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ABSTRACT

The present PhD thesis aimed to increase knowledge on bTB epidemiology and control and
to investigate sociological factors that might hinder the success of the bTB eradication

programme.

In the first study, we developed a stochastic dynamic model that allowed estimating the
cattle-to-cattle bTB transmission parameters within Spanish herds, using field data from the
eradication campaign. Then, we used those parameters to simulate the average number of
secondary cases caused by a single infected animal introduced into a herd (R:), considering
different control frequencies. The median transmission coefficient (8) was 5.2 newly
infected animals per infectious animal per year; however, results evidenced a great
variability in the estimates among the 22 study-herds, with median estimates ranging
between 1.8 and 8.3. The overall median duration of the latent period (a) was 3.2 months,
with an interquartile range varying from 2.4 to 5.4 months. Considering a 6-month interval
between tests, the mean Ry, was 0.23, increasing to 0.82 for annual intervals, and to 2.01 and
3.47 with testing intervals of 2 and 4 years, respectively.

The second study was directed at evaluating the efficiency of the components of bTB
surveillance system: routine skin testing, slaughterhouse surveillance and pre-movement
testing; and, to assess their variability among Spanish provinces, by using a modified
version of the model previously developed. Under the average Spanish conditions, the
overall sensitivity (i.e. probability of detection per year) of the national bTB surveillance
system was 79.7% and the mean time until detection 221.6 days. Routine testing was the
most efficient component, while the efficiency of slaughterhouse surveillance and pre-
movement testing was much lower; although these components also contributed to detection
of some infected herds. Looking at the province level, the efficiency of the different
components of the bTB surveillance varied significantly, but no obvious spatial pattern was
identified. Our results evidence that in many Spanish provinces, the intensity of surveillance

efforts was not correlated to the herd prevalence in the area.

In the third study, we used qualitative approaches to investigate opinions and attitudes of
farmers and veterinarians toward the Spanish bTB eradication programme. Face-to-face
exploratory interviews were used to identify main themes, followed by in-depth interviews.

Main results suggested that the bTB programme is perceived as a law enforcement duty

vii



without an adequate motivation of some stakeholders. The complex bTB epidemiology
combined with gaps in knowledge and weak communication among stakeholders
contributed to generate disbeliefs towards control measures and, in turn, different kinds of
guesses on the disease. Low reliability in the skin test was expressed and some pressures
faced by private veterinarians during field activities also emerged. People perceived very
few benefits of being bTB-free and comparative grievances to wildlife, other domestic
reservoirs and bullfighting farms arose.

In the fourth study, the sociological factors previously identified were investigated through a
structured questionnaire, telephonically interviewing a sample of 706 farmers and 180
veterinarians. Multiple Correspondence Analysis, followed by Hierarchical Clustering on
Principal Components were used to identify opinion profiles; and, a logistic
regression model was developed to quantify the main differences between groups. Different
attitudes toward the bTB eradication programme were characterised by opinions on the bTB
diagnostic tests, the perception on the impact of bTB and the importance of other domestic
and wildlife species. There were people with positive and with negative attitudes toward the
programme and a third group with a clear tendency to not respond. Opposite profiles were
observed among farmers. Differently, veterinarians were more homogeneous and the vast
majority of them expressed a positive attitude; however, some veterinarians showed a

negative attitude toward the bTB eradication programme, which deserve a special attention.



RESUMEN

El objetivo de esta tesis ha sido aumentar el conocimiento sobre la epidemiologia y el
control de la Tuberculosis Bovina (TBb) e investigar factores sociolégicos que podrian

obstaculizar su erradicacion en Espaia.

En el primer estudio, desarrollamos un modelo que permitié estimar los pardmetros de
transmision de la TBb dentro de los rebafios utilizando datos de la campafia de erradicacion.
Dichos pardmetros se emplearon para simular el nimero medio de casos secundarios
causados por un solo animal infectado introducido en un rebafio (Rn), considerando
diferentes frecuencias de control. El coeficiente medio de transmision fue de 5,2 animales
infectados por animal infeccioso y afio; sin embargo, los resultados evidenciaron una gran
variabilidad entre los 22 rebafios estudiados, con valores que oscilaron entre 1,8 y 8,3. La
duracion media del periodo de latencia fue 3,2 meses, con un rango intercuartil de 2,4 a 5,4
meses. Considerando un intervalo de 6 meses entre las pruebas, el valor medio de Ry, fue
0,23, aumentando a 0,82 para intervalos anuales, y a 2 y 3,5 para intervalos de pruebas de 2

y 4 afos, respectivamente.

En el segundo estudio se evaluo la eficiencia de los componentes del sistema de vigilancia:
vigilancia de rutina, vigilancia en mataderos y pruebas pre-movimientos; y su variabilidad
entre las provincias espafiolas con una version modificada del modelo desarrollado. Bajo las
condiciones espafiolas, la sensibilidad (probabilidad de deteccidon por afio) del sistema de
vigilancia fue 79,7% y el tiempo medio hasta la deteccion de 221,6 dias. La vigilancia de
rutina fue el componente mas eficiente, mientras que la eficacia de la vigilancia en matadero
y las pruebas pre-movimientos fue menor; aunque estos componentes también
contribuyeron a la deteccion de algunos rebafios infectados. La eficiencia de los diferentes
componentes de vigilancia entre las provincias fue muy variable, pero sin un patron espacial
evidente. Nuestros resultados muestran que, en muchas provincias, la intensidad de la

vigilancia no se correlaciona con la prevalencia.

En el tercer estudio, utilizamos enfoques cualitativos para investigar opiniones y actitudes
de ganaderos y veterinarios hacia el programa de erradicacion. Para ello se emplearon
entrevistas exploratorias y entrevistas en profundidad. Los principales resultados sugirieron
que el programa se percibe como una obligacién impuesta por la ley sin una adecuada

motivacion. La compleja epidemiologia de la TBb combinada con una falta de conocimiento



y carencias en la comunicacion contribuyen a generar desconfianza hacia las medidas de
control y, a su vez, a la generacion de diferentes tipos de conjeturas sobre la enfermedad.
También se menciond una baja fiabilidad en la prueba cutanea, asi como presiones a los
veterinarios durante el saneamiento. En general, no se perciben beneficios de ser libres y los
ganaderos perciben agravios comparativos respecto a la fauna silvestre, otros reservorios

domésticos y granjas de lidia.

En el cuarto estudio, los factores sociolégicos previamente identificados se investigaron
mediante un cuestionario estructurado, entrevistando telefénicamente a 706 ganaderos y 180
veterinarios. Un andlisis de correspondencia maltiple, seguido de un analisis de
conglomerados, nos permiti6 identificar tres perfiles de opinion; ademas, se desarrollé un
modelo de regresion logistica para cuantificar las principales diferencias entre los grupos.
Dichos perfiles se diferenciaron principalmente por su opinion sobre las pruebas de
diagnostico, su percepcion sobre el impacto de la TBb y la importancia de otras especies
domésticas y silvestres. Algunas personas mostraron actitudes positivas y otras negativas
hacia el programa, y un tercer grupo una clara tendencia a no responder. Entre los ganaderos
se observaron perfiles opuestos mientras que los veterinarios fueron mas homogéneos y la
mayoria de ellos expresaron una actitud positiva; sin embargo, algunos veterinarios

mostraron una actitud negativa que merece particular atencion.
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Introduction

1.1. Definition of Bovine Tuberculosis

1.1.1. Aetiology

Bovine tuberculosis (bTB) is a chronic infection
of cattle (including all Bos species, and Bubalus
bubalus) and bison (Bison bison) caused by any
mycobacterial species within the
Mycobacterium tuberculosis-complex (MTC)
(EFSA AHAW Panel, 2017; SANCO WD,
2013). By far, the most important etiologic

Scanning electron microscopic (SEM)
digitally colorized in red. Photo produced

independent mycobacterial specie since 2003 Dy the National Institute of Allergy and
Infectious Diseases in 2010. Source:

(Aranaz et al., 2003; OIE, 2015; Rodriguez-  CDC - Public Health Image Library (PHIL) —
ID 18139. This image is in the public domain

Campos et al., 2014; Schiller et al., 2010). and thus free of any copyright restrictions.

lesser extent, M. caprae, recognised as an

The MTC represents one of the three groups into the genus Mycobacterium? (Fig. 1)
together with M. leprae and the group of non-tuberculous mycobacteria (NTM) (i.e.,
mycobacteria other than the MTC and M. leprae). It comprises a range of
mycobacterial species causing tuberculosis in humans and animals that are highly
related among them (i.e., 99.9% homogeneity in the nucleotides sequence and
virtually identical 16S rRNA sequences) (Bdddinghaus et al., 1990; Rodriguez-
Campos et al., 2014; Sreevatsan et al., 1997; Thoen et al., 2010). Despite their great
genetic relatedness, MTC species differ in terms of pathogenicity, geographical
distribution and preferred host. Moreover, they also differ in some biochemical
characteristics, cultural requirements and for several molecular markers (Rodriguez-
Campos et al., 2014).

Mycobacteria are considered to have existed for more than 150 million years
(Hayman, 1984). It is likely that all members of the MTC might have evolved as host-

adapted ecotypes from a common African ancestor (possibly M. canettii) about

1 M. bovis was officially recognised as a mycobacterial species in 1970 by Lessel and Karlson (Lessel and
Karlson, 1970), although, already in 1898, Theobald Smith differentiated the tubercle bacilli isolated
from humans from those isolated from cattle

% The first scientific taxonomy of mycobacteria began in 1896, when the genus Mycobacterium was
erected by Lehmann and Neumann
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15,000-20,000 years ago, via successive DNA deletions/insertions (Brosch et al.,
2002; Good et al., 2018; Good & Duignan, 2011; Patané et al., 2017). The evidence
that human tuberculosis is coincident with animal domestication in the Near East at
the beginning of the Neolithic, gave rise to the speculation that M. tuberculosis and the
other human-infecting mycobacteria evolved from an ancient M. bovis strain through a
zoonotic transmission from cattle (Brosch et al., 2002; Galagan, 2014; Rodriguez-
Campos et al., 2014).

Traditionally, the division into different species is based on the host preference (i.e.,
phenotypic variations related to host adaptability and virulence), defining human-
associated species and animal-adapted lineages with zoonotic potential for humans,
and it is supported by molecular phylogenetics (Brosch et al., 2002; Galagan, 2014;
Rodriguez-Campos et al., 2014). In addition to M. bovis and M. caprae, the other most
important MTC members are M. tuberculosis and M. africanum that are typical
human-associated species; M. canettii, the most divergent within the MTC also
isolated in humans, M. microti (originally described in wild rodents), M. pinnipedii
(originally described in seals and sea lions) and the dassie bacillus (isolated in rock
hyraxes) (Aranaz et al., 1999; Brosch et al., 2002; Cousins et al., 2003; Michel et al.,
2010). In recent years, also M. mungi (banded mongooses) and M. suricattae
(meerkats), closely related to the dassie bacillus, and M. orygis (Bovidae family, i.e.,
oryxes, gazelles, deer, antelope and waterbucks) have been elevated to independent
mycobacterial species (Alexander et al., 2010; EFSA AHAW Panel, 2017; Parsons et
al., 2013; van Ingen et al., 2012). This group also includes the vaccine strain M. bovis
Bacillus Calmette and Guérin (BCG), the only licensed and most widely used human
vaccine, available since 1921 that provides protective immunity to challenge with M.

tuberculosis (Rodriguez-Campos et al., 2014).

It is worth to mention that mycobacterial species have undergone different taxonomic
and nomenclatural changes. As matter of fact, the structure of the MTC is in constant
evolution due to the improvement of molecular diagnostic techniques, allowing a
better understanding of the evolutionary processes and relationship among
mycobacterial species (Patané et al., 2017; Riojas et al., 2018; Rodriguez-Campos et
al., 2014).

The controversial structure of the MTC (i.e., its members have been considered

species, subspecies or ecotypes) may have possible diagnostics and legal implications.
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That was the case, for example, of M. caprae and its role in animal tuberculosis, which
led in many countries to important changes in the legislation in order to address
infections due to M. caprae in a similar manner to M. bovis (Rodriguez-Campos et al.,
2014). A rapid and reliable identification of the members of the M. tuberculosis
complex is critical in guiding public health and primary care decision-making (Olea-
Popelka et al., 2017). The MTC members are acid-fast gram-positive bacteria, strictly
intracellular and characterized by a very complex cell wall envelope, which impacts
the cell permeability and allows for the differential staining procedure (Ziehl Neelsen,
i.e., acid-alcohol resistance) (Forrellad et al., 2013). The mycobacterial cell wall has
been described as having three layers, an outer layer of lipopolysaccharide (LPS), an
intermediate layer of LPS-lipid-protein complex, and an inner layer of LPS muco-
peptide (Imaeda et al., 1968). Moreover, the capsular structure contributes to the
intracellular survival of the bacteria and its immune modulating abilities (Rastogi et
al., 2001).

1.1.2. Pathology, Pathogenesis and Lesions

Despite MTC species lack toxins, they have several virulence genes, which mostly
encode for enzymes of lipid pathways, cell surface proteins, regulators, or proteins of
the signal transduction system. Moreover, other genes are involved in mycobacterial
survival inside the host macrophages, encoding for proteins inhibiting the
antimicrobial effect of macrophages, including phagosome arrest and inhibition of
apoptosis (Forrellad et al., 2013). Therefore, the tuberculous infection is characterised
by the activation of an exacerbated inflammatory process (i.e., caseous-necrotising), as
host response to virulence factors and antigen stimulation. This process leads to the
formation of the typical lesions of the MTC, the granulomas, which represent the
intent of the organism to limit tissue damage and restrict microbial dissemination
(Domingo et al., 2014; Pollock & Neill, 2002; Saunders et al., 1999; Waters et al.,
2014).

In cattle, the granulomas are characterized by a central core of caseous, often
mineralized material, surrounded by infiltrates of epithelioid macrophages, Langhan’s
type multinucleated giant cells and lymphocytes (Zachary & McGavin, 2012). This
structure is often enclosed by a fibrous capsule which level of fibrous encapsulation

depends on the chronicity of infection.
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Within the granuloma, the mycobacteria may remain dormant for decades without any
clinical disease (i.e., latent tuberculosis) (Domingo et al., 2014; Pollock & Neill, 2002;
Saunders et al., 1999). Subsequent immune suppression could allow activation of the
dormant bacteria, followed by replication and spread; consequently, a proportion of
infected cases may not develop any active tuberculosis (Saunders et al., 1999; Smith,
2003). The mechanisms responsible for latency in tuberculosis are not well
understood; potential latent infections are suspected in cattle, thought their occurrence
remains unclear (Domingo et al., 2014; Pollock & Neill, 2002; Waters et al., 2014).

The progression of bTB in the body’s host is characterized by two stages: the initial

infection (primary complex) and a chronic post-primary dissemination.

The entrance of mycobacteria is followed by a lesion at the point of entry. If the
infection is not controlled, mycobacteria spread to the respective draining lymph node,
producing a new lesion. The developing necrotic focus is soon surrounded by
granulation tissue, monocytes, and plasma cells, and the establishment of the

pathognomonic “tubercle’; calcification may also occur.

In some instances, the lesion at the point of entry may heal and disappear or not be
visible. Depending on the presence of the lesion at the site of entry the primary
complex is classified as complete, when both lesions, at the point of entry and in the
lymph node, are present, or incomplete, when only the lesion in the lymph node
remains (Domingo et al., 2014). However, the spectrum and location of the lesions
observed in bTB is also determined by the route of transmission: a lesion at the point
of entry is common when infection is by inhalation, whereas, if the infection occurs
via the alimentary tract, a lesion at the site of entry is unusual and, commonly, the only
observable lesion is in the pharyngeal or mesenteric lymph nodes (Domingo et al.,
2014; Menzies & Neill, 2000).

According to the efficiency of the immunological response, from the primary
complex, dissemination may occur via both lymphatic and haematogenous spread or
via pre-existing anatomical channels in the organs. Therefore, the post-primary phase
may take the so-called form of “chronic organ tuberculosis” or may generalise, which
is called late generalisation. When the host response is largely ineffective,
generalisation may also occur during the initial stage (i.e., early generalisation). In

cattle, generalization is commonly characterized by numerous and small nodular
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lesions in various organs, called miliary tuberculosis (Constable et al., 2017; Domingo
et al., 2014; Radostits et al. 2007; Waters et al., 2014).

1.1.3. Clinical Sign and Immune Response in cattle

Depending on the sites of localization of infection, clinical signs may vary. Usually,
clinical signs of bTB in cattle take months to develop due to the chronic character of
bTB, and initially they are unspecific (i.e., weakness, debility, fluctuating fever,
intermittent hacking cough, loss of appetite and progressive emaciation) (Constable et
al., 2017; Radostits et al. 2007). Therefore, bTB can be difficult to diagnose based
only on the clinical signs; moreover, it is worth to mention, that some cattle with
extensive miliary tubercular lesions may appear clinically normal (Constable et al.,
2017).

Localized lesions are frequently found in lungs and the pulmonary tract, which may
result in a chronic cough. In the advanced stages, animals may become extremely
emaciated and develop active respiratory distress; dyspnoea and depth of respiration
becomes apparent and tuberculous pleuritis may occur (Constable et al., 2017;
Radostits et al. 2007).

When the gastrointestinal tract is affected, visible lesions on the intestinal wall are
generally absent and, rarely, the presence of tuberculous ulcers of the small intestine
causes diarrhoea. Uterine tuberculosis causing reproductive disorders is uncommon;
whereas, the tuberculous mastitis is difficult to differentiate from other forms of
mastitis, and is of major importance due to the risk of spread of the disease through the
milk (Constable et al., 2017; Radostits et al. 2007).

An essential component of the immunological response to bTB in cattle is the cell-
mediated immunity (CMI) and it is responsible for both the defence from the infection
and the development of lesions (de la Rua-Domenech et al., 2006; Domingo et al.,
2014; Waters et al., 2014). In particular, a key role is played by T lymphocytes (‘T
cells’) (i.e., T-helperl - CD4 T cells) that are responsible for the production of
interferon (IFN)-y and, when sensitized by contact with antigen, drive the so called
delayed-type hypersensitivity (DTH) response, a localized inflammatory reaction, also
mediated by macrophages, which typically occurs at least 48 hours after exposure to

an antigen.
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On the other hand, humoral immune responses are considered supportive rather than
essential, and the specific role of the B cells remains controversial (Waters et al.,
2014). Experimental infection of cattle with virulent strains of M. bovis showed that a
robust cellular immune responses (e.g., IFN-y and DTH responses) begins as early as
2-3 weeks after challenge (Pollock et al., 2001; Waters et al., 2003; Waters et al.,
2012); whereas, the humoral immune responses (both IgM and IgG) appear in the
more advanced stages of the infection, starting 2—4 weeks later (Waters et al., 2006)

(Fig. 2).
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Figure 2: Response of the immune system to bTB infection in cattle with respect to different
ante-mortem diagnostic methods as the disease progresses. The red line and the blue dotted line
indicate the cell-mediated immune response and the detectability by IFN-y and Tuberculin skin
test (respectively); the green dotted line shows the antibody response. Source: adapted from
Vordermeier et al. (2004).

1.2. Epidemiology of Bovine Tuberculosis

1.2.1. Susceptible Hosts and Reservoirs

Mycobacterium bovis has been the commonest isolated mycobacteria from tuberculous
cattle over centuries (Pollock & Neill, 2002); domestic cattle and species of the
Bovidae family (i.e., buffalo and bison) are the most susceptible and represent the

main animal reservoirs ((Brosch et al., 2002); albeit, possible differences in
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susceptibility between different cattle subspecies have been hypothesized (i.e., Bos

taurus and Bos indicus) (Rodriguez-Campos et al., 2014).

However, the host range of the M. bovis is exceptionally wide (Brosch et al., 2002;
Cousins, 2001; O’Reilly & Daborn, 1995; Rodriguez-Campos et al., 2014), it has been
isolated from domestic ruminants other than cattle, camelids and many other
domesticated animals, such as pigs, cats, dogs, equines, and parrots (Good & Duignan,
2011; Michel et al, 2010; O’Reilly & Daborn, 1995; Pesciaroli et al., 2014); in
addition, M. bovis has been reported in several non-domesticated animals (Humblet et
al., 2009) and wildlife species (Good & Duignan, 2011; OIE, 2015; Rodriguez-
Campos et al., 2014; Waters et al., 2014).

The exceptionally broad host range of M. bovis is also reflected in a
widespread reservoir in diverse species (Gortazar et al., 2015). Depending on the
characteristics of the local host community, domestic species other than bovid may
also act as bTB reservoirs (EFSA AHAW Panel, 2017; Pesciaroli et al., 2014).

In particular, goats seem to be very susceptible to bTB infections (Pérez de Val et al.,
2011) and it has been suggested their role as possible reservoirs (Napp et al., 2013;
Zanardi et al., 2013); sheep have been traditionally considered less susceptible than
cattle and goats (Caswell & Williams, 2016), however, increasing evidence
highlighted that, in certain epidemiological situations, this specie could also have a
role in the maintenance of the disease (Broughan et al., 2013; Mufioz Mendoza et al.,
2012; Mufioz-Mendoza et al., 2016; Pesciaroli et al., 2014). Moreover, the potential
role of pigs as reservoir has also been reported (Amato et al., 2018; Bailey et al., 2013;
Di Marco et al., 2012) and it was demonstrated that the same M. bovis stains circulate
in pigs, wild boar and cattle (Bailey et al., 2013; Parra et al., 2003; Santos et al., 2009).
Finally, among domesticated animals also alpaca and llama are considered domestic
reservoir (Garcia-Bocanegra et al., 2010; Twomey et al., 2007); whereas, horses, cats

and dogs are considered spillover hosts.

Beside, in different countries, specific wildlife species, playing a role of major
reservoirs of M. bovis, have been reported, as for example, white-tailed deer (USA),
fallow dear (Spain) , red-deer (Spain and Canada), Eurasian wild boar (Spain),
brushtail possums (New Zealand), African buffalo (South Africa), Eurasian badgers
(United Kingdom and Ireland) (Fitzgerald & Kaneene, 2013; Gortazar et al., 2011,
Hardstaff et al., 2014; Naranjo et al., 2008; Palmer et al., 2013; Parra et al., 2005;
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Waters et al., 2014). In these areas, the presence of these species may hinder attempts
to control and eradicate bTB in livestock (Hardstaff et al., 2014).

Although Mycobacterium tuberculosis remains the main causative agent of human TB,
humans can also be infected by M. bovis (i.e., zoonotic tuberculosis) which causes a
clinically undistinguishable disease from that of human origin, making bTB an
important zoonotic disease of public health concern (Evans et al., 2007; Michel et al.,
2010; Olea-Popelka et al., 2017; O’Reilly & Daborn, 1995; Palacios et al., 2016).
Animal-to-human transmission is the main origin of zoonotic tuberculosis, however,
less commonly, human-to-human transmission of M. bovis has been demonstrated
among both immune deficient (Evans et al., 2007) and immune-competent patients
(Palacios et al., 2016; Sunder et al., 2009).

It is worth to mention that, in several areas, bTB is maintained in a multi-host-
pathogen system with M. bovis, and where present M. caprae, circulating between
domesticated and wildlife reservoirs. In these contexts, the maintenance of the disease
is ensured by multiple species epidemiologically linked among them, which may
include multiple reservoir hosts and several routes of transmission (Cowie et al., 2016;
Good et al., 2018; Gortazar et al., 2015; Palmer, 2013).

1.2.2. Modes of Transmission

M. bovis is extremely resistant in the environment and can survive under extreme
conditions (Courtenay et al., 2006; Fine et al., 2011). Depending on weather
conditions, it can be isolated from carcasses for up to 6 weeks and from faecal matter
during summer (at temperatures of 24-43°C under the sunlight) for up to 4 weeks, but
its survival can be longer than 5 months under diffuse sunlight conditions. Its
persistence in the environment can reach one year during winter (at temperatures of 12
- 14°C) and more than 2 years if covered in dung. Moreover, M. bovis is able to
survive up to 58 days in contaminated water, and it can also be spread by rains to
contaminate grazing areas. However, the amount required for indirect transmission is
clearly higher than that needed for direct or aerosol transmission. Even though indirect
transmission due to environmental contamination can occur, direct transmission from
infected animals is considered the main source of new infections (Cosivi et al., 1995;
Fine et al., 2011; Sweeney et al., 2007). Once bTB is established in a herd, it spreads

via aerosols, suckling, direct contact between animals and sharing of water and feed,
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persisting in cattle through horizontal transmission (Biet et al., 2005). Obviously,
animals with gross lesions that communicate with airways or intestinal lumen are the

most efficient disseminators of infection (Radostits et al., 2007).

The aerogenous (i.e., respiratory secretions) is the most frequent excretion route. It
occurs intermittently and mycobacteria are mainly excreted through the exhaled air
(aerosol droplets); however, cattle may also excrete viable mycobacteria in nasal
discharge and tracheal mucus during the early stages of the disease, before the
occurrence of any visible lesion (Mcllroy et al., 1986). Thus, in the animal-to-animal
transmission (i.e., direct contact), the primary route of transmission for M. bovis is the
respiratory through the inhalation of aerosols containing mycobacteria and the vast
majority of infections among cattle occur this way (Domingo et al., 2014; Morris et
al., 1994; Neill et al., 2005).

Infected cattle might excrete mycobacteria also through, faeces, urine and milk. It has
been reported that about a 10% of heavily infected cattle can excrete M. bovis in
faeces, however, other authors increase this percentage up to 80% (Reuss, 1955 in
Phillips et al., 2003). In fact, it has been recently suggested that the oropharyngeal
route could have a more significant role in the transmission and maintenance of bTB
than previously reported in literature (Domingo et al., 2014; Serrano et al., 2018). In
addition, the oral transmission has a major role in the bTB transmission to calves
during suckling from infected cows excreting mycobacterium in milk (Goodchild &
Clifton-Hadley, 2001).

The oral transmission is an important pathway also in the transmission to other
domestic species and humans. Dogs and cats are more frequently infected by this route
due to their habits (i.e., drinking infected milk, feeding on infected carcasses or
coming into contact with infected pus secreted through open lesions), even though
they can also get the infection through direct contact with infected cattle (Gilsdorf et
al., 2006; Fitzgerald et al., 2016). In humans, M. bovis is largely transmitted through
consumption of unpasteurized infected milk, but there is also the possibility of
inhalation of aerosols due to contact with cattle, especially for some professions (i.e.,
livestock keepers, abattoir workers, or veterinarians) or in areas where people live in
strict and direct contact with animals (El Idrissi & Parker, 2012; Michel et al., 2010;
Thoen et al., 2006; Thoen et al., 2009; Thoen et al., 2010; Vayr et al., 2018).

11
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Excretion of M. bovis through semen, vaginal and uterine discharges and discharges
from open peripheral lymph nodes are also possible but highly infrequent (Constable
et al., 2017; Radostits et al. 2007. Others route as the congenital, or entry through open
wounds are uncommon (Good & Duignan, 2011).

1.2.3. States of Infection

Bovine TB in cattle is characterized by a chronic progression. The dynamics of M.
bovis transmission are not completely understood, and the conditions under which
infected cattle become effectively infectious are not fully defined. Knowledge on bTB
infection dynamics mostly derived from experimental and field studies (Goodchild &
Clifton-Hadley, 2001; Menzies & Neill, 2000; Pollock & Neill, 2002), and, more
recently, from the application of conceptual mathematical models (Alvarez et al.,
2014a). Investigations mainly focused on the infectiousness of infected cattle, and the
relationship between different immunological statuses with respect to diagnostic test.
Those investigations highlighted the existence of different stages of infection and tried

to estimate their duration.

After the infection, cattle undergo two periods (Fig. 3): the pre-infectious and the
infectious stages; their duration is highly variable and it depends on several factors
related to the host, the route and dose of infection (Francis, 1947; Goodchild &
Clifton-Hadley, 2001; Menzies & Neill, 2000; Pollok & Neill, 2002). The time from
infection to excretion (i.e., pre-infectious period) is reported to range between 3 and 35
months (21 months on average) (Barlow et al., 1997; Kao et al., 1997; Fischer at al.,
2005; Smith et al., 2013 (reviewed in Alvarez et al., 2014a)). On the other hand, the
time cattle needed to develop a (cell-mediated) immune response detectable by
diagnostic tests, known as pre-allergic or occult period, may range between 14 and
119 days (41 days on average) (Barlow et al., 1997; Kao et al., 1997; Fischer at al.,
2005; Conlan et al., 2012; Smith et al., 2013 (reviewed in Alvarez et al., 2014a)).
Animals in the more advanced stages of the disease might enter into a state of anergy,
with a depressed cell-mediated immune response, which makes them unresponsive to
the traditional, cell-mediated, diagnostic tests (i.e., tuberculin and gamma-interferon);
however, these anergic animals might be detected by serological assays (mainly
ELISA-type) which measure the antibodies against M. bovis (de La Rua-Domenech et
al., 2006).

12
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Figure 3: bTB infection dynamics in cattle: different stages of infection and immunological
statuses with respect to the response to in vivo diagnostic test as the disease progresses. Source:
adapted from Barlow et al., 1997.

Time from infection

1.2.4. Geographical distribution

Bovine TB is a notifiable disease listed by World Organisation for Animal Health
(OIE) (box 1), and therefore its occurrence must be reported to the OIE and designated
national institutions (Awada et al., 2018; EFSA AHAW Panel, 2017).

Over the last 30 years (from 1986 to 2016), data reported to the OIE evidences a
regular and significant improvement in the global control of bTB worldwide. In all
geographical regions, the proportion of reporting countries notifying bTB decreased
significantly, with an overall reduction by more than 30%, though, the rate of decrease

has not been homogeneous all over the world (Awada et al., 2018).

The largest decrease in regional bTB trends was observed in Oceania and Europe (i.e.,
by more than 45%), followed by Asia (i.e., 38% decrease); whereas, the decrease in
bTB notification was slower in Africa and the Americas, with a reduction of 25% and

18%, respectively, over the 30-year period (Awada et al., 2018).

In 2017, bTB was present in the 43% of the OIE reporting countries and was present
in every region of the world, being bTB widespread in Africa, Central and South
America, parts of Asia and some Middle Eastern countries (Fig. 4). In the United
States (U.S.), the disease has been eliminated in most but not all territories, where bTB
remains prevalent in domestic and wildlife reservoirs (i.e., low prevalence level in
cattle but high prevalence in the wildlife); for example, in last years, outbreaks in
cattle herds have been reported in Michigan, Texas, New Mexico and California
(Kaneene & Pfeiffer, 2006).

13
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BOX 1: The OIE: diseases notification and international standards

The OIE is the intergovernmental organization responsible for improving animal health
worldwide and, in 2017, had a total of 181 member countries.

It was created in 1924 with the aim of exchanging information on animal diseases between
countries, thus, ensuring transparency of the animal health; and it is recognized as the
reference organization by the World Trade Organization.

The first assigned name was the “Office International des Epizooties (OIE)”; later, in 2003, it
became the “World Organisation for Animal Health”, but kept its historic acronym ‘OIE’
(Awada et al., 2018).

Initially all notifiable animal diseases were included in two former lists (i.e., list A and B).
Between 2004 and 2005, the two lists were replaced by one unique list that entered into force
in 2006. The criteria to identify diseases to be included in this OIE single list were also
established, and referred to the risks of spread of the infectious microorganism
internationally, together with the consequences for humans, domestic livestock and wildlife;
and, the availability of reliable methods for diagnosis and detection (Awada et al., 2018).
This list and it is reviewed on a regular annual basis and, for year 2018, it includes 117
animal diseases (available at: http://www.oie.int/en/animal-health-in-the-world/oie-listed-
diseases-2018/).

Two specialist OIE commissions are in charge for the development and the update of
international standards and recommendations that are formally adopted by the World
Assembly of Delegates of the OIE.

These international standard settings are published by the OIE in the Animal Health Code
and the Manual of Diagnostic Tests and Vaccines (i.e., both for terrestrial and aquatic
animals) (Awada et al., 2018). The first Terrestrial Animal Health Code was published in
1968. It sets out standards for the improvement of animal health and welfare and veterinary
public health, including standards for safe international trade in animals and their products.
The Manual of Diagnostic Tests and Vaccines for Terrestrial Animals, covering infectious
and parasitic diseases, was first published in 1989 with the aim to provide internationally
agreed diagnostic laboratory methods and requirements for the production and control of

vaccines and other biological products.
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Similarly, in New Zealand, despite considerable progress has been made, the
elimination of the disease is still ongoing due to the presence of wildlife infected
possum acting as reservoir (i.e., brush-tailed possums) (Awada et al., 2018; Ryan et
al., 2006). In Australia, bTB has been successfully eradicated from animals and
humans’ populations, being the elimination of wild water buffalo and feral cattle from
endemic areas one of major components of the eradication campaign (Awada et al.,
2018; Good & Duignan, 2011; Radunz, 2006).

Between 2015-2016, bTB was also notified in a total of 19 wild species (Fig. 4), with
the highest number of cases at global level reported in wild boar (Sus scrofa),
European badger (Meles meles) and African buffalo (Syncerus caffer), which appear to

be the main reservoir species (Fitzgerald & Kaneene, 2013).

It is worth to mention that for many OIE member countries there is not enough data
available to assess the real presence and burden of bTB, in particular in wildlife, with

important gaps of information in some developing countries, mainly in Africa,

Asia and South America (Awada et al., 2018).

B Present in domestic animals and wildlife ) )
I Present in domestic animals
| Present in wildlife . .
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Figure 4: WAHIS Reports of M. bovis in wildlife and domestic animals, 2015 - 2016 (Source:
OIE in "activities conducted under One Health Concept / One Health: Neglected Zoonoses";
available at http://www.rr-asia.oie.int/activities/regional-activities/one-health/neglected-
zoonoses/2017-brucellosis-ws-bangkok/presentation/)
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In Europe, the overall proportion of bTB infected/positive cattle herds is very low
(0.7% in 2016). However, the distribution of the disease across countries is highly
heterogeneous (Fig. 5), with prevalences ranging from zero to higher than 15% in
some areas (EFSA &ECDC, 2017).

According to the data published by the European Food Safety Authority (EFSA) and
the European Centre for Disease Control (ECDC) for 2016, 21 countries confirmed
their status as Officially Free of Bovine Tuberculosis® (OTF) (Fig. 6), whereas 10
Member States had not achieved the OTF status at country-level yet (non-OTF MS);
rather, within non-OTF MS, the overall bTB herd prevalence increased from 1.1% in
2010to 1.6% in 2016 (EFSA & ECDC, 2017).

The observed epidemiological situation seems to be greatly affected by the existence
of different breeding systems and a variety of environmental conditions (i.e., badgers
as reservoir in Ireland and the United Kingdom or semi-free ranging systems in Spain
and Portugal) (Parra et al., 2003; Reviriego & Vermeersch, 2006).

It is worth to mention that, compared to M. bovis, the geographical spread of M.
caprae is quite limited. It has been mainly recognised in Spain and Central and
Western European countries, such as Austria, France, Germany, Hungary, Italy,
Slovenia, and the Czech Republic (Good & Duignan, 2011). Interestingly, many
countries, reporting the isolations of M. caprae, are virtually free of bTB caused by M.

bovis (Rodriguez-Campos et al., 2014).

® In accordance with EU regulation, the Officially Tuberculosis Free (OTF) status, granted to a country or
part of a country (i.e., namely ‘region’), implies the reporting during 6 consecutive years of an apparent
area prevalence below 0.1 % and at least 99.9% of the herds within that country or region bTB-free. The
minimal size of a ‘region’ is defined by the regulation (i.e., 2.000 km?) and ‘regions’ are based on
administrative units in each country. The official status of an area with regard to bTB will in turn
influence the surveillance programme implemented in that area, resulting in different regimes of
sampling and testing.
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Figure 5. Proportion of cattle herds infected

/ positive for bTB, EU/EEA, 2016. Source: the

European Union Summary Report on Zoonoses and Food-borne Outbreaks 2016 (EFSA &

ECDC, 2017).

Disease Status

I Non-OF Ms
OF MS

‘77 OF non-MS

7/, Noinformation MS

No information non-MS

3
Iceland 5~

Spain

g A
Canary Islands

Den
Portugal

=
Madeira)

-
Azores

=5
France rBelglum

N

YL = Luxembourg
N

French
Guiana

France

%
™
r

e
Guadeloupe
3

Mani;ique

N
Reunion
0 200 400
{ IS N S S
Kilometers

Kilometers

—_—
\The Netpérlands

Liechtenstein
Switzerland

— | ),
— ~ i
mark -~ Latvia

h__ Lithuania &
L. 6
s
3
/j:‘

Poland
Germany
The Czech
Republic
Slovakia

-

° Austria Hungary

Slgvenia. E
q:/ Croatia

b

-

* Malta

Cyprus

Figure 6: Official status of the EU/EEA Countries on bTB, 2016. Source: the European Union
Summary Report on Zoonoses and Food-borne Outbreaks 2016 (EFSA & ECDC, 2017).

17



Epidemiology of Bovine Tuberculosis in Spain

In Spain, the bTB herd prevalence strongly decreased from the end of the 80s to the
beginning of 2000. Since then, no further decline in cattle herds’ prevalence has been
reported (Anon., 2018). Actually, after an impasse in the reduction which lasted for
about a decade (from 1.8% in 2004 to 1.7% in 2014), a significant increasing trend
was observed. In 2016, the overall bTB herd prevalence reported in Spain was 2.9%,
with an increase of about 70% compared to 2014 (EFSA & ECDC, 2017; Anon.,
2018).

Besides, the epidemiological situation across the country is extremely heterogeneous
(Allepuz et al., 2011; Garcia-Saenz et al., 2014) (Fig. 7): The Balearics and The
Canaries islands are free of bTB; others regions, mainly located in the north of Spain,
show very low prevalences (i.e., 0.05% in Galicia or 0.3% in Catalonia); while, the
central and southern-west areas of the country, report very high herd prevalences (e.g.
17.1% in Andalusia in 2016) (Anon., 2018).

TUBERCULOSIS BOVINA. ANO 2016
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Figure 7: Cattle herd prevalence of bTB in Spain, 2016. Source: “Programa Nacional de
Erradicacion de Tuberculosis Bovina, Esparfia 2018 (Anon., 2018).
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1.3. Control policy for Bovine Tuberculosis and diagnostic

tools

Historically, bTB was one of the main diseases of domestic animals throughout the
world, most likely distributed by the movement of domesticated cattle and exacerbated
by the gradual intensification of cattle production (Francis, 1947; Rodriguez-Campos
et. al, 2014).

The disease has been described in slaughtered cattle since the early 1800s and, in
1895, the zoonotic risks of M. bovis due to consumption of infected milk was already
known (Good & Duignan, 2011; Good et al., 2018), although it was not until the
beginning of 1900, that bTB finally received political attention and some governments
decided to implement measures against it (Francis, 1947; Good & Duignan, 2011;
Good et al., 2018). The first actions adopted to control bTB, including milk
pasteurization, were strongly disapproved by the farming community and the milk
industries, evidencing the low awareness of the risk posed by bTB to the health of
people (Francis, 1947; Good & Duignan, 2011; Good et al., 2018).

As matter of fact, applications of control plan in cattle herds were firstly introduced
(between 1917 and 1919) in the United States (U.S.) and Canada, in order to prevent
both entries of infected animals from Europe and disease spread within the States
(Gilsdorf et al., 2006; Good & Duignan, 2011). Other pioneer countries in the
implementation of national bTB control programmes were Finland, Denmark and The
Netherlands that introduced national bTB eradication plans between 1893 and 1922
(Good & Duignan, 2011; Good et al., 2018). The Danish programme in cattle was the
first in using the tuberculin test as official diagnostic tool on a national scale (i.e., the
“Bang method”, box 2). However, it was not until the end of the 20th century that
most of European Countries introduced national control programmes for bTB and,
since then, huge efforts have been made to eradicate the disease (Conlan & Wood,
2018; Good & Duignan, 2011; Good et al., 2018).
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Box 2: The origin of the Tuberculin Skin Test

Robert Koch discovered the “Tubercle bacillus” in 1882 and,
in 1890, developed the tuberculin (i.e., an extract of the TB
bacilli) trying to demonstrate its therapeutic qualities for the
treatment of human tuberculosis. As soon as the possibility
of using the tuberculin to detect infected animals was
recognized, the first tests were quickly developed (Good et
al., 2018; Good & Duignan, 2011).

The diagnostic potential of the tuberculin was highlighted by
Bernhard Bang; who, during the early 1890s, introduced the
tuberculin test, using Koch’s Old Tuberculin (KOT), as
official diagnostic tool in the Danish bTB eradication
programme. The so called “Bang method” consisted in the
repetitive use of KOT, at regular testing interval of six
month, in order to identify reactor animals (Good et al.,
2018). The testing of cattle using KOT, up to day, remains
the basis of all bTB control programs (Good et al., 2018;
Francis, 1947).

In the 1930s, Florence Seibert developed a process for
isolating and purifying the active protein of the tuberculin
with antigenic proprieties (Seibert & Glenn, 1941). In
producing the first purified protein derivative tuberculin
(PPD), Seibert enabled the first reliable tuberculin test (i.e.,
the skin test), since prior to this, the tuberculin used was not
consistent or standardized. Seibert did not patent the
technology that was adopted as the standard by the United
States in 1941 and by the World Health Organization in 1952
(Harding 2017). This skin test which uses PPD and avails of
a cell-mediated response, became the world standard
diagnostic tool; it is listed on the World Health
Organization’s essential medicines list and is still in use

today for the diagnosis of tuberculosis in man and animals.

Koch, Robert (1843-1910)
Source: The National Library of
Denmark and Copenhagen
University Library

Bang, Bernhard (1848-1932).
Source: The National Library of
Denmark and Copenhagen
University Library

-
nWe. 9IS
Seibert, Florence (1897-

1991). Source: Acc. 90-105 -
Science  Service, Smithsonian
Institution Archivess
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The international acknowledgement of the significance of the threat from zoonotic
tuberculosis resulted in the inclusion of bTB among the OIE-listed diseases®, in 1964, in
the gradual implementation of stringent meat inspections and in the introduction of
mandatory sanitation of milk for human consumption (i.e., pasteurization® or boiling)
(Awada et al., 2018). In 1983, the OIE adopted of a resolution calling for the eradication
of M. bovis, for both public health and economic reasons (Good et al., 2018; Kleeberg,
1984).

Nowadays, national bTB eradication programmes have been introduced in many
countries throughout the world, either as voluntary or compulsory. Control programs
for bTB have been primarily focused on control of M. bovis infections in cattle (Skuce
et al., 2018) and consisted of three main components: prevention, surveillance and
eradication; whereas, in most of countries, the treatment of bTB in cattle is not
permitted (Anon., 1994; El Idrissi & Parker, 2012).

In particular, the prevention, mainly based on herd hygiene and biosecurity practices,
is aimed to reduce the exposition to the pathogen; the routine surveillance, usually,
includes ante-mortem testing of livestock and slaughter surveillance. The eradication
of M. bovis from domestic herds can be achieved through the whole-herd depopulation
strategy (i.e. stamping-out) followed by the restocking of the farm after a waiting
period. However, the emergence of financial and animal welfare constraints, as well as
the emotional impact on individual farmers and the opinion of public community (i.e.,
consumers) made this strategy be indicated only on rare occasions and under specific
circumstances (Good & Duignan, 2011; Kaneene & Pfeiffer, 2006; Schiller et al.,
2010).

As an alternative strategy, “test-and-slaughter” policies, based on the testing of the
whole herd and the culling of positive cattle (i.e., reactors), were implemented. An

essential aspect of this strategy is that once at least one animal from a herd tests

* Bovine tuberculosis was included in the OIE list of notifiable diseases (i.e., initially the List B)
following a revision by the International Committee of the OIE that led to the establishment of a new
list of diseases. This revision took into changes in the national zoosanitary legislation of member
countries during the previous 40 years, and the specific request by some international organizations,
such as the Food and Agriculture Organization of the United Nations (FAO), and the European
Economic Community (EEC). (Awada et al., 2018)

® Between 1930 and 1960 several experiments were performed on the “High Temperature Short Time
(HTST)” procedure for milk pasteurization in order to assess the efficacy to inactivate pathogens.
Among the target organism were M. bovis and M. tuberculosis. As a result, the HTST-pasteurization is
prescribed by the Codex Alimentarius as a standard treatment to reduce pathogens in milk. (Hammer,
2004, FAO & WHO, 2011).
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positive, no movements of animals other than to slaughter are allowed until the herd
tests negative again (Good & Duignan, 2011; Kaneene & Pfeiffer, 2006; Pfeiffer,
2013; Schiller et al., 2011). Mandatory eradication programs based on test-and-
slaughter policies successfully eliminated bTB from livestock in most of high-income
industrialized countries. However, the maintenance of M. bovis infection in wildlife
reservoirs has compromised eradication efforts in some countries such as in the United
Kingdom, Ireland, New Zealand and parts of the United States of America (Hardstaff
et al., 2014; Thoen et al., 2009).

In Europe, bTB has been an important issue since the beginning of the European
Economic Community (EEC); and, still today, its eradication remains a major
common objective and a financial target within EU countries (Reviriego &
Vermeersch, 2006). The current EU policies on the bTB eradication are based on the
principle that the Member States are primarily responsible for the bTB eradication and
may receive community financial support from the EU on the condition that those
programs have been approved by the European Commission (Reviriego &
Vermeersch, 2006).

Measures adopted in Europe® are mostly based on “test-and-slaughter” strategies (i.c.,
routine application of tuberculin testing and culling of reactor cattle). The official
diagnostic test for bovine TB in live animals is the intradermal tuberculin test (Council
Directive 64/432/CEE) and, since 2002, the interferon-y assay (IFN-y) is accepted and
may be authorized for its use as ancillary test to the tuberculin test to maximize
detection of infected cattle (Commission Regulation (EC) No. 1226/2002), in line with
last updates of the Manual of Diagnostic Tests and Vaccines for Terrestrial Animals,
produced by the OIE’ (Reviriego & Vermeersch, 2006; SANCO WD, 2013).

Despite the fact that many animal species can be infected with M. bovis and M.
caprae, the current European eradication programmes target primarily cattle
(Reviriego & Vermeersch, 2006). Other domestic species (e.g., goats and sheep and

pigs) are not routinely included in the eradication programmes or they are included

® The most relevant legislation regarding the eradication of bTB in Europe was recently summarized in
the “Working Document on Fradication of Bovine TB in the EU” and its Annexes
(SANCO/10067/2013). Available online at: https://www.Vvisavet.es/bovinetuberculosis/documents.php

" The interferon-y assay (IFN-y) is recommended by the OIE since 1996 (OIE Terrestrial Manual) as
ancillary laboratory-based test to the tuberculin intradermal test.
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only in specific circumstances (i.e., co-existence in the same farm of goats and cattle),

or in pilot programmes (e.qg., irregular programmes with spotty coverage).

In Spain, it was not until 1993 when most dairy and beef herds were included within
the national bTB eradication program (Allepuz et al., 2011), which, currently, is based
on following pillars:

Regular periodic screening of cattle herds, testing all animals older than six months,
performed by authorized private veterinarians (i.e., ante-mortem testing). The
frequency of the routine screening ranges from six months to two years interval,
depending on the prevalence of the area (i.e., prevalence<1%; prevalence >1 or
prevalence>3%). Cattle that test positive are culled (with compensation of farmers)
and subjected to post-mortem examination at the slaughterhouses. According to the
Spanish legislation (RD 2611/1996), the Single Intradermal Tuberculin Test (SITT) is
the official test for bTB detection in the routine screening, and positivity is confirmed
by culture of the mycobacteria. Depending on the epidemiological situation, also the
Single Intradermal Comparative Tuberculin Test (SICTT) and the IFN-y can be
authorized.

Compulsory pre-movement tests on purchased cattle (introduced in 2006 for safe
trading) (Anon., 2010).

Systematic post-mortem examinations at the abattoir (i.e. slaughterhouse surveillance),
with reporting of all suspicious lesions to the Laboratory for analysis and

confirmation.

Furthermore, other measures and interventions integrated in the Spanish eradication
plan include: a) epidemiological investigations through a standard questionnaire
(BRUTUB) of all new tested positive farms; b) Ongoing training of Official
Veterinary Services (OVS); ¢) mandatory training for private veterinarians performing
the routine testing (i.e., required for official accreditation); d) auditing of the testing
practices of private veterinarians (audited by OVS); e) surveillance plan for wildlife
reservoirs (introduced in 2009); f) testing of goat herds (i.e., by SITT or SICCT and
IFN-y) that live together with cattle, or that share pasture with cattle, or that are
epidemiologically linked to positive cattle herds (Anon., 2018).

Ante-mortem tests are a critical component of any bTB control programme. According
to the international legislation, the tuberculin test (i.e., delayed hypersensitivity test),

the most widely used as the screening technique, is the official prescribed method for
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the in vivo diagnosis of bTB for international trade and national control, while the
gamma-interferon assay (blood-based laboratory test) is listed as the alternative in
vitro test for international trade (Bezos et al., 2014; de la Rua-Domenech et al., 2006;
OIE, 2015; Reviriego & Vermeersch, 2006). In the case of bTB, both in vivo and in
vitro assays are performed using purified protein derivatives (PPDs) of M. bovis
(bovine PPD) and M. avium (avian PPD) (de La Rua-Domenech et al., 2006) and rely
on the detection of early cell-mediated immune responses (CMI) to the tuberculin
protein. In fact, infected animals turn allergic to the PPD and, when exposed to those
proteins, develop characteristic delayed-type hypersensitivity reactions (de La Rua-
Domenech et al., 2006; Kaneene & Pfeiffe, 2006; Radostits et al. 2007).

The main variants of the tuberculin test in use today are known as the Single
Intradermal Tuberculin Test (SITT), which is performed using only bovine tuberculin
PPD, and the Single Intradermal Comparative Tuberculin Test (SICTT), which is
performed using both bovine and avian tuberculin PPDs in combination (Bezos et al.,
2014; Good & Duignan, 2011; Karolemeas et al., 2012; Monaghan et al., 1994).

Generally, the SITT has a higher sensitivity, while the SICTT has a higher specificity
(de la Rua-Domenech et al., 2006; Karolemeas et al., 2012; Schiller et al., 2010). In
the majority of cases, the SICCT is applied to differentiate between responses from
exposure to M. bovis or to other mycobacteria. In fact, non-specific sensitisation to the
bovine tuberculin PPD (i.e., cross-reactions) may be caused also by other pathogenic
mycobacteria, such as Mycobacterium paratuberculosis subsp. avium, and non-
pathogenic environmental mycobacteria (Good & Duignan, 2011; Karolemeas et al.,
2012).

However, the sensitivity of the SITT is influenced by several different factors, such as
the immunological status of hosts (i.e., early infection, anergy, age,
immunosuppression, co-infection or pre-exposure to other mycobacteria), the
characteristics of the PPDs (i.e., expired products, storage conditions, manufacturing,
potency), or the methodology used to perform the test (i.e., doses, site of injection,
experience of veterinarians) (Alvarez et al., 2012a; de la Rua-Domenech et al., 2006;
Good & Duignan, 2011; Good et al., 2018; Humblet et al., 2011).

The site of injection has been one of the most studied factors influencing the accuracy
of the tuberculin tests (Good et al., 2018; Good & Duignan, 2011); the tuberculin test

can be performed on the neck region (i.e. cervical SITT), with the middle third of the
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neck described as the optimal injection site (Casal et al., 2015), or it can be performed
in the caudal fold of the tail (CFT). The cervical SITT is more sensitive than the CFT
(Good et al., 2018; Good & Duignan, 2011; OIE, 2015) and, in order to compensate
this difference, higher tuberculin doses are allowed in the CFT (OIE, 2015). The CFT
has been widely used in the U.S. and New Zealand; and, it was also used in Australia
during their bovine TB eradication campaign. The SITT is adopted by most European
Union Member States; whereas, the SICTT has been mainly used in Great Britain,
Ireland and Portugal (Good & Duignan, 2011; Karolemeas et al., 2012).

The tuberculin test has demonstrated to be an effective tool when applied at herd level,
although a lack of sensitivity at the individual animal level is recognised to be its
limitation (EFSA AHAW, 2012). To overcome this problem, the cut-off point of the
tuberculin test can be changed (i.e., standard interpretation versus severe
interpretation). Moreover, the IFN-y is also authorized as ancillary laboratory-based
test, and it may be used as parallel test to the tuberculin test in order to maximise
sensitivity (EFSA AHAW, 2012; Good & Duignan, 2011; Good et al., 2018). Besides,
following the EU-approved use, many countries have adopted protocols for the use of

the IFN-y assay as a serial test to the tuberculin test in order to increase the specificity.

It has been demonstrated that the IFN-y test has a higher sensitivity compared to the
diagnostic performance of the tuberculin test, but its specificity is lower than that of
the SITT and the SCITT. The higher sensitivity of the IFN-y test compared to the
tuberculin test is likely due to the fact that the IFN-y test detects bTB infected animals
as early as 14 days following infection, whereas reactivity to the SITT usually
develops between 3 and 6 weeks post-infection (de la Rua-Domenech et al., 2006;
Serrano et al., 2018). Thus, using the IFN-y test, the pre-allergic phase, or occult
period (i.e., time to develop an immune response detectable by diagnostic test), is
shorter than using the SITT. As consequence there is a reduction of false negative
reactions in recently infected animals and, therefore, an increase of sensitivity. The
interpretation criteria of the IFN-y assay can be adapted based on the epidemiological
situation, disease prevalence and the stage of the bTB control program; an overview of
different criteria applied in European Countries was published by the EFSA (2012)
(EFSA AHAW, 2012).
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As of 2016, other diagnostic techniques for bTB include the lymphocyte proliferation
assay and the Enzyme-Linked Immunosorbent Assay (ELISA) described as alternative
blood-based laboratory tests. The microscopic examination, culture and nucleic acid
recognition methods are recommended for agent identification (Awada et al., 2018;
OIE, 2015).

Until today, antibody-based assays have shown a poor sensitivity due to the
characteristic of the humoral immune responses to the mycobacterial infection, which
is quite delayed in the case of bTB (Pollock et al., 2001; Waters et al., 2006).
Therefore, its use as diagnostic test for the early detection of tuberculous cattle has
been quite limited (Pollock et al., 2001; Schiller et al., 2010). However, serologic
assays, such as ELISA, may be particularly useful as complementary tools to detect
infected animals missed by cell-mediated response-based tests, as for example in the
case of chronically-infected/ anergic cattle that may be acting as bTB reservoirs (de la
Rua-Domenech et al., 2006; Radostits et al. 2007; Schiller et al., 2010; Waters et al.,
2006).

Mycobacterial culture is regarded as a gold standard for confirmatory post-mortem
diagnosis of bTB and it offers the advantage of species identification (Patané et al.,
2017). Typing methods allow identifying the mycobacterial species on a molecular
basis, differentiating M. bovis strains from the other strains of the MTC (Brosch et al.,
2002). However, culture presents certain limitations (i.e., the difficulty of obtaining
samples, the need for pre-treatment, slow growth of the agents and additional time for
identification) (Pataneé et al., 2017; Schiller et al., 2010).

Recently, huge progresses have been achieved in the fields of culture technologies
(e.g. liquid culture systems) and the molecular typing of mycobacterial strains is
becoming an important tool for studying the epidemiology of bTB (Brosch et al.,
2002). For example, the increased use of rapid typing techniques, based on PCR
amplification (i.e., spoligotyping), and more recently, the ‘whole-genome’ sequencing
(Kao et al., 2016), to characterize mycobacterial isolates from domestic livestock and
wildlife has provided important insights into the sources of infection, the spread and
maintenance of bTB, allowing the establishment of epidemiological links, necessary
for the development of successful control and eradication strategies (Schiller et al.,
2010).
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1.4. Impact of Bovine Tuberculosis

Despite control efforts in the past 100 years, bTB still represents a global threat that
generates a wide range of socio-economic impacts and public and animal health
concerns. Impacts of bTB may be further classified as direct and indirect and being
associated with the overt disease (i.e., control) or with the disease risk (i.e.,
prevention) (Perry et al., 2002).

Nowadays, the occurrence of bTB is geographically heterogeneous; mostly reflecting
the political and economic situation of different countries (El Idrissi & Parker, 2012;
Zinsstag et al., 2006). In fact, although still present in some high-income industrialized
countries, the major impact of bTB falls on low- and middle-income countries that
lack of the adequate institutional network and economic resources, including human
(i.e., labour and management) and non-human resources (i.e., capital goods, financial
resources and technology), to regularly apply expensive control strategies (Ayele et
al., 2004; Azami & Zinsstag, 2018; Cosivi et al., 1998; El Idrissi & Parker, 2012).

1.4.1. Economic impact

At the beginning of 1900 bTB was one the most prevalent infectious disease of cattle,
causing vast agricultural losses, to the extent that, in 1901, during his Nobel lecture,
Von Behring stated that “As you know, tuberculosis in cattle is one of the most
damaging infectious diseases to affect agriculture. It causes premature death in
affected animals, damages nutrition and milk production and is the cause of inferior

meat”®.

Currently, the global economic impact of bovine TB on livestock production is
extremely difficult to determine accurately, since available information is scarce and
refers only to some specific countries. However, data suggest that economic costs
associated to bTB are significant, causing worldwide annual agricultural losses of
several billion dollars, with devastating consequences for the cattle industry (Garnier
et al., 2003; Perry et al., 2002; Zinsstag et al., 2006);

In absence of control measures or effective surveillance plans, bTB has prejudicial

implications for the livestock industry, the public health sector and the national

& The Von Behring Nobel lecture is available at:
https://mww.nobelprize.org/nobel_prizes/medicine/laureates/1901/behring-lecture.html
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economy (Zinsstag et al., 2006). At national level, the most noticeable losses from
bTB in cattle is the reduced benefit for farmers (i.e., direct and indirect “on-farm”
costs), which include losses from decreased milk and meat production, calf losses,
herd restrictions (i.e., movements and reduced herd size), the increased reproduction
efforts and replacement costs for infected cattle. Studies published between 1969 and
1997 in several countries, such us Germany, Canada, Spain and the U.S., estimated
decreases in milk productivity of about 10% and reduction in meat production of about
5%, rising to 10% in calves born from infected cows (Berga, 1987; Gilsdorf et al.
2006; Zinsstag et al., 2006). The fertility and demographic composition of the herd
were also affected by bTB, positive animals showed a 5% decrease in annual calving
rates and replacement losses for about 15% (Zinsstag et al., 2006); moreover, a
reduction in calf weight around 20% was also reported (Gilsdorf et al. 2006). A more
recent study carried out by Boland et al. (2010) in Irish dairy herds between 2004 and
2005 (i.e., high bTB prevalence despite the implementation of a national eradication
programme) confirmed a decrease in milk yields for bTB positive cows. They
evidenced that bTB reactors produced significantly less milk than non-reactor cows,
with differences ranging from 120 kg to 573 kg that correspond to about the 10% of
the average annual production (Boland et al., 2010). Further losses for farmers are due
to carcass or organ condemnation at the abattoir when animals show gross visible
lesions suggestive of bTB (Michel et al., 2010). It was estimated that, the culling loss
due to the disease (i.e., the difference between the estimated economic value of beef or
dairy breeding cattle and the purchased value at slaughter) may reach 30-50%
(Zinsstag et al., 2006). Studies published in Spain at the end of 80s, have reported
losses of 1.4%, 7.7% and 20.1% of condemned carcasses, livers and lungs,
respectively (Berga, 1987).

Apart from the reduced farmers’ benefits, bTB has economic consequences also on
trade and national economy. On an international scale, losses caused by bTB are
mostly due to the limited access to foreign markets for livestock and animal products
(i.e., import/export bans for enzootic countries). This has also major implications for

all the economic sectors linked to livestock production (Zinsstag et al., 2006).
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Finally, bTB economically affects also the public health sector, in terms of drug
expenses and health-care costs, besides the payments for income loss (opportunity
costs) and the burden on human health (i.e., Disability Adjusted Life Year®).

The economic impact of bTB is further exacerbated in low-income countries, mostly
threatening the livelihoods of poor and marginalised communities due to the absence
of adequate infrastructures, scarce means and the lack of financial resources for bTB
control, which lead to a vicious cycle in which increased poverty affects the resources
for control and vice versa (El Idrissi & Parker, 2012; Zinsstag et al., 2006). Moreover,
in those countries, the public and political awareness on bTB is usually low, the
institutional framework is weak (i.e., veterinary and public health services) and,
compared to industrialized countries, the already limited access to international
markets and trade make them particularly vulnerable to the protectionist application of
sanitary international measures (Zinsstag et al., 2006).

In countries with bTB eradication plans operating on a regular and mandatory basis
and effective surveillance programmes, clinical evidences in cattle are seldom
encountered because infected cattle are detected and eliminated at very early stages of
infection, before signs appear. Therefore, losses due to the decline in animal
productivity and livestock deaths are extremely reduced (Cousins, 2001; Domingo et
al., 2014; Good et al., 2018; Olea-Popelka et al., 2017; Zinsstag et al., 2006).

However, bTB still has an economic impact for both farmers and countries, mainly
due to the cost of eradication programmes (i.e., surveillance and regular testing;
movement control on infected herds, removal of infected cattle with compensation for
farmers and other administrative costs), reduced value or condemnations of carcases,
restrictions for markets access and international trade of animals and their products.
Moreover, in some high-income countries, bTB eradication is more difficult and costly
due to the presence of wildlife reservoirs, with implications for food security and for

areas of private interest, such as tourism or hunting game farms (Zinsstag et al., 2006).

° The Disability Adjusted Life Year (DALY) is recommended by the World Health Organisation (WHO)
as outcome measure of human population health in order to determine the relative burden of disease in
different settings, thus it is widely used at international level. DALY’ are composed of years of life lost
and years of healthy life lost because of disability (Murray et al., 1994). It is particularly useful in cost-
effectiveness analysis for economic evaluations.
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1.4.2. Public health impact: zoonotic tuberculosis and the one-

health approach

Bovine TB can be transmitted from animal to humans and vice versa, and, to a lesser
extent, from humans to humans (EFSA AHAW Panel, 2017; Evans et al., 2007,
Sunder et al., 2009; Waters et al., 2014), reducing the quality of life of human
populations (i.e., disability and premature death) and leading to serious consequences
for public health (Ayele et al., 2004; Cosivi et al., 1998; Good et al., 2018; Good &
Duignan, 2011; C. Thoen et al., 2006; Zinsstag et al., 2006). Zoonotic TB is clinically,
radiologically, and histopathologically indistinguishable from infections caused by M.
tuberculosis (de la Rua-Domenech et al., 2006; Michel et al., 2010a; O’Reilly &
Daborn, 1995); therefore, the only way to discriminate these pathogens is to identify

isolates to species level.

Since the primary location of lesions differ according to the route of infection, in
humans, lesions due to M. bovis are usually extra-pulmonary (i.e., non-pulmonary
forms), as a result of drinking or handling contaminated unpasteurized milk or
consuming dairy raw products (Good et al., 2018; O’Reilly & Daborn, 1995).
However, following the exposure to infected domestic or wildlife animals, carcasses
or contaminated environment, zoonotic bTB transmission may also occur by inhaling
contaminated droplets or aerosols, leading to the development of typical pulmonary
forms (Cosivi et al., 1998; Michel et al., 2010; Pérez-Lago et al., 2014).

Infants, children and women are described as the most vulnerable groups to bTB,
thought the frequency of infection may vary because of the cultural habits of people
(Good et al.,, 2018; Perez-Lago et al., 2014). Some professional categories are
especially exposed to the risk of contracting bTB (i.e., occupational exposure), for
example hunters, abattoir workers, veterinarians, farm workers (i.e., herd owners,
milkmaids, animals’ keepers and attendants) and their families (Ayele et al., 2004; EI
Idrissi & Parker, 2012; Michel et al., 2010; Olea-Popelka et al., 2017; Pérez-Lago et
al., 2014; Vayr et al., 2018). Transmission of M. bovis to humans due to recreational
exposure to wildlife has also been reported (Good et al., 2018). Moreover, people with
problems related to suppression of the immune system (i.e., HIV-infected persons) are
highly susceptible to M. bovis (Good et al., 2018); for example, dual HIV and M. bovis
infections have been reported in high and low-income countries (Cosivi et al., 1998;
Grange et al., 1994; LoBue, 2006).
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The transmission of M. bovis from cattle to humans was once very common (Francis,
1947; Good et al., 2018; Waters et al., 2014). Since the first half of the 20™ Century,
especially in high-income countries, huge control efforts have been made through the
launch of bTB eradication programmes, the introduction of enhanced food safety
measures (i.e., mandatory pasteurization, hygiene practices and meat inspections) and
the modernization of farming management systems, leading to a decrease of bTB in
cattle herds and in humans (Azami & Zinsstag, 2018; Good et al., 2018; Good &
Duignan, 2011; Michel et al., 2010; Zinsstag et al., 2006). By the 1990s it was
estimated that 3.1% of human TB cases worldwide were due to M. bovis with the vast
majority occurring in low-income countries (Cosivi et al., 1998; LoBue, 2006; Michel
et al., 2010; O’Reilly & Daborn, 1995), that showed the same conditions observed in
Europe during 1930s and 1940s (Cosivi et al., 1995). In 2013, a systematic review,
mandated by the World Health Organization (WHO) (Muller et al., 2013) stated that
zoonotic TB accounted for about 1.4% and 2.8% of all TB cases outside of and within
Africa, respectively. Despite the significant progresses made towards the elimination
of bTB, human cases of bTB continue to be reported worldwide and zoonotic TB is
still a concern, even in the developed world (Good et al., 2018; Olea-Popelka et al.,
2017; Pérez-Lago et al., 2014).

In 2016, the World Health Organization (WHO) estimated™® 147.000 (IC95% 71.800-
249.000) new cases of zoonotic TB in humans, and 12.500 deaths reported from all
WHO regions, with the African and the South-East Asian regions carrying the heaviest
burden (Fig. 8a, 8b) (Anon., 2017a).

According to the last European Food Safety Authority (EFSA) and European Centre
for Disease Prevention and Control (ECDC) report (EFSA & ECDC, 2017), across
European Member States (EU-MS) zoonotic tuberculosis is rare; the notification rates
have been stable in 2012-2016 (0.04 cases per 100,000 populations), and the number
of cases reported in the last five years were: 132, 144, 167, 181 and 170 between 2012
and 2016, respectively.

19 Estimates of TB cases in human population published by the WHO are based on case notifications in
countries that have high-performance surveillance systems, mainly high-income countries. Otherwise,
estimates were obtained through prevalence surveys, results from inventory studies and capture—
recapture analysis and case notification combined with experts opinion. Estimates are updated on
annual basis and are available online at: http://www.who.int/tb/publications/global_report/en/
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Figure 8: Estimated incidence (a) and mortality (b) due to M. bovis in human population by
WHO Regions in 2016. Proportions are calculated on a total of 147.000 estimated incident
bTB cases and 12.500 estimated bTB deaths. Source: Anon., 2017a.

In 2016, human cases were reported by 12 EU-MS, with the highest rate observed in
Belgium (0.12 cases per 100,000 populations). Zoonotic TB was reported by Austria
(1 case, OTF declared), Belgium (14, OTF), Czech Republic (1, OTF), Denmark (1,
OTF), Germany (52, OTF), Ireland (3), Italy'* (13), the Netherlands (12, OTF),
Romania (2), Spain (26), Sweden (5, OTF), Norway (5, OTF), Switzerland and
Liechtenstein (5, OTF) and the United Kingdom (39).

The majority of reported cases (105/170) were of EU origin (native cases and/or cases
originating from other MS), and most of them (67.5%) were born in non-OTF
countries (Fig. 9) (EFSA & ECDC, 2017).

1n Italy, 7 Regions and 14 Provinces are OTF
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Figure 9: Number of confirmed human tuberculosis cases of EU origin due to M. bovis and
country-level aggregated prevalence of bTB-positive cattle herds (due to M. bovis and/or M.
caprae), EU - MS, 2016. Source: EFSA & ECDC, 2017

Although, the association between a country’s OTF status and its notification rate in
humans was not clear (EFSA & ECDC, 2017), recent studies evidenced the risk of
transmission due to the exposure to infected cattle (i.e., high proportion of match
between M. bovis strains isolated from patients with those isolated in cattle herds
(Lombardi et al., 2017; Palacios et al., 2016).

The real burden of zoonotic TB is difficult to be determined and the true incidence of
bTB in humans remains uncertain (Anon., 2017a; Anon. 2017b; EFSA & ECDC,
2017; Olea-Popelka et al., 2017). As recently highlighted, the report of zoonotic TB as
a proportion of all tuberculosis cases may lead to misunderstand the real size of the
problem since data used are not representative of national populations (i.e., derived
from specific studies instead of national surveillance systems) (Miller et al., 2013;
Olea-Popelka et al., 2017). Moreover, information might be biased by some technical
constraints; such as the difficulties in differentiating M. tuberculosis from M. bovis or
M. caprae, which requires, first, the isolation of the mycobacteria on selective culture
media, and its subsequent identification by the use of biochemical tests or molecular
diagnostic methods (e.g., spoligotyping or other genotyping techniques), not always

available or routinely used (Mdller et al., 2013). Furthermore, biochemical methods
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may be relatively unreliable for the identification of M. bovis or M. caprae strains, and
routine culture methods for M. tuberculosis are suboptimal to detect strains of M.
bovis (Ayele et al., 2004; Cosivi et al., 1998). Therefore, TB cases caused by M. bovis
may be systematically under-diagnosed and/or under-reported (Miller et al., 2013;
Olea-Popelka et al., 2017; Pérez-Lago et al. 2014; Waters et al., 2014), leading to the
misconception that only a small proportion TB cases is due to M bovis, which, in turn,
may result in a general low awareness among consumers, health-care providers and
public health officials (Olea-Popelka et al., 2017; Thoen et al., 2006).

These constrains affect both low and high-income countries, although in a different
way and measure. In the majority of low income countries, the occurrence of M. bovis
infections in humans is likely to be underestimated since there is no systematic
national surveillance neither in humans and in animals (Anon., 2017a; Olea-Popelka et
al., 2017; Pérez-Lago et al., 2014; Thoen et al., 2010). Moreover, laboratory capacity
is very limited in many of those countries, and therefore mycobacterial culture is not
routinely performed (Collins and Grange, 1983; Michel et al., 2010; Muller et al.,
2013; Thoen et al., 2010). In fact, most often, the diagnosis of tuberculosis relies
exclusively on microscopy; thus, many cases are only assumed to be caused by M.
tuberculosis (Ayele et al., 2004; Cosivi et al., 1998; Olea-Popelka et al., 2017;
Zinsstag et al., 2006). In high-income countries, zoonotic TB zoonotic TB might also
be underestimated because the most commonly used procedures for identification and
laboratory routine methods do not differentiate MTC species (Good et al., 2018;
Lombardi et al., 2017; Palacios et al., 2016; Pérez-Lago et al., 2014). Moreover, the
lack of information exchanges and common strategies between human and animal
health authorities/sectors, together with an insufficient typing of animals’ isolates may
further contribute to underestimate the burden of zoonotic TB in low-prevalence

settings (Palacios et al., 2016).

The problem concerning the spread of zoonotic TB in humans and the heterogeneous
distribution across countries is not only associated with its prevalence in cattle. Other
factors include the presence of wildlife reservoirs, food hygiene practices and
population habits, political situations and socio-economic conditions and the quality of
veterinary and public health services. Moreover, different pathways of transmission
require specific public health strategies to be prevented (EI Idrissi & Parker, 2012;
Zinsstag et al., 2006).
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Therefore, the prevention and control of zoonotic TB clearly needs to be approached
through a cross-sectorial and multidisciplinary approach, linking animal, human, and
environmental health. Besides controlling bTB in cattle and promote high food
hygiene standards, that have been historical milestones in the control of zoonotic TB,
the elimination of tuberculosis from human society will necessitate understanding and
controlling this organism in all its reservoirs. At the same time, continued professional
training for specific groups and improved health education for people are also needed
for effective control interventions (Good et al., 2018; Zinsstag et al., 2006).

The importance of a multidisciplinary “One Health” approach was also remarked in
the zoonotic TB roadmap launched, in 2016-2017, as joined tripartite effort between
WHO, OIE and FAO™ (Anon., 2017b). The multidisciplinary roadmap, emphasizing
the interdependence of humans and animals health, defined a common strategy in 10
priority actions which were grouped under three core themes (Anon., 2017b; Good et
al., 2018; Zinsstag et al., 2015): i) Improve the scientific evidence base (i.e., increase
awareness and knowledge on bTB and improve diagnostic capacities); ii) Reduce
transmission at the animal-human interface (i.e., advocate for the control of the
disease at the animal source, including all domestic and wildlife reservoirs); iii)
Strengthen inter-sectoral and collaborative approaches (i.e., enhance the exchange of
data and discussions among veterinary and public health authorities and develop

locally adapted control strategies through participatory approaches).

1.5. Toward the eradication: Biological & Non-biological

constrains

Eradication of bTB is a challenge (Cousins, 2001; Humblet et al., 2009; Good et al.,
2018; Olea-Popelka et al., 2017; Pfeiffer et al.,, 2013). In some countries, the
application of systematic testing and culling of reactor animals (i.e., “test-and-
slaughter” policy) has been highly effective in eradicating the bTB from cattle
populations. However, this strategy has not been universally successful; and, despite
all the efforts and the huge amount of economic resources invested, in some other
countries, among which is Spain, bTB eradication has not been achieved yet,

persisting in cattle, wildlife reservoirs and humans.

2 The Food and Agricultural Organization of the United Nations (FAO)
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The complexity posed by the eradication of bTB can be explained with the existence
of a range of epidemiological factors, which may influence the effectiveness of both
surveillance and control activities (EFSA AHAW Panel, 2014), as for example:

The involvement of other domestic reservoirs, mainly goats, but also sheep and pigs
(Mufioz-Mendoza et al., 2016; Napp et al., 2013, Garcia-Bocanegra et al., 2012)

The existence of different wildlife reservoirs, such as badgers, red deer and wild boar
(Fitzgerald & Kaneene, 2013; Naranjo et al., 2008);

Limitations associated to the available ante-mortem diagnostic tools (de la Rua-
Domenech et al., 2006);

Local differences in management systems, productive type and farming practices
(Alvarez et al., 2012b; Humblet et al., 2009; Reviriego & Vermeersch, 2006);

The implication of socio-economic aspects (i.e., non-biological context) (Enticott,
2014; Pfeiffer et al., 2013).

The complex interaction pathogen-hosts-local environments in bTB infection
dynamics, implies that the effect of specific interventions and measures may differ
from the expected outcome, when applied to different epidemiological contexts (EFSA
AHAW Panel, 2014; Olea-Popelka et al.,2017; Schiller et al., 2010).

In this frame, the EFSA AHAW Panel published in 2014 a conceptual framework on
bTB aimed to support the understanding of the bTB epidemiology and to guide the
identification of principal biological and non-biological factors influencing bTB
infection, detection and control of bTB (EFSA AHAW, 2014). The EFSA statement
considered three different levels as “units of interest”: the animal, the herd and the
area levels (Fig. 10), as already suggested by Humblet and collaborators (2009) in
their classification of bTB risk factors. Moreover, non-biological aspects were also
considered as factors that might influence the outcome of interventions at herd and

area levels (Fig. 11).
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The animal level comprises specific characteristics of hosts (e.g. age, breed, immune
status, etc.) and the pathogen characteristics (EFSA AHAW, 2014). At this level,
susceptible cattle will become infected according to the overall ‘force of infection’ ()
that is the cumulative dynamic rate of all the forces of infection from different sources.
The force of infection, A, describes therefore the rate at which susceptible individuals
contract the infection at each point in time (t); thus, considering the within-herd cattle—
to—cattle transmission, it reflects the transmission coefficient () and the number of
infectious and susceptible cattle present in the herd; and, as such, it can change over
time: 1 = Bly/Ng

where, /N is the fraction of population that is infectious and g, the transmission
coefficient, is the average number of individuals that are newly infected from an
infectious individual per unit of time (De Jong, 1995).

All events taking place ‘within a herd’ are considered part of the ‘herd level’, whereas,
the ‘area level’ is represented by all activities and events taking place ‘between

herds’(EFSA AHAW, 2014).

On the other hand, farming management and control activities (i.e., removal of
infected cattle, movement restrictions, hygiene practices, separation of animals, indoor
housing and external biosecurity measures) that are mainly implemented within a herd
(part of the ‘herd level’), have a primary effect at the “animal level” by reducing the
exposure of susceptible animals or the contact rate between infected and susceptible
animals (i.e., act on the force of infection) (EFSA AHAW, 2014).

Although several control measures are established at the area level, the herd remains
the key level at which interventions are implemented (e.g. culling, hygiene and
biosecurity measures). Therefore, policy-implementation is influenced by several day-
to-day dynamics, including non-biological factors (i.e., individual perceptions and
external factors), such us availability of economic resources, testing infrastructure,
past experiences, motivations and attitudes of veterinarians, farmers and other
stakeholders as well as the training level, professional experience and personal
relationships among people involved in the implementation of eradication programmes
(EFSA AHAW Panel, 2014; Enticott, 2014; Meskill et al., 2013).

In order to overcome these constrains and achieve the bTB eradication, it is important

to identify and subsequently quantify these risk factors. Although some risk factors are
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well known (Humblet et al., 2009; Garcia-Saenz et al., 2014; Guta et al., 2014a; Guta
et al., 2014b), others are not well understood yet (i.e., bTB transmission dynamics) or
they have been recently recognised (i.e., the influence of non-biological factors).
Therefore, multi-disciplinary research efforts to enhance knowledge and
understanding on the epidemiology of bTB are crucial for the development of
sustainable and effective surveillance and control strategies, thus, toward the
achievement of bTB eradication.

In Spain, bTB studies have mainly focused on the role of wildlife reservoirs (Barasona
et al., 2014; Barasona et al., 2017; De Mendoza et al., 2006; Garcia-Jiménez et al.,
2013; Gortazar et al., 2011; Mufioz-Mendoza et al., 2013; Pérez de Val et al., 2017,
Risco et al., 2013; Vicente et al., 2007) or on the evaluation of diagnostic methods and
test results (Bezos et al., 2012; Alvarez et al., 2012a; Alvarez et al., 2014b).
Investigations on the epidemiology of bTB in domestic livestock have also been
carried out, in particular on: the spatial and spatio-temporal dynamics of the disease
(Allepuz et al., 2011; de la Cruz et al., 2014; Garcia-Saenz et al., 2014); on risk factors
associated with bTB persistence and occurrence of bTB in cattle herds (Guta et al.,
2014a; Guta et al., 2014b; Martinez-L6pez et al., 2014); and, on the role of other
domestic reservoirs (Mufioz-Mendoza et al., 2012; Mufioz-Mendoza et al., 2016; Napp
et al., 2013; Rodriguez-Prieto et al., 2012).

However, very few studies have investigated the within-herd bTB transmission
dynamics (Alvarez et al., 2012b) and the effect that sociological factors may have at
herd levels on the implementation of bTB control measures have never been central in
such investigations. Moreover, due to local differences or particular epidemiological
situations, some risk factors and infection dynamics may be relevant in certain
contexts but not in others (Humblet et al.,, 2009), which makes it difficult to

extrapolate results from studies carried out in other countries (Alvarez et al., 2014a).

It is, therefore, necessary to increase knowledge and improve the understanding of
those aspects that have not been fully addressed (Anon., 2012) in order to identify the
limitations of the national eradication program and allow the design of new and more

appropriate strategies (Good & Duignan, 2011).
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