517,372 (14.8) 
Soria (3) 5,644 (0.7) 13,663 (0.4) 
Valladolid (7) 124,775 (16.1) 613,764  (17.6) 
Zamora (6) 88,612  (11.4) 393,194  (11.3) 

Origin unit outside CyL 131,909 14.1 645,740 14.4 
Origin unit and destination abattoir within CyL 645,122  2,842,150  

 

 
Figure 27. Number of animals slaughtered per week in Castilla y Leon abattoirs during 2010-2017. 

 

The number of abattoirs in each province and the movements and animals received are shown 

in Table 18. Slaughterhouses in Salamanca received the largest number of movements to 
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abattoirs (28.1%, n = 218,403) followed by Valladolid (16.1%, n = 124,775), Leon (12.2%, 

n = 95,090), and Zamora (11.4%, n= 88,612) (Figure 28, Table 18). Similarly, the highest 

number of animals were slaughtered in abattoirs from Salamanca (22.7%, n= 792,092), 

Valladolid (17.6%, n = 613,764), Segovia (14.8% n = 517,372), and Zamora (11.3%, n = 

393,194), whereas the abattoirs located in the remaining 5 provinces accounted for 33.6% (n 

= 1,171,468) of the total slaughtered animals in Castilla y Leon (Figure 28, Table 18). 

 

 
Figure 28. Location and number of movements and animals received in slaughterhouses in Castilla y Leon in 
2010-2017. Figure by Cespedes, N., 2020. 
 

 
Most of the animals slaughtered in Castilla y Leon belonged to fattening herds (58.8%, n = 

2,049,822), followed by beef (26.9%, n = 939,201), dairy/mixed (7.6%, n = 264,519) and 

bullfighting (0.6%, n =22,636) herds. The remaining 178,393 animals (5.1%) came from non-

herd units, and no information was available for 33,319 cattle (1%) (Figure 29). The highest 

proportions of fattening cattle were culled in abattoirs located in Valladolid (21.1%, n = 

378,633) and Segovia (20.6%, n = 368,855), whereas animals from beef herds were mostly 

culled in Salamanca (37.7%, n = 281,197) and Zamora (19.9%, n = 148,668) (Figure 29). 

Additionally, the vast majority (63.7%, n = 14,427) of bullfighting animals were slaughtered 

in Salamanca abattoirs. 
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Figure 29. Unit types of the overall population of slaughtered animals per province. NA denotes animals with 
unknown unit type. 

 

 
Figure 30. Origin of movements and animals going to abattoirs located in Castilla y Leon. The different colored 
arrows indicate proportion of movements among all those originating outside Castilla y Leon. Color of 
provinces indicate number of animals moved to abattoirs in Castilla y Leon. Figure by Cespedes, N., 2020. 

 

Around 17% (n = 131,909/777,031) of the movements and 18.5% (n = 645,740/3,487,890) 

of the animals going to Castilla y Leon slaughterhouses were originated in units located 

outside the region (Figure 30). Caceres was the main source of both animals (18.2%, n = 

117,458/645,740) and movements (21%, n = 27,076/131,909), followed in number of 

animals -but not in movements- by Toledo (10.9%, n = 70,126), Badajoz (8.8%, n = 56,787), 

and Cantabria (7.6%, n = 48,910). Cantabria was the second province in number of 

movements (16.2%, n = 21,387), followed by Badajoz (10.6%, n = 14,006) and Madrid 
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(8.4%, n = 11,101) (Figure 30). Again, slaughterhouses in Salamanca were the major 

destinations of both movements (n = 59,602) and animals (n = 195,188), followed by 

Valladolid (n = 26,375) in number of movements and Burgos (n = 109,614) in number of 

slaughtered animals (Figure 31). 

 

 
Figure 31. Number of animals and movements to Castilla y Leon abattoirs from units located within (left) and 
outside (right) the region. Figure by Cespedes, N., 2020.  

 

As expected, there was a significant and high positive correlation between the number of 

movements and animals received in abattoirs in Castilla y Leon (rho = 0.89, p <0.001).  The 

8 abattoirs located in Salamanca had the highest in-degree (median = 3,188, IQR = 552-

5,444), followed by Segovia (median = 1,236, IQR = 65.5-1,901), Leon (median = 1,106, 

IQR = 560-1,816), Zamora (median = 370, IQR = 172-628.8), Palencia (median = 264, IQR 

= 118-674.8), Burgos (median = 262, IQR = 51-503.5), Avila (median = 180, IQR = 143-

993), Valladolid (173, IQR = 68-4,264), and Soria (median = 126, IQR = 63.5-164) (Figure 

32). However, no statistical differences between provinces were found (p = 0.416, Kruskal‐

Wallis test). 

When only movements coming from units located within Castilla y Leon were considered (n 

= 645,122, 69.1% out of the total slaughterhouse movement network), abattoirs located in 

Salamanca were still the most common destination of both movements (24.6%, n = 158,798) 

and animals (20.4%, n = 577,857) (Table 19, Figure 31). Movements to factories were 

relatively local, as abattoirs tended to cull animals coming from units located within the same 

province (p <0.001, ꭓ2 test). Overall, 50% of the movements included herds and abattoirs 

located within 31.4 km (IQR = 15.6-58.6). Still, significant (p <0.001, Kruskal‐Wallis test) 
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differences in distances of movements depending on the province of destination abattoir were 

found, with abattoirs in the province of Zamora receiving animals from units located 

significantly more distant (median = 46.2 km, IQR = 25.4-70.4) compared to slaughterhouses 

located in the remaining Castilla y Leon provinces except Valladolid (median = 45.5 km, 

IQR = 21.2-83.8, p = 0.285, Kruskal‐Wallis test with Bonferroni corrections). 

 

 

 
Figure 32. In-degree of abattoirs located in Castilla y Leon during 2010-2017. Middle bars in the boxes indicate 
median values, and the top of the boxes indicate the 75% quantiles. Whiskers denote the 95th quantiles. 

 

Table 19. Number of movements to abattoirs and slaughtered animals with origin and destination Castilla y 
Leon (CyL) during 2010-2017. 

Item 
Number of 
movements  

% 
Number of 
animals 

% 

Origin unit and destination abattoir within CyL 645,122 100 2,842,150 100 

D
E

ST
IN

A
T

IO
N

 A
B

A
T

T
O

IR
 Avila (9) 70,791 11 362,153 12.7 

Burgos (6) 39,644 6.1 152,768 5.4 
Leon (6) 89,645 13.9 303,812 10.7 
Palencia (6) 43,554 6.8 111,384 3.9 
Salamanca (7) 158,798 24.6 577,857 20.3 
Segovia (6) 54,319 8.4 433,102 15.2 
Soria (2) 4,848 0.8 10,889 0.4 
Valladolid (6) 98,394 15.3 516,118 18.2 
Zamora (6) 85,129 13.2 374,067 13.2 
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3.2. Within Castilla y Leon slaughterhouse surveillance data 

A total of 2,842,150 (81.5% out of the animals culled in the region) animals culled in Castilla 

y Leon abattoirs included a source located in the region (Tables 18 and 20). This was the 

population used to assess the efficiency of bTB passive surveillance in abattoirs in Castilla y 

Leon as no complete information on the animals originating from outside the region (645,740 

animals) was available.  

 Out of the 54 Castilla y Leon abattoirs with demographic information on the culled animals, 

19 were authorized to slaughter reactors in any ante-mortem bTB tests (authorized abattoirs). 

During the study period, 2,496,044 animals coming from Castilla y Leon herds were culled 

in these authorized abattoirs (Table 20). There was information on the results of ante-mortem 

bTB tests of 1,674,507 animals, of which 1.2% (n = 29,382) were slaughtered due to positive 

ante-mortem (SIT and/or IFN-γ test) test results. The remaining (n = 35) non-authorized 

abattoirs culled 346,106 animals during the eight-year time span (Table 20).  

 

 
Table 20. Number of animals culled in Castilla y Leon (CyL) abattoirs with source units located in the region 
during 2010-2017. On the left side of the table, cattle population slaughtered in abattoirs in Castilla y Leon is 
split into those culled in authorized (and based on their bTB ante-mortem tests results) and non-authorized 
abattoirs, while the right side shows the two subsets of animals based on the results and availability of bTB 
ante-mortem tests. Number of abattoirs where each subpopulation was slaughtered is denoted in brackets. 

 
 Number of 

animals %  Number of 
animals % 

 Origin unit and destination 
abattoir within CyL 2,842,150  Origin unit and destination 

abattoir within CyL 2,842,150 100 

bT
B

 a
nt

e-
m

or
te

m
 

te
st

s r
es

ul
ts

 

Authorized abattoirs (19) 2,496,044 100    

Positive 29,382 1.2 Positive (19) 29,382 1 

Negative 1,645,125 65.9 

Negative/no information 
available (54) 

  

No information 821,537 32.9 2,812,768 99 

 Non-authorized abattoirs (35) 346,106     

 

At this point, the study population (cattle slaughtered in abattoirs in Castilla y Leon) was split 

into two subsets, namely those positive to the ante-mortem tests (and culled in authorized 

abattoirs, n = 29,382), and those either negative or with no information on the ante-mortem 

tests (n = 2,812,768) culled in either authorized or non-authorized abattoirs (Table 20). 
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Median age of culled animals was 1.2 years (IQR = 1-1.4) (Figure 33), with culled animals 

due to positive results to the ante-mortem tests being significantly older (median = 4.9, IQR 

= 2.4-8.8) than those slaughtered for reasons other than bTB (median = 1.2, IQR = 1-1.4) (p 

<0.001, Mann-Whitney test). Overall, a moderate positive correlation (rho = 0.36, p <0.05) 

between age and number of slaughtered animals per abattoir was observed. Four abattoirs 

that culled animals with an overall median age higher than 2 years, slaughtered between 0.9% 

and 4.3% of the total number of animals culled (compared to the overall median of 0.5%, 

IQR = 0.2-2.2).  

 

 

 
Figure 33. Annual and cumulative (total) median age of animals culled in the 54 Castilla y Leon abattoirs.  

 

The characteristics of the animals included in the analyses are shown in Tables 21 and 22. 

Fattening was the main unit type of origin among the culled animals in Castilla y Leon 

abattoirs (63.1%, n = 1,794,079, Table 21). However, among bTB reactors the predominant 

unit type was beef (78.5%, n = 23,055/29,382). This could be partly due to the high 

proportion of fattening animals for which no ante-mortem information was available (53.3%, 

n = 956,985). Salamanca was the province that accounted for the largest proportion of 

animals in both the bTB-reactor (39.6%, n = 11,621/29,382) and negative/no information 

available (30.3%, n = 852,168) subpopulations (Table 21). This was not unexpected since it 
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is the province home to the largest cattle population within Castilla y Leon. Crossbreed was 

the predominant breed in both the positive (54.3%, n = 15,961) and negative/not available 

results (67.4%, n = 1,896,364) subpopulations, followed by a miscellaneous breed category 

(others = 31.8% and 19.6%, respectively) and Holstein Friesian cattle (10.3% and 11.3%, 

respectively) (Table 21). Out of the animal subpopulation with ante-mortem tests results prior 

to slaughter (n = 1,674,507), there were 12,826 reactors to the SIT, 17,551 animals positive 

to the IFN-γ assay and 995 positive to both. No information on any ante-mortem tests results 

were available for 1,167,643 animals.  

A total of 5,538 animals with bTB-like lesions were detected in 28 abattoirs throughout the 

study period, of which 98.7% (n = 5,468) were detected in 19 authorized abattoirs. The 

remaining 70 lesioned animals were detected in 9 non-authorized abattoirs. These nine 

abattoirs that reported bTB-like lesions did not submit any lesion to perform bacteriological 

culture. A median of 619 (IQR = 568-740) suspect lesions were detected per year, with 2010 

and 2011 accounting for 37.4% of the total over the study period. Globally, a significant 

strong positive correlation (rho = 0.85, p <0.001) between the number of slaughtered and 

lesioned animals in an abattoir was observed. The majority (85%, n = 4,710/5,538) of the 

lesioned animals were bTB reactors (16% of all bTB reactors culled during the study period) 

and originated from 4,359 herds/units. Most of them were beef cattle (n =3,873), came from 

herds in Salamanca (n = 2,270), and were crossbreed (n = 2,486) (Table 21). Lesioned bTB 

reactors were positive to SIT (61.6%, n = 2,902) and IFN-γ (49.3%, n = 2,321) tests in similar 

proportions (Tables 21 and 22).  

Out of the subpopulation of the negative/no-information animals to ante-mortem tests, 828 

(0.03%) animals coming from 415 units had visible lesions detected at the slaughterhouse 

(Tables 21 and 22).  

Out of the 5,538 animals with bTB-like lesions, 5,430 (98%) were subjected to bacteriology, 

and 5,316 (97.9% of the submitted lesions) yielded M. bovis positive cultures. The remaining 

114 samples were either negative (1.5%, n = 82/5,430) or a different mycobacterial species 

was recovered (0.6%, n = 32/5,430). When stratifying the laboratory confirmation results by 

subpopulation, a higher proportion of confirmed lesions was observed in the case of bTB 

reactors (98.9%, 4,658/4,710) compared with the negative/no-information subpopulation 

(91.4%, 658/720) (Table 22). 



 

 
 

 

    Total number of 
culled animals 

Positive animals to ante-mortem tests  Negative to ante-mortem tests/no information available 
    n = 29,382 n = 2,812,768 
    Total % Total % Lesioned % Non-lesioned % Total % Lesioned % Non-lesioned % 
    2,842,150 100 29,382 100 4,710 100 24,672 100 2,812,768 100 828 100 2,811,940 100 

U
ni

t t
yp

e 

Beef 746,027 26.2 23,055 78.5 3,873 82.2 19,182 77.7 722,972 25.7 557 67.3 722,415 25.7 
Fattening 1,794,079 63.1 310 1 11 0.2 299 1.2 1,793,769 63.8 34 4.1 1,793,735 63.8 
Dairy/mixed 176,536 6.2 3,366 11.5 166 3.5 3,200 13 173,170 6.2 169 20.4 173,001 6.1 
Bullfighting 22,636 0.8 950 3.2 336 7.1 614 2.5 21686 0.8 23 2.8 21,663 0.8 
Others 102,872 3.6 1,701 5.8 324 6.9 1,377 5.6 101,171 3.6 45 5.4 101,126 3.6 

O
ri

gi
n 

pr
ov

in
ce

 

Avila 401,740 14.1 4,718 16.1 1,207 25.6 3,511 14.2 397,022 14.1 204 24.6 396,818 14.1 
Burgos 105,130 3.7 1,969 6.7 193 4.1 1,776 7.2 103,161 3.7 64 7.7 103,097 3.7 
Leon 308,463 10.9 3,063 10.4 314 6.7 2,749 11.1 305,400 10.9 81 9.8 305,319 10.9 
Palencia 118,480 4.2 1,500 5.1 189 4 1,311 5.3 116,980 4.2 37 4.5 116,943 4.2 
Salamanca 863,789 30.4 11,621 39.6 2,270 48.2 9,351 37.9 852,168 30.3 251 30.3 851,917 30.3 
Segovia 504,413 17.7 2,127 7.2 152 3.2 1,975 8 502,286 17.8 61 7.4 502,225 17.9 
Soria 21,920 0.8 884 3 104 2.2 780 3.2 21,036 0.7 11 1.3 21,025 0.7 
Valladolid 277,621 9.8 1,279 4.3 51 1.1 1,228 5 276,342 9.8 63 7.6 276,279 9.8 
Zamora 240,594 8.5 2,221 7.6 230 4.9 1,991 8.1 238,373 8.5 56 6.8 238,317 8.5 

B
re

ed
 

Crossbreed 1,912,325 67.3 15,961 54.3 2,486 52.8 13,475 54.6 1,896,364 67.4 379 45.8 1,895,985 67.4 
Holstein Friesian 320,244 11.3 3,023 10.3 92 2 2,931 11.9 317,221 11.3 159 19.2 317,062 11.3 
Bullfighting 48,913 1.7 1,059 3.6 425 9 634 2.6 47,854 1.7 42 5.1 47,812 1.7 
Others 560,668 19.7 9,339 31.8 1,707 36.2 7,632 30.9 551,329 19.6 248 29.9 551,081 19.6 

SI
T

 Negative 1,193,630 42.0 16,539 56.3 1,807 38.4 14,732 59.7 1,177,091 41.8 430 51.9 1,176,661 41.8 
Positive 12,826 0.5 12,826 43.7 2,902 61.6 9,924 40.2 0 0 0 0 0 0 
No information 1,635,694 57.6 17 0 1 0 16 0.1 1,635,677 58.2 398 48.1 1,635,279 58.2 

IF
N

-γ
 Negative 1,115,923 39.3 8,425 28.7 1,755 37.3 6,670 27 1,107,498 39.4 659 79.6 1,106,839 39.4 

Positive 17,551 0.6 17,551 59.7 2,321 49.3 15,230 61.7 0 0 0 0 0 0 
No information 1,708,676 60.1 3,406 11.6 634 13.5 2,772 11.2 1,705,270 60.6 169 20.4 1,705,101 60.6 

 

Table 21. Animal and herd level characteristics of the cattle slaughtered and bTB lesioned/non-lesioned animals detected in Castilla y Leon abattoirs during 
2010-2017. 

 



 

 
 

 

    Positive to ante-mortem tests  Negative to ante-mortem tests/no information available  
    n = 29,382 n = 2,812,768 
    Lesioned Confirmed % Unconfirmed % Lesioned Confirmed % Unconfirmed % 
    4,710 4,658 100 52 100 828 658 100 62 100 

U
ni

t t
yp

e 

Beef 3,873 3,830 82.2 43 82.7 557 442 67.2 33 53.2 
Fattening 11 11 0.2 0 0 34 21 3.2 3 4.8 
Dairy/mixed 166 165 3.5 1 1.9 169 139 21.1 23 37.1 
Bullfighting 336 334 7.2 2 3.8 23 18 2.7 1 1.6 
Others 324 318 6.8 6 11.5 45 38 5.8 2 3.2 

O
ri

gi
n 

pr
ov

in
ce

 

Avila 1,207 1,196 25.7 11 21.2 204 162 24.6 13 21 
Burgos 193 188 4 5 9.6 64 56 8.5 4 6.5 
Leon 314 310 6.7 4 7.7 81 74 11.2 4 6.5 
Palencia 189 188 4 1 1.9 37 27 4.1 8 12.9 
Salamanca 2,270 2,252 48.3 18 34.6 251 184 28.0 23 37.1 
Segovia 152 151 3.2 1 1.9 61 43 6.5 0 0 
Soria 104 99 2.1 5 9.6 11 9 1.4 0 0 
Valladolid 51 50 1.1 1 1.9 63 58 8.8 2 3.2 
Zamora 230 224 4.8 6 11.5 56 45 6.8 8 12.9 

B
re

ed
 

Crossbreed 2,486 2,449 52.6 37 71.2 379 293 44.5 27 43.5 
Holstein Friesian 92 91 2 1 1.9 159 128 19.5 24 38.7 
Bullfighting 425 424 9.1 1 1.9 42 36 5.5 0 0 
Others 1,707 1,694 36.4 13 25 248 201 30.5 11 17.7 

SI
T

 Negative 1,807 1,778 38.2 29 55.8 430 408 62.0 22 35.5 
Positive 2,902 2,879 61.8 23 44.2 0 0 0 0 0 
No information 1 1 0 0 0 398 250 38.0 40 64.5 

IF
N

-γ
 Negative 1,755 1,743 37.4 12 23.1 659 564 85.7 59 95.2 

Positive 2,321 2,289 49.1 32 61.5 0 0 0 0 0 
No information 634 626 13.4 8 15.4 169 94 14.3 3 4.8 

 

Table 22. Animal and herd level characteristics of the lesioned and laboratory confirmed/unconfirmed animals detected in 
Castilla y Leon abattoirs during 2010-2017.  
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3.3. Detection and confirmation risks 

Throughout the 8-year period, the overall rate of detection among the positive animals to the 

ante-mortem tests was 1,603 per 10,000 animals, with a large heterogeneity between abattoirs 

(median = 1,358 per 10,000 animals, range 515-3,142). Among non-reactor/no-data animals, 

the overall rate of detection decreased to 2.9 per 10,000 animals and varied between abattoirs 

(median = 0.37 per 10,000 animals, range 0-17.9). A large heterogeneity in the crude 

detection rates between authorized and non-authorized abattoirs was also observed, with 

median rates of 14.3 (IQR = 10.5-34.4) per 10,000 animals and 0 (IQR = 0-0.2) per 10,000 

animals, respectively. No significant differences on detection rates were found between 

authorized or non-authorized abattoirs depending on the province of the abattoir (p = 0.235 

and p = 0.236, respectively, Kruskal-Wallis test). Additionally, in the authorized abattoirs, 

detection rates were significantly higher in the subpopulation of bTB reactors (median = 12.4 

per 10,000 animals, IQR = 8.5-25.6) than among non-reactors animals (median = 2.4 per 

10,000 animals, IQR = 1.5-4.4, p <0.001, Mann-Whitney test). 

The likelihood ratio tests indicated that the models including the random effects for both unit 

and abattoirs were considerably better than models including only the unit (p <0.001), and 

are the ones described below. In the univariable analyses, the variables unit type, breed, age, 

and season of slaughter were potentially associated with the probability of lesion detection 

and laboratory confirmation in the reactor subpopulation (Tables 23 and 24). In contrast, for 

the negative/non-information subpopulation, season of slaughter and age were not associated 

with the risk of detection and confirmation, respectively (p >0.2, Tables 23 and 24). The 

inclusion of the variables unit type and breed, both highly homogenous for animals coming 

from the same herd, along with the herd-level random effect, led to unstable models with 

very large errors due to the redundancy in their information. Therefore, final models 

considered only age and slaughter season in the reactor animals. Results of the multivariable 

models are shown in Tables 23 and 24. The risk of lesion detection increased with the age in 

both the bTB reactor and negative/no information subpopulations. In the former, animals of 

12-24 months (OR = 1.31, 95% CI 1.1-1.6) and older than 2 years had higher odds (OR = 

1.81, 95% CI 1.6-2.1) compared with animals ≤1 year. In the negative/no-information 

subpopulation a much higher risk was observed in animals older than 2 years (OR>2 = 10.9, 

95% CI 8.3-14.4), but no significant differences between 12-24 month animals and those less 

than one year old were detected (p = 0.069) (Table 23).  
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Table 23. Results from univariable and multivariable logistic regression models using the detection of bTB-
like lesions (yes/no) as the outcome variable for the positive and negative/no-information subpopulations. 

Positive animals to ante-mortem testsa  

Variable Exposure level 
Culled 
animals 

Lesioned 
animals 

Adjusted OR 
for detection 
(95% CI) 

P- 
valueb 

P-
valuec 

Adjusted 
OR for 
detection 
(95% CI) 

P-
valueb 

P-
valuec 

        Univariable Multivariable 

U
ni

t t
yp

e 

Beef 23,055 3,873 NAd  - <0.001 
  

  
  

Fattening 310 11 0.24 (0.1-0.5) <0.001     
Dairy/mixed 3,366 166 0.32 (0.2-0.4) <0.001         
Bullfighting 950 336 2.12 (1.4-3.1) <0.001         
Others 1,701 324 1.18 (0.9-1.5) 0.162         

B
re

ed
 Crossbreed 15,961 2,486 3.71 (2.7-5.1) <0.001         

Holstein Freisian 3,023 92 NA  - <0.001       
Bullfighting 1,059 425 9.87 (6.4-15.1) <0.001         
Others 9,339 1,707 4.81 (3.5-6.6) <0.001         

A
ge

 
ye

ar
s ≤1 2,984 336 NA  - <0.001 NA  - <0.001 

1-2 3,394 445 1.33 (1.1-1.6) 0.001   1.31 (1.1-1.6) 0.002   
>2 23,004 3,929 1.83 (1.6-2.1) <0.001   1.81 (1.6-2.1) <0.001   

Se
as

on
 January-March 6,330 813 0.82 (0.7-0.9) 0.001   0.82 (0.7-0.9) 0.001   

April-June 9,230 1,496 1.18 (1.1-1.3) 0.002   1.16 (1.1-1.3) 0.004   
July-September  6,387 1,168 1.25 (1.1-1.4) <0.001   1.24 (1.1-1.4) <0.001   
October-December 7,435 1,233 NA  - <0.001 NA   - <0.001 

Negative to ante-mortem tests/no informatione  

Variable Exposure level 
Culled 
animals 

Lesioned 
animals 

Adjusted OR 
for detection 
(95% CI) 

P-
value 

P-
value 

Adjusted 
OR for 

detection 
(95% CI) 

P-
value 

P-
value 

        Univariable  Multivariable 

U
ni

t t
yp

e 
   

Beef 722,972 557 NA  - <0.001       
Fattening 1,793,769 34 0.05 (0-<0.1) <0.001         
Dairy/mixed 173,170 169 0.61 (0.4-0.9) 0.019         
Bullfighting 21,686 23 1.38 (0.6-2.9) 0.411         
Others 101,171 45 0.79 (0.4-1.4) 0.402         

B
re

ed
 

   

Crossbreed 1,896,364 379 0.91 (0.6-1.3) 0.631         
Holstein Freisian 317,221 159 NA  - <0.001       
Bullfighting 47,854 42 1.91 (1-3.6) 0.047     

    
Others 551,329 248 1.62 (1.1-2.4) 0.018     

A
ge

 
ye

ar
s  

≤1 836,395 67 NA  - <0.001       
1-2 1,511,777 72 0.72 (0.5-1) 0.069         
>2 464,596 689 10.95 (8.3-14.4) <0.001         

Se
as

on
 

   

January-March 642,048 180 0.97 (0.8-1.2) 0.831        
April-June 701,145 223 1.12 (0.9-1.4) 0.291         
July-September  762,569 245 1.35 (1.1-1.7) 0.006         
October-December 707,006 180 NA  - 0.514       

a Generalized linear multivariable mixed model results with 29,382 observations and random intercept terms for 19 abattoirs 
and 4,359 units 
b Wald test 
c Likelihood ratio test 
d Reference category 
e Generalized linear multivariable mixed model results with 2,812,768 observations and random intercept terms for 54 
abattoirs and 21,028 units 
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Table 24. Results from univariable and multivariable logistic regression models using the laboratory 
confirmation of bTB-like lesions (yes/no) as the outcome variable for the positive and negative/no-information 
subpopulations. 

Positive animals to ante-mortem testsa  

Variable Exposure level Confirmed 
animals 

% of bTB-
confirmed 
lesioned 
animalsb 

Adjusted OR 
for 
confirmation 
(95% CI) 

P-
valuec 

P-
valued 

Adjusted OR 
for 
confirmation 
(95% CI) 

P-
valuec 

P-
valued 

        Univariable     Multivariable     

U
ni

t t
yp

e 
   

Beef 
3,841e 98.9 NA 

 - 
0.093 

  
  

  
Fattening     
Dairy/mixed 165  99.4 1.69 (0.2-13.8) 0.624         
Bullfighting 334  99.4 1.66 (0.3-8.8) 0.549         
Others 318  98.1 0.51 (0.2-1.4) 0.19         

B
re

ed
 

   

Crossbreed 2,449  98.5 0.74 (0.1-5.9) 0.78         
Holstein Freisian 91  98.9 NA  - 0.011       
Bullfighting 424  99.8 3.96 (0.2-73.8) 0.356         
Others 1,694  99.2 1.51 (0.2-12.7) 0.706         

A
ge

 
ye

ar
s 

 

≤1 326  97 NA  - 0.007 NA  - 0.009 
1-2 442  99.3 4.81 (1.2-18.6) 0.023   4.71 (1.2-18.4) 0.026   
>2 3,890  99 3.08 (1.4-6.6) 0.004   3.02 (1.4-6.5) 0.005   

Se
as

on
 

   

January-March 797  98 0.57 (0.3-1.3) 0.059   0.58 (0.3-1.3) 0.197   
April-June 1,482  99.1 1.12 (0.5-2.5) 0.713   1.1 (0.5-2.4) 0.878   
July-September  1,158  99.1 NA  -    1.3 (0.5-3.2) 0.567   
October-December 1,221  99 1.31 (0.5-3.2) 0.551 0.201 NA   - 0.239 

Negative to ante-mortem tests/no informationf  

Variable Exposure level Confirmed 
animals 

% of bTB-
confirmed 
lesioned 
animalsb 

Adjusted OR 
for 
confirmation 
(95% CI) 

P-
value 

P- 
value 

Adjusted OR 
for 
confirmation 
(95% CI) 

P-
value 

P- 
value     

    

    Univariable   Multivariable 

U
ni

t t
yp

e 
   

Beef 442 79.3 NA  - 0.006       
Fattening 21 61.8 0.53 (0.1-3) 0.473         
Dairy/mixed 139 82.2 0.37 (0.1-1) 0.049         
Bullfighting 18 78.3 1.42 (0.1-18.2) 0.785         
Others 38 84.5 1.68 (0.2-11.9) 0.603         

B
re

ed
 

   

Crossbreed 293 91.6 2.39 (0.9-6.5) 0.088         
Holstein Freisian 128 84.2 NA  - <0.001       
Bullfighting 

237 g 95.6 5.81 (1.7-19.6) 0.004 
    

    
Others     

A
ge

 
ye

ar
s 

 

≤1 54 80.6 NA  - 0.257       
1-2 58 80.6 0.47 (0.1-2.7) 0.402         
>2 546 79.2 0.66 (0.2-2.8) 0.574         

Se
as

on
 

   

January-March 131 72.8 0.15 (0.0-0.6) 0.004        
April-June 187 83.9 0.77 (0.2-2.8) 0.691         
July-September  191 78 0.34 (0.1-1.1) 0.071       
October-December 149 82.8 NA  - <0.001     

a Generalized linear multivariable mixed model results with 4,710 observations and random intercept terms for 19 abattoirs 
and 1,323 units 
b Proportion of laboratory confirmed animals over the number of lesioned animals subjected to bacteriological culture  
c Wald test 
d Likelihood ratio test 
e “Fattening” and “beef” were merged as no fattening animal was unconfirmed 
f Generalized linear multivariable mixed model results with 720 observations and random intercept terms for 19 abattoirs 
and 355 units 

g “Bullfighting” and “others” were merged as no bullfighting animal was unconfirmed 
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The odds of lesion detection were higher among reactor animals slaughtered in July to 

September (1.24, 95% CI 1.1-1.4) and April to June (1.16, 95% CI 1.1-1.3) compared with 

animals culled in October to December, whereas the probability of bTB-like lesion detection 

was the same among the negative/no-data subpopulation irrespective of the season of 

slaughter (p = 0.514, Table 23). The overall median predicted probability of lesion detection 

in the positive to ante-mortem subpopulation was 0.09 (IQR = 0.06-0.21, max. = 0.84), and 

was highest in animals older than 2 years and culled in July to September (Figure 34). Much 

lower predicted values were obtained in negative/no-information animals (median = <0.001, 

IQR = <0.001-<0.001, max. 0.63). 

 

 

 

Figure 34. Predicted probabilities of lesion detection per age (upper left), season of slaughter (upper right), and 
combined (bottom) for the positive to the ante-mortem tests subpopulation. Middle bars in the boxes indicate 
median values, and the top of the boxes indicate the 75% quantiles. Whiskers denote the 95th quantiles and dots 
represent outliers. 
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When considering the probability of laboratory confirmation in samples collected from the 

bTB reactor subpopulation, age was again significantly associated with the risk of being 

confirmed; culled animals between 1 and 2 years and animals older than 2 years were at 

higher (OR1-2 = 4.71 95% CI 1.2-18.4; OR>2 = 3.02 95% CI 1.4-6.5, respectively) risk of 

being bTB-confirmed than animals ≤1 year  (Table 24). Only season of slaughter was 

significant when the analysis was performed in the negative-no information subpopulation. 

Median predicted probabilities of laboratory confirmation for the positive and negative/no-

information animal subpopulations were 0.99 and 0.96, respectively. 

Normality of the residuals was checked with quantile-quantile (qq) plots and the KS statistic 

(Figure 35). No deviations from the expected distributions were observed for the detection 

and laboratory confirmation risks models in the positive to the ante-mortem tests 

subpopulation (KS test, p >0.005, Figure 35). 

 

 
 

Figure 35. Kolmogorov-Smirnov test and the quantile-quantile plots of the modelled and measured errors in 
the detection (A) and confirmation (B) risks for the positive to the ante-mortem tests subpopulation. 

 

The estimated abattoir random effects in the models estimating the probability of lesion 

detection in the reactor and negative/no-information subpopulations are shown in Figure 36, 

with several slaughterhouses having a higher risk of detection for both subpopulations of 

animals. Out of the ten abattoirs with higher risk of detection identified in both models, four 

were located in Salamanca, representing 4 out of the 5 Salamanca abattoirs where reactor 

animals were culled, and 4/7 abattoirs located in the region in the case of the negative/no-

data subpopulation. However, no statistical differences in the risk of lesion detection between 
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provinces were found (p >0.05, Kruskal-Wallis test). Additionally, no significant correlation 

(p = 0.5) was identified between the risk of lesion detection and the number of slaughtered 

animals in each abattoir for both reactor and negative/no-information subpopulations.  

 

 
Figure 36. Plots of the estimated random effects extracted from the models of risk of lesion detection for 
factories in the bTB reactors and negative/no-information to the ante-mortem tests subpopulations. The blue 
dots denote the conditional modes and horizontal lines are the error bars. 

 

To assess the possible effect of certain herd-level characteristics that could not be formally 

included in the models, the estimates of the unit random effects across different types of units 

and breed were compared. When considering the models for the risk of lesion detection in 

the bTB reactor subpopulation, the unit random effect estimates were significantly higher in 

bullfighting (median = 0.1, IQR = -0.3-1.5) than in beef (median = -0.2, IQR = -0.4-0.1), 

dairy/mixed (median = -0.2, IQR = -0.5--0.1) and others (median = -0.2, IQR = -0.4-0.3) unit 

types (p <0.05, Kruskal‐Wallis test with Bonferroni corrections), and also higher in units in 

which bullfighting (median = 0.4, IQR = -0.2-1.6) was the predominant breed compared to 

crossbreed (median = -0.2, IQR = -0.3-0.1) others (median = -0.2, IQR = -0.3-<-0.01), and  

Holstein Friesian (median = -0.3, IQR = -0.5--0.1) units (p <0.001, Kruskal‐Wallis test with 

Bonferroni corrections, Figures 37a and 37b). A similar trend was observed when the 

estimates from the model for the risk of laboratory confirmation was assessed, although 

differences were less evident (Figures 37c and 37d).  
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Figure 37. Random effect estimates of lesion detection (A and B) and laboratory confirmation (C and D) per 
unit type (A, C) and breed (B, D) for the positive to ante-mortem tests subpopulation. Middle bars in the boxes 
indicate median values, and the top of the boxes indicate the 75% quantiles. Dots represent outliers. 

 

In the case of the negative/no-information subpopulation, significant (p <0.001, Kruskal‐

Wallis test with Bonferroni corrections) differences in unit-random effects estimates in the 

models for lesion detection were also observed depending on the unit type/predominant breed 

of the unit (Figures 38a and 38b), while no differences were observed in the model for 

laboratory confirmation (p >0.05, Kruskal‐Wallis test, Figures 38c and 38d). 



CHAPTER 3 

164 
 

 

 
Figure 38. Random effect estimates of lesion detection (A and B) and laboratory confirmation (C and D) per 
unit type (A, C) and breed (B, D) for the negative/no-information to ante-mortem tests subpopulation. Middle 
bars in the boxes indicate median values, and the top of the boxes indicate the 75% quantiles. Dots represent 
outliers. 

 

The factory detection and confirmation rates adjusted by the covariates included in the model 

for bTB reactors ranged from 603 to 3,070 per 10,000 animals (median = 1,367 per 10,000 

animals, IQR = 1,058-1,843) and from 97.3 to 99.3 over 100 lesioned animals (median = 

98.9 per 100 animals, IQR = 98.3-99.1), respectively (Table 25). There was a very high 

positive correlation (rho = 0.99, p <0.001) between the crude and adjusted detection risks per 
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abattoir, suggesting that the adjustment for the effects of the confounding variables had little 

effect on the ranking of the slaughterhouses according to their detection risk. A moderate 

correlation (rho = 0.69, p <0.001) was seen in the crude and adjusted rates of laboratory 

confirmation (Table 25).  

In the negative/no-data subpopulation, the adjusted factory detection rates ranged between 

0.2 and 16.1 per 10,000 animals, and a median of 0.85 per 10,000 animals (IQR = 0.5-2.2, 

Table 26). The rate of laboratory confirmation in 19 factories that detected (and submitted) 

bTB lesions among negative/no-data animals varied from 82.58 and 96.88 per 100 animals 

(median 92.5 per 100 animals, Table 26). There was a very high positive correlation between 

the crude and adjusted detection (rho = 0.98, p <0.001) and laboratory confirmation (rho = 

0.95, p <0.001) rates per abattoir in the subpopulation of negative/no-information animals, 

which again indicated that the confounding factors included in the models did not affect the 

ranking of the slaughterhouses according to their detection and confirmation risks in the 

negative/no-data subpopulation (Table 26). 

 
Table 25. Number of culled and lesioned animal, crude and adjusted detection and laboratory confirmation 
rates per abattoir, and their rankings from lowest to highest rates for the positive to the ante-mortem tests 
subpopulation.  

Abattoir Culled 
animals 

Crude detection Adjusted detection Lesioned 
animalsa 

Crude confirmation Adjusted confirmation 
Rate (per 
10,000) Rank Rate (per 

10,000) Rank Rate (per 
100) Rank Rate (per 

100) Rank 

1 744 2,231.2 18 2,183.4 18 166 98.19 6 98.24 4 
2 253 1,620.6 12 1,561.8 12 41 97.56 4 98.46 7 
8 1,465 1,030.7 5 1,046.0 5 151 96.69 2 98.2 3 
12 281 640.6 2 736.5 2 18 100 17 98.89 10 
13 1,859 1,065.1 6 1,070.8 6 198 98.99 10 99.03 13 
17 1,577 1,097.0 7 1,105.1 7 173 98.84 8 98.84 8 
22 2,252 2,167.0 17 2,157.2 17 488 99.18 12 99.03 12 
23 541 3,142.3 19 3,069.9 19 170 99.41 14 99.07 16 
24 1,289 1,357.6 10 1,366.6 10 175 97.14 3 98.27 5 
25 4,279 1,916.3 15 1,910.1 15 820 99.15 11 99.06 15 
27 793 1,790.7 14 1,775.6 14 142 99.3 13 98.88 9 
29 1,071 859.0 4 883.2 4 92 98.91 9 98.96 11 
30 485 515.5 1 603 1 25 92 1 97.28 1 
33 2,034 1,297.9 8 1,296.1 8 264 99.62 16 99.12 17 
34 1,094 1,316.3 9 1,331.6 9 144 100 18 99.17 18 
36 382 1,780.1 13 1,762.1 13 68 98.53 7 99.05 14 
38 4,343 1,376.9 11 1,378.0 11 598 98.16 5 98.36 6 
40 64 781.3 3 882.8 3 5 100 19 97.53 2 
46 4,576 2,124.1 16 2,119.8 16 972 99.49 15 99.26 19 
Median 1,357.6  1,367   98.89  98.89  
a Number of lesioned animals subjected to bacteriological culture 
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Table 26. Number of culled and lesioned animals, crude and adjusted detection and laboratory confirmation 
rates per factory, and their rankings from lowest to highest rates for the negative/no-information subpopulation.  

Abattoir Culled 
animals 

Crude detection Adjusted detection Lesioned 
animalsa 

Crude confirmation Adjusted confirmation 
Rate (per 
10,000) Rank Rate (per 

10,000) Rank Rate (per 
100) Rank Rate (per 

100) Rank 

1 202,580 0.94 34 0.98 30 19 100 15 96.64 18 
2 32,362 2.47 43 2.40 43 8 87.5 5 91.02 8 
3 20,819 0.00 18 0.18 1           
4 31,849 0 25 0.39 11           
5 664 0 13 0.33 9           
6 5,156 0 16 0.49 16           
7 61,858 0.48 30 0.69 21           
8 120,688 1.99 39 1.98 40 24 95.83 14 92.5 10 
9 4,780 0 17 0.62 20           
10 6,471 1.55 36 0.78 24           
11 13,875 0.72 31 1.63 37           
12 66,596 1.05 35 1.01 31 7 100 19 94.94 15 
13 185,913 2.31 41 2.28 41 43 93.02 11 92.86 11 
14 24,802 0 22 0.8 25           
15 12,602 0.79 32 0.7 22           
16 11,729 0.85 33 1.58 35           
17 70,106 4.28 47 4.12 47 30 93.33 12 93.33 12 
18 68 0 6 2.84 45           
19 20,953 0.48 29 0.85 27           
20 3,398 2.94 45 1.18 33           
21 14,425 0 11 0.47 15           
22 80,346 7.09 50 6.97 50 48 87.5 3 90.21 7 
23 38,015 4.47 48 4.38 48 14 92.86 10 94.93 14 
24 148,419 1.55 37 1.55 34 22 81.82 2 85.91 2 
25 166,677 4.56 49 4.5 49 64 87.5 4 88.96 5 
26 11,228 0 10 0.18 2           
27 296,837 0.47 28 0.51 17 13 76.92 1 82.58 1 
28 3,384 0 7 0.26 3           
29 60,713 7.91 51 7.7 51 48 100 18 96.88 19 
30 25,208 2.38 42 2.37 42 6 100 17 96.44 16 
31 6,648 0 19 0.82 26           
32 4,241 0 1 0.36 10           
33 312,330 2.5 44 2.49 44 78 88.46 8 87.74 4 
34 167,546 1.55 38 1.58 36 26 88.46 7 91.23 9 
35 2,444 0 14 0.27 4           
36 24,777 13.72 53 13.63 53 33 87.87 6 87.58 3 
37 4,973 0 23 0.46 14           
38 312,447 3.17 46 3.14 46 99 88.89 9 89.71 6 
39 11,862 0 8 0.62 19           
40 38,256 0.26 27 0.39 12 1 100 16 96.6 17 
41 1,618 0 12 1.86 39           
42 4,694 2.13 40 0.85 28           
43 5,046 0 4 0.52 18           
44 6,713 0 15 0.88 29           
45 192 0 5 0.32 8           
46 116,846 12.67 52 12.63 52 137 95.62 13 94.37 13 
47 3,553 0 20 0.44 13           
48 135 0 9 0.31 6           
49 4,250 0 26 0.31 7           
50 795 0 2 1.71 38           
51 33,383 17.97 54 16.1 54           
52 6,039 0 3 0.71 23           
53 538 0 21 1.04 32           
54 921 0 24 0.3 5           
Median 0.37  0.85   92.86  92.5  

a Number of lesioned animals subjected to bacteriological culture 
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4. Summary 

 

Passive surveillance of cattle through post-mortem examination at the slaughterhouse is an 

extremely valuable tool for detecting bTB infected herds, which can supplement active 

surveillance activities. The aim of this study was to characterize the cattle population 

slaughtered in abattoirs in Castilla y Leon, and to determine the relative efficiency of these 

abattoirs in detecting bTB and subsequently confirming the disease through laboratory tests 

between 2010 and 2017. To achieve this, animal and herd level data on demographics and 

movements to slaughterhouse, together with ante-mortem and post-mortem results were 

analyzed. The slaughtered animal population was split into positive and negative/no-

information animals based on the results in the ante-mortem tests. Two generalized linear 

multivariable mixed models were fitted to calculate the risk of lesion detection and laboratory 

confirmation per abattoir in each animal subpopulation, while accounting for the effect of 

potential confounding variables. 

Throughout the 8-year period, there were ~30,000 reactor and >2.8 million animals 

negative/with no-information culled in 54 Castilla y Leon abattoirs. Bovine TB compatible 

lesions were detected in 4,710 and 828 positive and negative/no-information animals, 

respectively, of which 4,658 and 658 animals were confirmed as infected through 

bacteriology. While the overall median predicted probabilities of lesion detection were 0.09 

in the positive to ante-mortem test-subpopulation and <0.001 among the negative/no-data 

animals, the probabilities of laboratory confirmation for both subpopulations were >0.96. 

The adjusted factory detection and confirmation rates ranged from 603 to 3,070 per 10,000 

animals and between 97.3 and 99.3 per 100 animals for the reactor subpopulation, 

respectively. In contrast, lower values were obtained in the negative/no-information animals, 

with median values for the adjusted detection and confirmation rates of <1 per 10,000 animals 

(range 0.2-16.1 per 10,000 animals) and 92.5 per 100 animals, respectively. There was a 

higher probability of detecting lesions in reactor animals older than 2 years and culled during 

summer, whereas the effect of age was not identified among the negative/no-information 

subpopulation. The factory adjusted rates of detection and laboratory confirmation were 

highly correlated with the crude rates, suggesting that animal and herd level characteristics 

did not contribute to the variability in abattoir-related detection and confirmation risks, 

especially among the reactors subpopulation. A substantial variability in lesion detection was 

observed between abattoirs within the positive subpopulation, indicating that the practices 
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applied in detecting bTB-like lesions were not uniform. Variation was less evident among 

abattoirs where negative/no-data animals were culled. 

Results obtained here may help to identify animals at increased risk of having a bTB-like 

lesion at slaughter based on animal- and farm-related factors, and the ability of the overall 

network of Castilla y Leon abattoirs to detect them.
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Use of whole genome sequencing to investigate variability in a prevalent 

M. bovis spoligotype shared by cattle and wildlife in Spain 

 
1. Introduction 

 

Although bTB prevalence in cattle in Spain has decreased consistently in the last three 

decades, the complete eradication of the disease remains elusive. In addition to the factors 

associated with bTB persistence impairing disease control that have been tackled in previous 

chapters (that mostly refer to cattle), the relative importance of potential wildlife reservoirs 

of bTB has received considerable attention lately. The ranges of livestock and wildlife 

species sometime overlap (particularly for extensively managed livestock, due to the use of 

shared pastures and/or watering points), what can lead to potential interspecies contacts that 

could therefore lead to transmission. Additionally, M. bovis may persist in the environment 

either in terms of dead infected animals or in the soil, thus offering additional sources of 

infection. 

The relevance of the role of wildlife reservoirs in bTB transmission in specific Mediterranean 

habitats in which they are present at high densities is well documented. In Spain, although 

wild boar is the most important host of bTB, red deer and fallow deer may also serve as 

reservoirs of the disease (Gortazar et al., 2008; Naranjo et al., 2008). Additionally, areas with 

presence (and often over-density) of wildlife species often overlap with regions where a 

higher variability in M. bovis molecular patterns is reported (Figure 39). Most M. bovis 

spoligotypes in Spain are distributed in specific regions, while a small proportion of highly 

profiles are widespread in the country. In many cases, these prevalent spoligotypes affect 

both cattle and wildlife populations from different regions that are several kilometers apart 

(Aranaz et al., 2004). This fact may be in part a consequence of the movement of cattle 

between farms which leads to large-scale disease spread.  

In this context, our understanding of bTB transmission, control and surveillance must be 

based on a multi-host framework. Thus, effective control of bTB should involve not only test 

and slaughter, passive surveillance and movement control in cattle, but also surveillance and 

control of the infection in wildlife. 
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Figure 39. Map of the distribution of M. bovis spoligotypes by municipality in Spain. Source: Spanish Database 
of Animal Mycobacteriosis (mycoDB.es) Accessed on April 12, 2020. Copyright © 2020 VISAVET Health 
Surveillance Centre.    

 

 
Figure 40. Map of the distribution of M. bovis isolates with the SB0339 profile, one of the highly prevalent and 
widespread spoligotypes in Spain, by municipality. Source: Spanish Database of Animal Mycobacteriosis 
(mycoDB.es) Accessed on April 12, 2020. Copyright © 2020 VISAVET Health Surveillance Centre.    

 

Molecular typing of M. bovis strains in Spain has demonstrated that both cattle and wildlife 

species share similar profiles, with spatial clusters of specific profiles including isolates from 

multiple hosts species (Aranaz et al., 2004; Romero et al., 2008). These studies suggested the 

occurrence of interspecific transmissions at a local scale, with several wild ungulate species 

potentially contributing to bTB maintenance in a multi-host system in Spain. Although DVR-
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spoligotyping is the most widely used technique to characterize M. bovis isolates (Kamerbeek 

et al., 1997), the use of this tool by itself has been proved to be ineffective to precisely 

reconstruct the phylogeny of isolates in a certain setting given its high homoplasy rate 

(Comas et al., 2009). Recent advances in genome sequencing (WGS) have improved our 

capacity to perform genome-wide screening to study microbial populations, increasing the 

power of traditional molecular epidemiology. In this sense, the use of single nucleotide 

polymorphisms (SNP)-based genotyping can provide valuable insights into the pathogenicity 

and evolution of M. bovis strains, allowing the identification of host or spatial associations 

and the differentiation of lineages and phylogenetic structures (Joshi et al., 2012).  

Understanding bTB transmission patterns in cattle and wildlife species from different areas 

in Spain is crucial to assess the risk of infection to livestock at this multi-host interface, as 

there are several areas in the country where livestock and wildlife cohabit that are considered 

continuously bTB endemic. To date, no studies to characterize the genetic diversity among 

M. bovis isolates recovered from cattle and wildlife species in Spain based on WGS have 

been performed. For these reasons, the aim of this chapter was to develop an overall 

molecular framework to study bTB transmission in the cattle-wildlife interface using one of 

the most prevalent spoligotypes in Spain, SB0339, as the target.  

The SB0339 spoligotype is among the three most abundant M. bovis profiles in the country 

[8.1% of the isolations as reported elsewhere (Rodriguez-Campos et al., 2010)] that has been 

recovered from livestock and wildlife species and has been isolated from a wide range of 

areas (Figure 40). A large-scale characterization of strains belonging to this spoligotype was 

possible due to the availability of isolates at the VISAVET Health Surveillance Centre, the 

institution responsible for the maintenance of the mycoDB database where national data 

regarding animal mycobacterial infections are stored since 1996 to the present days. Using 

WGS technology, the specific objectives were I) to investigate the genomic divergence 

among M. bovis isolates recovered from cattle and wildlife collected during 2005-2018 from 

different regions in Spain, II) to reconstruct the phylogenetic relationships between the 

isolates, and III) to perform a comparative analysis of intraspecies (cattle, within herd) and 

interspecies (cattle and wildlife) genomic diversity to understand the underlying evolutionary 

processes of M. bovis in the cattle-wildlife interface in Spain. 
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2. Materials and methods 

 

2.1. Isolate selection and laboratory methods 

As part of the bTB eradication program, samples from cattle or wildlife suspected to be 

infected with bTB in the post-mortem inspection due to the detection of granulomatous-

appearing lesions are collected and submitted to the laboratory for bacteriological culture. 

DNA extracted from the bacterial growth obtained from the analysis of these samples is 

subsequently characterized using conventional molecular methods (PCRs) to confirm the 

identity of the isolates as belonging to the M. tuberculosis complex. In case of positive 

results, these isolates are further characterized using spoligotyping in laboratories where this 

technique is well standardized. A subset of all the animals analyzed by this flow is processed 

entirely at the VISAVET Health Surveillance Center by means of the agreements signed with 

the Official Veterinary Services from different regions and from the Ministry of Agriculture, 

Food and Fisheries. In this context, a selection of M. bovis isolates recovered from naturally 

infected cattle and wildlife tissue samples using standard isolation procedures at VISAVET 

were considered for inclusion in the analyses performed in this chapter. Data available 

included: animal species, origin of the animal (herd or estate in the case of wildlife), date of 

slaughter (or arrival at the laboratory if unknown), ante-mortem tests results (when 

conducted), post-mortem lesions, samples collected, isolation method and mycobacterial 

identification results. 

Overall, ~9,000 isolates recovered through the official bTB program activities since 2004 

(and for which tissue samples were still available) were stored at the VISAVET Health 

Surveillance Centre strain collection. Among the 215 different spoligotypes found in isolates 

from this collection, the SB0339 was selected for the study as this pattern was identified in a 

high proportion of isolates from both cattle and wildlife (red deer, fallow deer and wild boar) 

isolates, together with SB0121 and SB034 (Figure 41). A stratified random sampling was 

performed on the 1,501 SB0339 isolates available to select a subset of 259 isolates 

representative of the M. bovis population with this spoligotype circulating in cattle and 

wildlife between 2005 and 2018 in Spain. Subsets of SB0339 isolates recovered from more 

than one host species from the same province and year were further considered in this study. 

Additionally, to evaluate the degree of heterogeneity among M. bovis isolates within bTB 

infected herds, samples from 15 herds were selected (also described as intensively sampled 

herds), of which 10 had been chronically/persistently infected (in this chapter, defined as 
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those herds with M. bovis isolations for more than one year). Additionally, bacteriological 

cultures of 34 clinical specimens from other regional laboratories (Regional Laboratory of 

Animal Health, Castilla y Leon strain collection [n = 25 cattle, wild boar, and red deer 

samples from Castilla y Leon], and Central Laboratory of Animal Health, Santa Fe-Granada 

strain collection [n = 9 cattle and pig samples from Andalucia and Extremadura]) that 

perform bacteriological culture and molecular typing were submitted to VISAVET, and were 

further included in the selection.  

 

 
Figure 41. Number of cattle and wildlife M. bovis isolates per spoligotype pattern in the VISAVET Health 
Surveillance Centre strain collection with availability of culture. 

 

Selected M. bovis samples were re-cultured in a biohazard cabinet within the VISAVET 

Biosafety level 3 (BSL-3), to generate high-quality DNA suitable to perform WGS. When 

available, frozen 2 milliliters (ml) culture stocks of these samples were grown in 

Middlebrook 7H9 broth supplemented with sodium pyruvate and oleic albumin dextrose 

catalase (OADC) at 37 ºC for 5 to 11 weeks. Alternatively, frozen pools of tissues were 

decontaminated with  hexadecylpyridinium chloride (HPC) at a final concentration of 0.37% 

and the pellets were grown in Middlebrook 7H9 medium and solid Lowenstein Jensen with 

sodim pyruvate medium. Samples with growth compatible with M. bovis were centrifuged at 

2,500 × 𝑔𝑔 for 10 minutes and subsequently washed twice with 5 ml of phosphate-buffered 

saline (PBS) and centrifugated. Supernatants were poured off and the pellets were re-

suspended with 4 ml of PBS. Mycobacterial DNA was further separated from the other 

cellular components using a bead disruption and phenol/chloroform/isoamyl alcohol (PCI) 



CHAPTER 4 

176 
 

based protocol as described elsewhere (dx.doi.org/10.17504/protocols.io.nsgdebw). Four 

hundred microliters (µl) of each of the samples were added into 2 ml screw cap bead beater 

tubes with 200 µl ± 100 µl of 0.1 millimeters silica beads and 400 µl of PCI 25:24:1 (v:v:v). 

After a 30 minutes decontamination period, samples were then beaten twice at full speed for 

± 90 seconds in a bead beater homogenizer. Afterwards, tubes were centrifuged at 16,000 

× 𝑔𝑔 for 5 minutes. An approximate volume of 300 µl including the DNA per sample was 

removed from the top aqueous layer by pipetting and added to a 1.5 ml microcentrifuge tube 

with 3M sodium acetate buffer solution and 700 µl of 100% ice-cold ethanol. Samples were 

then cooled at -80 ºC for 15 minutes and subsequently spun at 4 ±2 ºC, 16,000 ± 500 × 𝑔𝑔 for 

15 minutes. Ethanol was poured off and an additional 1 ml ice-cold 70% ethanol was added 

into the tubes. The centrifuge cycle was repeated, and ethanol was again poured off. Samples 

were spun at 8,000 ± 500 × 𝑔𝑔 for 15 seconds and the remaining ethanol was removed with a 

100 µl pipette. Samples were dried at room temperature until the remaining ethanol was 

evaporated. A volume of 50 µl of Qiagen® buffer AE was finally added to elute DNA. The 

quality and amount of each sample DNA was further measured using the Invitrogen™ 

Qubit™ fluorometer. 

 

2.2. Whole genome sequencing 

The extracted mycobacterial DNA was submitted to the National Veterinary Services 

Laboratory (NVSL) in Ames, Iowa (USA) to perform WGS. Libraries were prepared using 

Nextera XT preparation kit and the total genomic DNA was sequenced on a MiSeq 

instrument to produce 2 x 250 bp reads (Illumina, San Diego, CA, USA). Generated FASTQ 

files were analyzed using the United States Department of Agriculture (USDA) NVSL in-

house vSNP pipeline, a high resolution reference dependent algorithm (see 

https://github.com/USDA-VS/vSNP). Workflow of the sequential steps carried out in the 

vSNP pipeline is depicted in Figure 42. Briefly, genomic reads were mapped against the 

reference genome that provided the best match according to the script using the Burrows-

Wheeler Aligner (BWA) (Li & Durbin, 2009). Available reference genomes were M. bovis 

AF2122/97 (National Center for Biotechnology Information [NCBI] accession number 

NC_0002945) and M. tuberculosis H37Rv (Camus et al., 2002; Malone et al., 2017). Once 

the best reference genome was identified (presumably M. bovis AF2122/97), vSNP called 

SNPs relative to the reference. Defining SNPs were used to identify different groups of 

isolates within the vSNP pipeline. 

https://www.protocols.io/view/mycobacteria-dna-extraction-using-bead-disruption-nsgdebw
https://github.com/USDA-VS/vSNP
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A summary of quality metrics was then generated to evaluate the performance of the 

sequencing run of each isolate. This included the average depth of coverage (the average 

number of reads aligned to known reference bases), the average read length, the percent of 

the reference genome covered by the reads from each isolate, the number of contigs not 

mapping to the reference (a precise estimate of the degree of contamination within the 

sequence), the number of SNPs with a quality (QUAL) score of >300 with an Allele Count 

(AC) of 2 (good SNPs), and the spoligotype octal code. The octal code was based on the 

counts of each spacer sequence against the raw FASTQ files. In order for this to be accurate, 

coverage should range between 30x and 500x. 

Contaminated samples were cleaned up with the read identification software Kraken (Wood 

& Salzberg, 2014). This tool uses k-mers (subsequences of a sequence of length k) to assign 

taxonomic labels to the sequence, based on similar k-mer content between the sequence in 

question and the reference genome sequence in form of NCBI taxonomy. When appropriate, 

contaminating reads within isolates were identified and subsequently removed. Results were 

visualized with Krona (Ondov et al., 2011). 

 

 

Figure 42. Overview of the whole genome sequencing vSNP pipeline. Adapted from Robbe-Austerman  
presentation: “Mycobacterial Diseases of Livestock. Current techniques and advances in diagnostics for 
mycobacterial diseases (organism detection)”, with permission from the author (2014, see 
https://github.com/USDA-VS/vSNP). 

 

https://github.com/USDA-VS/vSNP
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Single nucleotide polymorphisms were called using FreeBayes, a haplotype-based variant 

detector, generating variant call files (VCF) (Garrison & Marth, 2012). FreeBayes uses short-

read alignments [binary alignment map (BAM) files] to determine the most likely 

combination of genotypes for the population of reads at each position in the reference 

genome. Results were filtered using a minimum Phred-scaled quality (QUAL) score of 150 

and AC of 2. Isolates that contained mixed calls at a SNP position (present in <90% of the 

reads) were coded by the International Union of Pure and Applied Chemistry (IUAPC) for 

ambiguous calls (AC = 1). This was performed by specifying that the organism was a diploid. 

Those SNP positions that had a consensus variant call (typically >90%) were considered 

homozygous and the variant SNP was identified as pure. Variant calls that were mixed (AC 

= 1) were thus considered heterozygous. The vSNP pipeline then converted all AC = 1 to 

their ambiguous code (based on IUAPC) within the generated SNP table when a closely 

related isolate in the SNP table that had an AC = 2 at that position was available. 

The output of the SNPs gathered included: an aligned FASTA file, a formatted Excel table 

that grouped and sorted isolates and SNPs according to relatedness (SNP table), and a 

maximum likelihood phylogenetic tree created with Randomized Axelerated Maximum 

Likelihood (RAxML) (Stamatakis, 2014). The SNP table structure included a list of the 

isolates in rows, the genome location of the SNP calls in columns, the ancestral strain (the 

reference genome as the outgroup) at the top, the average of the map quality scores of each 

isolate at each SNP position, and the annotation for that position. Map quality should be as 

high as possible (60 is the highest possible score) in order to have enough confidence that the 

read has been mapped to the correct position on the genome.  

The SNPs tables and the phylogenetic trees were created after removing all uninformative 

SNPs that were homogeneous between the isolates. Those SNPs identified in the ∼10% of 

the genome composed of repetitive regions were exclude as mapping in these regions is error 

prone. This included the highly GC-rich and polymorphic proline-glutamate (PE)/proline-

proline-glutamate (PPE) gene family. Additionally, SNPs present in areas with an anomalous 

accumulation of variants (typically ≥3 SNPs in 10 bp) were omitted. After removing all 

uninformative and potentially erroneous variant positions, informative SNPs were visually 

and manually validated using the Integrative Genomics Viewer (IGV) software (Robinson et 

al., 2011). 
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 The phylogenetic tree was built using the alignment file containing only informative and 

validates SNPs and assuming a general time reversible (GTR) CAT model for the nucleotide 

substitution rate with a Gamma distribution to account for between-site heterogeneity 

(Stamatakis, 2014). Accuracy of the phylogenetic tree was confirmed using the manually 

validated SNP table, and additional filtering of questionable (unconfident) SNPs was 

performed on an isolate-by-isolate basis when appropriate. Decisions on M. bovis sequence 

relatedness were made when sequences were 0-3 SNPs from each other vs. >4 SNPs. 

Isolates were identified using the year of isolation followed by the isolate number (#), the 

initial of the province of isolation, the animal species, and, if applicable, the code of the herd 

or the estate where the sample was recovered. 

 

3.  Results 

 

3.1. Descriptive analysis 

Out of the 259 SB0339 re-cultured samples, 139 were suitable to perform WGS. The 

remaining 120 samples were excluded from the analyses as no mycobacterial growth was 

obtained during the bacteriological re-culture or the one recovered yielded low-quality DNA. 

An additional M. bovis SB0339 sample recovered from an Ankole-watusi, an African-cattle 

breed that was kept in a zoologic park in Tarragona, was provided by the NVSL (and 

previously submitted by the CReSA-IRTA Centre). Thus, genomic data of 140 strains 

obtained from cattle (72.1%, n= 101), wild boar (14.3%, n=20), fallow deer (6.4%, n=9), red 

deer (5.7%, n=8), pig (0.7%, n = 1), and watusi (0.7%, n = 1) was analyzed (Table 27).  

The study covered a 14-year time span, with isolates recovered from bTB infected animals 

during 2005 to 2018. A median number of 10 samples per year (range 2-25) were available 

to perform WGS, with more isolates included after 2009, and years 2017 and 2010 

accounting for the highest number of isolates (Figure 43). The areas from which the samples 

used in the study originated included the northwestern, northeastern, central, eastern and 

southern regions of the country (Table 27, Figure 44). Individual isolate information and 

associated metadata are detailed in Appendix I. The highest (47.9%, n = 67) proportion of 

isolates were derived from bTB infected animals located in Madrid, followed by Ciudad Real 

(6.4%, n = 9), Islas Baleares (5.7%, n = 8), Zaragoza (5.7%, n = 8) and Toledo (5%, n = 7). 
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The rest of the provinces accounted for the remaining 41 (29.3%) isolates (Table 27, Figure 

44).  

 

Table 27. Number of cattle, red deer, wild boar, fallow deer, pig and watusi isolates per province and overall 
included in the study. 

 
  NUMBER OF ISOLATES  

  Province 
code Total % Cattle Red 

deer 
Wild 
boar 

Fallow 
deer Pig Watusi 

Avila A 2 1.4 2          
Caceres CC 2 1.4 2          
Castellon CS 4 2.9 4          
Ciudad Real CR 9 6.4 5 4        
Cordoba CO 3 2.1 3          
Jaen J 3 2.1 2       1  
La Rioja  LR 1 0.7     1      
Leon LE 1 0.7 1          
Madrid M 67 47.9 46 2 12 7    
Islas Baleares (Mallorca) MA 8 5.7 6     2    
Navarra NA 5 3.6 5          
Palencia PA 5 3.6 1   4      
Salamanca SA 4 2.9 4          
Segovia SG 1 0.7   1        
Sevilla SE 1 0.7 1          
Soria SO 1 0.7     1      
Tarragona T 1 0.7      1 
Toledo TO 7 5 4 1 2      
Valencia V 5 3.6 5          
Zamora ZA 2 1.4 2          
Zaragoza Z 8 5.7 8          
TOTAL  140  101  8 20 9 1 1 

 

 

 
Figure 43. Number of M. bovis SB0339 isolates recovered from cattle and wildlife per year and overall (total) 
included in the study. The watusi and pig samples were recovered in 2008 and 2018, respectively. 



CHAPTER 4 
 

181 
 

The largest number of both cattle (45.5%, n = 46/101) and wildlife (55.3%, n = 21/38) isolates 

were collected from herds and estates located in Madrid (Table 27, Figure 45). Wild boar 

was the main wildlife species sampled in Madrid (n = 12/21 M. bovis isolations from wild 

species). Out of the 7 municipalities in Madrid from which isolates were included in the study 

(Colmenar Viejo, Madrid, El Boalo, Quijorna, Rascafria, San Agustin de Guadalix, and San 

Sebastian de los Reyes), Colmenar Viejo and Madrid accounted for the highest number of 

cattle (n = 27 and n = 13, respectively) and wildlife (n = 8 in each) samples (Figure 45, 

Appendix I). 

Among the 101 re-cultured cattle samples, 62 originated from the same 15 herds, of which 

10 were chronically infected, and were selected to evaluate within-herd diversity. Out of the 

49 isolates collected from these persistently infected herds, a median number of 5 (range 3-

8) isolates per herd were recovered throughout a median period of 4 different years (IQR = 

2-6.5) (Table 28). Out of the 10 chronically infected herds six were beef herds (n = 33 

isolates), one was a dairy herd (n = 8 isolates) and no information on the other 10 herds was 

available. 

 

 

Figure 44. Map of the number of M. bovis SB0339 isolates recovered from cattle and wildlife per province 
included in the study. The Autonomous Community of Madrid is denoted in red, as a disproportionately higher 
(n = 67) number of M. bovis genomes were analyzed compared to the rest of the Spanish provinces included in 
the study. No isolates recovered from provinces colored in grey were included in the study. 
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Figure 45. Map of the number of M. bovis SB0339 isolates recovered from cattle and wildlife per municipality 
in the Autonomous Community of Madrid included in the study. No isolates from municipalities colored in 
grey were included in the study. 

 
 

3.2. M. bovis genomic data and phylogenetic reconstruction  

Alignment summary data and sample associated metadata of the 139 isolates subjected to 

WGS are included in Appendix I. Average coverage ranged between 7.5x and 173.9x, with 

85% (n = 119) of the samples with values ≥30x. Isolate #53 had the lowest average coverage 

(7.5x) and no reference genome was automatically selected in the vSNP pipeline, so the 

alignment to the M. bovis reference genome was forced manually. The average read length 

of the isolates ranged between 186.5 and 239.4 (median = 229.7, IQR =222.6-233.6). The 

median percent of the reference genome covered by the sequences was 99.01% (IQR = 98.87-

99.06). Median number of contigs not mapping to the reference among the isolates was 2 

(IQR = 1-5.3). Two isolates were contaminated, so reads were isolated and cleaned up using 

Kraken prior to rerunning the pipeline (Isolates #5 and #51, Appendix I). Results of the 

classification of the bacteria taxa identified in these contaminated isolates are presented in 

Figures 46 and 47. Isolate #5 included a 4% of no hits and 30% of bacteria other than 

Mycobacterium spp., whereas isolate #51 contained <1% of no hits and >2% of Ralstonia 

spp. among other non-mycobacteria.  
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Figure 46. Krona plot of the taxonomic classification of sequence reads identified by Kraken for isolate #5. 

 

 

Figure 47. Krona plot of the taxonomic classification of sequence reads identified by Kraken for isolate #51. 
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Although the majority (n = 135) of isolates were identified as SB0339 (Group designation 

13, data not shown), six different octal codes were found among the 140 samples. According 

to their WGS two isolates were classified as SB1258 and SB0849 (isolates #11 and #72, 

respectively, Appendix I), whereas no spoligotype pattern was identified in three additional 

samples (#5, #34, and #53). These isolates had average coverages lower than 20x, except for 

isolate #72, with a satisfactory value of 115.1x. Only the cattle isolate #72 was excluded from 

further analyses, as it was the only sample that fell outside the group designation defined by 

the vSNP.  

The median number of -informative and uninformative- SNPs with the reference genome 

with a QUAL score of >300 that were AC = 2 (those defined as good SNPs) among the 139 

isolates included in the analyses was 651 (IQR = 638.5 - 662) (Appendix I). One-hundred 

and eleven SNPs were excluded as these were detected in regions where mapping was error 

prone or were present in areas with an anomalous accumulation of variants. The analysis of 

the informative SNPs showed that among the Spanish M. bovis isolates there were a total of 

1,374 SNPs, of which 803 were singletons (unique in a single individual). Genetic diversity 

among isolates was diverse, with an average number of SNPs since diverging from their 

common ancestor of 62 (range = 49-88). Isolates were clustered into two distantly related 

groups and six different clades (Figures 48 and 49). The genetic divergence between groups 

was explained by the presence of two additional SNPs in group A (absent in group B). 

Wildlife isolates were scattered throughout both groups. Genetic heterogeneity was 

geographic rather than host species-specific, as isolates recovered from different animal 

species within the same provinces were in general more closely related than those originated 

from the same species and different provinces (Figure 49).  

The vast majority (96.4%, n = 134) of the isolates fell within group A, which included 

samples recovered from cattle (n = 96), wildlife (n = 36), along with the pig and watusi 

samples. In this group, 5 different clades or subgroups were identified (A.1-A.5, Figure 49). 

Five out of 9 isolates from Ciudad Real and one isolate from Caceres were clustered in the 

most distantly related subgroup within group A (subgroup A.1, Figure 49). This subgroup 

included six isolates recovered between 2011 and 2017 from cattle (n = 3) and red deer (n = 

3) that were within 38-60 SNPs since sharing a common ancestor.  
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Figure 48. Whole genome sequence unrooted (upper figure) and RAxML (lower figure) phylogenetic trees of 
139 Spanish M. bovis SB0339 samples. The red star represents the most recent common ancestor of the isolates. 
Letters A and B denote two major groups of isolates, and assigned clades are colored based on their genomic 
divergence. Clades included in group A (colored in green, red, purple, dark yellow, and orange) are oriented in 
the direction denoted with the arrows. 

 
Subgroup A.2 was the largest, with 103 isolates collected from cattle (n = 68), wild boar (n 

= 19), fallow deer (n = 9), red deer (n = 5), watusi and pig. This clade included all isolates 

recovered from Madrid (n = 67), Cordoba (n = 3), Mallorca (n = 8), most (11/16) Castilla y 

Leon isolates, 6 out of 7 isolates from Toledo, 3 out of 9 isolates from Ciudad Real, two 

isolates from Zaragoza, the isolate from La Rioja, and the pig and watusi samples recovered 

from Jaen and Tarragona respectively (Figure 49). A high genetic heterogeneity was 

identified in this subgroup (between 49 and 74 SNPs apart from a common ancestor). A high 

degree of within-subgroup genetic diversity was observed in cattle isolates recovered from 

Madrid, which were grouped in different clusters along the subgroup (Figure 49). The pig 

isolate from Jaen, located in the Autonomous Community of Andalucia, shared a more recent 

common ancestor with one cattle isolate from Madrid and Mallorca cattle and fallow deer 

isolates than with other isolates from Andalucia (Figure 49).  
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Figure 49. Whole genome sequence RAxML phylogenetic tree constructed using a GTR-CAT model of 139 
Spanish M. bovis SB0339 samples. The red star represents the most recent common ancestor of all isolates. 
Lines on the right are assigned to the clades denoted in Figure 48 and colored accordingly. The two distantly 
related groups of isolates are indicated with letters A and B. The internal nodes (black circles) represent 
hypothetical ancestors for the tips. Branch colors denote cattle (black), red deer (light green), wild boar (light 
blue), fallow deer (purple), pig (pink) and watusi (brown) samples. Tips are colored based on the province of 
isolation: Avila (grey), Islas Baleares/Mallorca (light pink), Caceres (light blue), Castellon (golden), Ciudad 
Real (green), Cordoba (purple), Jaen (dark purple), Madrid (blue), Navarra (fuchsia), Palencia (maroon), 
Salamanca (red), Toledo (orange), Valencia (brown), Zamora (dark green) and Zaragoza (aquamarine); 
provinces with one isolate (La Rioja, Leon, Segovia, Sevilla, Soria and Tarragona) are shown in black. Genetic 
distances of ≤3 SNPs between cattle and wildlife isolates are indicated using black arrows. The scale bar denotes 
the maximum likelihood estimate of how many substitutions have occurred on average per site relative to the 
most recent common ancestor of all isolates. 
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A relatively high degree of genetic similarity was found among three wild boar isolates from 

Palencia recovered between 2016 and 2017, with a maximum of 5 distinct SNP positions 

between any two sequenced isolates. Additionally, only 1 SNP position distinguished two 

wild boar samples recovered in 2017 from the neighboring provinces Soria and La Rioja.  

Subgroup A.3 included only three cattle isolates recovered between 2008 and 2018 from 

Toledo, Salamanca and Caceres. A 11-SNPs difference was detected between the last two 

isolates, whereas the former incorporated 21 additional SNPs. In subgroup A.4, formed by 

20 isolates, strains from Zaragoza were more closely related to those recovered from Navarra, 

Castellon and Valencia, with genetic distances within 24-43 since sharing a common 

ancestor. Cattle isolates recovered from herds located in Valencia and Castellon, both 

provinces of the same Autonomous Community, were at shorter genetic distance with each 

other (6-35 SNPs) than with any other isolates in the subgroup, with a maximum of 50 SNPs 

since their common ancestor. Finally, two distantly related cattle isolates recovered in 2012 

and 2017 in Salamanca and Valencia fell within subgroup A.5, with 57 SNP positions 

distinguishing the two isolates from each other.  

The B group included 5 distantly related isolates from Palencia (1 cattle, 1 wild boar isolates), 

Leon (1 cattle), Sevilla (1 cattle), and Zaragoza (1 cattle). The shortest genetic distance (12 

distinct SNPs) among them was observed between one cattle isolate from Leon recovered in 

2017 and a wild boar sample from Palencia (Figures 48 and 49). 

Along the phylogenetic tree, short (≤3 SNPs) genetic distances between isolates from 

different host species were found recurrently but recovered close in time (mostly <2 years) 

and space (within the same province or neighboring provinces). Specifically, two cattle and 

red deer isolates within subgroup A.2 recovered in Avila and Madrid, respectively, were 

within 3 SNPs since sharing a common ancestor (Isolates # 96 and #136, top arrow in Figure 

49, Appendix I). A maximum of 3 distinct SNP positions between any two cattle isolates 

from Cordoba and a red deer sample from Ciudad Real (isolate #102) were also found (Figure 

49). One cattle (isolate #86) and red deer (isolate #24) M. bovis isolates from Toledo shared 

a highly similar SNP pattern, with two variant positions distinguishing both samples that 

were isolated 5 years apart. Additionally, 3 SNPs positions distinguished two M. bovis 

samples isolated from cattle and fallow deer from each other, which were recovered in 2006 

from the same municipality in Madrid, Colmenar Viejo (Isolates #3 and #4, Appendix I, 

Figure 49). Similarly, in Madrid, a wild boar M. bovis isolate was two SNPs apart since 
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sharing a common ancestor with one cattle isolate, which was recovered 4 years before. 

Lastly, a high degree of genetic similarity was observed in a cluster of 6 cattle and 2 fallow 

deer isolates (#73, #74, #78, #79, #80, #81, #82, and #85) recovered in Mallorca between 

2014 and 2015. In this cluster, five cattle isolates from two different herds (MAA and MAB) 

shared the same SNP profile as one fallow deer isolate, whereas the remaining two cattle and 

fallow deer isolates had two and one additional SNPs, respectively (Figures 49-51). 

Overall, a limited within-herd genetic diversity in isolates coming from 10 out of the 15 herds 

with more than one strain included in the study was observed, with the majority (n = 30 out 

of the 40 isolates recovered in those 10 herds) of isolates being at a ≤3-SNPs genetic distance 

with another isolate within the herd (Table 28, Figure 50). Regarding the 10 chronically 

infected herds, results suggested that within-herd genetic diversity was low; on average, and 

over the whole group of 48 isolates from these 10 herds, 13 SNPs (range 0-28) since sharing 

a common ancestor in each herd were identified. Most isolates (>60%) recovered from 5 out 

of 10 chronically infected herds had minor differences (0-2 SNPs, Table 28). These isolates 

were recovered from two herds located in Madrid, one herd from Mallorca, one from Navarra 

and one from Zaragoza that reported bTB for 2-5 years (Table 28, Figure 50).  

 
Table 28. Herd identification, province of origin, number of isolates, years between first and last isolations, 
median number of isolates recovered per year, average number (and range) of SNPs since sharing a common 
ancestor, and isolates within a ≤3-SNPs genetic distance in herds included in the analysis of within-herd M. 
bovis genetic diversity. Herds with most isolates having minor SNP differences are denoted in boldface. 

Herd 
ID Province 

Chronically 
infected 
herd 

Number 
of 
isolates 

Number of 
years between 
first and last 
isolations 

Median 
number 
of isolates 
per year  

Average number 
of SNPs since 
common 
ancestor (range) 

Number of 
isolates 
within a ≤3-
SNPs genetic 
distance 

MA Madrid YES 7 5 1 18 (12-20) 3 
MAA Mallorca a YES 3 2 2 1 (0-2) 3 
MB Madrid YES 4 7 1 16 (12-20) 0 
MC Madrid YES 4 b 8 1 18 (17-20) 0 
MD Madrid YES 8 5 2 15 (11-23) 5 
MG Madrid YES 5 10 1 16 (7-28) 0 
MH Madrid YES 5 2 3 16 (13-20) 0 
MJ Madrid YES 6 5 1 23 (20-24) 4 
NAA Navarra YES 3 2 2 1 (0-2) 3 
ZB Zaragoza YES 3 2 2 5 (1-12) 2 
COA Cordoba NO 3 1 - 1 (1-2) 3 
CSA Castellon NO 3 1 - 4 (1-6) 0 
ZA Zaragoza NO 2 1 - 2 (1-2) 2 
ZAA Zamora NO 2 1 - 0 2 
MAB Mallorca NO 3 1 - 0 3 

Total 61     
a The island of Mallorca belongs to the province and Autonomous Community of Islas Baleares 
b Isolate #72 excluded 
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Figure 50. Whole genome sequence RAxML phylogenetic tree constructed using a GTR-CAT model of the 
subset of 61 cattle and two fallow deer samples included in the analysis of within-herd M. bovis genetic 
diversity. The red star represents the most recent common ancestor of all isolates. The internal nodes (black 
circles) represent hypothetical ancestors for the tips. Tips are colored based on the province of isolation: Islas 
Baleares/Mallorca (light pink), Castellon (golden), Cordoba (purple), Madrid (blue), Navarra (fuchsia), Zamora 
(dark green) and Zaragoza (aquamarine). The scale bar denotes the maximum likelihood estimate of how many 
substitutions have occurred on average per site relative to the most recent common ancestor of all isolates.  
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No detectable SNP differences between most isolates recovered from herds located in 

Mallorca were identified (Table 28, Figures 50 and 51). Isolates recovered from two 

chronically bTB infected herds located in Navarra (NAA) and Zaragoza (ZB) tended to have 

a low to moderate degree of similarity in their SNP patterns, with maximum genetic distances 

of 2 and 12 SNPs, respectively (Table 28, Figure 50). As expected, isolates retrieved from 

intensively sampled and persistently/chronically infected herds from Madrid were more 

closely related to other isolates from the same herd than to strains from elsewhere. Isolates 

recovered in the same year within the same herd were also more similar than those isolated 

in different years, which were more scattered across the tree. Nevertheless, short genetic 

distances (<5 SNPs) between isolates from different herds (i.e. #26 and #61, #87 and #92, 

#63 and #70, #46 and #67) were also observed (Figure 50). A higher genetic diversity was 

found among most herds located in Colmenar Viejo (herds MB, MC, and MG), with isolates 

within each herd between 5-44 SNPs distance from each other (Table 28, Figure 50, 

Appendix I).  

 

 

 

Figure 51. Capture of the SNP table with parsimonious informative SNPs including position information in 
relation to the M. bovis AF2122/97 reference genome of the Mallorca M. bovis SB0339 isolates. This subset 
included 6 cattle isolates from two intensively sampled herds (MAA and MAB) and two fallow deer isolates 
recovered in the same unit as herd MAB. This table illustrates the tail of the distribution of SNPs differences 
detected between the isolates. Chromosomal positions in the reference are listed across the top. The DNA base 
identified at each position is denoted in the next line (reference call). 
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In the remaining intensively sampled herds from Madrid, a higher within-herd genetic 

divergence was observed, as most isolates were a median of 30 SNPs (IQR = 25-31.5) apart 

from other isolates within the same herd, which may be suggestive of subsequent 

transmission events into the herd from multiple sources. 
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4. Summary 

Despite the efforts invested on the eradication of bTB in Spain, herd prevalence has remained 

constant for the last 15 years (~2.1-2.8%) due to a combination of epidemiological factors 

impairing disease control, including between-species transmission. The aim of this chapter 

was to gain insights into the patterns of spread and evolution of M. bovis isolates in the cattle-

wildlife interface using WGS. 

Genomic data of 139 M. bovis isolates recovered from different animal species and locations 

during 2005-2018 and belonging to one of the most prevalent M. bovis spoligotype in Spain 

(SB0339) were analyzed to investigate their genomic diversity. Within-herd genomic 

diversity was also evaluated by examining isolates from 15 herds. Isolates were re-cultured 

from cattle (n=101), wild boar (n=20), fallow deer (n=9), red deer (n=8), watusi (n = 1) and 

pig (n = 1) samples.  

A variable genetic diversity was found, as isolates were within a range of 49-88 SNPs since 

their common ancestor. However, genetic heterogeneity was geographic rather than host 

species-specific, as isolates recovered from both cattle and wildlife sharing recent common 

ancestors were more closely related within same provinces compared to isolates from the 

same species but geographically separated. Limited within-herd genetic diversity between 

isolates coming from 5 out of the 10 persistently bTB infected herds existed, as the majority 

of isolates from each herd differed from one another by <3 SNPs.  

The presence of genetic diversity among isolates from cattle, wild boar and deer suggests 

several sources of infection in these host species within provinces over time. Short genetic 

distances identified between isolates from different host species demonstrates the complex 

between-host transmission cycle present in endemic areas in Spain. The use of WGS could 

be valuable in complementing the Spanish bTB surveillance program and might provide 

information to develop future control strategies targeted towards cattle and wildlife in Spain.
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7. DISCUSSION 

 
The present thesis was focused on the study of the major challenges that are currently 

hampering bTB control in cattle in Spain. These included the study of the role of movements 

in disease spread, the identification of the factors contributing to bTB persistence in cattle, 

the efficiency of bTB detection through abattoir surveillance, and the molecular 

characterization of a sample of M. bovis strains recovered from different animal species 

circulating in Spain.  

The complexity associated with bTB and the diversity in the epidemiological scenarios in the 

country make it necessary to develop new strategies that can help to achieve bTB eradication 

using multidisciplinary approaches. For these reasons, the combination of epidemiological 

studies with the recent advances in molecular characterization can help to better understand 

the probability of bTB persistence in the herd, and also to elucidate the role of wildlife as 

sources of the disease for livestock. Results obtained here may help to establish risk areas 

and characterize herds/animals more prone to become bTB infected and develop persistent 

infections. This will ultimately aid in an increased efficiency of bTB control measures in 

cattle and improve eradication programs in Spain.   

 

7.1. NETWORK ANALYSIS OF CATTLE MOVEMENTS AND ITS 

ASSOCIATION WITH THE RISK OF BOVINE TUBERCULOSIS 

 

In the first chapter of this thesis, the Castilla y Leon cattle movement network between 2010 

and 2015 was analyzed to estimate the potential for spatially- or movement‐mediated bTB 

transmission from infected herds. Even though no trend in the number of nodes or movements 

over the study period was identified, a similar seasonal pattern was observed for all years, 

with the highest and lowest number of movements taking place during the late summer to 

mid‐autumn and mid‐winter periods, respectively. The number of cattle involved in a 

movement between two units during the 6 years was usually small, although a relatively high 

number of animals were typically moved to/from auctions and pastures, which may result in 
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additional risk for disease transmission due to aggregation of animals from different origins 

in those locations (Gibbens et al., 2001; Ramirez-Villaescusa et al., 2010). 

Centrality and cohesiveness measures confirmed the stability of the network, with highly 

similar values over the years, although the sizes of the -giant strongly and weakly- connected 

components (GSCC and GWCC) increased over the years (Tables 8 and 9) and differences 

depending on the production type were observed (Table 10). Castilla y Leon units were 

moderately interconnected, as shown by the size of the GWCC in the cumulative SF network. 

The GSCC and GWCC are often related as indicators of the minimum and maximum possible 

epidemic size in the absence of interventions, assuming that the sequence of movements is 

not considered in either metrics (Kao et al., 2006). Given that slaughterhouses are not 

supposed to play a role in between-farm transmission of bTB, estimates from the SF network 

may be a better estimate of the potential spread of bTB in the absence of control measures. 

The Castilla y Leon network exhibited scale‐free properties (Barabasi & Bonabeau, 2003), 

such as the high heterogeneity in node connectivity and disassortative mixing. The degree 

distribution was best approximated with a power law function above a certain 𝑋𝑋𝑚𝑚𝑖𝑖𝑚𝑚 for both 

in‐ and out‐degree distributions, with most of the units having a small number of connections, 

but a minority of units functioning as highly connected hubs  (Figure 11). The power law 

exponents for in‐ and out-degree distributions (1.93 and 1.48, respectively) are in range with 

previous studies in Denmark (Bigras-Poulin et al., 2007), Great Britain (Christley et al., 

2005a), and France (Rautureau et al., 2011). As expected, when stratifying by production 

type, bullfighting herds had the highest out‐degree followed by dairy and beef herds. Those 

are breeding farms that may serve as sources of animals for other units, which explains their 

tendency to export cattle often. Unsurprisingly, the main buyers in the networks were 

fattening farms. 

Although fattening farms may mix animals from multiple locations, they would rarely send 

animals to locations other than slaughterhouses (Figure 12), and hence represent a low risk 

from a disease transmission perspective. When the in‐ and/or out‐degree distribution analysis 

was stratified by production type different characteristics (more similar to small‐world 

properties) were observed for bullfighting, suggesting that if present, bTB could spread more 

efficiently through animal movements in these herd subpopulations. The nodes included in 

the bullfighting networks (i.e., networks including bullfighting herds and any other unit 

connected through a direct movement) were also very stable through the study period, with 
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86% of the nodes present in networks 6 years apart (and >93% for consecutive years, 

compared to <85% for the SF network) (Table 10). In contrast, movements in bullfighting 

networks were more diverse (Jaccard Index <31% for consecutive years compared to >36% 

for the SF network) therefore suggesting that although the proportion of herds connected was 

very similar their contact patterns changed significantly even after 1 year (Table 10). 

The moderate positive correlation (rho = 0.31, p <0.001) between in‐ and out‐degree 

suggested that units that acted as recipients of many farms would often act as sources for 

other farms as well, although the median flow‐polarity (fpa = −0.33) indicated an overall 

predominance of out‐movements. Not surprisingly the highest correlation between in‐ and 

out‐degree was found in auctions, as they gathered and sold animals to and from a large 

number of farms thus acting as a potential high‐risk hub for transmission of infectious 

diseases as previously reported (Kao et al., 2007). Although the slow dynamics of bTB and 

the relatively short duration of auctions animal‐to‐animal transmission during auctions would 

be unlikely (Table 2), the usual mixing of animals from multiple origins and the uncertainty 

on the minimum time needed for effective transmission of M. bovis suggests they could be 

used as potential targets of risk-based surveillance strategies. 

Movements within Castilla y Leon tended to be local in nature, with a large proportion of 

units connecting with others in the same province and within distances shorter than 32 km 

(Figure 13). Such short distance movements are consistent with those that have been reported 

in the national Danish (median = 15 km) (Mweu et al., 2013), French (median = 35 km) 

(Rautureau et al., 2011), and Uruguayan (median = 40 km) (VanderWaal et al., 2016b) cattle 

movement networks. Those networks also had scale‐free properties and low average path 

length. However, considerable country level differences were observed between the median 

and the 95th percentile in network level statistics, though admittedly direct comparisons are 

challenging given differences in network size and the country areas. In this study, beef herds 

were the most common source of movements (Table 6), whereas, in contrast, movements 

from dairy herds were more frequent, compared to other farm types, in Denmark and 

Uruguay (Mweu et al., 2013; VanderWaal et al., 2016b). The small average path length 

values found in this study might resemble small‐world properties (Watts & Strogatz, 1998) 

as seen in cattle trade network in Cameroon (Motta et al., 2017), where it takes a relatively 

shorter path to get from one node into another comparable to that of random networks. This, 

coupled with a higher level of clustering compared to a random network, is suggestive of 
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small‐world effect. Within such a network, bTB might maintain itself and spread even when 

it is at a low prevalence, either locally, or to topologically distant clusters within the network. 

The coexistence of both scale‐free and small‐world properties has been previously shown in 

cattle and swine movement networks in Denmark (Bigras-Poulin et al., 2007; Mweu et al., 

2013).  

The proportion of bTB-positive farms was very different depending on the production type, 

with the disease being most prevalent in bullfighting herds and in agreement with results 

reported in the entire country (herd prevalence = 10.7% in 2015) (Anon, 2019b). Such 

feature, together with their high out‐degree (Figure 12), highlights the potential of 

bullfighting farms to act as sources of infection if movements occur before the infection is 

detected in a herd. Additionally, farm density in the spatial dimension may provide additional 

chances of onward transmission. Given that the highest proportion of outgoing movements 

(excluding non-herds units) from bullfighting herds were to fattening farms (~50%, Table 6), 

the highest risk would be posed by fattening farms in which animals from different 

production types commingle and from which movements to other breeding farms originate. 

More generally, fattening farms had the highest in‐degree and therefore would experience 

the highest risk of receiving infected animals. However, due to the lack of outgoing 

connections with other breeding herds (only 4.3% of their outgoing movements, and 0.05% 

of the total network) their potential for further spreading bTB may be limited. However, there 

were many fattening farms receiving animals from bullfighting herds and connected with 

other breeding farms, although none tested positive during the study period assessed here. 

Both bullfighting and beef -which had the second highest percentage of positivity- herds, are 

typically managed under extensive conditions where opportunities for contact with other 

cattle (e.g., in shared pastures) and wildlife are more frequent than in other farm types, both 

of which represent additional risk factors for bTB (Phillips et al., 2003). Dairy farms were 

less often infected than beef herds, which is consistent with results reported in France, where 

management practices may be similar to our study area (increased biosecurity with little 

opportunity for fence‐to‐fence contact), and where dairy cattle access to pastures is relatively 

infrequent, and production systems are usually intensive. Such production feature may lead 

to a lower risk of bTB infection, compared to beef or bullfighting cattle (Palisson et al., 2016). 

The bTB-positive farms had a higher degree, and were part of a higher number of incoming 

and outgoing movements that also involved a larger number of animals compared to farms 
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that were OTF during the whole study period (Figure 14, Table 13), suggesting that animal 

movements were associated with infection (Gates et al., 2013a; Marangon et al., 1998; 

Palisson et al., 2016; Picasso et al., 2017). Interestingly, bTB-positive farms were, however, 

not significantly clustered in the movement network, though they were clustered in space (at 

distances below 10 km) (Figure 15). The presence of spatial clustering was further confirmed 

using the Cuzick‐Edwards test, indicating a strong spatial component in the risk of bTB. 

These results partly differ from those obtained in Uruguay, where infected farms were 

clustered at both the spatial and network levels (VanderWaal et al., 2016a). These different 

findings could be related to the different epidemiological conditions, since farm‐level 

incidence of bTB in Uruguay is considerably lower than in Castilla y Leon (~22 farms per 

year in 2012‐2014), and in contrast to Spain, no wildlife reservoir has been identified in 

Uruguay (VanderWaal et al., 2017). A higher risk of bTB in farms in the vicinity of bTB 

infected herds has also been reported in France (increased risk within ~12 km from an 

infected herd) (Palisson et al., 2016), and in other regions in Spain such as Madrid, a region 

that is adjacent to Castilla y Leon, where disease transmission dynamics were similar for 

infected farms located within 14 km (de la Cruz et al., 2014). Another study aiming at 

identifying the most likely source of bTB outbreaks in Spain based on questionnaires 

performed during the epidemiological investigation by the official veterinary services also 

found residual infection (i.e., history of bTB in the farm), spread from contiguous infected 

farms and wildlife as the top likely sources, with movement of infected animals coming after 

all of them (Guta et al., 2014b). Spatially structured risk factors such as distance to fenced 

hunting estates and bTB prevalence in the local wildlife population were also identified as 

significantly associated with infection in cattle in another Spanish region (LaHue et al., 

2016). Altogether these results suggest that the risk of bTB in cattle may be largely influenced 

by local sources of infection with a relatively reduced field of action, such as infected 

neighboring farms/history of bTB in the farm or area, and infected wildlife. 

Cattle movements were previously found to be the source of bTB in other endemic areas such 

as Scotland (Gates et al., 2013a), France (Palisson et al., 2016), and Italy (Marangon et al., 

1998). In contrast, limited evidence on the role of cattle movements on bTB transmission 

was found in cattle premises in the UK (Green et al., 2008) and in the Modified Accredited 

Zone in Michigan, US, were the effect of bTB regulations by increasing localization, 

decreasing volume of cattle moved and connectivity among units appeared to reduce risk of 

animal‐movement based bTB transmission (Grear et al., 2014). Therefore, the contribution 



DISCUSSION 

198 
 

that cattle movements play in bTB transmission may vary between regions and countries, 

probably due to factors also related with the epidemiology of the disease, such as farm 

production systems and management, or presence of wildlife reservoirs (Skuce et al., 2012), 

further highlighting the difficulties of extrapolating results obtained elsewhere and hence the 

need of characterizing the network in each setting. 

A limitation of this study was that farms were considered bTB-positive based on finding at 

least one reactor to any of the diagnostic tests (skin test, IFN‐γ assay and/or post‐mortem 

tests) performed as part of the eradication programme. That assumption may have led to an 

overestimation of the true bTB prevalence among herds, because some of the herds classified 

as bTB-positive may have not been truly infected (and infection was confirmed through 

culture in only 41.8% of the positive farms). However, the aim of this study was to 

characterize the degree of bTB clustering in the whole region and given the overall relatively 

low prevalence (<5.9% of positive herds for any given year) and the high Sp of the tests 

routinely used for bTB diagnosis, the approach presented here was chosen in order to 

maximize the power to detect bTB. Another limitation comes from the fact that several farm‐

level characteristics (such as production type, herd size, biosecurity, or history of bTB) could 

be associated with both the movement pattern of a farm and its risk for bTB and could 

therefore confound the relationship between the two variables described here. Still, when the 

number of incoming and outgoing movements/animals in bTB-positive and negative farms 

was compared for each production type results did not change (Table 13). Similarly, the 

significant association between movements and bTB status was present for both larger (≥50 

animals) and smaller (<50 animals) farms (data not shown). Further studies using more 

refined farm‐level information are required to adequately characterize the risk of bTB in 

herds in Castilla y Leon. 

The analysis of the Castilla y Leon network connectivity is prerequisite to identifying highly 

connected units that may further be targeted for the efficient control of infectious diseases, 

including bTB. Previous studies suggested that targeted surveillance in high degree nodes 

(such as auctions and dealers but also certain farms predominantly of bullfighting and beef 

type in the Castilla y Leon network) could help to decrease the vulnerability of the network 

to infectious diseases (Christley et al., 2005a; Christley et al., 2005b; Kiss et al., 2006). The 

implementation of targeted measures in the GSCC, which included 30% of the units in the 

network, may be valuable, although the potentially severe economic impact should be 
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considered. In addition, bTB‐infected farms were more connected to other farms in the 

network, compared to OTF farms (Figure 14). However, bTB‐positive farms were not 

clustered at the first level of neighborhood, suggesting that factors other than movements 

(such as the observed spatial clustering) may also be related with disease introduction in at 

least a proportion of positive farms.  

In conclusion, results presented in the first chapter of this thesis will be helpful to inform the 

identification of farms to be targeted as part of bTB control and surveillance activities in 

Castilla y Leon. Given the characteristics of the network, removing specific edges should 

have a much larger impact in the resulting network compared to the removal of random 

edges, suggesting that increased surveillance, awareness, and biosecurity enforcement 

targeted at community‐bridging movements would be valuable for disease management (Kao 

et al., 2006). Moreover, the strong spatial clustering of bTB‐positive farms found in this study 

suggests that local sources of infection should be also considered in order to prevent disease 

introduction. Further studies, including the use of whole genome sequencing, may help to 

further clarify the role of local versus movement-mediated transmission in the persistence of 

the disease in the region through the comparison of the full genomes of M. bovis strains 

circulating in cattle and other animal species in the farm and the surrounding area. Moreover, 

the combination of economic and epidemiological efforts is still a key gap in the literature. 

The incorporation of economic risk assessment must be incorporated in order to identify 

efficient strategies for preventing bTB spread with minimal effect on regulators and 

stakeholders. 

7.2. RISK FACTORS LINKED WITH CHRONIC BOVINE TUBERCULOSIS 

INFECTIONS IN CATTLE HERDS 

 

Persistence of bTB in certain cattle herds in terms of either herd recurrence or prolonged 

periods of restriction is a major problem in countries pursuing disease eradication worldwide. 

Among the factors that may substantially extend the time to recover OTF status and thus 

hamper eradication programs are the chronic nature of the disease, the presence of wildlife 

reservoirs and the lack of performance of diagnostic tools. Several studies have conducted 

risk factor analyses for chronic bTB herd breakdowns in Europe (Doyle et al., 2016; 

Karolemeas et al., 2010; Milne et al., 2020; Milne et al., 2018; Reilly & Courtenay, 2007), 

but factors associated with disease persistence in infected herds had not been characterized 
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at this level yet in Spain. Survival and case-control analyses performed in the second chapter 

of this thesis revealed the impact of both farm and breakdown characteristics on the 

probability of disease persistence in infected farms. 

In this study, two positive bTB herd tests were defined as potentially related if they were 

separated by no more than 18 months, the median duration of bTB outbreaks in herds with 

≥3 bTB-positive herd tests, which represented 32.4% of the total bTB-positive herds during 

2010-2017. Herds with ≤2 bTB-positive herd tests were not considered to select the threshold 

in order to focus on problematic herds. The median bTB breakdown for all bTB-positive 

herds in Castilla y Leon duration was 133 days, which is in agreement with values reported 

in Northern Ireland (Doyle et al., 2016; Milne et al., 2020).  

The univariable survival analyses revealed that production type was associated with longer 

bTB breakdown durations: unsurprisingly outbreaks in bullfighting herds were significantly 

longer compared to beef/fattening and dairy/mixed herds in agreement with previous studies 

conducted in a different region in Spain (Alvarez et al., 2012b). Some tests may have 

differing performances depending on breed type, what could impact the time to recover OTF 

status (Nunez-Garcia et al., 2018): in this study, both the skin test and the IFN-γ assay can 

have a lower performance in bullfighting cattle, due to a combination of stress, difficulties 

for performing correctly the test due to the temper of the animals, and the lower response to 

tuberculins/decreased IFN-γ production, what could lead to a higher proportion of false 

negative animals remaining in the herd and thus further contribution to the increased outbreak 

duration (Alvarez et al., 2014b; Keck et al., 2018). In addition, bullfighting herds are 

extensively managed and therefore can have an increased risk of contact with infected 

wildlife (Rodriguez-Prieto et al., 2012), which could lead to frequent reinfections thus 

increasing the length of the outbreak. However, when other variables were considered in the 

multivariable model, differences were only significant for dairy/mixed herds (shorter 

compared to beef/fattening and bullfighting herds). This result may be a consequence of a 

shorter between-test period in dairy farms as observed in other study conducted in Spain 

(Alvarez et al., 2012b). The absence of a significant effect of the bullfighting production type 

in outbreak duration may be due to the low sample size of bullfighting herds (<2% of the 

total herds included in the survival analysis). Interestingly, herd type was identified as a risk 

factor only in the univariable logistic regression model (case-control study) but not in the 

multivariable, thus suggesting that other factors (potentially associated with production type) 
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could be explaining at least part of the apparent effect of this variable in the probability of a 

herd being classified as a case.   

The number of SIT reactors at the disclosing test was significantly associated with both 

outbreak duration and the odds of a chronic infection: as expected, a higher number of 

reactors (≥5), suggestive of active circulation of the disease in the herd, was associated with 

increased duration/risk of being a case herd compared with the reference category (1 reactor). 

However, herds in which no SIT reactors had been found in the disclosing test were also at 

higher risk (Tables 15 and 17) compared to herds with one SIT reactor. These herds (n= 777) 

included herds in which IFN-γ was being used (n=321, 41.3%), what indicates that even in 

the absence of SIT reactors there was conclusive evidence of the presence of disease, since 

the IFN-γ test is only used on units confirmed by bacteriology or based on epidemiological 

grounds (i.e., multiple herds managed as a single epidemiological unit with one or more 

having a confirmed bTB infection, or that had animals that were in shared pastures with other 

positive herds) (Figure 17). In the remaining 456 herds IFN-γ was not being applied, and 

infection was therefore found through slaughterhouse surveillance (detection of lesions) or, 

for OTF herds with a previous history of bTB, through bacteriology performed routinely on 

older animals sent to the abattoir (performed in <1% of the herds of this study). In this case, 

therefore, the higher duration of breakdowns and increased risk of becoming a chronic herd 

could be associated with the presence of anergic animals with visible lesions, especially in 

extensively managed herds, that could be infecting other animals while remaining undetected 

for some time during the breakdown. When herds in which IFN- γ was applied were removed 

the same result was obtained (change in coefficient <9%, data not shown), thus suggesting 

that herds found through passive surveillance are in fact more prone to become problematic 

from an eradication standpoint. A median of 5.9% (IQR 4.4-10) breakdowns per year were 

detected via post-mortem analysis (data not shown); although this value is well below the 

estimates of 27-46% of all new bTB breakdowns per year reported elsewhere (Frankena et 

al., 2007; O'Keeffe and White, 1999), results obtained here highlight the usefulness of 

abattoir surveillance to complement ante-mortem tests (and partially overcome limitations in 

their sensitivity). This limitations in the sensitivity of skin tests could also be related with an 

increased duration of outbreaks due to the difficulties in the removal of all infected animals 

in one single herd-test, and would be partially compensated by the repeated application of 

the tests (de la Cruz et al., 2019). Additionally, and to maximize the sensitivity of the 

diagnostic tests, mandatory training courses for veterinarians conducting SIT tests organized 
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by the Spanish Ministry of Agriculture and Fisheries, Food and Environment have been in 

place since 2012 (Anon, 2020b). 

Evidence of time-varying effects for number of bacteriology-positive animals in the 

disclosing test and province in the survival analyses was found, as the mean estimates did 

not distribute evenly throughout the study time.   

In the case-control study, cases were selected among herds experiencing bTB outbreaks in 

the top 25% of the distribution of durations (> 784 days, ~26 months) in order to focus on 

outlier herds in the Castilla y Leon context. This threshold is well above the one-year 

threshold used to differentiate chronic infections arbitrarily selected in previous studies in 

Ireland (Griffin et al., 1993), and Northern Ireland (Doyle et al., 2016; Milne et al., 2018). 

Other studies conducted in the UK used periods of >240 days (twice the minimum restriction 

period for a confirmed bTB breakdown) (Karolemeas et al., 2010) and >6 months (Reilly & 

Courtenay, 2007).  

The case-control study further revealed the effect of farm-level management and outbreak 

characteristics with bTB persistence in infected herds: an increased number of bacteriology-

positive animals in the disclosing test was significantly associated with increased odds of 

experiencing long duration breakdowns. These findings are consistent with a higher risk of 

chronic infection in herds with multiple SIT reactors, as these herds are more likely to have 

a higher proportion of animals confirmed through bacteriology. This result may also be 

related to a higher bacterial excretion in animals with an advanced disease stage and thus 

leading to a higher risk of bTB persistence due to the increase of the time of contact with 

susceptible animals (Pollock & Neill, 2002).  

Even though chronic case herds were widespread throughout Castilla y Leon (Figure 25), 

infected herds located in specific provinces were subjected to longer breakdown durations 

and a higher probability of becoming chronically infected (Table 17). Interestingly, the two 

provinces with the highest indication of an increased risk, Soria and Valladolid, hold a 

relatively low proportion of the population [2.1% (369/17,793) and 1.9% (331/17,793) of the 

herds considered in the study period, respectively] and had relatively high herd level 

prevalences (1.1% and 3.1% in 2017, respectively) (Anon, 2019d). To date, there is no 

substantial evidences of disease spillover from wildlife to cattle in these provinces and further 

investigations are needed to clarify the reasons for this increased risk.   
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The association between an increased herd size and the risk of experiencing a chronic 

outbreak could be explained with the increased odds of finding reactors (both true and false 

positive) in larger herds (de la Cruz et al., 2019; Skuce et al., 2012), since herd size is a 

known risk factor for bTB detection (Martinez-Lopez et al., 2014; Milne et al., 2018). 

According to the study definition of a case herd (experiencing a bTB outbreak with duration 

≥784 days), the likelihood of case herds not being truly bTB infected can be considered 

minimal, and therefore this finding may suggest an increased herd Se of the tests in the 

eradication program in larger herds, as previously reported in the same region (de la Cruz et 

al., 2019). Still, bTB infection was not confirmed through bacteriology in 102/347 herds, 

some of which could have even recovered the OTF status while experiencing what was 

defined here as a bTB outbreak. Lack of bacterial isolation in those herds could be related 

with a very small number of culled animals that would be subjected to post-mortem analyses 

due to a very low level of disease, although presence of repeated cross-reactions due to non-

tuberculous bacteria cannot be ruled out. 

The number of incoming animals in the three years preceding the start of the bTB breakdown 

was retained in the case-control logistic model based on AIC and in agreement with findings 

in the survival analysis, even though no significant differences between the variable 

categories were observed. Still, several studies have consistently evidenced cattle movements 

may be important in bTB transmission (Gilbert et al., 2005; Gopal et al., 2006), and even if 

positive farms were not clustered in the movement network in the region under study here, 

there was an association between increased connectivity and positivity at the farm level, as 

described in the study included in Chapter 1 (Pozo et al., 2019). 

Both survival and case-control studies showed that a municipality-level herd prevalence 

above 0.2% in the year prior to the start of the bTB breakdown was significantly associated 

with an increased risk of experiencing chronic bTB breakdowns. This result is in agreement 

with previous studies that identified proximity to infected neighbors as a risk factor for 

persistent bTB infection in Spain (Guta et al., 2014a) and Ireland (White et al., 2013) or 

prolonged outbreak duration in Northern Ireland (Doyle et al., 2016; Milne et al., 2020). 

Local sources of infection that could contribute to this effect include local movements (Gates 

et al., 2013a), contact with infected cattle and wildlife reservoirs (Hardstaff et al., 2014), or 

environmental sources of M. bovis (Fine et al., 2011), thus contributing to disease recurrence 

or local persistence (Broughan et al., 2016; More & Good, 2015; Olea-Popelka et al., 2004). 
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The inclusion of these variables (incoming animals in the three previous years and 

municipality-level herd prevalence in the previous year) in the final models forced the 

elimination of outbreaks starting before 2011 (n = 437 outbreaks) since no information on 

them was available for these outbreaks. These outbreaks had been considered to estimate the 

overall median duration of outbreaks in the region and the threshold for selection of chronic 

herds. Nevertheless, if these are excluded for these calculations, no major differences were 

observed (median duration of outbreaks remains at 113 days, and the threshold used to define 

chronic herds increases from 784 to 844 days) suggesting that they are not significantly 

affecting the study definitions. 

Other factors not explicitly included in the study that could be related with increased duration 

of outbreaks include wildlife variables, or presence of concurrent infections compromising 

the diagnostic Se. The effect of paratuberculosis in bTB diagnostic tests has been described 

in the past In Spain (Alvarez et al., 2009; Aranaz et al., 2006; Picasso-Risso et al., 2019) and 

elsewhere (Brito et al., 2014; Byrne et al., 2019; Dunn et al., 2005). Similarly, cross-reactivity 

with environmental saprophytic mycobacteria could also artificially increase breakdown 

duration due to presence of unspecific SIT reactions (Jenkins et al., 2018; Vordermeier et al., 

2007). However, by selecting herds with ≥3 bTB-positive herd tests in which the disease is 

typically confirmed through bacteriology (~74% of all bTB breakdowns in herds with ≥3 

bTB-positive herd tests were confirmed through bacteriology, and 72% of the 347 case herds) 

should have minimized the presence of false positive herds in the study population. Ideally, 

the epidemiological relatedness between positive herd tests should be demonstrated by 

characterizing the M. bovis strains circulating in the farm using molecular typing techniques 

(spoligotyping, VNTR and WGS), but this information was not available for a large 

proportion of the herds evaluated here.   

Time-varying effect emerges when the proportional hazards assumption is not fulfilled 

(Therneau & Grambsch, 2000), and for this reason a multivariable Cox model with a mixture 

of time-varying and time-independent parameters was applied as seen elsewhere (Tian et al., 

2005). This allowed accommodating the time varying effect observed in 2 out of the 9 

variables included in the analyses. In all of them, a decrease in the hazard ratio estimates over 

time was observed, suggesting that the longer the breakdown lasted, the least important their 

contribution was. In the survival analyses, left truncation was accounted for 7.2% (out of 

3,454) of these herds with already started bTB breakdowns before 2010. By doing so, we 
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avoided the underestimation of the risk posed by herds with already started bTB breakdowns 

before 2010, which in fact, were significantly longer than those that started after 2010 (data 

not shown). However, the fraction truncated was not high enough so that estimates became 

unstable, as the amount of truncation did not approach or exceed the 50% threshold reported 

elsewhere (Cain et al., 2011). 

These findings should be interpreted with caution, as associations found here may not reflect 

causation. Still, the results demonstrate that certain farm and breakdown characteristics 

(available at the beginning of the breakdown) can help to predict the probability of 

experiencing a chronic bTB infection among those already infected, what may help to 

implement specific measures aimed at preventing reinfection (e.g., increased biosecurity) or 

decrease residual infection (e.g., early detection and removal to slaughter). Further research 

is needed to better understand the mechanisms behind persistence of bTB in the region, 

including the risk factors associated with bTB recurrence and the role of wildlife reservoirs 

in bTB-re-infection and/or -maintenance in the herd. 

 

7.3. EVALUATION OF SLAUGHTERHOUSE SURVEILLANCE IN THE 

DISCLOSURE OF BOVINE TUBERCULOSIS IN CATTLE 

 

In the third chapter of this thesis, the population of cattle slaughtered in Castilla y Leon 

abattoirs was characterized to explore the performance of passive surveillance in detecting 

and subsequently confirming bTB-like lesions due to M. bovis infection during 2010-2017. 

Additionally, the slaughterhouse movement network of animals culled in abattoirs located in 

the region was characterized to quantify the movement patterns of the culled population. 

Although other epidemiological studies have been conducted on the herd- and animal-level 

factors that hamper bTB control (some included in this thesis), this is the first study to 

evaluate the variation in the efficiency of abattoirs for the detection of bTB-suspect lesions 

through routine inspection conducted in Spain. This objective has great importance since the 

detection of lesions at slaughter and the subsequent laboratory confirmation of bTB infection 

are essential parts of the eradication program. 

Between 2010 and 2017, the Castilla y Leon slaughterhouse movement network mostly had 

a limited geographical scope, with 63.3% of the culled animals originating from units located 

a median of 31 km apart from the destination abattoir, although 22.3% of the total number of 
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culled animals were sent to abattoirs outside the region (Table 18). More than a quarter of 

the slaughtered population was culled in abattoirs located in Salamanca, which also received 

the highest number of movements from units located within and outside Castilla y Leon, 

followed by abattoirs in Valladolid (Table 18 and Figure 28). This was expected as 

Salamanca concentrates a high proportion of the cattle industry in Castilla y Leon (Figure 7), 

mainly based on meat production (beef, fattening herds). Even though Valladolid is one of 

the provinces in Castilla y Leon with fewer cattle units, a large proportion of the total culled 

population (especially cattle from fattening herds) was slaughtered in abattoirs in this 

province, what could be due to its geographic location in the central part of the region 

(Figures 28 and 29). Overall, origin herds outside Castilla y Leon that sent animals to 

abattoirs in the region (18.5% of the cattle culled in Castilla y Leon abattoirs) came from 

neighboring provinces such as Caceres, Madrid, Cantabria and Toledo, and one out of four 

culled animals was sourced from geographically distant regions (Figure 30). 

The performance of bTB passive surveillance was evaluated using the cattle population 

slaughtered in Castilla y Leon abattoirs with a source herd located in the region (>2.8 million 

animals). This was split into two subpopulations based on the availability and results of the 

ante-mortem tests: positive/reactor and negative/no-information subpopulations. Although 

passive surveillance was performed routinely in the 60 abattoirs located in Castilla y Leon, 

slaughter of bTB reactor animals (to the SIT and/or IFN-γ assay) was centralized in 19 

authorized abattoirs. Given the expected differences in the probability of having bTB-like 

lesions in reactor animals and the abattoir surveillance emphasis based on prior knowledge 

on the animal/herd bTB status, multivariable analyses were performed separately in each 

animal subpopulation (positive vs. negative/with no information available). Data on ante-

mortem test results was not available for ~1,2 million animals, of which 11.3% (n = 132,150) 

and 70.9% (n = 828,400) came from units located outside Spain and Castilla y Leon, 

respectively. The remaining 207,093 animals that were born in Castilla y Leon units were 

mainly (80.2%) animals coming from fattening herds in which compulsory testing may not 

be required if these only move cattle to the slaughterhouse. For the residual (19.8%) non-

fattening animals, only one third (n = 12,402, 1% out of the animals with no ante-mortem 

data) resided in herds that tested positive in the same year of slaughter, but no associated 

ante-mortem result was available either for these or for the rest of the culled animals from 

non-fattening Castilla y Leon herds. These animals remained in the analyses as they were 

considered animals that might have been in contact with suspected animals, were culled for 
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reasons other than bTB and/or were recently moved to a Castilla y Leon herd (and thus 

undertook testing at different times).  

Throughout the study period, bTB like-lesions were detected in 0.2% of all animals culled in 

Castilla y Leon that resided in units located in the region. As expected, most (85%) bTB-like 

lesions were detected and (98.9%) were further confirmed as M. bovis among the reactors to 

the SIT test (here, under the severe interpretation) and/or the IFN-γ assay. Unsurprisingly, as 

positive predictive value (PPV) is highly affected by the prevalence, PPV of lesion detection 

(using culture as the reference) was higher among positive to ante-mortem tests population 

(where 99% of the reactor animals were bTB-confirmed) compared to negative/no-

information animals (PPV = 91.4%). This result, indicating a significantly increased risk of 

post-mortem bTB confirmation in animals with a previous history of exposure, is in 

agreement with previous studies in Ireland (Clegg et al., 2016) and Northern Ireland (Byrne 

et al., 2017a; O'Hagan et al., 2015). Among the negative/no-data on ante-mortem tests 

subpopulation, M. bovis infection was confirmed in 0.02% of the animals. When the analysis 

was performed on the animals for which negative results were available (bTB-negative to 

SIT and/or IFN- γ, n = ~1,6 million), bTB was confirmed in 0.04% (n = 631) animals with 

lesions subjected to bacteriology, whereas bTB infection was only identified in 0.003% (n = 

27) animals with no information on ante-mortem tests. Of these 27 animals, 23 came from 

herds where bTB was detected in the same year (data not shown). Despite these low 

proportions of animals in which bTB infection was detected in the post-mortem, the risk 

posed by these false negative (and those with no ante-mortem information) cattle should not 

be underrated as substantial program costs are associated to previously bTB exposed and 

undetected testing animals. Some of them may have been unresponsive in the tests due to a 

very early or late stage (anergic) of infection (Clegg et al., 2016; Morrison et al., 2000; 

Pollock & Neill, 2002).  

Unsurprisingly, the highest proportion of animals with bTB-like lesions disclosed in Castilla 

y Leon abattoirs (and the overall slaughtered cattle population) was linked to units located in 

Salamanca and Avila. As described in Chapter 2, the highest number of bTB-positive herds 

during 2010-2017 were located in these two provinces (Table 14), in which there are areas 

where bTB is still considered endemic (Anon, 2019d). In contrast, animals from units located 

in Soria represented the lowest percentage (<1%) out of the overall culled population in 

Castilla y Leon (and thus the smallest number of reactor and lesioned animals), but 
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proportionally, Soria had the highest percentage of lesioned animals over its slaughtered 

population (0.52% vs. 0.35% in Avila and 0.29% in Salamanca, Table 21). Results obtained 

in Chapter 2 and Chapter 3 showed a higher risk of bTB persistence in herds located in Soria 

compared to other high and low prevalence regions in Castilla y Leon. These results, pointing 

at possible differences in test performance of ante-mortem diagnostics should be further 

examined at the animal/herd level. Given that overall, abattoirs in each province tended to 

cull animals from units located within the province, with a median of 63.6% animals culled 

within their own province (data not shown), the larger proportion of bTB-suspect lesions 

detected in these three provinces was unsurprising, as the probability of bTB being detected 

in provinces with higher bTB prevalences will be higher than for areas where the disease is 

less prevalent, as seen elsewhere (Shittu et al., 2013).  

In this study, unit and abattoir random effects were included in the multivariable models to 

account for the lack of independence between animals from the same source herd and 

slaughtered at the same factory. This resulted in the detection of a significant variation in 

lesion detection and laboratory confirmation by abattoir and unit of origin. To avoid biases 

and underestimations in the variance components, random-effect parameters in the 

multivariable models were estimated with REML instead of Maximum Likelihood, only 

useful when comparing models that differ only in their fixed effects (Pinheiro & Bates, 2000; 

Zuur et al., 2009).  

Overall, multivariable analyses performed in the reactor and negative/no-information to ante-

mortem tests subpopulations showed that there was a significant variation in the probability 

of cattle exhibiting bTB-like lesions at slaughter and subsequent laboratory confirmation 

depending on certain risk factors (age and/or season of slaughter depending on the 

subpopulation analyzed). A strong effect of increasing ages in the risk of detection of bTB-

like lesions was observed in both subpopulations, with lesions in older (>1 year in reactors, 

>2 in negative/no-information cattle) animals more likely to be detected than in younger 

animals (<1 year, Table 23). The age groups analyzed (<1 year, 1-2 years, > 2 years) were 

not balanced in size (with 75% of all slaughtered animals below 18 months) but were selected 

in agreement with previous studies (Frankena et al., 2007; McKinley et al., 2018; Olea-

Popelka et al., 2012). However, the effect of age on the probability of laboratory confirmation 

was only significant in the positive subpopulation, suggesting that once well-developed gross 

lesions are detected in a bTB exposed and undetected testing animal the likelihood of being 
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confirmed as M. bovis is equal irrespective of the age of the animal.  Additionally, it was 

more likely to detect lesions in reactor animals culled between April and September 

compared with animals slaughtered between October and December. This may be related to 

variability in bTB transmission rates during periods of grazing and sharing pastures in spring-

summer vs. housing season in winter, as suggested elsewhere (Pascual-Linaza et al., 2017), 

although could be also related with other factors such as availability of 

experienced/motivated meat inspectors. The seasonal pattern in detection rates may be used 

to target improvements in slaughterhouse surveillance through the reinforcement of 

inspection procedures and training process especially during periods when under-detection 

of bTB-like lesions at post-mortem inspection occur. 

In the negative/no-data subpopulation, animals were more likely to be laboratory confirmed 

as bTB infected during October-December, though no association was detected with the risk 

of lesion detection (Tables 23 and 24). Additionally, when the analyses were performed only 

in cattle with negative results (excluding animals with no data available), detection and 

laboratory confirmation estimates did not differ substantially (change in coefficient <15%, 

data not shown). 

Overall, during the period 2010-2011 more than one third (>37%) of the total number of 

animals with bTB-like lesions were detected and confirmed, especially during the 

spring/summer seasons (more “evident” among the reactor’s subpopulation). Likewise, this 

increased proportion of detection of animals with bTB lesions in the first years of the study 

period correlates with the higher bTB herd prevalence in the region in that period (around 

2.6% during 2010-2011, and up to 3.7% in the two years prior) (Anon, 2020b). 

According to the univariable analyses and the estimates of the unit-random effects, the risk 

of detecting bTB-like lesions was significantly higher in bullfighting herds/animals of 

bullfighting breeds compared to beef (and Holstein Friesian cattle) among the reactor animals 

(Table 23, Figure 37). In fact, animals in units with a mixed beef-bullfighting type pattern 

and those units that harbored mainly a miscellaneous of all breed categories had significantly 

increased risks of having suspect lesions compared to other mixed and homogeneous unit 

type and breed patterns, which revealed that heterogeneity in the composition of herds was a 

risk factor in lesion detection among reactor animals (data not shown). Nevertheless, the 

probability of being confirmed as M. bovis was not significantly different from beef herds 

(Figure 37, Table 24). Bullfighting (and beef) herds, typically managed in extensive systems, 
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are exposed to certain risk factors that may influence the effectiveness of control programs, 

such as increased herd sizes and potential for contact with wildlife reservoirs. On the other 

hand, in the ante-mortem negative/no-information subpopulation the odds of finding bTB-

like lesions in animals from bullfighting herds were not significantly higher compared to beef 

cattle (Tables 23 and 24, Figure 38), which contrasted with previous results obtained in the 

region (Alvarez et al., 2014b). However, and as seen in Chapter 2, the lack of detection of 

significant differences in risks associated with bullfighting cattle may be due to the low 

sample size of this population (<3% of the submitted lesions in the negative/no-information 

subpopulation). When considering the breed of the animals, in the negative/no-information 

subpopulation there was an increased odds of detecting suspect lesions and confirming those 

in the laboratory in bullfighting cattle (OR = 1.9, 95% CI 1-3.6 and 5.8, 95% CI 1.7-19.6) 

compared to Holstein Friesian (Tables 23 and 24). The performance of the SIT test may be 

impaired when performed in bullfighting animals due to the temperament of these animals 

and a possible breed-specific effect (Keck et al., 2018). Although the IFN-γ assay can help 

to increase test performance in infected herds, it was not applied on the negative bullfighting 

animals in which lesions were found. This result confirms the need for using the IFN-γ as an 

ancillary test to decrease the number of false negative animals, as observed previously in 

these animals in Castilla y Leon (Alvarez et al., 2014b). Overall, the odds of finding lesions 

were significantly lower in dairy herds/Holstein Friesian cattle, although no differences were 

observed when considering the risk of laboratory confirmation. These results are in 

agreement with previous research suggesting that not only bTB prevalence but also 

performance of ante-mortem diagnostics may differ depending on the unit type/breed of the 

animals, with reactors from dairy herds being less likely to have gross pathology 

characteristic of M. bovis infection than other types exposed to bTB (Byrne et al., 2017a; 

Downs et al., 2016).  

The overall median predicted probability of lesion detection in the positive to ante-mortem 

population was 9%, a much lower value than the 45% reported by Garcia-Saenz and 

collaborators in Catalonia, Spain (Garcia-Saenz et al., 2015). Although this study was 

performed in animals that arrived at the abattoir being bTB positives, the difference in the 

probability of lesions being detected may be related to the variability in testing regime 

intervals in both provinces with distinct herd level prevalences (0.16% in Catalonia vs. 1.4% 

in Castilla y Leon in 2018) (Anon, 2020b). Herds in Catalonia, a low prevalence region, are 

tested on an annual or two-yearly testing interval, which, in case of an animal being bTB 
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infected (and not detected due to the lag in testing), allows for longer times for bTB lesions 

to develop and thus higher chances of being detected during meat inspection. 

Median crude lesion detection rates in Castilla y Leon abattoirs for the reactor and 

negative/no-data animals were 1,358 per 10,000 animals and 0.4 per 10,000 animals, 

respectively, which fall outside the range of the mean abattoir estimates reported in Northern 

Ireland (30 per 10,000 animals, Pascual-Linaza et al., 2017) and Ireland (22-25 per 10,000 

animals, Frankena et al., 2007; Olea-Popelka et al., 2012). However, results obtained in these 

studies were based on the culled population as a whole irrespective of their ante-mortem 

status. When unifying both the reactor and negative/no-data subpopulations, the overall 

median crude lesion detection rate in the 54 Castilla y Leon abattoirs decreased to 0.5 lesions 

per 10,000 animals (IQR = 0-11.8, data not shown), whereas if only 28 slaughterhouses in 

which at least one animal was detected were considered, this number increased to 11.5 per 

10,000 animals (IQR = 2-22.2). The latter value was still lower than the mean abattoir 

estimates reported in Northern Ireland and Ireland, countries with higher prevalences than 

Castilla y Leon [12.4% and 5%, respectively (Northern Ireland Audit Office, 2018)], and 

much closer to the 9.3 bTB granuloma submissions per 10,000 cattle reported in the USA, a 

country in which bTB is only endemic in a restricted area of Michigan (United States Animal 

Health Association, 2004). Direct comparisons between studies should be drawn with caution 

as the population of culled animals included in the analyses differed with these studies.  

After adjustment for age and season of slaughter, detection rates in the reactor and 

negative/no-information cattle subpopulations were 1,367 per 10,000 and 0.9 per 10,000 

animals and differed significantly between abattoirs, ranging from 603 to 3,070 per 10,000 

and from 0.2 to 16.1 per 10,000 animals, respectively. This variation could be due to the 

differences in the characteristics of the animals slaughtered in each abattoir not considered 

in the model, and/or differences in the accuracy/efficiency of the abattoirs in detecting bTB-

like lesions. These substantial variations were in agreement with those reported repeatedly in 

Ireland (Frankena et al., 2007; Olea-Popelka et al., 2012), Northern Ireland (Pascual-Linaza 

et al., 2017), GB (Shittu et al., 2013), the USA (Kaneene et al., 2006), and Catalonia in Spain 

(Garcia-Saenz et al., 2015). In contrast, confirmation rates did not differ substantially among 

abattoirs in both subpopulations of slaughtered animals (positives: 97.3-99.3% and 

negatives/no-data: 82.6-96.9%) meaning that once bTB-suspect lesions are detected, 

confirmation as M. bovis was not affected by the abattoir in which these were identified. 
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These values were well above other confirmation rates reported in GB (67%, Shittu et al., 

2013) and Ireland (64-69%, Frankena et al., 2007; Olea-Popelka et al., 2012), what could 

indicate a higher specificity in lesion detection that could in turn suggest a lower sensitivity. 

The optimization of the sensitivity of the slaughterhouse surveillance component in Spain 

includes the establishment of baseline targets of disclosure of bTB-like granulomatous 

lesions, which became effective in 2017 after the audit carried out by the European 

Commission on the progress of the Spanish program to eradicate bTB (Anon, 2020a; 

European Commission - Directorate-General for Health & Food Safety [EU - DG SANTE], 

2016). Again, the population of culled animals included in the analyses differed with the 

above-mentioned studies including submissions of lesions from herds classified free of bTB. 

However, when the present analysis was performed on the negative cattle subpopulation in 

which bTB-like lesions were detected (n = 693), the laboratory confirmation rate was still 

higher than 91%, confirming the overall high likelihood of suspect lesions being confirmed 

as M. bovis in Castilla y Leon (data not shown).  

Differences in detection and laboratory confirmation rates observed between abattoirs could 

not be explained by differences in age and season of slaughter alone, as ranking of abattoirs 

by disclosure and confirmation rates did not change between crude and adjusted analyses, 

with correlation estimates >0.7 (p <0.001) in both subpopulations. These results were in 

agreement with the abovementioned studies conducted in UK and Ireland despite the 

differences in the predictors included in the models. Risk factors assessed in other studies 

and not addressed here included previous bTB history and severity of previous outbreaks in 

the herd, time since last breakdown, testing interval, herd size, and number of units in which 

the animals lived before slaughter, among others. The high correlations between crude and 

adjusted detection and laboratory confirmation rates suggested that other factors not 

considered such as those related to inspection procedures or operation of abattoirs (line speed, 

light, thoroughness of the examination, expertise, interest and workload of the meat 

inspectors) may affect the accuracy of detection of bTB in cattle in Castilla y Leon, as 

suggested elsewhere (Corner et al., 1990; Pascual-Linaza et al., 2017; Shittu et al., 2013). 

These factory-related factors should be evaluated in further studies as may explain the 

differences in lesion detection between authorized and non-authorized abattoirs, where 

veterinary inspectors may not perform meat inspection rigorously given the low expectations 

to find positive cattle. 
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A major limitation in this study is that, despite the high Sp (>99%) of abattoir surveillance, 

post-mortem analyses of bTB have limitations in terms of a variable Se, as not all bTB-

lesioned animals would be detected during meat inspection (Nunez-Garcia et al., 2018). 

Some lesions may be small and easily overlooked especially at early stages of the disease, 

whereas some animals may not present lesions at the time of slaughter. Mean Se of 

slaughterhouse surveillance for bTB reported in abattoirs in Catalonia was 31% (95% CI 

28.6-36.2), below the mean value obtained by the EFSA report of 71% (Bayesian 95% CrI 

38-92) (EFSA Panel on Animal Health and Welfare [AHAW], 2012; Garcia-Saenz et al., 

2015). Authors claimed that this differences might be due to the application of control 

measures such as the use of IFN-γ that allow to detect animals at earlier stage of infection 

(and thus visible lesions might not have the time to develop) or were a consequence of the 

inclusion of countries with no eradication programs in the latter report. In this context of 

imperfect abattoir Se, inadequate meat inspection could lead to a delay in the success of bTB 

control and increased cost of the eradication programs. To ensure that passive surveillance is 

able of detecting bTB-suspect lesions even at low prevalence levels in culled cattle, it is 

necessary that veterinary inspectors are sufficiently trained and motivated, so they are able 

to identify bTB infected herds prior to the scheduled routine testing and thus minimize the 

size of bTB breakdowns and spread to contiguous herds.  

Abattoir surveillance plays a pivotal role in bTB eradication programs and the assessment of 

its efficiency and accuracy should be monitored, especially in endemic areas. The detection 

of bTB-suspect lesions in slaughtered cattle together with optimal trace-back of lesioned 

animals is essential for the detection and management of bTB breakdowns in herds. Different 

studies have evaluated the role of abattoir surveillance in endemic contexts. In 2008, 16% of 

the new bTB-confirmed breakdowns in GB were detected at the slaughterhouse, and up to 

35% of those in non-endemic regions where testing interval is every four years (Shittu et al., 

2013). In Spain, 14% of 687 new bTB breakdowns between 2009 and 2011 were detected by 

slaughterhouse surveillance (Guta et al., 2014b). Although data on the OTF status of Castilla 

y Leon herds where culled animals originated was not available in this study, the relatively 

high proportion of bTB breakdowns disclosed at the abattoir shown in Chapter 2 (Tables 15 

and 17) confirms the importance of passive surveillance in detecting new breakdowns.  The 

presence of false negatives animals derived from failures of the ante-mortem tests may 

explain a large proportion of breakdowns attributed to residual infection, with estimates of 

up to 50% reported in a study conducted in GB (Conlan et al., 2012). In Spain, however, 
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other factors such as the animal and herd profiles, and the presence of external sources of 

infection might be also involved.  

Results obtained here may help to identify animals at increased risk of having a lesion at 

slaughter based on animal- and farm-related factors, and the ability of the overall network of 

Castilla y Leon abattoirs to detect them. Enhanced surveillance during the post-mortem 

examination for cattle with certain characteristics assessed here could be applied in the 

Spanish eradication program framework. 

 

7.4. WHOLE GENOME SEQUENCING OF MYCOBACTERIUM BOVIS 

STRAINS ISOLATED FROM LIVESTOCK AND WILDLIFE 

 

In the last chapter of this thesis, molecular epidemiology based on WGS analysis of multiple 

M. bovis isolates recovered from several animal species and regions in Spain was used to 

understand the transmission dynamics of bTB in this multi-host interface. Here, information 

on genetic diversity (measured using SNPs) and epidemiological data were combined to gain 

some understanding on the potential for within and between species transmission to elucidate 

the role of wildlife in bTB transmission. This is the first genomic study describing M. bovis 

diversity at the livestock-wildlife interface in Spain and highlights the relevant role that 

genomics and phylogenetic approaches can have to gain knowledge on bTB epidemiology.  

Results of the genomic analysis of 140 animals from different species suggested that M. bovis 

infection has been transmitted between cattle and wildlife populations in Spain for a long 

time. The highest (72.1%) proportion of isolates included in this study were recovered from 

cattle, as the main goal was to describe the genetic heterogeneity of a predominant 

spoligotype (SB0339) of M. bovis in this host species. In addition, 37 SB0339 isolates 

recovered from different wildlife species were also sequenced to compare the diversity found 

in potential wild reservoirs. More than half of them (n = 20) were recovered from samples 

collected from wild boar, which together with red deer and fallow deer, is considered the 

main maintenance host in the Mediterranean Iberia (Gortazar et al., 2015; Munoz-Mendoza 

et al., 2013). Additionally, watusi (an animal kept in captivity) and pig samples were included 

to provide a wider description of the M. bovis divergence in Spain. Outbreaks of 

mycobacterial infections have been reported in several zoo animals worldwide, including 
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ruminants, badgers, big cats, elephants, camelids, and rhinoceros, among others (Lécu & 

Ball, 2011). Although domestic pigs are often considered as dead-end hosts of bTB, in some 

epidemiological scenarios they result useful as sentinels for detecting bTB and even become 

M. bovis reservoirs (Di Marco et al., 2012; Nugent et al., 2015). 

Isolates included in the study were sampled at different points in time (heterochronous data) 

between 2005 and 2018. This wide time interval was selected given the small mutation rate 

of M. bovis [median estimates between 0.2 and 0.5 events per genome per year (Biek et al., 

2012; Crispell et al., 2017; Trewby et al., 2016)], that makes necessary to compare isolates 

recovered through long periods when attempting to reconstruct the phylogenetic relationships 

between them. No animal isolates (or samples yielding viable isolates) prior to 2005 were 

available at VISAVET and therefore 2005 was set as the starting point of the study. 

The identity of most sequenced isolates was confirmed as SB0339, which is the third most 

frequent in Spain, representing 8% of the M. bovis isolates after SB0121 (28%) and SB0134 

(11%) (Gortazar & Boadella, 2014; Rodriguez-Campos et al., 2010). The SB0339 

spoligotype has been isolated recurrently from animals mainly from central and northern 

regions of the country, with evidences of interspecies transmission (Garcia-Jimenez et al., 

2013). All M. bovis strains sequenced in this study lacked spacer 21 from the DR region in 

their spoligotype profile except one (subsequently excluded isolate #72) that was identified 

as SB0849 (Appendix I). The remaining 139 isolates were members of the Eu2 clonal 

complex, defined by a SNP profile with a distinct spoligotype pattern that was also present 

at different frequencies in Portugal, Italy, France (Rodriguez-Campos et al., 2012b). There 

were four isolates for which no or unexpected spoligotype calls were detected (Appendix I). 

This may be a consequence of an average depth of coverage that fell below the appropriate 

30x-500x range, as the vSNP pipeline requires at least a 5x coverage to call any spacer region. 

These samples, however, remained in the analyses as they were included within the same 

group (Group 13 based on vSNP M. bovis phylogeny, data not shown) of isolates as those 

identified as SB0339. Among the 139 samples, there were 8 isolates with low (<20x) depth 

of coverage, with DNA regions of little or null coverage leading to the identification of 

unreliable SNPs. Likewise, the percent of the reference genome covered by these sequences 

was below 99%, which for clonal organisms as M. bovis, implies the need for a significant 

amount of correction. Low coverage issues were additionally observed in two contaminated 

samples (isolates #5 and #51), in which contaminating reads were identified and removed 
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(Figures 46 and 47). Although results obtained in these low coverage and contaminated 

samples should be viewed with caution, no major bias was expected due to erroneous SNPs 

calls; the contaminating organisms found in those samples were not closely related to M. 

bovis and additionally, the pipeline was re-run after the exclusion of these non-mycobacterial 

reads. These situations of low coverage and contaminated isolates can lead to errors in the 

SNP calling process, with positions being identified as variants but QUAL scores not high 

enough to be called automatically (e.g., up to 132 positions for isolate #5). Thus, erroneous 

calls were meticulously verified with IGV, and reliable SNPs were manually corrected by 

altering the VCF file by increasing QUAL score to 301 and/or by changing to AC = 2 when 

appropriate.  

The relationship between the sequenced isolates was analyzed through the use of 

phylogenetic trees. Genome-wide data of the 139 bTB isolates revealed a total of 1,374 

polymorphic sites against the M. bovis AF2122/97 reference genome, of which 803 (58.4%) 

were not present in more than one isolate. Genetic distances between the isolates were 

heterogeneous, as all isolates were between 49 and 88 SNPs apart since sharing a common 

ancestor (Figure 49). Two genetically distinct groups, A and B, of isolates were defined by 

two mutational steps that were present in group A (Figure 48). The large amount of acquired 

SNPs within group A, with isolates being between 47 and 72 SNPs since their group common 

ancestor, may be suggestive of a long history of endemicity. Group B isolates also 

accumulated a high degree of heterogeneity, as these were in a range between 38 and 60 

SNPs apart since a common ancestor (data not shown). In fact, a high degree of genetic 

diversity was expected in SB0339 isolates, given that this is the third most prevalent 

spoligotype in Spain and has been circulating in several areas of the country over extended 

periods of time (Figure 40) (Rodriguez-Campos et al., 2010).  

Six distinct clades could be distinguished among the sequenced collection, of which three 

contained both wildlife and cattle-derived M. bovis sequences. Though few wildlife isolates 

were available, genetic distances between cattle isolates and 7 wild animals within clade A.2, 

were small (≤3 SNPs). In particular, three out of nine M. bovis samples collected from fallow 

deer, one out of 20 from wild boars, and 3 out of 8 red deer isolates were no more than three 

SNPs away from the nearest cattle isolate (Figure 49). Moreover, one of the nine M. bovis 

genomes sequenced from fallow deer was genetically indistinguishable from five cattle 

strains recovered from two herds over a two-year period (Figure 51). The similarity between 
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strains in this clade recovered from different host species is suggestive of recent transmission 

events and/or transmission from a (not sampled) common source. Evidences of M. bovis 

transmission between livestock and wildlife have been reported in numerous studies 

worldwide, especially in areas where several susceptible species coexist. Research conducted 

in UK showed that badger isolates were in a range of 0-4 SNPs apart from the nearest cattle 

isolate, and that transmission occurred more frequently from badgers to cattle than vice versa 

(Biek et al., 2012; Crispell et al., 2019). Additionally, a high rate of genetic exchange between 

sampled livestock and wildlife populations was suggested in New Zealand (Crispell et al., 

2017). However, despite the potential for interspecies transmission suggested by the findings 

in our study, the overall clustering of isolates by host species suggested that M. bovis strains 

recovered from a given host tended to be more genetically related than those coming from 

other hosts, and that genetic distances were associated with the province of origin (Figure 

49). This was particularly evident in the case of the wild boar samples, with isolates recovered 

either from the same or neighboring provinces being few SNPs away from each other. In 

contrast, the absence of association between M. bovis genetic distance and geographic 

distance between some genetically divergent wildlife isolates recovered from the same 

regions may be suggestive of evolution of strains in unsampled hosts (that could include 

cattle populations with no transmission linkage with wildlife) (Figure 49) (Price-Carter et al., 

2018). 

Overall, time and geographical origin of isolates were good predictors of genetic distances 

regardless the host species of origin of the isolate. This result is in agreement with a study 

performed in Ciudad Real, which showed a high abundance of M. bovis SB0339 isolates in 

both livestock (cattle, pig and goat) and wild ungulates (red deer, fallow deer and wild boar) 

(de la Fuente et al., 2015). 

In Madrid, the region that accounted for 48% of the strains included in the study, isolates 

recovered from cattle and wildlife were all included in clade A.2. Three out of the six groups 

of highly similar (≤3 SNPs) strains recovered from livestock and wildlife were found in this 

region (Figure 50). Nevertheless, and although a substantial genetic homogeneity at the 

spoligo-VNTR level was identified among cattle isolates in Madrid in a previous study (de 

la Cruz et al., 2014), genome-wide analyses performed here revealed an overall high degree 

of genetic heterogeneity suggesting a long history of SB0339 circulation in Madrid. The 

SB0339 pattern has been recurrently found in certain areas, especially in Monte de El Pardo 
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Nature Reserve located in Madrid municipality and in Colmenar Viejo, where risk factors 

such as extensively managed herds and abundant presence of wildlife reservoirs may explain 

that bTB prevalence has remained historically high in both livestock and wildlife (Aranaz et 

al., 2004; Rodriguez-Campos et al., 2010).  

The analyses of the within-herd genetic diversity in isolates from chronically infected herds 

were aimed at providing some information on the degree of difference expected over time in 

a given herd, what could help to differentiate the source of an outbreak (i.e., relapse versus 

reinfection) (Hatherell et al., 2016). Isolates with ≤3-SNPs were considered closely related 

because most epidemiologically linked isolates recovered from the same herd and sampled 

within the same year did not exceed this level of divergence. Genetic distances observed both 

between and within herds in Madrid, with 4 out of 7 persistently bTB infected herds in which 

highly divergent M. bovis isolates were found, may be suggestive of different transmission 

events from multiple sources (Table 28, Figure 50). In contrast, two isolates (#61 and #26) 

collected in herds MA and MC between 2010 and 2013 and located in Colmenar Viejo, 

showed little divergence (3 SNPs apart) despite the considerable time elapsed between their 

isolations, suggesting that the disease might have remained latent in the host or in a common 

source. Remarkably, isolates recovered from herd MC over 5 years were scattered along the 

phylogenetic tree revealing a high degree of heterogeneity, indicating several -unsampled- 

sources of bTB.  

In the remaining persistently infected herds, genetic clustering of strains coming from the 

same herds (and same provinces) indicated that M. bovis was continuously circulating in the 

sampled herds (without introductions of new strains) (Figure 50). The overall persistence 

observed may instead suggest re-introductions of the same strain from other sources such as 

neighboring herds, environmental persistence, or alternate hosts that may be infected with 

highly similar strains, as suggested elsewhere (Biek et al., 2012). However, a short genetic 

distance in isolates from two cattle herds (namely, MAA and MAB) and fallow deer 

recovered over two years in Mallorca was found (Figure 50). The unique SNP observed 

among cattle and fallow deer isolates within this cluster might be either a consequence of M. 

bovis strain variation derived from animal-to-animal transmission, or an actual mutation in 

the sequence. These results evidence again the potential role of wildlife species in 

maintaining bTB infection in different areas on Spain. 
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The genetic diversity observed in the SB0339 analyzed M. bovis isolates was not seemingly 

caused by recent exogenous introductions in Spain. Instead, the genetic distances suggested 

an endemic self-maintaining infection within different animal species in each region, with 

certain events of interspecies transmission. Despite the small sample size included in this 

study, this picture is in agreement with findings of previous chapters and reported elsewhere 

on the potential effect of local risk factors (i.e., spatial proximity, extensive management in 

beef herds, contact with other sources of infection) in bTB endemic areas (Biek et al., 2012; 

Green et al., 2008). However, the hypothesis that infection in certain cases may be due to 

independent introductions of new strains (e.g., through animal movements), probably in the 

case of distinct strains found in certain areas/herds, cannot be discarded. A broader analysis 

including data on animal movements should be performed to assess the importance of 

movement-mediated vs. local transmission, but it was beyond the scope of this chapter. 

Results obtained here are of importance considering the relatively high degree of persistence 

that exist in several regions of Spain, such as the central and south-west parts of the country. 

Interaction with wildlife reservoirs was identified as the second most important cause of herd 

breakdowns in Spain, after residual infection (Guta et al., 2014b). This, however, may vary 

between production types and areas of the country. In areas where several host species of 

bTB coexist, disease eradication from livestock cannot be achieved unless transmission 

between different disease sources is halted. In fact, it is well recognized that control measures 

such as herd depopulation may be unsuccessful when wildlife reservoirs are involved in the 

introduction and spread of bTB (Good et al., 2011a). The limited within-herd genetic 

diversity found in the sampled herds over multiple years suggested that false negative animals 

(due to failures in the ante-mortem tests) may also contribute to disease persistence. 

A major limitation of this study was the sampling bias forced by the availability of strains 

from certain hosts/years/regions. The potential of WGS-derived analysis may be 

compromised when a poorly sampled host population contributes to transmission, which in 

this case, could be the wildlife reservoirs. More than half of the isolates included here (n = 

20) were originated from samples collected from wild boar, mostly from Madrid, while the 

majority (n = 15/17) of the red deer and fallow deer M. bovis isolates were sampled in the 

central regions of the country as well. Additionally, some provinces were clearly under-

represented in our collection, while Central Spain was more intensively sampled compared 

with southern regions, where bTB is highly prevalent in both cattle and wildlife. Therefore, 
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our findings should not be extrapolated to other areas unless further studies confirm the 

degree of diversity within and between species found here.  

High-throughput genotyping methods such as WGS have created unprecedented 

opportunities for studying the transmission network of microorganisms such as M. bovis and 

enable trace back of sources of infection, which may complement other measures included 

in the bTB eradication program in Spain. This study confirmed that M. bovis is probably 

maintained in multi- rather than single-host populations in high but also low prevalence areas 

(e.g., Mallorca), and that the relative contribution of wildlife reservoirs to bTB maintenance 

in some regions may be low when compared to Central and Southwestern Spain. 

While traditional typing techniques have demonstrated that M. bovis molecular patterns are 

maintained within well-defined spatial clusters, their power to discriminate within-cluster 

events that may explain persistence and transmission is limited (Trewby et al., 2016). In this 

sense, WGS results a valuable tool to improve the understanding of bTB epidemiology, even 

for slowly evolving and genetically conserved pathogens such as M. bovis (Garnier et al., 

2003). Genome-wide analyses allow us to assess the incremental changes in genetic distance-

clonal evolution of M. bovis, which evolve primarily through the acquisition of SNPs and 

deletions (Price-Carter et al., 2018; Smith et al., 2006). Here, WGS was used to describe the 

genetic heterogeneity in a highly predominant spoligotype in an attempt to assess the 

potential for interspecies transmission irrespective of the direction, as phylogenetic trees 

presented here are not equivalent to transmission trees. The combination of M. bovis 

sequence data and mathematical models considering the temporal structure inherent in 

selected heterochronous samples may increase the statistical power to infer M. bovis 

evolutionary processes, as conducted in previous research (Crispell et al., 2019; Crispell et 

al., 2017; Glaser et al., 2016; Salvador et al., 2019). The inclusion of a molecular clock into 

the analyses performed here and the addition of a balanced selection of samples between 

livestock and wildlife will be the subject of following analyses. Ultimately, the addition of 

the temporal scale in analysis of the genetic heterogeneities among isolates may help to 

quantify the role of wildlife reservoirs and livestock in M. bovis infection dynamics in Spain.
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8. CONCLUSIONS 

FIRST 

The degree of connectivity of farms included in the cattle movement network of Castilla y 

Leon during 2010-2015 was highly heterogeneous, with most units having a small number 

of connections, and a small proportion functioning as potential high‐risk hubs for 

transmission of bovine tuberculosis (bTB). 

 

SECOND 

Beef and bullfighting herds were highly connected with other units in the movement network 

and were also at a higher risk of bTB infection, highlighting their potential to act as sources 

of bTB if movements involving infected cattle occur before being detected. 

 

THIRD 

Bovine tuberculosis positive farms in Castilla y Leon were involved in a higher number of 

movements and connections (both incoming and outgoing) than negative farms. However, 

bTB-positive farms were not significantly clustered in the movement network up to the first 

level of neighborhood (i.e., they were not more connected with other positive farms through 

direct movements than would be expected by chance). 

 

FOURTH 

There was evidence of spatial clustering of bTB-positive farms in Castilla y Leon in 2010-

2015, so that there were 27 times more positive farms surrounding other positive farms within 

distances of up to 10 km than expected. 

 

FIFTH 

The duration of bTB breakdowns in infected farms in Castilla y Leon in 2010-2017 was 

associated with the prevalence in the municipality, and with characteristics of the farm 
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(production type, herd size, entry of animals in the last three years) and of the breakdown 

(number of reactors in the first herd test). Province and number of culture-positive animals 

in the first herd test of the breakdown were also significantly associated with the expected 

herd breakdown duration, but their effect became less significant over time. 

 

SIXTH 

The probability of an infected farm becoming chronically infected (experiencing a 

breakdown for more than or equal to 784 days) in Castilla y Leon during 2010-2017 was 

associated with its location (province and municipality prevalence), and farm (herd size and 

entry of animals in the last three years) and breakdown characteristics (number of reactors 

and culture-positive animals in the first herd test). Production type was not associated with 

experiencing a chronic breakdown, suggesting that once farms are infected it is not a 

significant predictor of breakdown duration. 

 

SEVENTH 

The overall rate of detection of bTB-like lesions in reactors to the ante-mortem tests in 

Castilla y Leon abattoirs during 2010-2017 was 1,603 per 10,000 animals, though it varied 

largely depending on the abattoir (median 1,358 per 10,000 animals, range 515-3,142). The 

probability of disclosure of bTB-like lesions among reactors was also associated with the 

type of source unit, the breed and age of the animal, and the season of slaughter.  

 

EIGHTH 

For animals negative in the ante-mortem test or with no data available, the overall rate of 

detection of bTB-like lesions in Castilla y Leon abattoirs was 2.9 per 10,000 animals, with a 

moderate heterogeneity between abattoirs (median = 0.4 per 10,000 animals, range 0-18). 

The probability of disclosure of bTB-like lesions was also different depending on the type of 

source unit, and the breed and age of the animal, but not on the season of slaughter. 
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NINTH 

The median rate of confirmation of bTB infection through culture in animals with bTB-like 

lesions in Castilla y Leon abattoirs was above 93 per 100 animals irrespective of the ante-

mortem test results of the slaughtered population, with minor variations in confirmation rates 

between abattoirs.  

 

TENTH 

Whole genome sequencing of Mycobacterium bovis isolates belonging to the highly 

prevalent spoligotype SB0339 recovered from cattle and wildlife from different regions of 

Spain between 2005 and 2018 revealed a relatively large genetic diversity (between 49 and 

88 single nucleotide polymorphisms -SNPs- since their common ancestor), suggesting a 

long-lasting circulation in Spain of this spoligotype. Shorter genetic distances were observed 

for isolates from the same region, suggesting that genetic variability was driven by proximity 

rather than by host species, although evidences of interspecies transmission were also 

observed (≤3 SNPs genetic divergence between isolates from different hosts).  

 

ELEVENTH 

Limited within-herd genetic diversity (≤3 SNPs genetic distance) was observed in most cases 

when multiple M. bovis isolates from single cattle herds were available. This was particularly 

evident in five out of ten chronically infected herds (those with M. bovis isolations for more 

than one year), suggesting a continuous circulation of endemic strains in a herd over long 

periods of time and/or reinfections from a continuous source.  

 

TWELFTH 

Targeted control strategies in highly connected farms, located in high-risk areas, with certain 

management practices, together with an improved sensitivity of the surveillance element and 

the use of whole genome sequencing, may be effective for reconstructing transmission 
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chains, decrease the size of bTB outbreaks and optimize the bTB eradication program in 

Spain. 
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9. CONCLUSIONES 

PRIMERA 

El grado de conectividad de las granjas incluidas en la red de movimientos de ganado bovino 

de Castilla y León durante 2010-2015 fue muy heterogéneo, ya que la mayoría de las 

unidades mantuvieron pocas conexiones con otras granjas, pero una pequeña proporción 

concentró un gran número de movimientos y conexiones, lo que podría convertirlas en focos 

de alto riesgo en la transmisión de la tuberculosis bovina (TBb). 

 

SEGUNDA 

Las explotaciones de carne y lidia estuvieron conectadas con un gran número de 

explotaciones a través de los movimientos, y también presentaron un mayor riesgo de 

infección de TBb, lo que pone de manifiesto el riesgo potencial de que actúen como fuente 

de TBb si se realizan movimientos de animales infectados antes de ser detectados. 

 

TERCERA 

Las granjas positivas a TBb en Castilla y León estuvieron involucradas en un mayor número 

de movimientos y conexiones (tanto de entrada como de salida) que las granjas negativas. 

Sin embargo, estas granjas positivas no se agruparon de manera significativa en la red de 

movimientos considerando el primer grado de vecindad (es decir, no estuvieron directamente 

conectadas a través de un movimiento con otras granjas positivas más allá de lo esperado por 

azar). 

 

CUARTA 

Existió un claro patrón de agregación espacial de las granjas positivas a TBb en Castilla y 

León durante 2010-2015, de manera que hubo 27 veces más granjas positivas alrededor de 

otras granjas positivas en un radio de hasta 10 km de lo esperado por azar. 
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QUINTA 

Existió una asociación entre la duración de los brotes de TBb en granjas infectadas en Castilla 

y León entre 2010 y 2017 y la prevalencia en el municipio de origen, y ciertas características 

de la granja (tipo productivo, tamaño de rebaño, entrada de animales en los tres años 

anteriores) y del brote mismo (número de reactores en el primer saneamiento positivo). La 

provincia y el número de animales detectados mediante cultivo en el primer saneamiento del 

brote también estuvieron significativamente asociados con la duración esperada del brote, 

pero su efecto fue menos significativo a lo largo del tiempo. 

 

SEXTA 

La probabilidad de que una explotación infectada tuviera un brote de larga duración (mayor 

o igual a 784 días) en Castilla y León durante 2010-2017 estuvo asociada significativamente 

con su localización (provincia y prevalencia en el municipio) y ciertas características de la 

propia explotación (tamaño de rebaño y entrada de animales en los tres años anteriores) y del 

brote (número de reactores y animales confirmados por cultivo en el primer saneamiento). 

Sin embargo, el tipo productivo no estuvo asociado con el riesgo de cronicidad del brote, 

sugiriendo que una vez las granjas están infectadas no resulta un predictor de la duración del 

brote. 

 

SÉPTIMA 

La tasa global de detección de lesiones compatibles con TBb en los animales reactores a las 

pruebas ante-mortem en mataderos de Castilla y León durante 2010-2017 fue de 1.603 por 

cada 10.000 animales, siendo muy variable dependiendo del matadero (mediana 1.358 por 

cada 10.000 animales, rango 515-3.142). La probabilidad de detección de lesiones 

compatibles con TBb en animales reactores se asoció también con el tipo de la unidad de 

origen, la raza y edad del animal y la época de sacrificio. 
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OCTAVA 

En los animales negativos (y aquéllos sin resultados en las pruebas ante-mortem), la tasa 

global de detección de lesiones compatibles con TBb en mataderos de Castilla y León fue de 

2,9 por cada 10.000 animales (mediana 0,4 por cada 10.000 animales, rango 0-18). La 

probabilidad de detección de lesiones compatibles con TBb fue de nuevo diferente en función 

del tipo de la unidad de origen, la raza y edad del animal, pero no de la época de sacrificio. 

 

NOVENA 

La tasa mediana de confirmación de las lesiones compatibles con TBb detectadas en 

mataderos de Castilla y León fue superior a 93 por cada 100 animales independientemente 

de los resultados de las pruebas ante-mortem en la población de animales sacrificados, 

detectándose una menor variabilidad entre mataderos. 

 

DÉCIMA 

La secuenciación masiva de cepas de Mycobacterium bovis pertenecientes al espoligotipo 

SB0339, de alta prevalencia, procedentes de ganado bovino y especies salvajes de diferentes 

regiones de España entre 2005 y 2018 reveló una diversidad genética relativamente elevada 

(entre 49 y 88 polimorfismos de nucleótido único -SNPs- de distancia con respecto a su 

antecesor común). Se observaron distancias genéticas reducidas entre las cepas de la misma 

región, sugiriendo que fue la proximidad geográfica la que determinó el grado de variabilidad 

genética en mayor medida que la especie hospedadora, aunque se identificaron evidencias de 

transmisión inter-especie (≤3 SNPs de divergencia genética entre cepas de diferentes 

hospedadores). 

 

DECIMOPRIMERA 

La diversidad intra-rebaño de las cepas de M. bovis procedentes de la mayoría de los rebaños 

de los que se aislaron varias cepas fue limitada (distancia genética menor a 3 SNPs). Esto fue 

especialmente notorio en 5 de los 10 rebaños crónicamente infectados (aquéllos con cepas de 

M. bovis aisladas durante más de un año), lo que podría deberse a una circulación de cepas 
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endémicas durante largos periodos y/o a reinfecciones a partir de una fuente continua de 

infección.  

 

DUOCÉCIMA 
 

La aplicación de estrategias de control dirigidas a granjas con alto nivel de conectividad, 

localizadas en áreas de alto riesgo, con ciertas características de manejo, junto con la mejora 

en la sensibilidad en el diagnóstico y el uso de técnicas de secuenciación masiva, puede 

contribuir a reconstruir las cadenas de transmisión, reducir la extensión de los brotes y 

mejorar el programa de erradicación de TBb en España.
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APPENDIX I. 

WHOLE GENOME SEQUENCING ISOLATES METADATA  



 

 
 

 

 

Isolate 
# Reference ID Group/ 

subgroup 
Animal 
species Province Herd/ 

estate Year 
Genome 
coverage 
(%) 

Average 
coverage 
(x) 

Average 
read 
length 

Unmapped 
assembled 
contigs 

Good 
SNP 
count 

Octalcode SB 

1 2005_1_M_Fallow deer_MFb A.2 Fallow deer Madrid MF 2005 98.72 24.2 218.8 1 612 676773674177600 SB0339 

2 2005_2_NA_Cattle_ A.4 Cattle Navarra   2005 99.04 93.7 230.8 1 653 676773674177600 SB0339 

3 2006_3_M_Fallow deer_MIa A.2 Fallow deer Madrid MI 2006 98.89 49.0 225.4 3 647 676773674177600 SB0339 

4 2006_4_M_Cattle_MIa A.2 Cattle Madrid MI 2006 98.86 41.9 229.3 1 634 676773674177600 SB0339 

5 2006_5_M_Cattle_MGa A.2 Cattle Madrid MG 2006 96.66 7.9 186.5 0 411 676772214170600 N/A 

6 2007_6_M_Fallow deerb A.2 Fallow deer Madrid   2007 98.84 33.1 218.7 1 620 676773674177600 SB0339 

7 2007_7_M_Fallow deerb A.2 Fallow deer Madrid   2007 98.89 42.1 221.9 18 629 676773674177600 SB0339 

8 2007_8_Z_Cattle_ZA A.2 Cattle Zaragoza ZA 2007 98.78 24.0 216.2 1 611 676773674177600 SB0339 

9 2007_9_Z_Cattle_ZA A.2 Cattle Zaragoza ZA 2007 98.90 57.6 223.7 20 634 676773674177600 SB0339 

10 2007_10_CR_Cattle_ A.4 Cattle Ciudad Real   2007 99.05 64.5 222.7 2 644 676773674177600 SB0339 

11 2007_11_NA_Cattle_ A.4 Cattle Navarra   2007 98.49 14.6 200.0 2 576 676773664177600 SB1258 

12 2008_12_NA_Cattle_NAA A.4 Cattle Navarra NAA 2008 98.99 68.4 228.1 446 875 676773674177600 SB0339 

13 2008_13_M_Cattle_MGa A.2 Cattle Madrid MG 2008 99.06 84.7 229.1 2 650 676773674177600 SB0339 

14 2008_14_M_Fallow deerb A.2 Fallow deer Madrid   2008 99.06 68.5 229.5 2 640 676773674177600 SB0339 

15 2008_15_Z_Cattle_ A.4 Cattle Zaragoza   2008 98.85 54.2 230.3 4 648 676773674177600 SB0339 

16 2008_16_TO_Cattle_ A.3 Cattle Toledo   2008 98.78 29.8 217.1 5 623 676773674177600 SB0339 

17 2008_17_M_Cattle_MCa A.2 Cattle Madrid MC 2008 99.04 90.2 228.0 2 649 676773674177600 SB0339 

18 2008_18_M_Fallow deer_MFb A.2 Fallow deer Madrid MF 2008 98.93 87.7 233.1 5 658 676773674177600 SB0339 

19 2009_19_NA_Cattle_NAA A.4 Cattle Navarra NAA 2009 99.07 67.3 212.4 46 654 676773674177600 SB0339 

20 2009_20_NA_Cattle_NAA A.4 Cattle Navarra NAA 2009 98.84 21.3 199.6 1 614 676773674177600 SB0339 

a Colmenar Viejo; b Madrid; c El Boalo; d Quijorna; e Rascafría; f San Agustin de Guadalix; g San Sebastian de los Reyes 

Appendix I. Isolate information and associated metadata of the 140 samples included in the whole genome sequencing analyses performed in Chapter 4. Municipality of origin 
for Madrid isolates is denoted with letters at the bottom of the table. 



 

 
 

Isolate 
# Reference ID Group/ 

subgroup 
Animal 
species Province Herd/ 

estate Year 
Genome 
coverage 
(%) 

Average 
coverage 
(x) 

Average 
read 
length 

Unmapped 
assembled 
contigs 

Good 
SNP 
count 

Octalcode SB 

21 2009_21_M_Cattle_MJf A.2 Cattle Madrid MJ 2009 99.04 100.8 230.2 1 665 676773674177600 SB0339 

22 2009_22_M_Cattle_MGa A.2 Cattle Madrid MG 2009 99.04 93.0 229.3 1 651 676773674177600 SB0339 

23 2010_23_M_Cattle_MJf A.2 Cattle Madrid MJ 2010 99.06 106.6 228.2 1 664 676773674177600 SB0339 

24 2010_24_TO_Red deer_TOA A.2 Red deer Toledo TOA 2010 97.93 9.7 215.3 745 562 676773674177600 SB0339 

25 2010_25_TO_Wild boar_TOA A.2 Wild boar Toledo TOA 2010 98.60 15.3 220.2 726 641 676773674177600 SB0339 

26 2010_26_M_Cattle_MCa A.2 Cattle Madrid MC 2010 99.00 91.1 238.0 1 659 676773674177600 SB0339 

27 2010_27_TO_Wild boar_ A.2 Wild boar Toledo   2010 98.82 27.0 214.9 1 622 676773674177600 SB0339 

28 2010_28_V_Cattle_ A.4 Cattle Valencia   2010 99.04 95.9 233.1 14 646 676773674177600 SB0339 

29 2010_29_M_Cattle_MBa A.2 Cattle Madrid MB 2010 98.79 77.5 237.4 1 645 676773674177600 SB0339 

30 2010_30_M_Cattle_MDb A.2 Cattle Madrid MD 2010 99.04 92.2 226.6 3 655 676773674177600 SB0339 

31 2010_31_M_Cattle_MDb A.2 Cattle Madrid MD 2010 99.04 108.4 234.3 19 662 676773674177600 SB0339 

32 2010_32_M_Cattle_MDb A.2 Cattle Madrid MD 2010 99.01 96.7 233.2 125 648 676773674177600 SB0339 

33 2010_33_M_Cattle_MDb A.2 Cattle Madrid MD 2010 98.37 12.7 196.5 45 552 676773674177600 SB0339 

34 2010_34_M_Cattle_MDb A.2 Cattle Madrid MD 2010 98.42 18.1 229.0 4 598 674773674177600 N/A 

35 2010_35_TO_Cattle_ A.2 Cattle Toledo   2010 99.04 100.8 234.1 1 652 676773674177600 SB0339 

36 2010_36_M_Cattle_MJf A.2 Cattle Madrid MJ 2010 98.91 74.8 236.2 1 666 676773674177600 SB0339 

37 2010_37_CS_Cattle_CSA A.4 Cattle Castellon CSA 2010 98.74 30.6 219.6 17 634 676773674177600 SB0339 

38 2010_38_CS_Cattle_CSA A.4 Cattle Castellon CSA 2010 99.09 152.2 234.3 55 669 676773674177600 SB0339 

39 2010_39_CS_Cattle_CSA A.4 Cattle Castellon CSA 2010 99.01 93.5 237.7 8 662 676773674177600 SB0339 

40 2011_40_M_Fallow deer_MFb A.2 Fallow deer Madrid MF 2011 99.00 88.0 237.6 1 643 676773674177600 SB0339 

41 2011_41_CR_Red deer_ A.1 Red deer Ciudad Real   2011 98.72 22.6 212.5 9 606 676773674177600 SB0339 

42 2011_42_CR_Red deer_ A.1 Red deer Ciudad Real   2011 98.63 14.0 228.1 1603 675 676773674177600 SB0339 

43 2011_43_M_Cattlea A.2 Cattle Madrid   2011 99.02 76.9 235.7 24 646 676773674177600 SB0339 

44 2011_44_M_Cattlea  Cattle Madrid   2011 98.98 74.7 236.4 171 658 676773674177600 SB0339 

a Colmenar Viejo; b Madrid; c El Boalo; d Quijorna; e Rascafría; f San Agustin de Guadalix; g San Sebastian de los Reyes 
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45 2011_45_Z_Cattle_ B Cattle Zaragoza   2011 98.79 29.8 218.9 1 624 676773674177600 SB0339 

46 2011_46_M_Cattle_MCa A.2 Cattle Madrid MC 2011 98.96 73.8 235.5 2 645 676773674177600 SB0339 

47 2011_47_M_Cattle_MJf A.2 Cattle Madrid MJ 2011 98.98 89.0 234.5 2 664 676773674177600 SB0339 

48 2011_48_M_Cattlea A.2 Cattle Madrid   2011 99.00 71.2 233.5 130 652 676773674177600 SB0339 

49 2011_49_V_Cattle_ A.4 Cattle Valencia   2011 98.93 70.6 235.5 1 658 676773674177600 SB0339 

50 2011_50_CR_Cattle_ A.2 Cattle Ciudad Real   2011 99.12 126.2 223.4 5 662 676773674177600 SB0339 

51 2012_51_M_Cattle_MHb A.2 Cattle Madrid MH 2012 98.36 23.4 214.3 1 613 676773674177600 SB0339 

52 2012_52_M_Cattle_MHb A.2 Cattle Madrid MH 2012 98.99 69.5 233.5 1 640 676773674177600 SB0339 

53 2012_53_M_Cattle_MHb A.2 Cattle Madrid MH 2012 98.00 7.5 228.2 3072 500 616353674160600 N/A 

54 2012_54_CR_Cattle_ A.1 Cattle Ciudad Real   2012 98.91 57.5 235.3 5265 626 676773674177600 SB0339 

55 2012_55_V_Cattle_ A.5 Cattle Valencia   2012 98.96 70.1 236.9 13 664 676773674177600 SB0339 

56 2012_56_M_Cattle_MBa A.2 Cattle Madrid MB 2012 99.10 131.6 231.0 1 652 676773674177600 SB0339 

57 2012_57_M_Cattle_MAa A.2 Cattle Madrid MA 2012 99.10 100.9 231.5 1 648 676773674177600 SB0339 

58 2012_58_M_Wild boarg A.2 Wild boar Madrid   2012 99.06 103.4 231.0 1 663 676773674177600 SB0339 

59 2012_59_CS_Cattle_ A.4 Cattle Castellon   2012 98.59 26.6 236.0 1 611 676773674177600 SB0339 

60 2013_60_M_Cattlea A.2 Cattle Madrid   2013 98.74 46.7 226.4 4 628 676773674177600 SB0339 

61 2013_61_M_Cattle_MAa A.2 Cattle Madrid MA 2013 99.11 146.8 228.8 1 670 676773674177600 SB0339 

62 2013_62_M_Cattle_MDb A.2 Cattle Madrid MD 2013 99.04 90.5 227.4 1 655 676773674177600 SB0339 

63 2013_63_M_Cattle_MGa A.2 Cattle Madrid MG 2013 98.92 42.4 219.6 1 630 676773674177600 SB0339 

64 2013_64_V_Cattle_ A.4 Cattle Valencia   2013 99.04 75.9 231.3 1 658 676773674177600 SB0339 

65 2013_65_M_Wild boara A.2 Wild boar Madrid   2013 98.92 57.6 223.3 1 650 676773674177600 SB0339 

66 2013_66_M_Wild boar_MBa A.2 Wild boar Madrid MB 2013 98.97 76.5 233.7 3 649 676773674177600 SB0339 

67 2013_67_M_Cattle_MJf A.2 Cattle Madrid MJ 2013 98.90 47.8 239.4 1 645 676773674177600 SB0339 

68 2013_68_Z_Cattle_ A.4 Cattle Zaragoza   2013 99.04 85.1 226.5 1472 665 676773674177600 SB0339 

a Colmenar Viejo; b Madrid; c El Boalo; d Quijorna; e Rascafría; f San Agustin de Guadalix; g San Sebastian de los Reyes 
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69 2013_69_M_Cattle_MHb A.2 Cattle Madrid MH 2013 98.74 24.0 212.5 12 622 676773674177600 SB0339 

70 2013_70_M_Cattle_MHb A.2 Cattle Madrid MH 2013 98.98 55.9 219.2 1 636 676773674177600 SB0339 

71 2014_71_V_Cattle_ A.4 Cattle Valencia   2014 99.02 98.3 232.4 788 661 676773674177600 SB0339 

72 2014_72_M_Cattle_MCa - Cattle Madrid MC 2014 99.79 115.1 232.1 1 655 656773777777600 SB0849 

73 2014_73_MA_Cattle_MAA A.2 Cattle Islas Baleares MAA 2014 99.07 102.3 231.5 1 676 676773674177600 SB0339 

74 2014_74_MA_Cattle_MAA A.2 Cattle Islas Baleares MAA 2014 99.05 97.2 230.6 33 680 676773674177600 SB0339 

75 2014_75_M_Cattle_MAa A.2 Cattle Madrid MA 2014 98.91 54.0 235.4 1 645 676773674177600 SB0339 

76 2014_76_M_Cattle_MJf A.2 Cattle Madrid MJ 2014 99.06 119.9 231.4 1 673 676773674177600 SB0339 

77 2014_77_M_Wild boar_MEa A.2 Wild boar Madrid ME 2014 98.85 27.0 210.8 3 621 676773674177600 SB0339 

78 2015_78_MA_Cattle_MAB A.2 Cattle Islas Baleares MAB 2015 99.04 81.7 234.5 2 659 676773674177600 SB0339 

79 2015_79_MA_Fallow deer_MAB A.2 Fallow deer Islas Baleares MAB 2015 99.08 120.1 228.7 1716 701 676773674177600 SB0339 

80 2015_80_MA_Fallow deer_MAB A.2 Fallow deer Islas Baleares MAB 2015 98.83 44.8 237.5 1 643 676773674177600 SB0339 

81 2015_81_MA_Cattle_MAB A.2 Cattle Islas Baleares MAB 2015 99.11 134.0 232.5 1 681 676773674177600 SB0339 

82 2015_82_MA_Cattle_MAB A.2 Cattle Islas Baleares MAB 2015 98.81 41.3 234.5 1 645 676773674177600 SB0339 

83 2015_83_M_Cattle_MBa A.2 Cattle Madrid MB 2015 99.08 110.9 230.2 1 662 676773674177600 SB0339 

84 2015_84_M_Cattle_MAa A.2 Cattle Madrid MA 2015 98.92 40.6 214.2 8 637 676773674177600 SB0339 

85 2015_85_MA_Cattle_MAA A.2 Cattle Islas Baleares MAA 2015 99.04 88.4 235.8 1 666 676773674177600 SB0339 

86 2015_86_TO_Cattle_ A.2 Cattle Toledo   2015 98.74 35.6 230.5 1 621 676773674177600 SB0339 

87 2015_87_M_Cattle_MDb A.2 Cattle Madrid MD 2015 98.79 29.6 210.5 2 621 676773674177600 SB0339 

88 2015_88_CR_Cattle_ A.1 Cattle Ciudad Real   2015 98.84 36.8 214.0 2 626 676773674177600 SB0339 

89 2015_89_CR_Cattle_ A.2 Cattle Ciudad Real   2015 99.08 107.8 227.3 1 655 676773674177600 SB0339 

90 2015_90_M_Cattle_MDb A.2 Cattle Madrid MD 2015 99.08 107.5 229.9 5 663 676773674177600 SB0339 

91 2015_91_Z_Cattle_ZB A.4 Cattle Zaragoza ZB 2015 99.04 81.7 224.9 5320 869 676773674177600 SB0339 

92 2016_92_M_Cattle_MCa A.2 Cattle Madrid MC 2016 99.06 98.8 230.3 2 664 676773674177600 SB0339 

a Colmenar Viejo; b Madrid; c El Boalo; d Quijorna; e Rascafría; f San Agustin de Guadalix; g San Sebastian de los Reyes 
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93 2016_93_Z_Cattle_ZB A.4 Cattle Zaragoza ZB 2016 98.84 33.4 216.5 1 622 676773674177600 SB0339 

94 2016_94_Z_Cattle_ZB A.4 Cattle Zaragoza ZB 2016 98.69 23.6 210.1 1 622 676773674177600 SB0339 

95 2016_95_M_Wild boara A.2 Wild boar Madrid   2016 98.94 75.7 231.9 4 647 676773674177600 SB0339 

96 2016_96_M_Red deerb A.2 Red deer Madrid   2016 98.84 37.5 225.9 1 627 676773674177600 SB0339 

97 2016_97_M_Cattle_MGa A.2 Cattle Madrid MG 2016 98.87 99.7 234.9 2 680 676773674177600 SB0339 

98 2016_98_M_Red deer_MFb A.2 Red deer Madrid MF 2016 99.03 54.6 230.3 8 645 676773674177600 SB0339 

99 2017_99_M_Cattlea A.2 Cattle Madrid   2017 99.01 80.4 231.3 6 662 676773674177600 SB0339 

100 2017_100_M_Wild boare A.2 Wild boar Madrid   2017 99.08 125.6 233.6 1 660 676773674177600 SB0339 

101 2017_101_M_Wild boara A.2 Wild boar Madrid   2017 98.92 50.7 222.1 1 640 676773674177600 SB0339 

102 2017_102_CR_Red deer_ A.2 Red deer Ciudad Real   2017 99.08 96.0 228.8 5 658 676773674177600 SB0339 

103 2016_103_CR_Red deer_ A.1 Red deer Ciudad Real   2016 98.99 98.1 235.4 2 647 676773674177600 SB0339 

104 2017_104_M_Cattle_MAa A.2 Cattle Madrid MA 2017 98.78 30.0 212.9 877 658 676773674177600 SB0339 

105 2017_105_M_Cattle_MAa A.2 Cattle Madrid MA 2017 99.06 95.5 230.0 1 677 676773674177600 SB0339 

106 2017_106_M_Cattle_MAa A.2 Cattle Madrid MA 2017 98.88 34.6 204.4 1 630 676773674177600 SB0339 

107 2017_107_M_Cattle_MBa A.2 Cattle Madrid MB 2017 99.08 116.0 230.9 1 668 676773674177600 SB0339 

108 2017_108_M_Wild boarg A.2 Wild boar Madrid   2017 99.07 97.1 231.1 3 656 676773674177600 SB0339 

109 2018_109_M_Wild board A.2 Wild boar Madrid   2018 99.08 86.5 221.6 9 676 676773674177600 SB0339 

110 2018_110_M_Wild boar_MEa A.2 Wild boar Madrid ME 2018 98.98 45.3 213.5 1 644 676773674177600 SB0339 

111 2018_111_TO_Cattle_ A.2 Cattle Toledo   2018 99.27 49.2 227.1 1 643 676773674177600 SB0339 

112 2018_112_M_Wild boarc A.2 Wild boar Madrid   2018 99.01 100.9 239.1 1 666 676773674177600 SB0339 

113 2018_113_M_Wild boara A.2 Wild boar Madrid   2018 99.14 94.8 220.1 1099 890 676773674177600 SB0339 

114 2016_114_PA_Wild boar_PA A.2 Wild boar Palencia PA 2016 99.16 117.6 225.5 1 645 676773674177600 SB0339 

115 2016_115_PA_Wild boar_PA A.2 Wild boar Palencia PA 2016 99.12 137.1 228.5 2 655 676773674177600 SB0339 

116 2017_116_LE_Cattle_ B Cattle Leon   2017 99.00 83.1 236.0 1 672 676773674177600 SB0339 

a Colmenar Viejo; b Madrid; c El Boalo; d Quijorna; e Rascafría; f San Agustin de Guadalix; g San Sebastian de los Reyes 
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estate Year  
Genome 
coverage 
(%) 

Average 
coverage 
(x) 

Average 
read 
length 

Unmapped 
assembled 
contigs 

Good 
SNP 
count 

Octalcode SB 

117 2017_117_ZA_Cattle_ZAA A.2 Cattle Zamora ZAA 2017 99.10 113.2 228.2 1 667 676773674177600 SB0339 

118 2017_118_SA_Cattle_ A.2 Cattle Salamanca   2017 99.07 87.0 231.4 1 654 676773674177600 SB0339 

119 2017_119_SA_Cattle_ A.2 Cattle Salamanca   2017 99.07 87.0 239.0 1 648 676773674177600 SB0339 

120 2017_120_PA_Cattle_ B Cattle Palencia   2017 99.03 92.6 236.4 1 672 676773674177600 SB0339 

121 2017_121_A_Cattle_ A.2 Cattle Avila   2017 98.99 76.3 234.9 2 659 676773674177600 SB0339 

122 2017_122_ZA_Cattle_ZAA A.2 Cattle Zamora ZAA 2017 99.22 173.9 206.2 3304 840 676773674177600 SB0339 

123 2017_123_SO_Wild boar_ A.2 Wild boar Soria   2017 99.02 84.8 234.4 2 644 676773674177600 SB0339 

124 2017_124_SA_Cattle_ A.5 Cattle Salamanca   2017 98.99 105.0 236.4 1 654 676773674177600 SB0339 

125 2017_125_PA_Wild boar_ A.2 Wild boar Palencia   2017 99.00 99.0 238.4 1 641 676773674177600 SB0339 

126 2018_126_SA_Cattle_ A.3 Cattle Salamanca   2018 99.04 111.3 236.8 1 646 676773674177600 SB0339 

127 2018_127_SG_Red deer_ A.2 Red deer Segovia   2018 99.06 101.8 233.4 1 651 676773674177600 SB0339 

128 2018_128_PA_Wild boar_ B Wild boar Palencia   2018 99.12 89.7 219.0 894 701 676773674177600 SB0339 

129 2016_129_CC_Cattle_ A.3 Cattle Caceres   2016 99.07 117.2 229.0 3 653 676773674177600 SB0339 

130 2017_130_CO_Cattle_COA A.2 Cattle Cordoba COA 2017 99.11 120.0 228.7 3 660 676773674177600 SB0339 

131 2017_131_CO_Cattle_COA A.2 Cattle Cordoba COA 2017 99.06 108.5 231.5 4 652 676773674177600 SB0339 

132 2017_132_J_Cattle_ A.2 Cattle Jaen   2017 98.97 107.3 232.1 2 661 676773674177600 SB0339 

133 2017_133_CO_Cattle_COA A.2 Cattle Cordoba COA 2017 99.03 110.0 231.5 5 647 676773674177600 SB0339 

134 2017_134_J_Cattle_ A.4 Cattle Jaen   2017 99.08 127.1 225.5 4 661 676773674177600 SB0339 

135 2017_135_LR_Wild boar_ A.2 Wild boar La Rioja   2017 99.06 119.0 228.8 3 652 676773674177600 SB0339 

136 2018_136_A_Cattle_ A.2 Cattle Avila   2018 99.09 120.5 230.3 2 665 676773674177600 SB0339 

137 2018_137_CC_Cattle_ A.1 Cattle Caceres   2018 99.13 125.1 222.0 1 650 676773674177600 SB0339 

138 2018_138_J_Pig_ A.2 Pig Jaen   2018 99.14 121.2 223.0 1 668 676773674177600 SB0339 

139 2018_139_SE_Cattle_ B Cattle Sevilla   2018 98.84 104.3 226.0 1 670 676773674177600 SB0339 

140 2008_140_T_Watusi_ A.2 Watusi Tarragona   2008 99.03 79.7 234.7 1 621 676773674177600 SB0339 
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APPENDIX II. 

LIST OF ABBREVIATIONS AND ACRONYMS 

 

Ab: antibody 

AC: allele count 

AHAW: Animal Health and Welfare 

AIC: Akaike’s information criteria 

APHIS: Animal and Plant Health Inspection Service 

aPPD: avian purified protein derivative 

β: transmission coefficient 

B: beef 

BAM: binary alignment map 

BCG: bacillus Calmette–Guérin 

BF: bullfighting 

bp: base pairs 

bPPD: bovine purified protein derivative 

BSL-3: biosafety level 3 

bTB: bovine tuberculosis 

BWA: Burrows-Wheeler Aligner 

ꭓ2: chi-square 

CA: California 

CC: clustering coefficient 

CF: caudal fold 

CFP10: culture filtrate protein 10 

CI: confidence interval 
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CMI: cell-mediated immune 

CrI: credible interval 

CyL: Castilla y Leon 

D: dairy 

DG SANTE: Directorate-General for Health & Food Safety 

DNA: deoxyribonucleic acid 

DNP: Doñana National Park 

DR: direct repeat 

DVR: direct variable repeat 

ECDC: European Centre for Disease Prevention and Control 

EEA: European Economic Area 

EEC: European Economic Community 

EFSA: European Food Safety Authority 

ELISA: enzyme-linked immunosorbent assay 

ESAT6: early secretory antigen target 6kDa 

EU: European Union 

EURL: European Union Reference Laboratory 

fpa: flow polarity 

FN: full network 

GB: Great Britain 

GSCC: giant strongly connected component 

GTR: general time reversible 

GWCC: giant weakly connected component 

HIV: human immunodeficiency virus 

HPC: hexadecylpyridinium chloride 
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HR: hazard ratio 

IDTB: intradermotuberculinización 

IFN-γ: interferon-gamma 

IGV: Integrative Genomic Viewer 

IQR: interquartile range 

IUAPC: International Union of Pure and Applied Chemistry 

km: kilometer 

KS: Kolmogorov-Smirnov 

L: shortest path length 

µl: microliters 

MAC: Mycobacterium avium complex 

MAP: Mycobacterium avium subsp. paratuberculosis 

Max.: maximum  

MIRU-VNTR: mycobacterial interspersed repetitive units-variable number of tandem 
repeats  

ml: milliliters 

MLVA: multiple locus VNTR analysis 

mm: millimeters 

MTBC: Mycobacterium tuberculosis complex 

NCBI: National Center for Biotechnology Information 

NTM: non-tuberculous mycobacteria 

NVSL: National Veterinary Services Laboratory 

OADC: oleic albumin dextrose catalase 

OD: optical density  

OIE: World Organisation for Animal Health 

OR: odds ratio 
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OTF: officially tuberculosis-free 

PBS: phosphate-buffered saline 

PCI: phenol/chloroform/isoamyl alcohol 

PCR: polymerase chain reaction 

PE: proline-glutamate 

PPD: purified protein derivative 

PPE: proline-proline-glutamate 

PPV: positive predictive value 

qq: quantile-quantile 

QUAL: quality score 

RAxML: Randomized Axelerated Maximum Likelihood 

RD: region of difference 

REGA: Registro General de Explotaciones Ganaderas 

REML: restricted maximum likelihood estimation 

REMO: Registro de Movimientos 

RFLP: restriction-fragment length polymorphism 

RIIA: Registro de Identificación Individual de Animales 

rRNA: ribosomal ribonucleic acid 

SB: spoligotype 

Se: sensitivity 

SF: slaughterhouse‐free 

SICCT: single intradermal comparative cervical tuberculin test  

SIT: single intradermal tuberculin 

SITRAN: Sistema Integral de Trazabilidad Animal 

SL: slaughterhouse 
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SNP: single nucleotide polymorphism 

Sp: specificity 

STB: smooth tubercle bacilli 

TB: tuberculosis 

TbD1: Mycobacterium tuberculosis specific deletion 1 

UK: United Kingdom 

U.S.: United States 

USA: United States of America 

USDA: United States Department of Agriculture 

VCF: variant call file 

VIF: variance inflation factor 

WGS: whole genome sequencing 

WHO: World Health Organization   
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Figure 1. Evolution in herd prevalence (purple) and animal incidence (pink) of bovine 

tuberculosis in Spain, 2001-2018. Adapted from: Ministerio de Agricultura, Pesca y 

Alimentación (Anon, 2020b). 

Figure 2. Graphical representation of the spectrum of immune responses in cattle following 

infection with M. bovis. Source: Pollock & Neill, (2002), with permission from The 

Veterinary Journal. 

Figure 3. Number of confirmed tuberculosis cases due to M. bovis in individuals of EU origin 

and country-level aggregated herd prevalence of bTB, EU/European Economic Area (EEA) 

and Switzerland, 2018. Data for EU/EEA human cases provided by ECDC. Source: EFSA 

and ECDC, (2019) with permission from EFSA. 

Figure 4. Phylogeny of the MTBC based on the phylogenetically informative mutations in 

the lineages leading to M. bovis. Adapted from Smith et al. (2006), with permission from 

Nature Reviews Microbiology. 

Figure 5. Graphical summary of the key components of epidemiologic research performed 

in the present thesis. Adapted from Dohoo et al., (2003) with permission from the author.  

Figure 6. Map of bTB herd prevalence (expressed as percentage, %) in Spain in 2018. 

Adapted from Ministerio de Agricultura, Pesca y Alimentación (Anon, 2020b). 

Figure 7. Map of number of units located in Castilla y Leon provinces in the period 2010-

2015. 

Figure 8. Map of mean municipality-level herd prevalence (expressed as %) of bTB in 

Castilla y Leon in the period 2015-2017. 

Figure 9. Percentage of movements between units located in Castilla y Leon and other 

regions in Spain by type of source and destination unit in the cumulative SF network during 

2010‐2015. 
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Figure 10. Number of monthly cattle movements in Castilla y Leon during the period 2010-

2015. Data corresponds to the number of reported movements, with a maximum in August 

2012 (n = 22,918) and a minimum in February 2014 (n = 14,487). 

Figure 11. Cumulative distributions for in-degree (A) and out-degree (B) for the SF network. 

The power-law cumulative distribution (red) fits the observed data better than either a log-

normal cumulative (green) or exponential cumulative distribution (blue). 

Figure 12. Degree of units in the cumulative SF network. Units with higher in‐degree (A) 

and out‐degree (B) are represented. Middle bars in the boxes indicate median values, and the 

top of the boxes indicate the 75% quantiles. Whiskers denote the 95th quantiles. Maximum 

values per production types are represented above the whiskers. 

Figure 13. Distances covered by movements by type of unit of origin (A) and destination 

(B) for the main production types (bullfighting, fattening, beef, and dairy herds) and auctions. 

Middle bars in the boxes indicate median values, and the top of the boxes indicate the 75% 

quantiles. Whiskers denote the 95th quantiles and circles represent outliers. 

Figure 14. Distributions of weighted in‐degree (A) and out‐degree (B), number of incoming 

movements per month (C), number of outgoing movements per month (D), number of 

incoming (E) and outgoing animals per month (F) in bTB-positive and bTB-negative farms 

in the cumulative SF network. 

Figure 15. Graphical results of the k‐test. The grey‐shaded region in the graph represents the 

null distribution of the k‐statistic when positive farms were randomly distributed within the 

network. The bold line represents the 95% of the distribution of positive farms within 1 step. 

The star indicates the value of observed mean of positive farms within 1 step in the network 

(x‐axis observed value = 0.9, p = 1) and positive farms within 5 km (y‐axis observed value = 

8.7, p <0.001) 

Figure 16. Graphical results of the k-test for beef (A) and bullfighting (B) farms. In both 

production types, the pattern of cases within the network is unlikely to have emerged by 

chance (p <0.001). The grey shaded region depicts the null distribution of the k-statistic when 

bTB-positive farms are randomly re-allocated within the network. The vertical red line 

represents the observed number of positive farms within 5 km distance of a positive farm 

(observed value for beef = 9.1, p <0.001; observed value for bullfighting = 7.4, p <0.001). 
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Figure 17. Flow chart showing the sequential regime of testing in which the eradication 

program in Castilla y Leon is based. 

Figure 18. Diagram of the bTB breakdown definition. Plus and minus signs denote bTB-

positive and bTB-negative tests, respectively. 

Figure 19. Map of total number of bTB-positive herds per province during 2010-2017 in 

Castilla y Leon. 

Figure 20. Kaplan-Meier survival estimates of bTB breakdown duration by production type. 

Crosses indicate censored observations. Number of censoring graph shows the number of 

herds that did not clear the infection during the study period or were depopulated during the 

study period at regular time intervals.  

Figure 21. Kaplan-Meier survival estimates of bTB breakdown duration per province, 

median herd size, and per number of SIT reactors and positive to bacteriology in the 

disclosing test.  

Figure 22. Kaplan-Meier survival estimates of bTB breakdown duration per in-degree and 

number of incoming animals in the 3 years prior to the start of the breakdown, municipality-

level herd prevalence in the year prior to the start of the breakdown and per relative change 

in herd size. 

Figure 23. Graphs of the scaled Schoenfeld residuals against the transformed time for each 

category of production type, number of SIT reactors and positive to bacteriology animals in 

the disclosing test. The solid line represented a smoothing spline fit to each plot, and the 

dashed lines represented a ±2-standard-error band around the fit. Systematic departures from 

the horizontal line were observed in most categories of the variables (p <0.05). 

Figure 24. Graphs of the scaled Schoenfeld residuals against the transformed time for each 

category of province. The solid line represented a smoothing spline fit to each plot, and the 

dashed lines represented a ±2-standard-error band around the fit. Systematic departures from 

the horizontal line were observed in most categories of the variables (p <0.05). 

Figure 25. Spatial distribution of case and control herds in Castilla y Leon included in the 

case-control study. The red and blue circles denote the location of case and control herds, 

respectively. 
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Figure 26. Flow chart of regression analyses performed to calculate the adjusted detection 

and confirmation risks in positive to ante-mortem tests animals and negative/no-information 

animals. 

Figure 27. Number of animals slaughtered per week in Castilla y Leon abattoirs during 2010-

2017. 

Figure 28. Location and number of movements and animals received in slaughterhouses in 

Castilla y Leon in 2010-2017. Figure by Cespedes, N., 2020. 

Figure 29. Unit types of the overall population of slaughtered animals per province. NA 

denotes animals with unknown production type. 

Figure 30. Origin of movements and animals going to abattoirs located in Castilla y Leon. 

The different colored arrows indicate proportion of movements among all those originating 

outside Castilla y Leon. Color of provinces indicate number of animals moved to abattoirs in 

Castilla y Leon. Figure by Cespedes, N., 2020. 

Figure 31. Number of animals and movements to Castilla y Leon abattoirs from units located 

within (left) and outside (right) the region. Figure by Cespedes, N., 2020.  

Figure 32. In-degree of abattoirs located in Castilla y Leon during 2010-2017. Middle bars 

in the boxes indicate median values, and the top of the boxes indicate the 75% quantiles. 

Whiskers denote the 95th quantiles. 

Figure 33. Annual and cumulative (total) median age of animals culled in the 54 Castilla y 

Leon abattoirs.  

Figure 34. Predicted probabilities of lesion detection per age (upper left), season of slaughter 

(upper right), and combined (bottom) for the positive to the ante-mortem tests subpopulation. 

Middle bars in the boxes indicate median values, and the top of the boxes indicate the 75% 

quantiles. Whiskers denote the 95th quantiles and dots represent outliers. 

Figure 35. Kolmogorov-Smirnov test and the quantile-quantile plots of the modelled and 

measured errors in the detection (A) and confirmation (B) risks for the positive to the ante-

mortem tests subpopulation. 
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Figure 36. Plots of the estimated random effects extracted from the models of risk of lesion 

detection for factories in the bTB reactor and negative/no-information to the ante-mortem 

tests subpopulations. The blue dots denote the conditional modes and horizontal lines are the 

error bars. 

Figure 37. Random effect estimates of lesion detection (A and B) and laboratory 

confirmation (C and D) per unit type (A, C) and breed (B, D) for the positive to ante-mortem 

tests subpopulation. Middle bars in the boxes indicate median values, and the top of the boxes 

indicate the 75% quantiles. Dots represent outliers. 

Figure 38. Random effect estimates of lesion detection (A and B) and laboratory 

confirmation (C and D) per unit type (A, C) and breed (B, D) for the negative/no-information 

to ante-mortem tests subpopulation. Middle bars in the boxes indicate median values, and the 

top of the boxes indicate the 75% quantiles. Dots represent outliers. 

Figure 39.  Map of the distribution of M. bovis spoligotypes by municipality in Spain. 

Source: Spanish Database of Animal Mycobacteriosis (mycoDB.es) Accessed on April 12, 

2020. Copyright © 2020 VISAVET Health Surveillance Centre.    

Figure 40. Map of the distribution of M. bovis isolates with the SB0339 profile, one of the 

highly prevalent and widespread spoligotypes in Spain, by municipality. Source: Spanish 

Database of Animal Mycobacteriosis (mycoDB.es) Accessed on April 12, 2020. Copyright 

© 2020 VISAVET Health Surveillance Centre.   

Figure 41. Number of cattle and wildlife M. bovis isolates per spoligotype pattern in the 

VISAVET Health Surveillance Centre strain collection with availability of culture. 

Figure 42. Overview of the whole genome sequencing vSNP pipeline. Adapted from Robbe-

Austerman presentation: “Mycobacterial Diseases of Livestock. Current techniques and 

advances in diagnostics for mycobacterial diseases (organism detection)”, with permission 

from the author (2014 see https://github.com/USDA-VS/vSNP). 

Figure 43. Number of M. bovis SB0339 isolates recovered from cattle and wildlife per year 

and overall (total) included in the study. The watusi and pig samples were recovered in 2008 

and 2018, respectively. 



APPENDIX 

276 
 

Figure 44. Map of the number of M. bovis SB0339 isolates recovered from cattle and wildlife 

per province included in the study. The Autonomous Community of Madrid is denoted in 

red, as a disproportionately higher (n = 67) number of M. bovis genomes were analyzed 

compared to the rest of the Spanish provinces included in the study. No isolates recovered 

from provinces colored in grey were included in the study. 

Figure 45. Map of the number of M. bovis SB0339 isolates recovered from cattle and wildlife 

per municipality in the Autonomous Community of Madrid included in the study. No isolates 

from municipalities colored in grey were included in the study. 

Figure 46. Krona plots of the taxonomic classification of sequence reads identified by 

Kraken for isolate #5. 

Figure 47. Krona plots of the taxonomic classification of sequence reads identified by 

Kraken for isolate #51. 

Figure 48. Whole genome sequence unrooted (upper figure) and RAxML (lower figure) 

phylogenetic trees of 139 Spanish M. bovis SB0339 samples. The red star represents the most 

recent common ancestor of the isolates. Letters A and B denote two major groups of isolates, 

and assigned clades are colored based on their genomic divergence. Clades included in group 

A (colored in green, red, purple, dark yellow, and orange) are oriented in the direction 

denoted with the arrows. 

Figure 49. Whole genome sequence RAxML phylogenetic tree constructed using a GTR-

CAT model of 139 Spanish M. bovis SB0339 samples. The red star represents the most recent 

common ancestor of all isolates. Lines on the right are assigned to the clades denoted in 

Figure 48 and colored accordingly. The two distantly related groups of isolates are indicated 

with letters A and B. The internal nodes (black circles) represent hypothetical ancestors for 

the tips. Branch colors denote cattle (black), red deer (light green), wild boar (light blue), 

fallow deer (purple), pig (pink) and watusi (brown) samples. Tips are colored based on the 

province of isolation: Avila (grey), Islas Baleares/Mallorca (light pink), Caceres (light blue), 

Castellon (golden), Ciudad Real (green), Cordoba (purple), Jaen (dark purple), Madrid 

(blue), Navarra (fuchsia), Palencia (maroon), Salamanca (red), Toledo (orange), Valencia 

(brown), Zamora (dark green) and Zaragoza (aquamarine); provinces with one isolate (La 

Rioja, Leon, Segovia, Sevilla, Soria and Tarragona) are shown in black. Genetic distances of 

≤3 SNPs between cattle and wildlife isolates are indicated using black arrows. The scale bar 
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denotes the maximum likelihood estimate of how many substitutions have occurred on 

average per site relative to the most recent common ancestor of all isolates. 

Figure 50. Whole genome sequence RAxML phylogenetic tree constructed using a GTR-

CAT model of the subset of 61 cattle and two fallow deer samples included in the analysis 

of within-herd M. bovis genetic diversity. The red star represents the most recent common 

ancestor of all isolates. The internal nodes (black circles) represent hypothetical ancestors for 

the tips. Tips are colored based on the province of isolation: Islas Baleares/Mallorca (light 

pink), Castellon (golden), Cordoba (purple), Madrid (blue), Navarra (fuchsia), Zamora (dark 

green) and Zaragoza (aquamarine). The scale bar denotes the maximum likelihood estimate 

of how many substitutions have occurred on average per site relative to the most recent 

common ancestor of all isolates.  

Figure 51. Capture of the SNP table with parsimonious informative SNPs including position 

information in relation to the M. bovis AF2122/97 reference genome of the Mallorca M. bovis 

SB0339 isolates. This subset includes 6 cattle isolates from two intensively sampled herds 

(MAA and MAB) and two fallow deer isolates recovered in the same unit as herd MAB. This 

table illustrates the tail of the distribution of SNPs differences detected between the isolates. 

Chromosomal positions in the reference are listed across the top. The DNA base identified 

at each position is denoted in the next line (reference call). 
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Table 14. Total number of bTB-positive herds per province during 2010-2017 in Castilla y 

Leon. 

Table 15. Results from the univariable survival analyses performed on herds with bTB 

breakdowns declared in 2010-2017 in Castilla y Leon. 

Table 16. Results from the multivariable survival analyses performed on herds with bTB 

breakdowns declared in 2010-2017 in Castilla y Leon. 

Table 17. Results from univariable and multivariable logistic regression models using the 

chronic status (case/control) for herds experiencing particularly long breakdowns as the 

outcome variable. 

Table 18. Number of movements, slaughtered animals and abattoirs in Castilla y Leon (CyL) 

during 2010-2017. 

Table 19. Number of movements to abattoirs and slaughtered animals with origin and 

destination Castilla y Leon (CyL) during 2010-2017. 



APPENDIX 

280 
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Appendix I. Isolate information and associated metadata of the 140 samples included in the 

whole genome sequencing analyses performed in Chapter 4. Municipality of origin for 

Madrid isolates is denoted with letters at the bottom of the table. 
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Background: Animal tuberculosis, mostly due to Mycobacterium bovis, is a multi-host 
infectious disease that can be also transmitted to humans. Despite efforts invested on its 
eradication in Spain, herd prevalence has remained constant for the last 15 years (~2.1-2.8%) 
due to a combination of epidemiological factors impairing disease control. Our aim was to 
gain insights into the patterns of spread and evolution of M. bovis isolates in the cattle-
wildlife interface using whole genome sequencing (WGS). 

Methods: WGS data of 55 M. bovis isolates recovered from different animal species and 
locations during 2005-2017 and belonging to one of the most prevalent M. bovis spoligotypes 
in Spain (SB0339) were analyzed to investigate their genomic diversity. Within-herd 
diversity was also evaluated by examining isolates from 9 herds. Isolates were cultured from 
cattle (n=42), fallow deer (n=2), red deer (n=4), and wild boar (n=7) samples. 

Results: A variable diversity was found among the 55 isolates, as isolates were within a 
range of 1-67 single nucleotide polymorphisms (SNPs) of their common ancestors. However, 
genetic heterogeneity was geographic rather than host species-specific, as isolates recovered 
from both cattle and wildlife sharing recent common ancestors were more closely related 
within same provinces. Limited within-herd genetic diversity was found for isolates coming 
from 5 out of 9 herds, with the majority of isolates having three or fewer SNPs. 

Conclusion: The presence of local diversity among isolates from cattle, wild boar and deer 
suggests several sources of infection in these host species within provinces over time. Short 
genetic distances between isolates from different host species demonstrates the complex 
between-host transmission cycle present in endemic areas in Spain. The use of WGS could 
be valuable in complementing bovine tuberculosis surveillance program and might provide 
information to develop future control strategies in Spain. 
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ABSTRACT 

La transmisión de la tuberculosis bovina (bTB) puede producirse por contacto directo 
entre granjas vecinas (local) o mediante movimientos de animales positivos. Sin embargo, 
su detección en el rebaño sucede tiempo después de la introducción en el mismo, y por 
tanto la identificación de su origen (y del rol relativo de la transmisión local Vs. mediante 
movimientos) es compleja, sobre todo en regiones endémicas. En este estudio se ha 
caracterizado la red de movimientos de vacuno de Castilla y León, región de elevada 
prevalencia de bTB y con el mayor censo ganadero del país, en el periodo 2010-2015 y se 
ha analizado su distribución en la población para evaluar la probabilidad de transmisión 
espacial y mediante movimientos. Se analizaron los datos de movimientos y bTB de 27.633 
unidades localizadas en Castilla y León, de las cuales 87% participaron en 1.408.595 
movimientos de 8.804.796 animales. La conectividad de la red fue baja, aunque se 
identificaron pocas unidades altamente conectadas representando posiciones influyentes 
en el flujo de animales. Hasta un 15% de los rebaños fueron declarados positivos, con 
el mayor porcentaje encontrado en ganado de lidia y de carne. La caracterización de 
los datos de movimientos de ganado y la investigación de sus implicaciones en la dinámica 
de diseminación de bTB a lo largo de la red es única en España, y proporciona una 
descripción excepcional de la población más probable de estar en riesgo, a la que dirigir 
estrategias de control eficientes. 
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Comunicación oral 
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Are movements epidemiologically important in the transmission of bovine 
tuberculosis in Castilla y Leon, Spain? 

 

 

 

 

ABSTRACT 

Objectives: Between-farm transmission of bovine tuberculosis (bTB) occurs mostly 
through fence-to-fence contact between neighboring farms or movement of infected animals. 
Unfortunately, bTB detection is frequently delayed and identification of the source of 
introduction is often difficult, particularly in endemic regions. Here, we characterized the 
cattle movement network of Castilla y Leon, a high bTB-prevalence (1.9% at the farm-level 
in 2015) region in Spain, over six years (2010-2015) and analyzed the distribution of bTB to 
ultimately assess the likelihood of spatial and movement-mediated transmission.  

Material and methods: We analyzed movements from or into units within the 
region, and bTB data from 27,633 units located in the region, of which 87% were involved 
in ~1.4 million movements of ~8.8 million animals. We constructed cumulative and annual 
contact networks, and calculated farm and network-level metrics. We performed a 
permutation-based procedure to determine whether the observed distribution of the bTB-
positive farms in the movement network and in geographic space are likely to be a result of 
the contact pattern. 

Results: Network-level connectivity was low, although a few highly connected units 
were identified.  Up to 15% of the herds became bTB-positive at some point during the study, 
with the highest percentage found in bullfighting and beef herds. Although bTB-positive 
herds had a significantly higher degree and moved more cattle than negative herds, results 
suggested that positive farms were not significantly clustered in the movement network. 
Location was a likely risk factor as bTB-positive farms tended to be located within 5km from 
each other. 

Conclusion: Results suggested that movements may be a source of bTB in cattle in 
Spain, although contact network did not influence bTB spread. The description of the 
movement network in Castilla y Leon may be valuable for bTB surveillance in Spain. 
Moreover, results may be used to assess the movement-associated risk for multiple diseases. 
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Between-farm transmission of bovine tuberculosis (bTB) occurs, mostly, through fence-to-

fence contact between neighboring farms or movement of infected animals. Unfortunately, 

bTB detection is frequently delayed and identification of the source of introduction is often 

difficult, particularly in endemic regions.  

Here, we characterized the cattle movement network of Castilla y Leon, a high bTB-

prevalence (1.9% at the farm-level in 2015) region in Spain, over six years and analyzed 

distribution of bTB to ultimately assess the likelihood of spatial and movement-mediated 

transmission. We analyzed movement and bTB data from 27,633 units located in the region, 

of which 87% were involved in ~1.4 million movements of ~8.8 million animals. Network-

level connectivity was low, although a few highly connected units were identified.  Up to 

15% of the herds became bTB-positive at some point during the study, with the highest 

percentage found in bullfighting and beef herds. Although bTB-positive herds had a 

significantly higher degree and moved more cattle than negative herds, results of the k-test, 

a permutation-based procedure, suggested that positive farms were not significantly 

clustered in the movement network. Location was a likely risk factor as bTB-positive farms 

tended to be located within 5 km from each other. Results suggested that movements may 

be a source of bTB in cattle in Spain, although contact network did not influence bTB spread.  

The description of the movement network in Castilla y Leon may be valuable for bTB 

surveillance in Spain. Moreover, results may be used to assess the risk associated with 

movements for multiple diseases. 
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ABSTRACT 

La caracterización de la red de comercio de ganado bovino entre granjas resulta crucial para 
el control de la diseminación de la tuberculosis bovina (bTB), debido a la complejidad 
inherente de la enfermedad en cuanto a la limitada precisión de las pruebas diagnósticas y los 
factores asociados a su persistencia. En el análisis de redes sociales, las granjas se definen 
como nodos interconectados en función de los patrones de movimientos de animales entre 
tipos productivos, donde las diferentes medidas de conectividad de las granjas se 
correlacionan con la probabilidad y el tiempo de transmitir o adquirir bTB. El estudio realizado 
previamente de la red estática de Castilla y León ignoraba la dimensión longitudinal del flujo 
de animales, limitando la eficiencia de las medidas de control frente a bTB. El objetivo del 
presente estudio es explorar las propiedades estáticas de la red de movimientos de Castilla y 
León entre 2010 y 2015, compuesta por 27.633 nodos localizados en la región y ~1.4 millones 
de movimientos, e identificar los patrones recurrentes de contacto entre granjas en diferentes 
(y sucesivas) ventanas temporales. Ello permitirá una aproximación a la dinámica de evolución 
de la red, para explorar la robustez de las propiedades a lo largo del tiempo y el impacto en la 
estructura central de la red, para el diseño de medidas de control dirigidas a granjas con 
elevado riesgo de infección. 
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