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La tuberculosis bovina, producida por el complejo Mycobacterium tuberculosis Complex (CMT) es una enfermedad de
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trabajo, titulado “Optimization of real-time PCR protocols from lymph node bovine tissue for direct detection of Mycobacterium
tuberculosis complex”, ha sido publicado en la revista Microbiology Spectrum (doi: 10.1128/spectrum.00348-23) y se presenta
como indicio de calidad para la lectura y defensa de la Tesis Doctoral.

En el tercer bloque, se estimo la utilidad diagnodstica de la PCR a tiempo real, con la sonda 1S6110, en funcién de la prevalencia de
la enfermedad en la poblacion de estudio y los resultados obtenidos previamente en la intradermotuberculinizacion y la
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sin lesiones macroscopicas pero afectados histopatoldgicamente, que no fueron detectados ni con el cultivo microbioldgico ni
con la PCR-IS6110 a tiempo real, por lo que podria constituir una herramienta muy eficaz en zonas de baja prevalencia. Los
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Resumen/Summary

RESUMEN

La tuberculosis bovina (TBb) es una enfermedad infectocontagiosa de caracter croénico,
provocada por bacterias pertenecientes al Complejo Mycobacterium tuberculosis (CMT). Esta
enfermedad afecta a un amplio rango de especies animales, tanto domésticas como silvestres, asi
como al propio ser humano. Su incidencia a nivel global genera un impacto significativo a nivel
econdmico, ganadero y de salud publica, lo cual justifica el desarrollo en numerosos paises de
programas de control y erradicacién de la enfermedad. A pesar de estos esfuerzos, el éxito de dichos
programas se encuentra vinculado estrechamente a las técnicas diagndsticas disponibles. En este
contexto, el cultivo microbioldgico, reconocido actualmente como la técnica de referencia para
confirmar la presencia de la enfermedad, presenta limitaciones en cuanto a su rendimiento, siendo

un método que puede requerir hasta 3 meses para obtener resultados concluyentes.

Teniendo en cuenta esta situacion, la presente tesis doctoral se centré en el estudio de la validez
y el rendimiento diagndstico de la PCR a tiempo real y la PCR digital (ddPCR), considerando diferentes
protocolos, escenarios epidemioldgicos y objetivos diagndsticos, con la finalidad de establecer un
método estandarizado que posibilite la utilizacidn de las técnicas moleculares como alternativa al

cultivo microbioldgico.

Para ello, se realizé un primer estudio dirigido a validar la PCR a tiempo real con la diana 1IS6110
para la deteccién del CMT en muestras de tejido fresco de bovino. En dicho estudio, se tomaron
muestras de los nddulos linfaticos (NL) retrofaringeo, traqueobronquial y mesentérico de 230
animales sacrificados en matadero para su analisis molecular y microbioldgico. Previamente a su
analisis por PCR, las muestras se sometieron a un protocolo de extraccién constituido por una
disrupcién mecanica y una digestion enzimatica mediante proteinasa K. Los resultados de este
estudio preliminar revelaron el considerable potencial de la PCR a tiempo real como alternativa al
cultivo microbioldgico para la confirmacion de la TBb, con una sensibilidad (SE) del 77,1% (95% IC:
66,5-87,6%) y una especificidad (E) del 99,4% (95% IC: 98,3-100%). Destacar, ademas, la deteccidn
de la bacteria mediante PCR en muestras negativas al cultivo microbiolégico. Estos hallazgos se
tomaron como punto de partida para la realizacidon de los siguientes estudios que conforman la

presente tesis.

A partir de las limitaciones detectadas en el primer estudio, se plantearon dos nuevos objetivos

con el fin de mejorar el rendimiento diagndstico de la PCR a tiempo real: 1) comparar diferentes
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Estudio del rendimiento diagndstico de diversas técnicas moleculares para la deteccién del CTM en ganado bovino.

métodos de extraccién desde tejido fresco de bovino para seleccionar aquel con mayor validez
analitica y diagndstica; y 2) evaluar la validez de diferentes dianas genéticas para la deteccion del

CMT a partir del protocolo seleccionado.

Para abordar estos objetivos, se analizaron los LNs de 81 animales, sometiéndolos a un nuevo
protocolo de extraccién (protocolo optimizado) basado en una doble lisis mecanica y en la digestién
con proteinasa K, lo que permitié mejorar la eficiencia de extraccion. Con este protocolo, la PCR a
tiempo real con la diana IS6110 mostré una SE del 95,9% (95% IC: 89,70-100%), una E del 100% (95%
IC: 100%), una RP+ > 10 y una RP- = 0,04, lo que implica un alto valor diagndstico para confirmar y
descartar la enfermedad. Adicionalmente, se determind la validez de la PCR a tiempo real utilizando
las secuencias mpb70 e 1S4 como dianas. La PCR-mpb70 presentd una SE del 83,30% (95% IC: 71,60-
95,0%) y una E del 100% (95% IC: 100%), mientras que la PCR-1S4 mostrd una SE del 91% (95% IC:
82.0-99.80%) y una E del 100% (95% IC: 100%).

En este segundo estudio, también se evalué la credibilidad de los resultados de la PCR a tiempo
real en funcién de la prevalencia de la enfermedad. Los datos obtenidos con las tres dianas
mostraron una credibilidad del 100% para los resultados positivos, independientemente del
escenario epidemioldgico. Por su parte, la credibilidad de los resultados negativos seria superior al

80% con prevalencias del 0 al 60%, destacando especialmente para la PCR-I1S6110 (= 90%).

A raiz de estos resultados, se evalud la utilidad diagndstica y el coste econdmico de la
intradermotuberculinizacidon con interpretacion severa (IDTBs) y la inspeccion macroscopica en
funcion de la probabilidad de la infeccidn (pre-prueba) y el propdsito diagndstico, de acuerdo con
los criterios de la Organizacion Mundial de la Sanidad Animal (OMSA), asi como su influencia en la
credibilidad de la PCR-IS6110. Para ello, en este tercer estudio, se compararon los resultados
obtenidos con las técnicas mencionadas en 59 animales positivos a la tuberculosis bovina
(procedentes de explotaciones T1-T2 y positivos al cultivo/PCR en al menos uno de los tres LN
seleccionados) y 58 animales negativos a la tuberculosis bovina (procedentes de explotaciones T3H
y positivos al cultivo/PCR en todas las muestras). La IDTBs mostrd una SE del 86,4% (95% IC: 76,8% -
96%) y una E de 87,9% (95% IC: 78,7% - 97,2%), determinando un rendimiento diagnéstico adecuado
tanto para descartar la enfermedad en explotaciones histéricamente libres de la enfermedad como
para detectar animales en estadios tempranos de infeccidn. En funcion del Valor Predictivo Positivo

determinado para la IDTBs, con probabilidades pre-prueba moderadas (6-30%) se sacrificarian entre
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2 y 4 animales IDTBs-positivos por cada animal verdaderamente infectado detectado; mientras que,

si dicha probabilidad es muy baja (entre 0,1y 2%), se sacrificarian entre 8 y 141 animales.

Asimismo, la utilizacion de la intradermotuberculinizacion previamente a la PCR-1S6110
permitiria descartar la TBb con una elevada certeza en animales negativos a ambas pruebas, incluso

en zonas con prevalencias de hasta el 80%.

En cuanto a la inspecciéon macroscépica, mostréd una SEy E del 67.8% (95% IC: 55%-80,6%) y 98,3%
(95% IC: 94,1%-100%), respectivamente. En base a estos valores, la técnica resulta especialmente
util para confirmar la enfermedad (VP+ > 90% cuando la prevalencia es > 19%), lo que la convierte
en una posible alternativa a la IDTB en aquellas regiones donde su aplicacidon pueda resultar poco
viable econémicamente. Por el contrario, si la probabilidad pre-prueba existente es inferior al 25%,
la ausencia de lesiones macroscopicas durante la inspeccion post-mortem tendrd una credibilidad

superior al 90%.

Finalmente, en el marco de esta tesis se realizd un cuarto estudio con el objetivo de validar la
ddPCR para la deteccion del CMT, dado que esta modalidad de PCR tiene la capacidad de superar las
limitaciones propias de la PCR a tiempo real. La ddPCR se realizé a utilizando la diana 156110,
empleando muestras tanto de cultivo como resultantes del protocolo de extraccion optimizado a
partir de muestras tejido fresco de bovino. Las muestras procedian de NL retrofaringeos,
traqueobronquiales y mesentéricos de 100 canales de vacuno, y fueron analizados tanto

macroscopicamente como histoldgicamente para valorar la presencia de LTBs.

La ddPCR desde cultivo logré identificar 48 muestras como positivas, en comparacion con las 49
detectadas por PCR a tiempo real desde cultivo microbiolégico. De las 48 muestras positivas por
ddPCR-IS6110 desde cultivo, 19 presentaban lesiones macroscépicas y 37 lesiones microscopicas.
Esta ddPCR-IS6110 mostré una SE del 90,76% (95% IC: 82,58-98,96%) y una E del 100% (95% IC:
100%).

Por otro lado, la ddPCR-1S6110 realizada a partir de NL identificé 55 muestras como positivas, en
contraste con las 53 positivas por PCR a tiempo real, 41 de las cuales presentaron lesiones
histopatoldgicas. Esta ddPCR permitié detectar, por ende, un mayor nimero de muestras positivas
al CMT que la técnica de referencia, siendo una herramienta diagndstica de alta utilidad diagnéstica

para confirmar y descartar la TBb (RP+ = = y RP- = 0,05).
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En conclusidn, los resultados obtenidos en estos estudios apoyan la hipdtesis inicial de que las
técnicas moleculares, como la ddPCR o la PCR a tiempo real, podrian constituir una alternativa rapida
y eficaz al cultivo microbioldgico para confirmar el diagndstico del CTM en muestras de tejido, lo que

podria aumentar la eficiencia de los programas de erradicacién.
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SUMMARY

Bovine tuberculosis (bTB) is an infectious and contagious disease of a chronic nature, caused by
bacteria belonging to the Mycobacterium tuberculosis Complex (MTC). This disease affects a wide
range of animal species, both domestic and wild, as well as humans themselves. Its global incidence
has a significant impact on the economy, livestock, and public health, justifying the implementation
of control and eradication programs in numerous countries. Despite these efforts, the success of
such programs is closely linked to the available diagnostic techniques. In this context, microbiological
culture, currently recognized as the reference technique to confirm the presence of the disease, has
limitations in terms of its performance, being a method that may require up to 3 months to obtain

conclusive results.

Given this situation, this doctoral thesis focused on studying the validity and diagnostic
performance of real-time PCR and digital PCR (ddPCR), considering different protocols,
epidemiological scenarios, and diagnostic objectives. The aim was to establish a standardized

method that enables the use of molecular techniques as an alternative to microbiological culture.

To achieve this, an initial study was conducted to validate real-time PCR with the IS6110 target
for detecting the MTC in fresh bovine tissue samples. In this study, samples were collected from
retropharyngeal, tracheobronchial, and mesenteric lymph nodes (LN) of 230 animals slaughtered in
the abattoir for molecular and microbiological analysis. Prior to PCR analysis, samples were
subjected to an extraction protocol consisting of mechanical disruption and enzymatic digestion with
proteinase K. The results of this preliminary study revealed the significant potential of real-time PCR
as an alternative to microbiological culture for confirming bTB, with a sensitivity (SE) of 77.1% (95%
Cl: 66.5-87.6%) and specificity (SP) of 99.4% (95% Cl: 98.3-100%). In addition, it is worth mentioning
the detection of the bacteria by PCR in samples with negative microbiological culture. These findings

served as a starting point for the subsequent studies that constitute the present thesis.

Based on the limitations identified in the initial study, two new objectives were proposed to
enhance the diagnostic performance of real-time PCR: 1) compare different extraction methods
from fresh bovine tissue to select the one with greater analytical and diagnostic validity, and 2)

assess the validity of different genetic targets for detecting the MTC using the selected protocol.

To address these objectives, LNs from 81 animals were analyzed. There were subjected to a new

extraction protocol (optimized protocol) based on double mechanical lysis and digestion with
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proteinase K, which improved the extraction efficiency. With this protocol, real-time PCR targeting
1S6110 showed a SE of 95.9% (95% Cl: 89.70-100%), SP of 100% (95% Cl: 100%), a positive likelihood
ratio (PLR) > 10, and a negative likelihood ratio (NLR) = 0.04, indicating a high diagnostic value for
confirming and ruling out the disease. Additionally, the validity of real-time PCR using mpb70 and
IS4 sequences as targets was determined. PCR-mpb70 exhibited a SE of 83.30% (95% Cl: 71.60-95.0%)
and SP of 100% (95% Cl: 100%), while PCR-1S4 showed a SE of 91% (95% Cl: 82.0-99.80%) and SP of
100% (95% Cl: 100%).

In this second study, the credibility of real-time PCR results was also assessed based on the
prevalence of the disease. The data obtained with the three targets showed 100% credibility for
positive results, regardless of the epidemiological scenario. On the other hand, the credibility of
negative results would be above 80% with prevalences ranging from 0 to 60%, particularly

noteworthy for PCR-1S6110 (= 90%).

As a result of these findings, the diagnostic utility and economic cost of the severe interpretation
of single intradermal tuberculin test (SIT) and macroscopic inspection (Ml) were evaluated based on
the probability of infection (pre-test) and the diagnostic purpose, following the criteria of the World
Organisation for Animal Health (WOAH), as well as their influence on the credibility of PCR-1S6110.
In this third study, the results obtained with the mentioned techniques were compared in 59 animals
positive for bovine tuberculosis (from T1-T2 farms and positive in culture/PCR in at least one of the
three selected LNs) and 58 animals negative for bTB (from T3H farms and positive in culture/PCR in
all samples). SIT showed a SE of 86.4% (95% Cl: 76.8% - 96%) and a SP of 87.9% (95% Cl: 78.7% -
97.2%), determining an appropriate diagnostic performance for both ruling out the disease in
historically disease-free farms and detecting animals in early stages of infection. Based on the PPV
determined for SIT, with moderate pre-test probabilities (6-30%), between 2 and 4 SIT-positive
animals would be sacrificed for every truly infected animal detected; whereas, if the probability is

very low (between 0.1 and 2%), between 8 and 141 animals would be sacrificed.

Likewise, the use of SIT before PCR-1S6110 would allow the exclusion of bTB with high certainty

in animals negative for both tests, even in areas with prevalences of up to 80%.

Regarding M, it showed a SE and a SP of 67.8% (95% Cl: 55%-80.6%) and 98.3% (95% Cl: 94.1%-
100%), respectively. Based on these values, the technique is particularly useful for confirming the
disease (PPV >90% when the prevalence is > 19%), making it a potential alternative to SIT in regions

where its economic feasibility may be limited. On the contrary, if the existing pre-test probability is
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less than 25%, the absence of macroscopic lesions during post-mortem inspection will have a

credibility of over 90%.

Finally, within the framework of this thesis, a fourth study was conducted with the aim of
validating ddPCR for the detection of MTC because this PCR modality has the ability to overcome
the limitations inherent in real-time PCR. The ddPCR was performed using the 1S6110 target,
employing samples from both culture and those resulting from the extraction protocol optimized
from fresh bovine tissue samples. The samples originated from retropharyngeal, tracheobronchial,
and mesenteric LNs of 100 bovine channels and were analyzed both macroscopically and

histologically to assess the presence of tuberculosis-like lesions.

The ddPCR from culture successfully identified 48 samples as positive, compared to the 49
detected by real-time PCR from microbiological culture. Of the 48 samples positive by ddPCR-1S6110
from culture, 19 presented macroscopic lesions and 37 presented microscopic lesions. This ddPCR-

IS6110 showed a SE of 90.76% (95% Cl: 82.58-98.96%) and a SP of 100% (95% Cl: 100%).

On the other hand, ddPCR-IS6110 performed from In identified 55 samples as positive, in
contrast to the 53 positives detected by real-time PCR, 41 of which showed histopathological lesions.
Therefore, this ddPCR allowed for the detection of a higher number of MTC-positive samples than
the reference technique, making it a highly useful diagnostic tool for confirming and ruling out bTB

(PLR = o and NLR = 0.05).

In conclusion, the results obtained in these studies support the initial hypothesis that molecular
techniques, such as ddPCR or real-time PCR, could serve as a rapid and effective alternative to
microbiological culture to confirm the diagnosis of MTC in tissue samples. This could potentially

enhance the efficiency of eradication programs.
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1. APROXIMACION AL SECTOR BOVINO

La crianza del ganado bovino sustenta un importante sector productivo que, desde antano,
tiene una gran relevancia a nivel mundial. Esta importancia se fundamenta en los valiosos
productos que aporta a la economia y alimentacién a escala mundial, siendo la carne y la leche
recursos de vital importancia. Ademas, destaca el papel crucial que desempefia esta especie en
el desarrollo y la sostenibilidad de las zonas rurales. En este contexto, es esencial subrayar que
el abandono progresivo de estas areas representa un desafio creciente en los ultimos afios,

generando un impacto significativo en la estabilidad y equilibrio de dichos entornos.

La Unidn Europea (UE), con en torno a 85 millones de cabezas de vacuno, destaca
mundialmente como uno de los principales productores y consumidores de carne y lacteos de
origen bovino. Segln datos recientes, la UE genera el 18,3% de la produccién global de carne
bovina posicionandose como el tercer productor mundial, solo por detrds de Estados Unidos y
Brasil (Food and Agriculture Organization statistical database, 2023). Por otro lado, en el sector
lacteo, la UE, con el 19,3% de la produccion global, se sitia como el primer productor mundial

seguido de Estados Unidos y la India (United States Department of Agriculture, 2021).

En el caso de Espanfia, el ganado bovino aporta en torno al 27,3% de la produccion final
ganadera (PFG). Esta produccion nacional proviene de un censo aproximado de 6,5 millones de
cabezas, de las cuales alrededor de 2 millones corresponde a vacas nodrizas de mas de 24 meses
de edad, y cerca de 809.000 son de tipo lechero. El 22% de dichos animales se encuentran en la
Comunidad Auténoma de Castilla y Ledn, seguida de Galicia y Extremadura, con un 14% cada

una (Ministerio de Agricultura, Pesca y Alimentacién (MAPA) 2021).

Considerando la gran importancia que ostenta la produccidon de ganado vacuno tanto en
nuestro pais como en la UE, resulta necesario implementar programas sanitarios y medidas de
manejo destinadas al control de las principales enfermedades que afectan a este tipo de ganado.
En este contexto, las enfermedades transmisibles, ya sean infecciosas o parasitarias, adquieren
una relevancia destacada. Esto no solo se debe a su capacidad de propagacion dentro y entre
las explotaciones ganaderas, sino también a las considerables pérdidas econdmicas que
provocan, las restricciones comerciales asociadas y las implicaciones para la salud publica y la
seguridad alimentaria, debido a que muchas de estas enfermedades presentan un caracter
zoondsico. En este sentido, es necesario establecer sistemas de vigilancia y control a nivel

nacional e internacional (Directiva 2003/99/CE; Reglamento (CE) 2160/03).

Las enfermedades transmisibles mas relevantes para el ganado bovino se encuentran

enumeradas en la UE, junto con las enfermedades que afectan a otras especies domésticas,
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segun lo estipulado en el Reglamento (UE) 2016/429 y el Reglamento Delegado (UE) 2018/1629.
Es importante destacar que estas enfermedades se han categorizado en cinco grupos distintos,
como se establece en el Reglamento de Ejecucién (UE) 2018/1882. Este reglamento no solo
define las normas para la prevencién y el control de las enfermedades mencionadas en la lista,
sino que también identifica las especies y grupos de especies que representan un riesgo

significativo para la propagacién de dichas enfermedades.

Categoria A: Enfermedades que normalmente no estan presentes en la UE y para las cuales
se deben tomar medidas inmediatas de erradicacién tan pronto como se detecte su

presencia.

Categoria B: Enfermedades de la lista que deben controlarse en todos los estados miembros

con el objetivo de erradicarlas en toda la Unién Europea.

Categoria C: Enfermedades de la lista que tienen importancia en determinados estados
miembros y para las cuales deben implementarse medidas para evitar su propagacion a
regiones de la Unidn Europea declaradas oficialmente libres de la enfermedad o que cuentan

con programas de erradicacion de la enfermedad.

Categoria D: Enfermedades de la lista para las cuales deben implementarse medidas para
evitar su propagacién relacionada con su introduccién en la Unién o con los movimientos

entre estados miembros.

Categoria E: Enfermedades de la lista que requieren vigilancia por parte de la UE.

Tabla 1. Categorizacion de las enfermedades infecciosas del ganado bovino de acuerdo con

la clasificacidn realizada por el Reglamento de ejecucién (UE) 2018/1882.

Categoria Enfermedades

Peste bovina, fiebre aftosa, fiebre del valle del Rift, dermatitis nodular
A+D+E

contagios y perineumonia contagiosa bovina.

Infeccidon por Brucella abortus, B. melitensis y B. suis, infeccidn por el Complejo
B+D+E

Mycobacterium tuberculosis, y rabia.

Infeccion por el virus de la lengua azul, leucosis bovina enzoética, diarrea viral
C+D+E

bovina y rinotraquetis infecciosa bovina

Campilobacteriosis genital bovina, tricomonosis, surra, carbunco, enfermedad

D+E
hemorragica epizodtica
E Fiebre Q y paratuberculosis
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Las distintas enfermedades podran estar incluidas en una o mas de las categorias anteriores.
De acuerdo con lo anterior, en el caso del ganado bovino, el Reglamento de ejecucion (UE)

2018/1882, categoriza a las enfermedades de la siguiente forma (Tabla 1).
2. INFECCION POR EL COMPLEJO MYCOBACTERIUM TUBERCULOSIS

La tuberculosis de los mamiferos o infeccién por el complejo Mycobacterium tuberculosis
(CMT), es la denominacion adoptada por la Organizacién Mundial de la Sanidad Animal (OMSA)
para referirse a la tuberculosis bovina (TBb) en la actualidad. A pesar de ello, el término TBb
sigue siendo de uso generalizado en el dambito cientifico y administrativo, especialmente al

hablar de la infeccidn en la especie bovina.

La TBb es una enfermedad infectocontagiosa de caracter crénico que cursa con neumonia
granulomatosa, pérdida de peso y, posteriormente, la muerte del animal. Esta patologia esta
causada por bacterias pertenecientes al CMT, principalmente M. bovis y M. caprae, y puede
afectar tanto a especies animales como al ser humano dado su caracter zoondsico (OMSA,

2018).

Ademas de su impacto en salud publica, la TBb causa cuantiosas pérdidas econdmicas en el
sector ganadero debido a la disminucidn de la produccion, restricciones en el movimiento de
animales vivos y decomiso en el matadero de animales con lesiones compatibles con TBb (LTB)
(Rodriguez-Campos et al.,, 2014; Larenas-Mufioz et al., 2022). Ademas, representa un
importante riesgo para la biodiversidad, en especial para especies que ya de por si estdn
amenazadas como el lince ibérico en el caso de nuestro pais (MAPA & Agencia Espafiola de

Consumo, seguridad alimentaria y nutricion (AECOSAN), 2017).

La TBb presenta una distribucion mundial, existiendo notables diferencias entre paises. En
gran parte de Africa, América Latina y Oriente, aunque la enfermedad se cataloga endémica, no
se implementan medidas dirigidas a su control y erradicacion. Sin embargo, en areas como
Europa, la aplicacién de programas de control y erradicacién de la TBb han logrado disminuir
significativamente la prevalencia y la dispersion de la enfermedad, llegando a alcanzar algunos

paises la calificacidn de libre de TBb.
2.1 Etiologia

El género Mycobacterium pertenece al Filo Actinobacteria, Clase Actinobacteria, Orden
Actinomycelates, Suborden Corynebacterinae y Familia Mycobacteriaceae (Brener et al., 2005).
Este género engloba en la actualidad mas de 190 especies diferentes, que abarcan bacterias

saprofitas, patdégenas oportunistas y patdgenas para personas y animales, con caracteristicas
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comunes: bacilos aerobios, no mdéviles, acido-alcohol resistentes, incapaces de formar esporas

(Meehan et al., 2021).

Ademas, las especies del género Mycobacterium poseen una pared celular distintiva, que es
mas gruesa que la de otras bacterias. Esta pared contiene tres tipos de moléculas lipidicas (acido
micélico, peptidoglicanos y arabinogalactanos) que desempefian un papel importante en la
patogenicidad de las micobacterias (Kuria, 2019; Borham et al., 2022). La capa lipidica de la
pared contribuye a la resistencia de la bacteria frente a la respuesta inmunitaria del huésped,
agentes desinfectantes y farmacos antituberculosos. Esto también resulta en una entrada
deficiente de nutrientes en la célula, lo que explica su crecimiento lento y su largo periodo de
incubacién. Ademas, la pared de las micobacterias juega un papel relevante en la formacién de
los granulomas tuberculosos en el huésped, confiriendo acido-alcohol resistencia a la bacteriay
dando lugar a la formacién de "cordones" cuando crece en medios liquidos, debido a la

agregacion de los complejos lipidicos (Kuria, 2019; Borham et al., 2022).

Es importante destacar que la clasificacidén de las micobacterias esta en constante evolucion.
En 2018, Gupta et al. propusieron dividir el género Mycobacterium en 4 nuevos géneros:
Mycolicibacterium, Mycolicibacter, Mycolicibacillus y Mycolicibacteroides, ademas de una
modificacién en el género Mycobacterium. Esta propuesta se basd en analisis de similitud
promedio de aminoacidos, inserciones o delecciones de secuencias y proteinas conservadas. Sin
embargo, otros autores, como (Meehan et al., 2021) sugieren que, para evitar confusiones a
nivel clinico, se mantenga el género Mycobacterium y se realicen estas divisiones como
subgéneros. Esta discusion refleja la continua revisién y refinamiento de la taxonomia de las

micobacterias.

A lo largo de los afios, las especies incluidas en el género Mycobacterium han sido
clasificadas teniendo en cuenta distintas caracteristicas. Una de las clasificaciones mas
empleadas se basa en su capacidad de crecimiento en medios de cultivo, dividiéndolas en
micobacterias cultivables y micobacterias no cultivables o de dificil cultivo. Ademas, segun su
velocidad de crecimiento, se clasifican en bacterias de crecimiento lento -que requieren mas de
siete dias de incubacidn para formar colonias visibles- y bacterias de crecimiento rdpido -que
desarrollan colonias en menos de siete dias- (Wayne & Kubica, 1986; Magee & Ward, 2015).
También se han realizado agrupaciones especificas de micobacterias en complejos y grupos

(Meehan et al., 2021).

Las micobacterias de crecimiento rapido, por lo general son micobacterias saprdfitas de

vida libre, conocidas como “micobacterias ambientales o no tuberculosas” (MNT). Por otro lado,
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las bacterias de crecimiento lento incluyen a la mayoria de las micobacterias de relevancia
clinica, tanto para la medicina humana como veterinaria, dentro de las cuales se encuadran las
bacterias del CMT y del Complejo Mycobacterium avium (CMA) (Tabla 2) (Goodfellow & Magee,
1998).

Tabla 2. Resumen de las principales especies de micobacterias, incluyéndose en el CMT y el CMA

aquellas que tienen un mayor interés en medicina humana y veterinaria.

Complejo Mycobacterium tuberculosis (CMT) Complejo Mycobacterium avium (CMA)
M. tuberculosis M. pinnipedii M. a. avium M. chimaero
M. bovis M. canetti M. a. silvaticum M. columbiense
M. africanum M. orygis M. paratuberculosis M. marseillense
M. microti Var. genética Dassie bacillus | M. a. hominissuis M. bouchedurhonense
Var. genética M. mungi M. timonense
Micobacterias no cultivables o dificilmente Micobacterias atipicas de importancia
cultivables zoondsica
M. leprae M. lepraemurium M. kansasii M. marinum
M. fortuitum M. chelonae

Las micobacterias responsables de la TBb pertenecen al CMT y se diferencian en distintas
especies segln su hospedador principal y su filogenia. Algunas de estas especies son M.
tuberculosis, M. bovis, M. bovis BCG, M. caprae, M. africanum, M. microti, M. pinnipedii, M.
canettii, M. orygis, y las variedades genéticas Dassie bacillu y M. mungi (Rodriguez-Campos et
al.,, 2014; Romha et al., 2018). Estas micobacterias comparten una alta homologia genética
(99,95%) a nivel de secuencia de nucleétidos y poseen un gen que codifica el ARN ribosémico
16S con una secuencia idéntica (Brosch et al., 2002). Estas caracteristicas genéticas son utiles

para identificar y diferenciar las especies dentro del CMT.

Las bacterias pertenecientes al CMT tienen la capacidad de sobrevivir en una amplia
variedad de ambientes, desde pocos minutos hasta 2 ainos. La supervivencia de estas bacterias
en el medio estad determinada, en gran medida, por tres factores principales: la temperatura, la
exposicién a la luz solar y la humedad relativa (Broughan et al., 2016). Dicha supervivencia es
Optima en entornos frescos, himedos y sombrios, mientras que se ve limitada en climas

calurosos y secos (Humblet et al., 2009; Broughan et al., 2016; Borham et al., 2022). De esta
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forma, la bacteria se inactiva cuando es sometida a temperaturas superiores a 65°C durante al
menos 30 minutos y por la accién de la luz ultravioleta. Sin embargo, puede resistir la
congelacion durante periodos prolongados. A temperaturas normales, la bacteria es capaz de
permanecer viable en el estiércol almacenado hasta 6 meses, mientras que en los pastos puede
sobrevivir en las heces entre 2 meses en verano y 6 en invierno (Allen et al., 2021; Borham et
al., 2022). Estas caracteristicas favorecen la transmision de las micobacterias tanto a nivel de

granja como en zonas de pastos compartidos.

En cuanto a la resistencia a productos quimicos y desinfectantes, la pared celular de las
micobacterias del CMT les confiere cierta resistencia a estos agentes. Sin embargo, se ha
observado que, compuestos como el hexaclorofeno, los amonios cuaternarios o la clorhexidina
tienen un efecto bacteriostatico sobre las micobacterias, mientras que otros compuestos, como
los derivados del cloro, el etanol al 70%, el peréxido de hidrégeno o el fenol al 5% tienen un

efecto bactericida (Kuria, 2019; Borham et al., 2022).
2.2 Importancia de la TBb como zoonosis

La TBb, como enfermedad zoondsica, tiene un impacto significativo en la salud publica a
nivel global. Dentro del CMT existen especies como M. tuberculosis y M. africanum que afectan
de forma casi exclusiva al ser humano (Dean et al., 2018). Sin embargo, existen otros miembros
del CMT que, a pesar de poseer la capacidad de infectar al ser humano, presentan una mayor
adaptacion a los animales. Algunas de las micobacterias con potencial zoondsico identificadas
hasta el momento son M. bovis, M. caprae, M. microti, M. pinnipedii y M. orygis (van Ingen et

al., 2012; Pérez-Lago et al., 2014).

Histéricamente la tuberculosis ha llegado a ser considerada como la enfermedad infecciosa
con una mayor tasa de mortalidad, sin embargo, ha sido superada recientemente por la COVID-
19. Anualmente se siguen registrando alrededor de 10 millones de nuevos casos de tuberculosis
en seres humanos y 1,5 millones de muertes relacionadas con esta enfermedad. No obstante,
diversos autores sefialan que dichas estimaciones pueden estar subestimadas y que, por tanto,
la tuberculosis zoondsica podria ser un problema de salud publica mucho mayor (Thoen et al.,
2006; Olea-Popelka et al., 2017). En este sentido, Houben & Dodd (2016) estiman que alrededor
de 1,7 mil millones de personas, o lo que es lo mismo, aproximadamente una cuarta parte de la

poblacidn mundial, padecen tuberculosis latente.

Una de las razones por las cuales las estimaciones de casos de tuberculosis zoondsica
pueden ser bajas es la dificultad para distinguir entre M. tuberculosis y otras micobacterias del

complejo, especialmente M. bovis. Esta situacién es especialmente problematica en paises en
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vias de desarrollo donde la enfermedad es endémica en los humanos y cuentan con recursos
econdmicos limitados. Ademds, en ausencia de sistemas de vigilancia adecuados y
procedimientos de laboratorio efectivos para la identificacién precisa de las micobacterias, se
asume que todos los casos diagnosticados de tuberculosis son causados por M. tuberculosis

(Pérez-Lago et al., 2014; Olea-Popelka et al., 2017).

La vulnerabilidad del ser humano a la infeccién por M. bovis es mayor en aquellas areas
donde la tuberculosis animal es endémica, posibilitando la transmisién de manera directa (por
contacto con animales enfermos) e indirecta. Histdricamente, el consumo de leche y derivados
lacteos no pasteurizados ha sido una importante fuente de infeccién y, en la actualidad, sigue
siendo relevante en aquellos paises donde los programas de erradicacion no se ejecutan de
manera efectiva. Asimismo, el contagio puede producirse, ademas, por el consumo de carne
cruda o insuficientemente cocida de animales enfermos (De La Rua-Domenech, 2006; Michel et

al., 2015; Olea-Popelka et al., 2017).

Paralelamente, varios estudios han sefalado la posibilidad de transmision de M. bovis de las
personas al ganado bovino, actuando el ser humano como vector de la enfermedad (Romero et
al., 2011; Krajewska-Wedzina et al., 2019; Lombard et al., 2021). En este sentido, un estudio
realizado en nuestro pais, donde la incidencia en el ser humano es baja segun los datos
proporcionados por la Organizacién Mundial de la Salud (OMS), describe 3 casos no vinculados
donde los animales se infectaron de M. tuberculosis a partir del ser humano (Romero et al.,
2011). Esta evidencia sugiere la posibilidad de que en aquellos paises con una incidencia humana
significativamente mds elevada, dicha transmisién podria representar un desafio adicional para

el control de la de la TBb.

Considerando la enorme trascendencia que tiene el ganado bovino en la transmisién de la
tuberculosis animal al ser humano, es necesario realizar un esfuerzo a nivel global para
desarrollar nuevas herramientas de diagndstico que mejoren la fiabilidad y rapidez en la
detecciéon y confirmacion de la TBb (Courcoul et al., 2014). En este sentido, el desarrollo de
nuevas técnicas de reaccion en cadena de la polimerasa (PCR) directa desde tejido se erige como

un método de diagndstico rapido y una alternativa valida en el ambito de la sanidad animal.
2.3 Epidemiologia

De todas las especies que conforman el CMT, M. bovis, principal agente etiolégico de la TBb,
es la que presenta un mayor rango de hospedadores, siendo capaz de infectar al hombre y a un
gran numero de especies animales, tanto domésticas como silvestres (De Lisle et al., 2001;

Broughan et al.,, 2016; Good & Duignan, 2011; Ramos et al., 2015). Este amplio rango de
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hospedadores justifica que actualmente a la enfermedad se la conozca como tuberculosis de los

mamiferos.

El bovino, considerado como el principal reservorio de la enfermedad, suscita una mayor
preocupacién debido a su relevancia econdmica a nivel mundial justificando la implantacién de
medidas de erradicacién de la enfermedad en esta especie. No obstante, en nuestro entorno,
existe un amplio rango de especies susceptibles de ser infectadas, contribuyendo asi a la
persistencia de la enfermedad (Serrano et al., 2018). M. bovis y M. caprae tienen la capacidad
de infectar a diversas especies presentes en un mismo ecosistema, dando lugar a un complejo
epidemiolégico multi-hospedador. Este complejo epidemioldgico dificulta enormemente el
éxito de los programas de erradicacion y control de la TBb, siendo especialmente preocupante
en aquellas zonas donde el ganado se cria en extensivo, favoreciendo el contacto con especies
silvestres, como es el caso de las regiones del suroeste de la peninsula ibérica (Gortazar et al.,
2011; MAPA & AECOSAN, 2017). Por lo tanto, es necesario que las medidas de control tengan
aborden esta complejidad y consideren a todas las especies animales implicadas en la

transmision de la TBb.

Figura 1: Sistema multi-hospedador de la TBb en la Peninsula Ibérica. Elaboracion propia

En nuestro pais, este complejo sistema multi-hospedador (Figura 1) se compone
principalmente de cuatro especies de animales silvestres -jabali, ciervo, gamo y tején comun-,
junto con especies domésticas como el caprino, el ovino o el porcino ibérico, que también son
susceptibles a la infeccion. En consecuencia, estas especies también contribuyen a la
persistencia de la enfermedad y presencia endémica (Gortazar et al., 2011; MAPA & AECOSAN,
2017).
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El jabali constituye el principal reservorio silvestre de la TBb en la Peninsula Ibérica (Naranjo
et al, 2008). Su actuacidn como reservorio es especialmente destacada en la zona
Mediterranea, donde diversos estudios estiman que la prevalencia en la especie ronda el 60%,
pudiendo alcanzar el 100% en algunas poblaciones (Vicente et al., 2006; Naranjo et al., 2008;
Gortazar et al., 2011). Por su parte, en la zona atldntica se considera practicamente un

hospedador accidental (Mufioz-Mendoza et al., 2013).

Por otra parte, el tejon europeo, principal reservorio silvestre de la enfermedad en Reino
Unido e Irlanda, se considera el principal obstaculo para lograr el control y erradicacion de la
TBb en el ganado vacuno en estos paises (Donnelly & Nouvellet, 2013; Broughan et al., 2016).
Sin embargo, el tejon juega un papel residual en la zona atlantica de nuestro pais (Asturias,

Galicia, Cantabria) (Balseiro et al., 2013; MAPA & AECOSAN, 2017; Acevedo et al., 2019).

En cuanto a las especies domésticas, la importancia que ha alcanzado la enfermedad en el
ganado caprino (Guta et al., 2014; Pesciaroli et al., 2014; MAPA & AECOSAN, 2017) ha obligado
al desarrollo en algunas regiones de programas de control de la TBb (Reglamento (UE) 2020/689;
Orden de 22 de junio de 2018; (MAPA, 2023). En lo que respecta al cerdo, su capacidad para
mantener la infeccion se restringe a la cria en extensivo, como ocurre frecuentemente con el
cerdo ibérico en la dehesa del suroeste de Espafa y, con el cerdo negro en Sicilia, donde
comparten pastos con otras especies susceptibles (Di Marco et al., 2012; Barasona et al., 2013;

Guta et al., 2014; Cano-Terriza et al., 2018).

En este sentido, es importante conocer el papel epidemioldgico que juega cada especie en
su hdbitat de cara a lograr la eliminacién de la enfermedad (Gavier-Widén et al., 2009; Nugent,

2011).

El contagio de los animales puede producirse de forma directa e indirecta por via
respiratoria, digestiva, genital, transplacentaria y cutdnea, siendo la ruta de infeccion mas
frecuente, en el caso del ganado bovino a través de la inhalacion de aerosoles (Pollock & Neill,
2002; Thoen et al., 2006b; Domingo et al., 2014) La via digestiva, aunque menos frecuente,
también se ha descrito en la especie bovina a partir del consumo de leche y/o pastos
contaminados (Neill et al., 1994). No obstante, existe una importante diferencia en la dosis
infectiva, estimandose que se requieren entre 1 y 5 bacterias para la infeccién por via
inhalatoria, mientras que se necesitan alrededor de 107 bacterias para la infeccién por via oral

(Francis, 1971; Corner, 2006).
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2.4 Patogenia

Cuando la infeccién se produce por via inhalatoria, las micobacterias llegan a los espacios
alveolares donde son reconocidas por las células dendriticas que activan la respuesta
inflamatoria. Asi se produce el “foco primario” de la enfermedad, constituido tanto por las
micobacterias como por los macréfagos alveolares pulmonares que las fagocitan, y por los
monocitos y células inflamatorias que son atraidos por diferentes sefiales quimiotacticas en el
sitio de infeccion (Arentz & Hawn, 2007). Una vez son fagocitadas, las micobacterias disponen
de diversos mecanismos que evitan que estas sean destruidas en el interior de los fagolisosomas
de los macréfagos. Entre estos mecanismos se encuentran los lipidos micobacterianos o las
proteinas del complejo antigeno 85. Gracias a estos elementos, las micobacterias son capaces
de sobrevivir y de multiplicarse dentro de los fagosomas, y destruir a estos fagocitos (Thoen et
al., 2006b; Borham et al., 2022). Tras eso, nuevos macréfagos fagocitaran sucesivamente a las
micobacterias con la finalidad de eliminarlas, dando lugar al granuloma tuberculoso o “lesidon

primaria”.

Posteriormente, si la enfermedad progresa, las micobacterias que escapan de los
macrofagos concentrados en el foco primario llegan al instersticio desde donde son
transportados, las micobacterias son transportadas por las células fagociticas, principalmente
macrofagos, a través de los vasos linfaticos hacia los nddulos linfaticos (NL) de drenaje
regionales, en los cuales donde se establece un nuevo foco de infeccién (Orme & Cooper, 1999).
Este doble foco de infeccidn, caracteristico de la enfermedad, es lo que se denomina “complejo
primario”, y que puede ser tanto completo como incompleto (Domingo et al., 2014; Borham et
al., 2022). Se dice que el complejo primario esta “completo” cuando las lesiones son observables
tanto en el foco primario como en el NL regional que lo drena, mientras que se denominara

“incompleto” si solo se observa la lesion en el NL (Domingo et al., 2014).

Una vez que se ha producido la entrada del agente en el animal, dependiendo de la
respuesta inmune desencadenada puede darse el avance de las micobacterias hasta la
circulacion sistémica produciéndose una diseminacién orgdnica a través de via hemadtica o
linfatica, o bien, puede producirse su latencia e incluso la curacién del animal (Domingo et al.,

2014).

En cuanto a la respuesta inmune desencadenada por el animal, al producirse la infeccion, se
desencadena una respuesta de tipo celular como mecanismo principal de defensa, mientras que

la respuesta inmune humoral solo es detectable en etapas avanzadas de la infeccion. Sin
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embargo, en casos de infeccidn con una alta carga bacteriana, esta respuesta puede ocurrir de

manera mas temprana (Pollock & Neill, 2002; de la Rua-Domenech et al., 2006).

2.5 Sintomas y lesiones

En relacidon con la sintomatologia de la enfermedad, la TBb es una enfermedad crénica de
curso lento con un periodo de incubacién variable (entre 2 meses y varios afios), siendo
actualmente poco frecuente la observacién de signos clinicos y lesiones en nuestra zona debido
a la aplicacidn del programa de erradicacidn por el que se produce el sacrificio de los animales
a edades tempranas. No obstante, esta sintomatologia clinica esta bien descrita, y se caracteriza
por unos signos clinicos inespecificos que incluyen emaciacion progresiva, debilidad, fiebre leve
o intermitente, tos, falta de apetito y linfoadenopatia. Ademds, dependiendo de la localizacién
de las lesiones pueden aparecer otros signos adicionales como tos crdnica, disnea, problemas
de deglucidn y eructacion, diarrea o constipacién, timpanismo ruminal, mastitis persistente,
hipertrofia mamaria, infertilidad, abortos y descarga vaginal crénica purulenta en casos de

tuberculosis genital (OMSA, 2018; Kuria, 2019; Borham et al., 2022).

Figura 2. Detalle de lesiones macroscopicas (granulomas) en nédulos linfaticos

retrofaringeos.

En relacién a las LTBs (Figura 2), la enfermedad se caracteriza por la formacion de
granulomas tuberculosos. Estos granulomas pueden presentar histopatoldgicamente diferentes
grados de encapsulacion y un centro de necrosis variable (Di Marco et al., 2012; Domingo et al.,
2014; Martin-Hernando et al., 2007; Silva Miranda et al., 2012). En el ganado bovino, estas
lesiones se observan frecuentemente en los NLs de la cabeza y el tdrax, aunque también pueden
afectarse los pulmones, bazo, higado y las superficies de las cavidades corporales (O’Reilly &

Daborn, 1995; Domingo et al., 2014).

Las lesiones presentes en el animal dependeran de la fase de la enfermedad en la que se

encuentre. En fases iniciales, las lesiones, si estdan presentes, aparecen a nivel del complejo

34



Estudio del rendimiento diagndstico de diversas técnicas moleculares para la deteccion del CMT en ganado bovino.

primario y suelen consistir en un solo nddulo, que puede medir desde 0,3 cm hasta varios
centimetros. Al corte, es posible identificar la presencia de un material grumoso amarillento,
que se corresponde con la necrosis caseosa y puede estar o no calcificado. La ubicacion de este
nddulo suele depender de la via de entrada del agente patdgeno y, generalmente, se encuentra

en el sistema respiratorio o digestivo (Domingo et al., 2014).

En caso de que se produzca una diseminacién del microorganismo, apareceria una
tuberculosis miliar, que puede ser aguda o tardia, y se caracteriza por la presencia de pequefios
nddulos caseosos, de un color gris o amarillo, en diversos érganos como el pulmon, higado, bazo
o la pleura (Gazquez & Sierra, 2012; Domingo et al., 2014; Borham et al., 2022). Cuando la
progresion de la enfermedad es gradual, se pueden dar dos tipos de tuberculosis: la
"tuberculosis precoz" y la "tuberculosis lenta". En la tuberculosis precoz, se desarrollan pocos
nddulos de tamaio variable. En contraste, en la tuberculosis lenta, los nédulos son mas grandes.
También puede ocurrir la "tuberculosis de grandes nddulos", en la cual los nédulos son mds
grandes debido a la fusién de varios nddulos individuales. Otra variante es la "tuberculosis
perlada", que se caracteriza por la presencia de multiples lesiones de color blanquecino, que son
nodulares o pediculadas y tienen un tamafo que oscila entre 0,5 y 1 cm. Estas lesiones suelen
encontrarse en las serosas, como la pleura, el pericardio y el peritoneo (Gazquez & Sierra, 2012;

Domingo et al., 2014).

La tuberculosis orgdnica crénica se caracteriza por la presencia de grandes lesiones
caseosas, a menudo formadas por la confluencia de multiples lesiones mas pequenas, que se
caracterizan por la presencia de fibrosis y calcificaciéon. En el ganado bovino, estas lesiones
suelen manifestarse principalmente en los pulmones, resultado de la difusion intra-canalicular
del patégeno, dando lugar a la llamada tuberculosis pulmonar acinosa o acino-nodular. Esta
forma de tuberculosis se caracteriza por la presencia de grandes lesiones caseosas en el érgano,
la formacién de cavernas en el parénquima y la aparicién de lesiones de tipo ulcerativo en

trdquea y bronquios (Gazquez & Sierra, 2012; Domingo et al., 2014).

Las formas avanzadas de la enfermedad son cada vez menos comunes en nuestro territorio,
debido al éxito de los programas de erradicacidon que permiten que los animales sean eliminados
en fases tempranas de la enfermedad. Sin embargo, este tipo de cuadros se pueden observar
en especies no sometidas a programas de erradicacién, como el porcino o el ovino en extensivo,
y en animales anérgicos, que al no responder a las pruebas de inmunidad celular no son

detectables (Pollock & Neill, 2002; Johnson et al., 2008; Domingo et al., 2014). Por el contrario,
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en paises en vias de desarrollo, la falta de programas de control hace que este tipo de cuadros

sean frecuentes (Dibaba et al., 2019)
2.6 Diagnostico

En el contexto actual, realizar un diagndstico temprano es crucial para detectar y eliminar
los animales infectados con el objetivo de lograr la erradicacion de la TBb. En los paises
desarrollados, el diagndstico oficial se basa principalmente en tres aspectos: 1) la deteccidn
mediante intradermotuberculinizacidn (IDTB) y gamma-interferdn (IFN-y), y posterior sacrificio
de los animales que muestran una respuesta inmune celular frente al CMT; 2) la confirmacion
de los casos detectados; y 3) la vigilancia en matadero mediante la inspeccion macroscépica de

la canal para identificar la presencia de lesiones (Reglamento (UE) 2020/689; OMSA, 2022).

Sin embargo, este protocolo de diagndstico enfrenta desafios significativos. Las pruebas
utilizadas como método de cribado no alcanzan valores suficientemente elevados de
sensibilidad (SE) y especificidad (E) diagndstica. Ademas, dado que estas técnicas se centran en
detectar la respuesta celular temprana, es frecuente que los animales sacrificados no muestren
LTBs visibles en el matadero, contando generalmente con cargas bacterianas muy bajas. Por otro
lado, aunque el cultivo bacteriano es considerado la técnica de referencia, este presenta una
capacidad limitada para confirmar animales infectados (Lilenbaum et al., 1999; Corner et al.,

2012; Courcoul et al., 2014; Domingo et al., 2014; Gormley et al., 2014).
2.6.1 Diagnostico antemortem
a) Intradermotuberculinizacion

La IDTB esta ampliamente reconocida tanto por la OMSA como por la UE como la técnica de
cribado de eleccidn para el diagndstico de la TBb en el ganado vacuno, tanto en programas de
control como en el contexto de los movimientos de animales (Bezos et al., 2014; de la Rua-
Domenech et al., 2006; Schiller et al., 2010; OMSA, 2022). Esta técnica se basa en la inoculacion
intradérmica de un derivado proteico purificado (PPD), cominmente conocido como
tuberculina, con el propdsito de inducir una reaccién de hipersensibilidad retardada o de tipo
IV, la cual puede ser medida en los animales infectados. La IDTB es adecuada para realizar
diagndsticos a nivel de rebafio, aunque presenta limitaciones en el diagndstico a nivel individual

(de la Rua-Domenech et al., 2006; Schiller et al., 2010).

Lainoculacién de la tuberculina, generalmente, no provoca una reaccion inflamatoria a nivel
local ni ningln otro tipo de respuesta en aquellos animales que no han sido previamente

sensibilizados. Sin embargo, en animales cuyo sistema inmunoldgico ha sido previamente
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expuesto al antigeno, se desencadena una respuesta inmune mediada por células,
especificamente una respuesta de hipersensibilidad de tipo IV, que se puede observar y medir

72 horas después de la inoculacion (de la Rua-Domenech et al., 2006; Bezos et al., 2014).

Esta respuesta inflamatoria esta inducida por ciertas poblaciones de linfocitos Th1l. Estas
células se sensibilizan cuando se exponen al CMT vy, al ser expuestas nuevamente al mismo
antigeno, en este caso, la tuberculina, desencadenan una reaccion inflamatoria local en el sitio
de infeccidn. Esta reaccion en el punto de inoculacién de la tuberculina se caracteriza por la
atraccion y acumulacién de diversas células inflamatorias, como células de Langerhans,
linfocitos T y basoéfilos (Monaghan et al., 1994; Salinas, 2012). En caso de que se produzca la
reaccion, ésta puede ir acompafiada de signos locales, como edema, exudado, necrosis, dolor o

linfadenopatia regional (Real Decreto (RD) 2611/1996).

Dependiendo de la prevalencia de TBb y la probabilidad de exposicidn a otras micobacterias,
esta técnica puede realizarse de acuerdo con dos procedimientos diferentes, que se distinguen
por la tuberculina utilizada, la interpretacién de los resultados y su validez diagnéstica (SE y E).
Estos procedimientos son la IDTB simple (IDTBs) y la IDTB comparada (IDTBc) (Monaghan et al.,
1994).

Como indicamos anteriormente, la IDTBs se caracteriza por medir la reaccion de
hipersensibilidad generada tras la inoculacién de la PPD bovina, que puede administrarse en dos
localizaciones: la region cervical (protocolo seguido en la UE) y el pliegue caudal (protocolo
seguido en Estados Unidos, Australia y Nueva Zelanda) (Monhagan et al., 1994; Bezos et al.,
2014). Segun Schiller et al. (2010), la piel del cuello es mas sensible a la tuberculina, por lo que

en caso de inoculacion a nivel del pliegue caudal (IDTBcd) se administra una dosis mayor de PPD.

Por otro lado, cuando existe sospecha de que la reaccion a la PPD bovina puede deberse a
una reaccién cruzada con otras micobacterias, se utiliza la IDTB comparada (IDTBc), que
compara las respuestas generadas por la PPD bovina y la PPD aviar en ambos lados del cuello
(Schiller et al., 2010; Bezos et al., 2014). En estos casos, un animal sensibilizado por M. bovis
manifiesta una mayor respuesta a la tuberculina bovina que a la aviar, mientras que las
infecciones por micobacterias del CMA u otras micobacterias no patdégenas ambientales
promueven una mayor respuesta de la tuberculina aviar (Monaghan et al., 1994; de la Rua-
Domenech et al., 2006). Estos procedimientos se encuentran perfectamente descritos por la

OMSA (2022) y en el RD 2611/1996, en el ambito espafiol.

En la tabla 3 se resumen la interpretacién estandar de los resultados de acuerdo con la

OMSA vy la normativa, en la cual Unicamente aquellos animales que muestran un resultado
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positivo son considerados como tales (RD 2611/1996; OMSA, 2022). Ademads, existe una
interpretacion estricta, representada en la tabla 4, en la cual los resultados considerados
dudosos o inconcluyentes se consideraran como positivos (Alvarez et al., 2012; Karolemeas et
al., 2012). Esta interpretacién tiene como objetivo acelerar los programas de erradicacién ya
que, al considerar a los animales dudosos como positivos, se busca eliminar cualquier animal
que haya podido tener contacto con el CMT en la explotacidn, previniendo el mantenimiento y
la propagacion de la enfermedad durante los 60 dias que transcurren entre las pruebas (Bezos

et al., 2014).

Tabla 3: Interpretacién estandar de la IDTBs y de la IDTBc.

Tipo de IDTB Resultado Interpretacion estdndar
Incremento del grosor <2 mm. .
. L. Negativo
No signos clinicos.
IDTB cervical simple Incremento del grosor >2 - <4 mm. No
. . Inconcluyente
(IDTBs) signos clinicos.
Incremento del grosor >4 mm y/o .
i . L. Positivo
presencia de signos clinicos
Incremento del grosor de la reaccion
bovina <2 mm.
Negativo

Incremento > 2 mm de la reaccion
bovina, pero sea < que la reaccion aviar.

IDTB cervical comparada .. .
Reaccién bovina>2 mmyentre>0y <4
(IDTBc) ) ., ) Inconcluyente
mm superior a la reaccion aviar

Incremento del grosor de la reaccidon
bovina >4 mm que la reaccién aviar y/o Positivo
presencia de signos clinicos.

Tabla 4: Interpretacidn severa de la IDTBs y IDTBc.

Tipo de IDTB Resultado Interpretacion severa
IDTB -
. . . Positivo
cervical simple Incremento superior a 2 mm
(IDTBs)

) Reaccién bovina >2 mm a
IDTB cervical comparada

tuberculina aviar, o respuesta positiva a Positivo
(IDTBc)

tuberculina bovina y negativa a aviar

Los tres protocolos de la IDTB han sido evaluados en numerosos estudios con resultados

diversos. En el caso de la IDTBs con inoculacién cervical e interpretacién estandar, de la Rua-
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Domenech et al. (2006) sefialan una SE del 80,2%-100% y una E del 75,5%-96,8%, mientras que
los resultados mostrados por el estudio bayesiano de Alvarez et al. (2012) indican una SE entre
el 53% (27,3%-81,5%) y el 56,6% (29,2%-83,2%) y una E entre el 99,6% y el 99,7% (99%-100%).
En el caso de la inoculacion caudal (IDTBcd), la SE y E disminuyen, oscilando entre el 63,2% y el
84,4% en el caso de la SE y entre el 96,8% y el 99% la E (de la Rua-Domenech et al., 2006; Good
& Duignan, 2011).

En cuanto a la IDTBc con interpretacion estandar, al permitir diferenciar entre animales
afectados por el CMT y aquellos infectados por otras micobacterias, la técnica muestra mayor E
(94,4%-100%), a expensas de disminuir su SE (55,1%-93,3%). Si se aplica una interpretacion

severa, la SE varia entre el 68,6% y el 100% (de la Rua-Domenech et al., 2006).

El resultado de la IDTB puede verse influenciado, ademas, por diversos factores, entre los
que se incluye la edad del animal, su estado inmunoldgico, el estrés, la habilidad del profesional
que realiza la prueba o el tipo de tuberculina utilizada, lo que puede influir en el rendimiento de
la prueba y conducir al diagndstico de falsos positivos y/o falsos negativos (de la Rua-Domenech
et al., 2006; Alvarez et al., 2014). Entre los aspectos relacionados con el sistema inmunolégico
del animal, destacar que la reactividad a la tuberculina puede tardar entre 3-6 semanas post-
infeccion en producirse. Por lo tanto, si se realiza la prueba antes de transcurrido ese periodo
de tiempo, existe la posibilidad de obtener un resultado falso negativo (Bezos et al., 2014).
Ademads, después de realizar una IDTB se produce una especie de desensibilizacién a la técnica,
que persiste durante un cierto periodo de tiempo. Es por ello que, para garantizar una respuesta
precisa a la técnica, resulte crucial respetar el periodo minimo de 42 dias entre dos pruebas

sucesivas en el mismo animal (de la Rua-Domenech et al., 2006).

Asimismo, para lograr una respuesta adecuada del animal a la técnica, es necesario que el
animal sea inmunocompetente. En este sentido, factores relacionados con lainmunodepresion,
como la malnutricion, la edad avanzada o enfermedades concomitantes, pueden influir en el
resultado de la prueba (de la Rua-Domenech et al., 2006). Algunos estudios sugieren que los
animales de edad avanzada y enfermos pueden experimentar un estado de anergia, lo que
disminuye su reactividad ante el diagndstico ante mortem (Figura 3) (Alvarez et al., 2014;
Mekonnen et al., 2019). Por tanto, estos animales representarian un obstaculo para el avance
de los programas de erradicacién ya que permanecen en las explotaciones como animales
negativos a las técnicas, actuando como fuente de contagio para el resto de los animales y

promoviendo asi el mantenimiento de la enfermedad.
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Figura 3. Representacion grafica del espectro de respuestas inmunitarias desencadenadas
en el bovino tras la infeccion y representacién de las respuestas a las pruebas de IDTB e IFN-y.

(Modificado de de la Rua-Domenech et al., 2006).

Otros factores determinantes son el operador y el equipamiento. Asi, errores en la
inoculaciéon o en la lectura son causas comunes de resultados falsos negativos (de la Rua-
Domenech et al., 2006). En este sentido, se ha observado que ciertos animales o razas, como los
de lidia, debido a su temperamento y manejo complicado pueden dificultar la correcta ejecucion
de la prueba por parte del operador (Alvarez et al., 2014). Estos factores suponen una limitacién
para el éxito de los programas de erradicacion, ya que pueden ocasionar fallos en el diagndstico,
por los cuales animales positivos permanezcan en la explotacién favoreciendo la diseminacién

de la infeccion.

Finalmente, es esencial considerar el tipo de antigeno utilizado para provocar la reaccion de
hipersensibilidad. Actualmente, se emplea la PPD bovina, un derivado proteico purificado
obtenido a partir de la cepa de M. bovis AN5, para la realizacién de la IDTB simple. En el caso de
la IDTB comparada, se utiliza la PPD aviar, que se obtiene a partir de las cepas D4ER o TB56
(Monaghan et al., 1994; de la Rua-Domenech et al., 2006; Bezos et al., 2014). Sin embargo, la
PPD contiene antigenos que son compartidos por M. bovis, M. avium subespecie
paratuberculosis y diversas micobacterias ambientales, lo que puede llevar a la aparicion de
reacciones cruzadas. Por lo tanto, una de las principales lineas de investigacién en el ambito del

diagndstico de la TBb ha sido la busqueda de antigenos alternativos con el objetivo de
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incrementar la E de la técnica, como ESAT-6, CFP10, MPB64, MPB70, MPB83 (Buddle et al., 2003;
Bezos et al., 2014). Ademas, se han destacado antigenos como Rv3020c (Jones et al., 2012) o
DST (Srinivasan et al., 2019), los cuales no solo permiten distinguir entre M. bovis y otras

micobacterias, sino también con las cepas de la vacuna BCG.
b) Prueba del interferén gamma

El IFN-y es una prueba de diagndstico in vitro, que al igual que la IDTB, mide la respuesta
inmune celular del organismo. Tradicionalmente, la OMSA ha recomendado la aplicacion de esta
prueba de forma complementaria a la IDTB, con el objeto de maximizar el nimero de animales
infectados por el CMT, reduciendo simultdneamente el tiempo necesario para eliminar la
infeccidon en la explotacion (Gormley et al., 2013; Bezos et al., 2014; Clegg et al., 2019).
Generalmente, dicho uso ha sido en paralelo a la IDTBc con la finalidad de incrementar el
numero de animales infectados detectados, alcanzando dicho protocolo una SE del 93%
(Gormley et al., 2006, 2013). Actualmente, esta prueba es considerada una prueba oficial de
diagndstico de la TBb a nivel de la UE, pudiéndose utilizar sola o en combinacién con la IDTB

(Reglamento (UE) 2020/689).

Esta técnica se fundamenta en la medicién del IFN-y producido, una citoquina que liberan
los linfocitos T que han sido sensibilizados por la presencia de las micobacterias y que constituye

el principal factor de activacidn de los macréfagos (de la Rua-Domenech et al., 2006).

Diversos estudios han analizado esta técnica, mostrando datos de SE generalmente
superiores a los obtenidos con la IDTB (63,1%-100%), aunque con una E similar (85%-99,6%) (de
la Rua-Domenech et al., 2006; Gormley et al., 2013; Clegg et al., 2019). Esta mayor SE de la
técnica en comparacion con la IDTB se atribuye a su capacidad para detectar animales positivos
tan solo 14 dias después de la infeccion, lo que supone un diagnéstico temprano de 60 a 120
dias en comparacion con la IDTBc (Lilenbaum et al., 1999). Sin embargo, al igual que ocurre con
la IDTB, la E se ve limitada debido a la utilizacion de la PPD como antigeno, lo que plantea la
posibilidad de reacciones cruzadas con micobacterias ambientales y, consecuentemente, la

aparicion de falsos positivos (Pollock et al., 2000; Schiller et al., 2010; Borham et al., 2022).

Frente a la disminucion de la SE y E, el desarrollo de nuevos antigenos, tales como ESAT-6,
CFP10, Rv3020c, DST, MPB64, MPB70 o MPB83, mencionados anteriormente en el caso de la
IDTB, (Buddle et al., 2003; Schiller et al., 2010; Jones et al., 2012; Bezos et al., 2014; Srinivasan
et al., 2019) es una de las lineas de investigacion existentes. En este caso, se ha observado que
el uso individual de estos antigenos en ensayos de IFN-y permite aumentar la E de la prueba en

comparacién con la utilizacién de PPD bovina y aviar, aunque a costa de una disminucidn de la
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SE (Pollock et al., 2000; Buddle et al., 2001, 2003; Aagaard et al., 2006; Schiller et al., 2010). Por
otro lado, el uso de combinado de estos antigenos ya sea en forma de péptidos o proteinas
recombinantes, puede contribuir a mejorar la SE manteniendo una alta E (Vordermeier et al.,
1999; Bezos et al., 2014) como se observa en diversos estudios (Aagaard et al., 2006; Schiller et

al., 2009; Alvarez et al., 2017).

Esta técnica diagndstica presenta ventajas y desventajas en comparacidn con la IDTB. En
primer lugar, se trata de una prueba comparada, al igual que la IDTBc, lo que permite determinar
si el animal esta infectado por el complejo CMT o por otras micobacterias. Ademas, su ejecucion
es mas rdpida y requiere solo una visita a la explotacidn, simplificando la gestion de la
explotacidn, especialmente cuando se trata de animales dificiles de manejar, facilmente
excitables o peligrosos, como los animales de lidia. Por otro lado, el procedimiento y la
interpretacién de esta técnica son mds objetivos que los de la IDTB (Schiller et al., 2010; Borham

et al., 2022).

También es importante destacar que esta prueba tiene mayor SE que la IDTB, ya que, como
mencionamos previamente, permite detectar animales infectados de manera mas temprana
(Lilenbaum et al., 1999). Ademds, dado que es una prueba in vitro, su realizacién no provoca
ninguna reaccion en el animal vivo, a diferencia de la IDTB, lo que permite repetirla sin necesidad

de esperar un periodo especifico (Schiller et al., 2010).

Entre los inconvenientes de la técnica destaca su mayor coste, lo que limita su uso a nivel
mundial (de la Rua-Domenech et al., 2006). Este mayor coste va unido a una mayor dificultad
para transportar la sangre, la cual debe mantenerse estable a una temperatura entre 18-25 2C.
Ademas, el ensayo laboratorial debe llevarse a cabo en el mismo dia, ya que se ha observado
una reduccion del 30% en la densidad dptica del ensayo inmunoenzimatico (ELISA, del inglés
Enzyme-Linked Inmunosorbent assay) a partir de las 24 horas de retraso (Rothel et al., 1992; de
la Rua-Domenech et al., 2006; Gormley et al., 2006; Clegg et al., 2019). Por otro lado, al igual
gue en el caso de la IDTB, en estadios avanzados de la enfermedad, la respuesta celular
disminuye simultdaneamente con el incremento de la inmunidad humoral, lo que reduce la
probabilidad de detectar a estos animales (de la Rua-Domenech et al., 2006; Borham et al.,

2022).

Finalmente, otro gran inconveniente de esta técnica es que no puede realizarse en animales
menores de 6 meses, ya que a esa edad pueden presentar una produccion inespecifica de IFN-

y, en la cual intervienen las células “natural killer”. Esto contrasta con la IDTB, en la cual los
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animales son analizados desde las 6 semanas de vida (Olsen et al., 2005; de la Rua-Domenech

et al., 2006).
c) Serologia

Se han desarrollado diversas técnicas seroldgicas como el ELISA, el ensayo de polarizacién
de la fluorescencia, la prueba de flujo lateral, el inmunoensayo de impresién multiantigénico o
el inmunoblot, basadas en la deteccién de la respuesta inmune humoral (Bezos et al., 2014;
Thomas & Chambers, 2021; OMSA, 2022). En el caso de la TBb, se caracteriza por ser una
respuesta bastante tardia (Figura 3), apareciendo los Ac protectores en estadios avanzados de
la enfermedad (Pollock & Neill, 2002). Por ello, las técnicas seroldgicas no se consideran
herramientas diagnosticas eficaces para detectar animales infectados, presentando una utilidad
diagndstica menor comparada con otras técnicas, y siendo esta especialmente baja en estadios
tempranos de la enfermedad (Harboe et al., 1990; Bezos et al., 2014; Casal et al., 2014; Larenas-
Mufioz et al., 2022). Asi mismo, al igual que ocurre en las pruebas descritas anteriormente, la
validez de las técnicas seroldgicas estd muy condicionada por el antigeno elegido (Mpb70,
Mpb83; P22, ESAT-6, CFP10), variando su utilidad en funcién de la especie analizada (Thomas &
Chambers, 2021). Uno de los mds recomendados es el antigeno Mpb83, ya que induce una
elevada respuesta humoral y puede utilizarse a partir de las 3-4 semanas post-infeccién, con
resultados aceptables, en diversas especies, incluido bovino, cerdo, ciervo, jabali y tejon (Bezos

et al., 2014; Cardoso-Toset et al., 2015; Thomas & Chambers, 2021; OMSA, 2022).

El ELISA es la técnica seroldgica mas extendida para la deteccién de los animales infectados
por el CMT, debido a que permite el analisis simultaneo de multiples muestras de forma rapida,
simple y barata (Bezos et al., 2014). Existen numerosos estudios que describen la validez
diagndstica de esta técnica, oscilando la SE entre el 24 y el 98,6%, y su E entre el 52,5 y el 100%

(Bezos et al., 2014; Casal et al., 2014; Ramos et al., 2015; Larenas-Mufioz et al., 2022).

No obstante, se ha observado que en animales que son sometidos a IDTB se produce un
efecto booster en torno a los 15-30 dias tras la inoculacién de la tuberculina. Este booster supone
un incremento en los niveles de anticuerpos (Ac) circulantes que permite aumentar la SE del
ELISA de forma importante, pasando de un 24% hasta un 70% (Harboe et al., 1990; Casal et al.,
2014; Garbaccio et al., 2019). No obstante, Waters et al. (2015) sefalaron que este efecto
booster depende asi mismo del antigeno empleado, mostrando un incremento en la respuesta

cuando se utiliza Mpbh83 o Mpb70.

Ademas de la utilidad del ELISA para detectar los animales en estadios avanzados de la

enfermedad, destacar su capacidad para detectar individuos anérgicos, que no responden a los
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métodos diagndsticos basados en la respuesta inmune celular y constituyen un grave riesgo
epidemioldgico, al contribuir al mantenimiento y la difusién de la enfermedad en la explotacion

(Pollock & Neill, 2002; de la Rua-Domenech et al., 2006; Bezos et al., 2014).

Por ultimo, el empleo de técnicas seroldgicas es especialmente apropiado para la vigilancia
de la infeccion en la fauna salvaje. Esto se debe a que la obtencidon de muestras de sangre es
relativamente sencilla, proporciona resultados aceptables y, ademas, la realizacién de otros
tipos de pruebas en estos animales es particularmente complicado (Bezos et al., 2014; Thomas

& Chambers, 2021).
2.6.2 Técnicas de diagndstico post mortem
a) Diagndstico anatomopatoldgico

El diagnéstico anatomopatoldgico de la TBb se realiza a lo largo de tres fases consecutivas:
1) la inspeccién de la canal a nivel de matadero para la deteccidon de lesiones macroscépicas
compatibles con la enfermedad, 2) el estudio histoldgico de las lesiones y 3) la identificacion de

la presencia de los bacilos tuberculosos en dichas lesiones (Balseiro et al., 2020).
e Inspeccidn macroscopica en matadero

La vigilancia a nivel de matadero se basa en el examen visual y, en su caso, palpacién e
incision de la canal y las visceras de los animales sacrificados con el objetivo de detectar la
presencia de LTBs (Zhu et al., 2021). Dicha inspeccidn se realiza tanto en el caso de animales
positivos a las técnicas de cribado (IDTB e IFN-y) como en el caso de animales sacrificados de
forma rutinaria, incluso procediendo de rebafios negativos. Esta vigilancia ha demostrado ser
fundamental en la deteccion de brotes de la enfermedad, como muestran los estudios realizados

en diversos paises (Probst et al., 2011; Abernethy et al., 2013; Guta et al., 2014).

A nivel macroscdpico, la lesién caracteristica de la enfermedad es el granuloma tuberculoso.
En el ganado bovino, se trata de una lesién nodular de naturaleza granulomatosa y tamano
variable. Suelen estar bien delimitadas y rodeadas por una cdpsula de tejido conectivo. En su
parte central, presentan un drea de color blanquecino-amarillento con evidencia de

caseificacion y calcificacion (Gazquez & Sierra, 2012; Domingo et al., 2014).

Diversos estudios han evaluado las localizaciones organicas en las cuales es mas frecuente
la deteccién de LTBs en la especie bovina, sefialdndose que generalmente las lesiones quedan
limitadas a NLs de la cabeza y térax, pulmon, y tonsilas (Corner et al., 1994; Gazquez & Sierra,

2012; Garcia-Saenz et al., 2015; Zhu et al., 2021). En este sentido, los resultados indican que la
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localizacién mas afectada en el ganado bovino es el LN retrofaringeo (29,4%), seguido por el NL
mediastinico (28,2%). Otras ubicaciones que también muestran una incidencia significativa
incluyen el NL traqueobronquial (18%), los pulmones (9,8%), el NL mesentérico (2,9%), el NL
parotideo (2,4%) y el NL cervical caudal (2,4%) (Figura 4) (Corner, 1994). De esta forma, la
inspeccidn de las localizaciones toracicas y cefalicas descritas anteriormente permitirad detectar
con un 95% de probabilidad la presencia de lesiones en un animal infectado (Garcia-Saenz et al.,

2015).

En cuanto a la validez de la inspeccidn post-mortem en matadero, las estimaciones de su SE
oscilan entre el 31,4%, descrito por Garcia-Saénz et al. (2015) y un 88,88% (70,10%-99,41%)
(EFSA, 2013; Zhu et al., 2021). En cuanto a su E, ronda el 90, 18% (82,33-97,17%) de acuerdo con
Zhu et al. (2021), existiendo otros agentes infecciosos que producen LTBs de caracter
granulomatoso y que pueden conducir a errores en el diagndstico. Este es el caso de
determinados hongos, parasitos, otras bacterias como MNT, Trueperella pyogenes,
Corynebacterium o Nocardia y reacciones no especificas (Ramos et al., 2015; Nuru et al., 2017).
Por lo tanto, es fundamental identificar el agente etioldgico responsable de la enfermedad, lo
cual se puede lograr mediante el uso de cultivos microbioldgicos selectivos y técnicas

moleculares.

Figura 4: Distribucion de las lesiones en el ganado bovino. NL PD: nddulo linfatico NL
parotideo; NL RF: nddulo linfatico retrofaringeo, NL CV: nédulo linfatico cervical caudal; NL MD:

nodulo linfatico mediastinico; NL MS: nddulo linfatico mesentérico.
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e Diagnéstico histopatoldgico

El diagndstico histopatologico se basa en la deteccion de LTBs histoldgicas y la
observacion de bacilos acido alcohol resistentes (BAAR) en dichas lesiones, hallazgos que

permiten orientar un diagndstico provisional.

El granuloma tuberculoso es la lesion caracteristica de la enfermedad. Sin embargo, en
ocasiones, la infeccién por CMT también puede ocasionar la presencia de lesiones de caracter
piogranulomatoso (Cardoso-Toset et al., 2015; Larenas-Mufioz et al., 2022). A medida que la
enfermedad avanza, los granulomas tuberculosos experimentan una serie de cambios a nivel
microscopico en términos de tamafio, composicion celular y la presencia o ausencia de
fibrosis, clasificandose en cuatro estadios diferentes (Figura 5) (Wangoo et al., 2005; Palmer

et al., 2022).

- Estadio I (granuloma inicial): el granuloma se caracteriza por la presencia de grupos de
macrofagos epitelioides, linfocitos, neutrdfilos, asi como, ocasionalmente, células gigantes
multinucleadas de Langhans (CGML). No se forma una capsula alrededor del granuloma y no
se observa necrosis. La presencia de BAAR es escasa y, generalmente, se localizan dentro de

los macrofagos o las CGML, que son raras en esta fase.

- Estadio Il (granuloma sodlido): el granuloma estd compuesto por macrofagos
epitelioides, linfocitos y CGML, pero ahora se desarrolla una fina capsula alrededor del
granuloma. También se presenta un pequefio foco de necrosis. La presencia de BAAR sigue

siendo limitada y pueden encontrarse tanto dentro de las células como en la zona necrética.

- Estadio Il (necrosis central minima): los granulomas estan encapsulados y presentan
areas centrales necrdticas, mineralizadas y caseosas. Estas dreas necréticas estan rodeadas
de CGML y macréfagos epitelioides, con una zona periférica que se extiende hacia la capsula
fibrosa. En esta zona periférica, aparecen macrofagos, grupos de linfocitos y, ocasionalmente,
neutrofilos. En esta etapa, los BAAR son mas numerosos y, generalmente, se encuentran

libres en las dreas necréticas, asi como en el interior de las CGML o los macroéfagos.

- Estadio IV (necrosis y mineralizacion): En el cuarto y Ultimo estadio, se observan
granulomas coalescentes con una mineralizacion significativa y una necrosis central bien
encapsulada. Estan rodeados por macréfagos epitelioides y CGML. En esta etapa, los BAAR
son numerosos y se encuentran tanto en las areas necréticas como en las areas de

mineralizacion.
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El estudio histopatolégico nos permite identificar animales infectados con lesiones que
pasaron inadvertidas en matadero, pudiendo, incluso, observarse en dichas lesiones la
presencia de micobacterias mediante pruebas complementarias como la tincién Ziehl-
Neelsen (ZN). Ademas, se trata de una técnica econémica que permite la obtencién de
resultados de forma rdpida, en un periodo aproximado de dos dias (Varello et al., 2008;
Larenas-Mufioz et al., 2022). El andlisis histopatoldgico ofrece una SE del 93,6% (89,9%-
96,9%) y una E 83,3% (78,7%-87,6%). Sin embargo, es importante tener en cuenta que la
presencia de macrdfagos epitelioides, CGML o, incluso, la necrosis caseosa, puede observarse

en otros procesos patoldgicos, lo que significa que la observacién microscépica, por si sola,

puede no ser suficiente para un diagndstico definitivo (Watrelot-Virieux et al., 2006).

Figura 5: Evolucidn del granuloma tuberculoso. (A) Granuloma en estadio |, en el que se
observa macrdéfagos epitelioides agrupados con células gigantes multinucleadas (flechas). (B)
Granuloma en estadio Il con abundantes macrdfagos epitelioides, linfocitos, células gigantes
multinucleadas y una capsula fibrosa (flecha). (C) Granuloma en estadio Ill, con una capsula
fibrosa completa y necrosis central con escasa mineralizacién (flecha). (D) Granuloma
coalescente en estadio IV con encapsulacion fibrosa completa, necrosis central extensa y

mineralizacién (flecha) (Fuente: Larenas-Mufioz et al., 2022).
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Para completar el diagndstico, las muestras que contengan LTBs pueden analizarse
mediante pruebas complementarias, encaminadas a poner de manifiesto la presencia de

BAAR en un frotis o tejido.

La tincidn de ZN constituye una de las pruebas mas utilizadas como complemento de la
histopatologia. Esta tincidon destaca la presencia de los bacilos tifiéndolos de color rojo sobre
un fondo azulado (Watrelot-Virieux et al., 2006). En base al nimero de bacilos presentes en
las lesiones, éstas pueden clasificarse como paucibacilares o pluribacilares. Una lesion serd
paucibacilar cuando existan de 1 a 10 bacilos presentes y pluribacilar cuando su ndmero
supere los 10 bacilos (Johnson et al., 2008; Garcia-Jiménez et al., 2013; Larenas-Mufioz et al.,
2022). Segun la literatura cientifica, la tincion de ZN presenta una elevada E (alcanzando el
100% en algunos estudios), pero una SE muy limitada (15,4%-33,9%), debido a la necesidad
de que las bacterias estén vivas y con su estructura intacta para ser detectadas (Cancela &

Garcia, 1993; Watrelot-Virieux et al., 2006; Varello et al., 2008; Kundu et al., 2014).

Por su parte, la inmunohistoquimica permite la localizaciéon de antigenos especificos en
el tejido mediante el uso de Ac especificos. Esto la convierte en una técnica mds sensible,
capaz de detectar no solo bacterias intactas, sino también restos de bacilos (Karimi et al.,
2014; Kundu et al., 2014). La SE y E de la inmunohistoquimica varian en funcién del antigeno
a detectar y el Ac seleccionado, y pueden oscilar entre el 64% y el 100% (Watrelot-Virieux et
al., 2006; Goel & Budhwar, 2007; Karimi et al., 2014; Kundu et al., 2014). En este sentido, la
eleccién de un epitopo que sea comun a otras micobacterias o incluso a otros tipos de
bacterias, podria resultar en la clasificacién errénea de algunas muestras como positivas

(Thorns & Morris, 1986; Watrelot-Virieux et al., 2006).

Finalmente, también cabe la posibilidad de realizar una extraccion de ADN a partir de muestras
histoldgicas fijadas en formol e incrustadas en parafina (FFPE). La finalidad es la realizacién de
pruebas moleculares como la PCR a tiempo real (qQPCR) o PCR digital (ddPCR), lo que permite la
deteccidon de muestras que, presentando LTBs, pueden ser negativas a técnicas como la IDTBs, el
cultivo o la gPCR desde tejido fresco como demuestran diversos estudios (Gémez-Laguna et al.,

2010; Larenas-Munoz et al., 2022).
b) Cultivo microbioldgico

Actualmente, el cultivo microbioldgico es la prueba diagndstica de referencia para confirmar
la infeccidn por el CMT (Borham et al., 2022). No obstante, se trata de una técnica laboriosa y
lenta, que precisa del empleo de laboratorios especializados con un alto nivel de bioseguridad y

personal muy cualificado, debido al riesgo biolégico que supone trabajar con este tipo de
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patdgenos zoondsicos de elevada virulencia. Ademas, la técnica presenta una importante falta
de SE y requiere de técnicas adicionales para obtener resultados concluyentes (Corner et al.,

2012; Borham et al., 2022).

Entre los estudios realizados para estimar la validez del cultivo microbiolégico, destaca el
andlisis de clases latentes realizado por Courcoul et al. (2014), que refleja una SE del 78,1% (1C95:
72,9%-82,8%) y una E del 99,1% (IC 95%: 97,1%-100%). En base a estos datos, es importante
destacar que un resultado positivo al cultivo confirmaria la infeccidn, pero la ausencia de
crecimiento de micobacterias no permitiria descartarla (Gormley et al., 2014). Esta falta de SE
de la técnica se debe, entre otros factores, al estadio de la infeccién del animal, el proceso de
obtencién y transporte de las muestras, el tipo de tejido muestreado, los procedimientos de
descontaminacion y el medio de cultivo utilizado (Corner et al., 2012; Gormley et al., 2014;

Murray et al., 2020; OMSA, 2022).

Las micobacterias del CMT, incluyendo M. bovis, son bacterias de crecimiento lento, por lo
que requieren de un periodo prolongado de incubacién, especialmente en el aislamiento
primario. Se recomienda una incubacidn de 6 a 12 semanas, ya que periodos mas cortos pueden
dar lugar a resultados falsos negativos y periodos de incubacion mas prolongados pueden
propiciar el crecimiento de microorganismos contaminantes, incluyendo MNT (Corner et al.,
2012; Courcoul et al., 2014). Por lo tanto, es esencial llevar a cabo un proceso de
descontaminacidon previo de las muestras (Corner & Trajstman, 1988). Este proceso de
descontaminacidn implica el uso de productos quimicos téxicos para los microorganismos, si
bien las micobacterias son relativamente resistentes debido a su pared celular. Sin embargo,
esto disminuye la viabilidad de los bacilos tuberculosos y, por lo tanto, reduce la SE de la técnica

(Corner & Trajstman, 1988).

Para el aislamiento primario de la bacteria, se pueden utilizar tres tipos de medios, de
acuerdo con Gormley et al. (2014): medios sdlidos con huevo (Lowenstein-Jensen o Stonebrink),
medios sdlidos con agar (Middlebrok 7H10, 7H11 o medios con sangre) y medios liquidos

(Middlebrook 7H9).

Actualmente, se utilizan principalmente los sistemas de cultivo automatizados con medios
liguidos, como el sistema BACTECTM MGIT 960, que emplea métodos fluorométricos para medir
el crecimiento bacteriano. En comparacién con los medios sdlidos tradicionales, estos medios
aumentan la SE y reducen el tiempo de cultivo (SE: 94,6%, tiempo medio de cultivo: 16 dias)

(Hines et al., 2006).
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Por otro lado, es esencial llevar a cabo la identificacién de cada cepa aislada. En la actualidad,
el método mads utilizado para la identificacién del CMT es la PCR, aunque también se puede

utilizar la espectrofotometria de masas u otras pruebas bioquimicas (Murray et al., 2020).
c¢) Técnicas moleculares

Las técnicas moleculares representan una herramienta de diagndstico fundamental, que ha
sido reconocida a nivel comunitario a través del Reglamento (UE) 2020/689. Este reglamento
establece en su articulo 9 que un animal o grupo de animales pueden ser clasificados como casos
confirmados de enfermedad si se detecta el dcido nucleico especifico del agente patdgeno

responsable de la enfermedad que figura en la lista correspondiente.

En el caso de la TBb, la deteccién del dcido nucleico del CMT puede llevarse a cabo a partir
de cepas obtenidas en el cultivo bacteriano (Romero et al., 2021) o bien directamente sobre
muestras clinicas o de tejido (Thacker et al., 2011; Cardoso-Toset et al., 2015; Lorente-Leal et
al.,, 2019, 2021). Ambos enfoques son validos y ofrecen una forma eficaz de confirmar la

presencia del CMT y diagnosticar la TBb (OMSA, 2022).
. Reaccidn en cadena de la polimerasa

La PCR es una de las técnicas de diagndstico molecular mas utilizadas actualmente, basada
en la identificacion del agente patdégeno mediante la amplificacidon enzimatica de un fragmento
especifico de su material genético, conocido como diana genética. La PCR se utiliza
rutinariamente en el diagndstico de la TBb como una herramienta complementaria al cultivo
microbioldgico para la confirmacién de la identidad de los aislados positivos, lo que garantiza la
E del diagndstico. Sin embargo, la técnica presenta numerosas ventajas y se plantea como una
alternativa real al cultivo, al permitir la deteccién directa del CMT a partir de tejido fresco

(Lorente-Leal et al., 2019, 2021).

Entre las ventajas que presenta la PCR encontramos, en primera instancia, su rapidez en la
obtencién de los resultados, con una SE que puede incluso superar la del cultivo microbioldgico
(Courcoul et al., 2014; Lorente-Leal et al., 2019, 2021). Ademas, el éxito de la técnica no depende
de que las bacterias se encuentren vivas o muestras, debido a que detecta su material genético,
y tampoco es necesario realizar la descontaminacidn previa de las muestras (Araujo et al., 2014;

Courcoul et al., 2014; Lorente-Leal et al., 2019; Borham et al., 2022).

Sin embargo, la PCR no esta exenta de limitaciones. Asi se trata de una técnica mds costosa
que otras pruebas de diagndstico anteriormente mencionadas, y que ademas se ve afectada por

varios factores que influyen en su rendimiento diagndstico, entre los cuales se encuentran el
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riesgo de contaminacion cruzada entre muestras, el proceso de extraccion de la muestra, la
presencia de sustancias inhibidoras, la secuencia genética utilizada como diana y el tipo de PCR

utilizada (Costa, 2004; Lorente-Leal et al., 2019; Borham et al., 2022).

El riesgo de contaminacion es una de las principales limitaciones que presenta esta técnica
desde sus inicios. En este sentido, la alta sensibilidad analitica de |a técnica, una virtud cuando
se trata de detectar muestras con una baja carga microbiana, se convierte en un problema
potencial cuando se manejan las muestras de manera inapropiada, lo que podria desencadenar
reacciones cruzadas (Kwok & Higuchi, 1989). Este riesgo es particularmente importante cuando
se trabaja con muestras que ya han sido amplificadas previamente, como el caso de la PCR
anidada. Por ello, es necesario adoptar una serie de buenas practicas laboratoriales y de manejo
de las muestras descritas por Kwok & Higuchi (1989) que incluyen el autoclavado del agua y de
las soluciones buffer utilizadas, hacer alicuotas de los reactivos, evitar salpicaduras al abrir los
tubos, utilizar controles negativos y positivos adecuados o afiadir el ADN en ultimo lugar a la

reaccion.

El protocolo de extraccion es critico, ya que afecta tanto a la cantidad como a la calidad del
material genético disponible, lo que, a su vez, influye en la SE de la PCR. Este protocolo se
encuentra determinado por la cantidad de tejido utilizado, el método de digestion seleccionado
(quimico, enzimatico, mecanico) y la posibilidad de introducir inhibidores de PCR durante la
extraccion (Fell et al., 2016; Lorente-Leal et al., 2019). Es importante destacar que, debido a las
caracteristicas particulares del proceso, principalmente su naturaleza crénica y el caracter
paucibacilar del CMT, es comun enfrentarse a dificultades en la detecciéon por PCR en estadios
tempranos. Esto se debe a la baja carga bacteriana presente en dichos estadios (Liébana et al.,

1995; Taylor et al., 2007; Johnson et al., 2008; Radomski et al., 2013).

Por su parte la eleccion de la diana genética (secuencia que se amplificara y detectara en la
PCR) determinara la E de la reaccién. En el diagnéstico de la TBb, la diana mas utilizada es la
IS6110, una secuencia de insercidn altamente especifica de las micobacterias pertenecientes al
CMT y que se encuentra repetida varias veces en su genoma, lo que contribuye a aumentar la
SE de la PCR (Thacker et al., 2011; Costa et al., 2013; Courcoul et al., 2014; Barandiaran et al.,
2019). Sin embargo, diversos estudios han identificado reacciones cruzadas con ciertas cepas de
M. smegmatis y M. avium subsp. hominissuis (Coros et al., 2008; Stewart et al., 2013; Zhou et
al., 2019; Lorente-Leal et al., 2021), lo que ha determinado la valoracién de otras secuencias

genéticas. Estos estudios han arrojado resultados variables tanto a nivel de SE como de E, debido
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a diversos factores como el tipo de muestra, la presencia o ausencia de lesiones, el

procedimiento de extraccién y el tipo de PCR (Tabla 5).

Tabla 5: Resumen de resultados de SE y E obtenidos segun la diana y la PCR utilizada en

distintos estudios cientificos. Elaboracion propia.

DIANA TIPO DE PCR SE E BIBLIOGRAFIA
PCR convencional  87,50% 71,42% Algammal et al., 2019
hupB Mishra et al., 2005
PCR anidada 97,30% 22,20% ! v
PCR convencional 80% 96,40%
DevR Hallur et al., 2013
PCR convencional 64,90% 100%
PCR a tiempo real  65,2-87,9%  98,8-99,2% Pucken et al., 2017
1S1081
PCR convencional 90,70% 22,22% Taylor et al., 2007
RD4 PCR convencional 59,30% 55,60% Taylor et al., 2007
Ku gene PCR a tiempo real 100% 100% Zhou et al., 2019
16S5-23S PCR a tiempo real 73,87% - Parra et al., 2008
76% - .
TbD1 PCR anidada ’ Aratijo et al., 2014
- 100%
. Lorente-Leal et al. 2019
Mpb70 PCR a tiempo real 94,59% 96,03%
1S4 PCR a tiempo real 92,11% 82,61% Wang et al., 2019
PCR a tiempo real 87,70% 97% Courcoul et al., 2014
156110 PCR a tiempo real 98,20% 88,70% Costa et al., 2013
semi-anidada
PCR a tiempo real 96,45% 93,66% Lorente-Leal et al., 2021

Existen cuatro modalidades de PCR: la PCR convencional, la PCR cuantitativa (qPCR, del
inglés quantitative PCR), también llamada PCR a tiempo real (del inglés, real-time PCR), PCR
anidada (del inglés, Nested PCR), y la PCR digital (ddPCR, del inglés droplet digital PCR).

- La PCR convencional, o PCR a punto final, mide la cantidad de producto de PCR acumulado
al final del proceso de ciclado. Su principal desventaja, con respecto a otros tipos de PCR, es la
necesidad de emplear técnicas de electroforesis para visualizar los resultados de las muestras
evaluadas (Mackay, 2004). Ademas, entre sus limitaciones se citan una precision deficiente, un

rango dindmico corto (<2 logaritmos), una baja resolucién, una discriminacién basada
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Unicamente en el tamano y la ausencia de resultados numéricos (de Dios, 2013; Staggemeier et
al., 2015). Por su parte, los estudios para estimar la validez de esta PCR a partir de tejido fresco
refieren una enorme variabilidad, tanto en la SE (63%-97%) como en la E (50%-97%) (Liébana et

al., 1995; Wards, 1995; Stewart et al., 2013).

- La PCR a tiempo real (qPCR) se caracteriza, principalmente, por la realizacién simultanea
tanto del proceso de amplificaciéon del material genético como su deteccion y cuantificacion. El
aumento de la fluorescencia es directamente proporcional a la cantidad de producto de
amplificacion generado durante el proceso de ciclado, y el software muestra este aumento en
tiempo real mediante una curva de amplificacién con forma sigmoidal (Figura 6). Cuanto mayor
sea la cantidad inicial de la diana de acido nucleico, antes se observara un aumento significativo
de la fluorescencia, es decir, se precisard un menor numero de ciclos para ser detectable, lo que

se mide por “umbrales de ciclos” (Ct) (Quan et al., 2018).
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Figura 6: Curva de amplificacion de una gPCR.

La qPCR ofrece varias ventajas en comparacién con la PCR convencional. La principal es que
no requiere ninguna técnica posterior para la deteccién del producto generado en la PCR, ya
gue esta deteccidn se realiza directamente en el termociclador. Ademds, al eliminar la necesidad
de procesamiento posterior, se ahorra tiempo y se reduce el riesgo de contaminacién. La qPCR
tiene también un rango dinamico de deteccién mayor (5-6 logaritmos) y mayor SE (Costa, 2004;

Mackay, 2004; Lorente-Leal et al., 2019).

Entre sus inconvenientes, un coste inicial mas elevado, especialmente en lo que respecta a
la adquisicién del equipo. Ademds, al igual que ocurre con la PCR convencional, el resultado
puede verse afectado por la presencia de sustancias inhibidoras de la amplificacién, lo que
requiere el uso de controles internos de inhibicidn en cada una de las muestras (Mackay, 2004;

Lorente-Leal et al., 2019, 2021).
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Numerosos autores han estudiado la validez de la qPCR para el diagndstico de la TBb,
alcanzando resultados muy diversos (SE del 65,2% al 96,45% y E del 82,61% al 100%) (Tabla 5)
(Courcoul et al., 2014; Pucken et al., 2017; Lorente-Leal et al., 2019; Wang et al., 2019).

- La PCR anidada, implica la realizacién de dos rondas de amplificacién consecutivas, en las
cuales el producto obtenido en la primera PCR sirve como molde para la segunda PCR. Se utilizan
primers diferentes en cada una de estas rondas, lo que contribuye a aumentar tanto la SE como
la E de la técnica (Green & Sambrook, 2019). Una de las ventajas destacadas de este tipo de PCR
es su capacidad para la deteccién a nivel de especie, permitiendo discernir, incluso, infecciones
mixtas segun los primers utilizados (Mishra et al., 2005). Sin embargo, la PCR anidada conlleva,
en comparacion con la gPCR, un mayor riesgo de contaminacién cruzada (Araujo et al., 2014b).
Los estudios que emplean esta técnica a partir de tejido fresco para la deteccion del CMT han
reportado una SE del 97,3% al 76,7%, y una E del 22,22% al 100% (Mishra et al., 2005; Araujo et
al., 2014a, 2014b).

- La ddPCR, es una variante de la PCR convencional, que implica la realizacion de multiples
PCR simultdneas a partir de una misma muestra, lo que permite incrementar la precisién de los
resultados con respecto a la gPCR (Quan et al., 2018; Badia-Bringué et al., 2022). Esa mayor SE
la ha convertido en una técnica ideal para realizar diagndsticos y detecciones complejos como
la deteccién de mutaciones y variantes genéticas, analisis de expresidn genética, genotipado o
deteccién de agentes infecciosos presentes en baja concentracién como es el caso de las
micobacterias (Tadmor et al., 2011; Nyaruaba et al., 2020; Chen et al., 2021). No obstante, en el
campo de la tuberculosis, hasta el momento su utilizacidn se ha limitado al campo de la medicina
humana, para la deteccién de ADN en muestras de sangre o plasma (Yang et al., 2017; Lyu et al.,

2020).

La ejecucién de la ddPCR (Figura 7) posee diferencias respecto a la gPCR. En primer lugar,
las muestras se colocan en un generador de nanogotas junto a los reactivos, y se produce una
emulsién en la cual se divide la mezcla en miles de pequeiias particulas o nanogotas. Cada una
de dichas nanogotas puede contener una, varias o ninguna molécula del material genético diana
a amplificar (Baker, 2012). A continuacidn, las emulsiones anteriores son transferidas a una placa
de reaccion de ddPCR, en la cual se realizara la amplificacién del material genético presente en
cada nanogota. La lectura de las gotas se realiza en un equipo especifico cuyo funcionamiento
es similar al de un citdmetro de flujo, y que detecta en cada una de las gotas si la reaccidn de
amplificacion se ha producido o no (Baker, 2012). Los resultados se interpretan mediante un

programa especifico, el cual, de acuerdo al nimero de nanogotas positivas o negativas presentes
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en la muestra, permite lograr una cuantificacién absoluta de la secuencia diana (Kuypers &

Jerome, 2017; Quan et al., 2018; Cao et al., 2020; Badia-Bringué et al., 2022).

Este tipo de PCR presenta numerosas ventajas respecto a las PCRs anteriores, destacando
su mayor SE, una mayor tolerancia a inhibidores exdgenos y a cambios en las condiciones de la
reaccion, y una elevada reproducibilidad (Dingle et al., 2013; Huggett & Whale, 2013; Quan et
al., 2018; Badia-Bringué et al., 2022; Fan et al., 2022). Sin embargo, la principal limitacién de esta
técnica, en comparacion con las técnicas de PCR anteriores, es su coste, ya que los equipos
necesarios son significativamente mas caros, lo que puede restringir su uso, incluso en medicina
humana. Ademas, hasta la fecha, no se han realizado estudios sobre la validez de la ddPCR para

el diagnéstico de la TBb en animales (Fan et al., 2022).
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Figura 7: Resumen grafico de la realizacién de una ddPCR. Elaboracidn propia

e Amplificacidn isotérmica mediada por bucle

La técnica de amplificacidn isotérmica mediada por bucle (LAMP; del inglés Loop-mediated
isothermal amplification) es un método que permite amplificar acidos nucleicos, tanto ADN
como ARN, a una temperatura constante en condiciones isotérmicas. Fue desarrollada como
una alternativa a la PCR, utilizando una polimerasa y cuatro primers disenados especificamente
para reconocer y amplificar seis regiones distintas del gen diana (Notomi et al., 2000;

Kapalamula et al., 2021).

Entre las ventajas de esta técnica se encuentran su alta eficiencia de amplificacidn, su alta
E, una SE analitica comparable a la de la PCR y la capacidad de realizarse en condiciones
isotérmicas. Ademads, los resultados pueden ser observados visualmente, lo que facilita su
implementacion sin necesidad de grandes inversiones econdmicas (Notomi et al., 2000; Zhang
et al.,, 2016), lo que la convierte en una alternativa diagndstica importante, especialmente en
regiones con recursos limitados. Ademas, en algunos casos, LAMP ha demostrado ser capaz de
distinguir entre M. bovis y M. tuberculosis (Zhang et al., 2016; Tao et al., 2020; Kapalamula et
al., 2021; Singhla et al., 2022).
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e Espoligotipado

El espoligotipado es una técnica que se basa en la deteccion del polimorfismo de ADN en
una region del cromosoma llamada locus DR, permitiendo la diferenciacion a nivel de cepa entre
las diferentes especies del CMT. El locus DR estd compuesto por secuencias repetidas de 36
nucledtidos de longitud (repeticién directa o DRs), intercaladas con secuencias no repetidas de
entre 35 y 41 pares de bases (espaciadores). La organizacion de estos DRs, junto a los
espaciadores, se denomina secuencia DVR (del inglés, direct variable repeat). La diferencia entre
cepas radica en la presencia o ausencia de espaciadores en dicho locus DR, ya que cada genoma
contiene un Unico locus DR con la posibilidad de hasta 43 espaciadores Unicos (Durr et al., 2000;
Guimaraes & Zimpel, 2020). El polimorfismo entre cepas surge de la duplicacion y de la
eliminacion sucesiva de uno o varios DVRs (Durr et al., 2000; Balseiro et al., 2020; Guimaraes &

Zimpel, 2020).

Aunque el espoligotipado es ampliamente utilizado en epidemiologia molecular, su poder
discriminatorio disminuye cuando las cepas son filogenéticamente cercanas entre si (Romero et
al,, 2011; Guimaraes & Zimpel, 2020). La distribucion geografica de los espoligotipos,
especialmente entre paises y regiones, es un indicador epidemioldgico valioso para rastrear la
propagacion de las bacterias pertenecientes al CMT. Ademas, se ha observado que diversas
especies animales, tanto silvestres como domésticas, pueden compartir los mismos
espoligotipos de la micobacteria, lo que sugiere la transmision inter-especie, que seria, como se
ha comentado anteriormente, una de las principales limitaciones con las que se encuentran los

programas de erradicacién de la TBb (Aranaz et al., 1996, 1998; Musoke et al., 2015).
e Andlisis del nimero variable de repeticiones en tindem

Otra técnica utilizada para la caracterizacion de cepas del CMT es el analisis del nimero
variable de repeticiones en tandem (VNTR, del inglés Variable Number Tandem Repeat)

(Guimaraes & Zimpel, 2020).

Un VNTR es un locus en el cual una secuencia de nucledtidos se repite en tdndem, lo que
implica que los nucledtidos se agrupan y se orientan en la misma direccién. A diferencia del locus
DR utilizado en el espoligotipado, en el genoma de las bacterias del CMT existen varios loci VNTR
que pueden ser detectados mediante PCR. Los VNTR mds comunes se conocen como Unidades
de Repeticién Interespaciadas de Micobacterias (MIRU, del inglés minimum number of repetitive
elements) y constan de entre 50 y 100 pares de bases. Estos MIRU suelen estar ubicados en

regiones intergénicas (Supply, 2005).
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Aunque los VNTR tienden a ser estables, pueden sufrir pequefias variaciones que permiten
la diferenciacién entre cepas (Frothingham & Meeker-O’Connell, 1998). La técnica se basa en la
deteccién de estas variaciones mediante una PCR utilizando primers especificos para las
regiones anexas de los VNTR. El tamafio del producto de PCR refleja el nimero de copias de
VNTR y puede determinarse mediante electroforesis capilar o en gel, o mediante cromatografia
liqguida de alto rendimiento sin desnaturalizacidn. Los resultados de la técnica se representan de

forma numérica (Supply et al., 2006).

No obstante, no todos los VNTR presentan suficiente poder discriminatorio (Frothingham &
Meeker-O’Connell, 1998; Magdalena et al., 1998; Supply, 2005; Guimaraes & Zimpel, 2020).
Supply et al. (2005) sugieren la utilizacion de 15 loci MIRU-VNTR para la discriminacion
epidemioldgica habitual de aislados de M. tuberculosis y el uso de 24 loci MIRU-VNTR para
estudios filogenéticos. Sin embargo, en el caso de M. bovis no existe un conjunto estandarizado
de loci, ya que se han realizado diversos estudios con resultados variables dependiendo de la
regidon geografica (Guimaraes & Zimpel, 2020). En base a ello, Hauer et al. (2016) propusieron
que en cada territorio se definan los loci con mayor poder discriminatorio para los complejos

clonales presentes en la poblacidn.

De esta forma, la técnica posee mayor poder discriminatorio que el espoligotipado (Trewby
et al.,, 2016), si bien, se recomienda su empleo junto con otras técnicas para mejorar la

caracterizacion de las cepas (OMSA, 2022).
e Secuenciacion masiva del genoma (WGS, del inglés Whole Genome Sequencing)

La WGS permite determinar la secuencia completa de bases de ADN de un microorganismo,
asi como la relacién filogenética entre diferentes linajes y cepas. En el caso de M. bovis, la
secuenciacién de su genoma completo ha determinado un total de 3.952 genes y 4.345.492
pares de bases, asi como una similitud genética superior al 99,95% con M. tuberculosis (Trewby

et al., 2016).

De esta forma, y a diferencia del espoligotipado y el analisis de VNTR, esta técnica permite,
no solo diferenciar entre cepas distribuidas en todo el mundo, sino también a nivel de granja,
proporcionando informacién detallada sobre su genética y evolucidn; lo que es esencial para
comprender la epidemiologia y la variabilidad genética del CMT. Estas caracteristicas hacen de
la WGS una herramienta cada vez mas valiosa tanto para el diagndstico como para el control y

la investigacion de la TBb (Guimaraes & Zimpel, 2020).

57



Capitulo I: Introduccion

2.7 Control y erradicacion de la TBb en Espaiia
2.7.1 Problematica para erradicar la enfermedad en la Peninsula Ibérica

En Espafia, aunque las primeras intervenciones en la lucha colectiva contra la TBb
comenzaron en la década de 1950, no fue hasta la implementacién del plan de lucha contra la
TBb y brucelosis bovinas en 1965, y sus posteriores desarrollos plasmados en el actual Programa
Nacional de Erradicacién, cuando se observd una disminucién significativa de la prevalencia de
la enfermedad en los rebanos bovinos. Esta disminucién fue notable, pasando de
aproximadamente el 20% en la década de 1970 a un 1,48% en el afio 2022 (Figura 8) ((MAPA &
AECOSAN, 2017; MAPA, 2023). En la ultima década, sin embargo, la prevalencia nacional no solo
no ha experimentado una disminucién significativa, sino que muestra una tendencia a la
estabilizacidon e incluso se han registrado repuntes, especialmente en el periodo comprendido
entre 2013 y 2016. Esto se atribuye a las deficiencias en las medidas de bioseguridad con las
que cuentan las explotaciones, sin embargo, al aumento de la presidn diagndstica sobre la
enfermedad y al incremento en la SE de las técnicas diagndsticas ha permitido la deteccién de
las llamadas “infecciones residuales”. Este término hace referencia a explotaciones infectadas

donde no se han eliminado todos los animales positivos (MAPA, 2023).
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Figura 8: Prevalencia e incidencia de TBb en Espafia durante los afios 2001-2022. Fuente:

MAPA, 2022

En este contexto, las consecuencias de la implantacién del programa de erradicacion
frente a la TBb no han sido iguales en todas las regiones. Asi, mientras las Comunidades
Auténomas de Baleares, Canarias, Cataluia, Galicia, Murcia, Pais Vasco y Principado de
Asturias y las provincias de Ledn, Valladolid y Burgos han alcanzado la calificacion de libres de

la enfermedad (Figura 9), y las provincias de Zamora, Soria y Huesca han iniciado el periodo
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previo para alcanzar dicha calificacion (RD 2611/1996; Reglamento (UE) 2020/689), en

Castilla-La Mancha y Andalucia se siguen alcanzando prevalencias del 8,96% y del 6,57%,

respectivamente (Figura 10) (MAPA, 2023).
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Figura 9: Comunidades Autonomas y regiones de Espafia oficialmente libres de TBb. Fuente:

MAPA, 2023.
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Figura 10: Prevalencia comarcal de TBb Espana durante el afio 2022. Fuente: MAPA, 2023.

En cuanto a la incidencia de la enfermedad, la cifra media a nivel nacional es del 0,89%,
alcanzandose los niveles mas altos en Castilla-La Mancha, con un 3,51%, y en Andalucia, con

un 3,22% (MAPA, 2023). Las elevadas tasas alcanzadas en estas zonas se deben al sistema
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multi-hospedador caracteristico de la TBb, ya que el ganado bovino de esas zonas se cria
tradicionalmente en extensivo asociado al sistema de dehesa mediterrédnea, el cual comparte
con otras especies como el cerdo ibérico, el jabali y el ciervo. Este sistema multihospedador
propicia el mantenimiento de la enfermedad debido a la transmision entre especies y dificulta

la erradicacion de la TBb (Gortazar et al., 2011; Barasona et al., 2014, 2017).

2.7.2 Programa de erradicacion

Actualmente, la lucha frente a la TBb hay que entenderla en un contexto comunitario,
enmarcada por el Reglamento (UE) 2016/429, en el Reglamento (UE) 2020/689 y en el
Reglamento (UE) 2020/688 desde el punto de vista de la sanidad animal, junto a la que hay que
considerar la normativa dimanante del paquete de higiene (Reglamento (CE) 2004/852,
Reglamento (CE) 2004/853, que afecta a los controles relativos a la higiene de los productos
alimenticios y los controles a realizar sobre estos, incluyendo los controles realizados en las
canales de los animales sacrificados. El objetivo es lograr la eliminacion total de la enfermedad
en el ganado bovino en todo el territorio comunitario, entendiendo como tal, la existencia de
una tasa de incidencia de establecimientos confirmados como infectados por el CMT no superior
al 0,1% en los ultimos 3 afios; mantenimiento de la calificacidon oficialmente libre en al menos
un 99,8% de establecimientos que comprendan al menos un 99,9% de los animales en al menos
esos 3 ultimos anos; y la inclusién en el programa de vigilancia de los ultimos 3 afos la vigilancia
ante y post-mortem de todos los bovinos sacrificados mediante la busqueda sistematica e
investigacion de lesiones compatibles. La consecucién de este objetivo se plantea para el afio

2030 (MAPA, 2023).

En el caso de nuestro pais, este programa esta amparado, ademas, en la ley 8/2003 de
sanidad animal, el RD 2611/96 relativo a los programas nacionales de erradicacién de
enfermedades de los animales y en el propio Programa Nacional de Erradicacion de la TBb

(MAPA, 2023).

Este programa esta basado en la aplicacidn de una serie de medidas (RD 2611/1996; MAPA,
2023):

- Realizacién de pruebas diagndsticas obligatorias en los rebafios. En nuestro pais, con
cardcter general, la prueba de eleccién es la IDTBs (aunque a criterio de la autoridad
competente podria usarse la IDTBc). Aunque la UE también autoriza la realizacidn del ensayo
de IFN-y de manera rutinaria, en Espafa se recomienda su aplicacidon simultanea en rebafios
infectados después de la retirada de la calificacién. El propdsito de estas pruebas es obtener

la calificacion T3 para las explotaciones en nuestro territorio. Las posibles categorias incluyen
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T1, que corresponde a explotaciones de las cuales se desconocen los antecedentes clinicos y
la situacién de la Infeccidn en cuanto a la IDTB en los ultimos dos afios; T2, que engloba
explotaciones con antecedentes conocidos y puede ser clasificada como "T2 negativa" o "T2
positiva" dependiendo de si todos los animales han arrojado resultados favorables o noenla
prueba de cribado, respectivamente; y T3, que indica oficialmente la ausencia de TBb. La
frecuencia y la interpretacién de estas pruebas variaran segun el riesgo y la prevalencia en la

comunidad auténoma, la comarca y la explotacidn en la que se ubiquen los animales.

- Sacrificio obligatorio de los animales positivos y de los considerados como tales por la
autoridad competente, y que podra alcanzar la consideracién de vacio sanitario en

determinados casos.

- Aplicacion de medidas profilacticas en las explotaciones consideradas infectadas tras la
detecciéon de animales positivos a las pruebas de cribado, con la finalidad de evitar la
propagacion. Entre dichas medidas estan: la prohibicion de movimientos desde o hacia la
explotacidn, aislar a los bovinos confirmados hasta su sacrificio y a los que puedan haberse
contagiado, efectuar medidas de limpieza y desinfeccidon de las instalaciones, rociar con
desinfectantes el estiércol procedente de los alojamientos o locales utilizados por los

animales, control exhaustivo de los movimientos y reposicion.

- Realizacidn de pruebas previas a los movimientos de animales a partir de las 6 semanas
de vida y en los 30 dias previos al movimiento, con el objeto de evitar la difusion de la
enfermedad a territorios y rebafios libres. El test de eleccién sera la IDTB, si bien, también se

contempla la posibilidad de utilizar el IFN-y.

- Realizacion de pruebas diagndsticas en rebafios de ganado caprino que constituyan un
riesgo de infeccidn para los rebafios de bovino debido a que conviven con ellos, aprovechan

pastos comunes o tienen una relacidn epidemiolégica.

- Formacidn de nuevos veterinarios que comiencen a realizar las pruebas de diagndstico,
asi como la realizacion de cursos de actualizacion para los veterinarios de campo, con el

objeto de asegurar la correcta ejecucion de las pruebas diagndsticas.

- Se establece un protocolo de actuacidn en mataderos para la vigilancia de la TBb, con el
objetivo de optimizar el rendimiento de esta vigilancia y determinar la tasa base de remisién

de granulomas no tuberculosos.

- Se regula la actuacion sobre la fauna silvestre de acuerdo al Plan de Actuacién sobre

Tuberculosis en Especies Silvestres (PATUBES)(MAPA & AECOSAN, 2017). Este plan tiene
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como objetivo conocer la influencia que tiene la fauna salvaje en la transmisién de la
enfermedad en los 4 escenarios epidemioldgicos existentes en nuestro pais (regiones
insulares, costa norte, provincias de clima mediterraneo o continental que detectan poca TBb
en la fauna silvestre, y provincias de clima mediterraneo o continental que tienen un mayor
riesgo de TBb en fauna silvestre). Ademas, mediante el PATUBES se pretende actualizar el
programa de vigilancia sanitaria en dicha fauna y establecer medidas que permitan disminuir
la transmisidn entre el ganado y las especies silvestres. En este sentido, hay que sefalar que
la sola presencia de una especie en el entorno no implica que vaya a transmitirse la
enfermedad a los animales de granja, sino que entran en juego otros factores, como las
medidas de bioseguridad de cada explotacién, la abundancia de animales de la especie en

cuestion y de la prevalencia de dicha especie en el area en cuestién.
3. VALIDACION DE LAS TECNICAS DE DIAGNOSTICO

La validacién y verificacion del rendimiento de las pruebas de diagndstico son
fundamentales para garantizar que son aplicadas e interpretadas de forma adecuada (Gardner
et al,, 2021). A este respecto, la normativa europea Reglamento (UE) 2017/746 establece que,
al igual que los farmacos y los productos sanitarios, las pruebas y procedimientos diagndsticos
deben evaluarse atendiendo a su intencidn de uso, en diferentes poblaciones diana y teniendo

en cuenta la prevalencia de la enfermedad.

Pregunta Parametrosa determinar

que responde

¢Cudl es el rendimiento de Sensibilidad y Especificidad diagndsticas.
la prueba cuando se usa Razones de probabilidad. Curvas ROC.
segun lo previsto? Concordancia. Valores predictivos.

Fase 2.
Rendimiento diagndstico

Fase 1.
Rendimiento analitico

éCémo se comporta la Sensibilidad y Especificidad analiticas.

prueba en condiciones de Limites de deteccion y cuantificacion.

laboratorio? Valor de corte. Precision (Reproducibilidad
y repetibilidad).

Figura 11. Fases de la evaluacién del rendimiento analitico y diagndstico. Fuente: Garcia-

Fernandez et al., 2022

La validacion es el proceso por el cual se determina la idoneidad de una prueba para un fin
concreto, mediante la estimacién de su rendimiento analitico y diagnéstico (figura 11). Es un
proceso riguroso que requiere importantes recursos, por lo que las pruebas tienden a ser
validadas sdlo en algunas muestras (suero, heces, tejido) de unas pocas especies animales. Esto
supone que la validacion de una técnica para una muestra y/o especie determinadas no

garantiza un rendimiento similar en otra matriz o especie animal (OMSA, 2018).

62



Estudio del rendimiento diagndstico de diversas técnicas moleculares para la deteccion del CMT en ganado bovino.

3.1 Rendimiento diagndstico

El rendimiento diagndstico hace referencia a la capacidad de una prueba para generar
resultados que reflejen el verdadero estado de salud de la poblacién a la que va destinada.
Clasicamente, la idoneidad de las pruebas de diagndstico para confirmar o descartar la
enfermedad se ha basado en su capacidad para discriminar entre sanos y enfermos, estimada

con la sensibilidad y especificidad diagndsticas (OMSA, 2018; Garcia-Fernandez et al., 2022;).

o La sensibilidad diagnodstica se refiere a la capacidad de una técnica para detectar
correctamente a los individuos enfermos. Se calcula como la proporcién de animales de
referencia que se sabe que estan infectados y que dan positivo a la prueba; su opuesto es
la proporcién de falsos negativos (animales infectados que son erréneamente clasificados
como negativos) (Salech et al., 2008; OMSA, 2018; Grilli, 2020; Garcia-Fernandez et al.,
2022).

o La especificidad diagndstica se refiere a la capacidad de una técnica para identificar
correctamente a los individuos sanos. Se calcula como la proporcidon de animales de
referencia que se sabe que no estan infectados y que dan negativo a la prueba; su opuesto
es la proporcidon de falsos positivos (animales no infectados que son errdneamente
clasificados como positivos) (Salech et al., 2008; OMSA, 2018; Grilli, 2020; Garcia-Fernandez
et al., 2022).

Asi, de forma general se considera que es importante contar con una prueba de alta
sensibilidad cuando el propdsito del diagndstico es descartar la presencia de un agente
especifico o demostrar la ausencia de una enfermedad particular (p.e. pruebas de cribado). Por
su parte, es importante tener una prueba de alta especificidad cuando el propdsito del
diagndstico es confirmar la presencia de un agente o enfermedad especifica. Sin embargo, y
aunque lo mas sencillo seria fijarnos en uno solo de estos pardmetros para elegir las pruebas,
este sistema puede conducir a conclusiones errdneas. Dado que no existen pruebas con una Se
y Sp perfectas, muchos autores recomiendan valorar su efectividad mediante las Razones o
Cocientes de Probabilidad (RP), que permiten comparar en un sélo parametro la probabilidad de

acierto y de fallo de una técnica (Caraguel & Colling, 2021).

De esta forma, las RP de los resultados positivos y negativos nos permiten determinar
cuantas veces es mayor la probabilidad de obtener un determinado resultado (+ o -) en un
animal con la enfermedad que en un animal sin la enfermedad. Este parametro tiene tres
grandes ventajas sobre la SE y la E:

- Nos da una estimacién del poder diagndstico de la técnica.
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- Nos permite calcular de forma rdpida los Valores Predictivos y, en consecuencia, la
utilidad final de la técnica en funcién de las condiciones en las que se aplica.

- En protocolos que combinan varias pruebas, nos permite ir recalculando la probabilidad
gue tiene un animal de padecer o no la enfermedad en funcion de los datos y resultados
gue se van conociendo y ajustar, de esta forma, nuestras decisiones sanitarias (Caraguel

& Colling, 2021).

En dltima instancia, la utilidad de una técnica para un determinado propdsito diagndstico
vendrd determinada por los Valores Predictivos (VP) o probabilidad post-prueba, definidos como
la probabilidad de que un animal que haya salido + o — en la prueba tenga realmente, o no, la
enfermedad. A diferencia de la SE y la E, los VP dependen de la probabilidad pre-prueba de que
el animal tenga la enfermedad, determinada principalmente por su prevalencia en la poblacion
de estudio, asi como por los signos clinicos y lesiones que presente el animal, exposicidn a
factores de riesgo (edad, sexo, raza, etc.) y resultados previos de otras pruebas (Salech et al.,
2008; Arias & Molina, 2013; Vizcaino-Salazar, 2017; Caraguel & Colling, 2021). De esta forma,
una técnica podra ser mas o menos util para confirmar o descartar un diagndstico segun el

escenario (probabilidad pre-prueba) en el que se aplique.

Ademas, dado que durante la aplicacién de los programas de control la prevalencia de la
infeccion cambia continuamente, como consecuencia de la aplicacion de medidas de lucha, la
OMSA recomienda el seguimiento de la inversa del valor predictivo positivo (niGmero de animales
positivos al test que son sacrificados por cada animal verdaderamente enfermo detectado)
como una forma de evaluar los costes asociados al rendimiento de la prueba y la necesidad de

cambiarla por otra de mayor SE o E para reducirlos (OMSA, 2018).

En la siguiente tabla (Tabla 6), se detallan las caracteristicas exigidas a las pruebas en funcién

de la finalidad del diagnéstico (OMSA, 2018; Reid et al., 2021).
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Tabla 6. Validez y utilidad recomendada para las pruebas de diagndstico en funcion de la finalidad para la que seran utilizadas (OMSA, 2018).

Finalidad

Caracteristicas diagndsticas recomendadas en funcion de la finalidad de la prueba (Reid et al., 2021)

1a) Mantener el estatus histérico de libre de la
enfermedad (con o sin vacunacion).

En una poblacidn histéricamente libre de una enfermedad/agente patdgeno concreto, la prevalencia es cero (o
cercana a cero). Para ser adecuada para la finalidad definida, la prueba debe minimizar la probabilidad de falsos
positivos e idealmente requiere una DSp alta, un VP+ alto y un RP+ alto. Esto puede lograrse mediante una sola
pruebacon unaDSp alta o pruebas seriadas.

1b) Recuperacion del estatus de libre de la
enfermedad después de un brote.

En el transcurso de un programa exitoso de control de una enfermedad, se puede esperar un cambio gradual en la
prevalencia, de alta (durante el pico del brote) a baja (al final del brote).

Durante las primeras fases de un programa de pruebas destinadas a demostrar la ausencia de una enfermedad,
cuando la prevalencia de la enfermedad se mantiene en niveles no insignificantes, para que la prueba sea adecuada
para su finalidad necesita una DSe alta, un VP - alto y un RP- alto. Este método minimiza la probabilidad de falsos
negativos y permite la deteccién de individuos positivos. Esto puede lograrse mediante una Unica prueba con una
DSe alta o con pruebas en paralelo.

Al final del programa de control de una enfermedad, cuando se hayan eliminado de la poblacién los animales
infectados restantes, la prevalencia de la enfermedad serd muy baja, por lo que probablemente habra que modificar
las pruebas de deteccidén para aumentar la DSp para mejorar el PV+y el RP+, de forma similar a como se hace en 1a.

2) Certificar el estatus de libre de la infeccion o del
agente patogeno en animales o productos para su
comercio o desplazamiento.

A efectos del comercio y los desplazamientos, es necesario minimizar la probabilidad de falsos negativos. De lo
contrario, animalesinfectados podrian ser objeto de comercio o traslado, con la posibilidad de propagar la infeccion
a poblaciones sanas no infectadas. Dado que la prueba se aplica a individuos, no se dispone de informacion, o ésta
es escasa, sobre la prevalencia o la probabilidad de infeccién antes de la prueba. Para que la prueba o el algoritmo
de la prueba sean adecuados para su finalidad, deben minimizar la probabilidad de falsos negativos y, en
condiciones ideales, deben tener una DSe, un VP- y un RP- altos. Esto puede lograrse mediante una Unica prueba
con una DSe alta o con pruebas en paralelo.

3) Contribuir a la erradicacion de la enfermedad o a
la eliminacion de la infeccion de poblaciones
definidas.

Esta finalidad sigue un patrdn similar al de 1b, donde se espera que la prevalencia disminuya de alta a baja a lo largo
del tiempo en una poblacién definida.
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4) Confirmar el diagnéstico de casos sospechosos
o clinicos.

El objetivo de una prueba confirmativa es minimizar la probabilidad de un falso positivo.

Confirmacion de casos clinicos

Lo ideal es una pruebacon una DSp alta, un VP+ alto y un RP+ alto. Debido a la manifestacion clinica de la enfermedad
y alaalta carga patdgena esperada, la DSe no se considera tan relevante.

Confirmacion de positivos a pruebas de cribado

Las pruebas de cribado se aplican a poblaciones tedricamente sanas. Suelen tener una DSe alta para garantizar que
no se pasen por alto individuos infectados. Se considera que el animal es positivo sélo si se confirma posteriormente
(en serie) mediante una prueba con una DSp alta, un VP+ alto y un RP+ alto.

5) Estimar la prevalencia de infeccion o exposicion
para facilitar el andlisis del riesgo.

Los epidemidlogos necesitan estimaciones fiables de la precision de las pruebas para disefiar planes de muestreo
para estudios de prevalencia, encuestas, determinaciones de la situacién sanitaria de los rebafios respecto a la
infeccidn y decisiones acerca de medidas de control de enfermedades. El uso en serie de una pruebade cribado con
una DSe alta seguida de una prueba confirmativa con una DSp alta es un método comun paralas estimaciones de
prevalencia.

6) Determinar el estatus inmunitario post-
vacunacion respecto a una enfermedad
‘en animales individuales.

-investigaciéon y seguimiento de la eficacia

vacunal (estimacion de la seroprevalencia).

Para esta finalidad, el objetivo es tener una DSp, un VP+ y un RP+ altos. Un falso positivo podria tener consecuencias
fatales, ya que dicho animal podria, de hecho, no estar vacunado/protegido. Cuanto mayor sea la precisién de la
prueba, mas exacta serd la estimacion de la seroconversidn post-vacunal en individuos y poblaciones.

DSe: sensibilidad diagnéstica; DSp: especificidad diagndstica; VP: Valor predictivo positivo; VPN: Valor predictivo negativo; RPP: Razén de probabilidad de los

resultados positivos; RPN: Razén de probabilidad de los resultados negativos.
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OBJETIVOS

El objetivo principal de esta tesis fue optimizar y validar diferentes protocolos de PCR sobre
tejidos como alternativa al cultivo microbioldgico para el diagndstico de la tuberculosis bovina.
Como objetivo secundario, se estim¢ la utilidad diagndstica de la PCR a tiempo real en distintos
escenarios epidemioldgicos y diagndsticos. Para ello, nos planteamos cuatro objetivos

especificos:

Objetivo 1: Optimizar y comparar protocolos de extraccién de ADN, utilizando muestras
frescas de diferentes nddulos linfaticos, a fin de seleccionar el método de extraccién y las

muestras que ofrecen mayor validez analitica y diagnéstica.

Estudio 1: “Real-Time PCR validation for Mycobacterium tuberculosis complex detection
targeting 1S6110 directly from bovine lymph nodes”. Publicado en: Frontiers in Veterinary

Sciences (doi: 10.3389/fvets.2021.643111)

Estudio 2: “Optimization of real-time PCR protocols from lymph node bovine tissue for direct
detection of Mycobacterium tuberculosis complex”. Publicado en: Microbiology Spectrum
(doi: 10.1128/spectrum.00348-23) y se presenta como indicio de calidad para la lectura y

defensa de la Tesis Doctoral.

Objetivo 2: Determinar la validez diagnéstica de la PCR a tiempo real para la deteccion del
complejo Mycobacterium tuberculosis en muestras frescas de nédulos linfaticos de bovino, con

distintas dianas (IS6110, mpb70 e I1S4).

Estudio 2: “Optimization of real-time PCR protocols from lymph node bovine tissue for
direct detection of Mycobacterium tuberculosis complex”. Publicado en: Microbiology
Spectrum, (doi: 10.1128/spectrum.00348-23) y se presenta como indicio de calidad para la

lectura y defensa de la Tesis Doctoral.

Objetivo 3. Estimar la utilidad diagndstica de la PCR a tiempo real en funcién de la
prevalencia de la enfermedad en la poblacién de estudio y los resultados obtenidos previamente

en la intradermotuberculinizacién y la inspeccidn macroscépica (probabilidad pre-test).

Subobjetivo 3.1. Determinar la probabilidad pre-test asociada a la validez y los resultados
de la intradermotuberculinizacidon cervical con interpretacién severa y la inspeccién

macroscépica.
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Estudio 3: “Assessment of the diagnostic performance of intradermal tuberculin test and
macroscopic inspection for the diagnosis of bovine tuberculosis according to WOAH

guidelines”. En revisidn en: Research in Veterinary Sciences.

Subobjetivo 3.2. Estimar la credibilidad de la PCR a tiempo real para diferentes
probabilidades pre-test.

Estudio 2: “Optimization of real-time PCR protocols from lymph node bovine tissue for
direct detection of Mycobacterium tuberculosis complex”. Publicado en: Microbiology
Spectrum, (doi: 10.1128/spectrum.00348-23) y se presenta como indicio de calidad para la

lectura y defensa de la Tesis Doctoral.

Objetivo 4: Optimizacidon y validacion analitica y diagndstica de la PCR digital para la
deteccion del complejo Mycobacterium tuberculosis en muestras de tejido fresco de bovino con

la sonda 1S6110.

Estudio 4: “Droplet digital PCR (ddPCR) as alternative to microbiological culture for
Mycobacterium tuberculosis complex detection in bovine lymph node tissue samples”. En

revisién en: International Journal of Infectious Diseases.
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Estudio I.

Real-Time PCR validation for Mycobacterium tuberculosis
complex detection targeting 1S6110 directly from bovine lymph

nodes

Sanchez-Carvajal J.M., Galdn-Relafio A., Ruedas-Torres I., Jurado-Martos F, Larenas-Mufioz
F, Vera E., Gdmez-Gascon L., Cardoso-Toset F, Rodriguez-Gémez I.M, Maldonado A., Carrasco

L., Tarradas C., Gdmez-Laguna J., Luque .

Publicado en Frontiers in Veterinary Sciences, 2021

Objetivo 1: Optimizar y comparar protocolos de extraccién de ADN, utilizando muestras
frescas de diferentes nddulos linfaticos, a fin de seleccionar el método de extraccién y las

muestras que ofrecen mayor validez analitica y diagnéstica.
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Abstract

Rapid and accurate diagnostic tools, such as gPCR, need to be implemented as confirmatory
test in the framework of bovine tuberculosis (bTB) surveillance and control programs,
shortening the turnaround time to confirm bTB infection. The present study aimed to evaluate
a direct gPCR from fresh tissue samples targeting the insertion sequence 1S6110 using
individually homogenised bovine lymph nodes compared to microbiological culture.
Retropharyngeal, tracheobronchial and mesenteric lymph nodes fresh tissue samples (n=687)
were collected from 230 different cattle carcases at the slaughterhouse. Only 23 out of the 230
examined animals showed tuberculosis-like lesions (TBL) with 62 out of 230 considered as
positive. Among these 62 animals, 61 resulted as culture-positive, whereas 48 were gPCR-
positive. Thus, this gPCR targeting 1S6110 showed an apparent diagnostic sensitivity and
specificity values of 77.1% (95% Cl: 66.5-87.6%) and 99.4% (95% Cl: 98.3-100.6%), respectively,
and a positive-predictive-value (PPV) of 97.9% (95% Cl: 93.9-102.0%) and negative-predictive-
value (NPV) of 92.3% (95% Cl: 88.4-96.2%). Positive and negative-likelihood-ratio (PLR and NLR)
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were 130.2 and 0.2, respectively, and the agreement between microbiological culture and this
gPCR was almost perfect (k=0.82). These results highlight this qPCR targeting 1S6110 as a suitable
complementary method to confirm bTB in animals with either TBL or NTBL, decreasing the
number of samples subjected to microbiological culture and, hence, its overall associated costs
a nd the turnaround time (under 48 hours) to confirm bTB infection. Besides, sampling
mesenteric lymph node, which is uncommonly sampled, together with tracheobronchial and
retropharyngeal ones, is advisable during post-mortem inspection in bTB surveillance programs

at the slaughterhouse, especially in areas with a low bTB prevalence scenario.

Keywords: Bovine tuberculosis (bTB), gold standard test, 156110, direct qPCR,

Mycobacterium tuberculosis complex (MTC).
1. Introduction

Bovine tuberculosis (bTB) is a chronic infectious disease caused by Mycobacterium bovis (M.
bovis), and other members of the Mycobacterium tuberculosis complex (MTC) (Aranaz et al.,
2004; Alexander et al., 2010), that affects various species of mammals, including human (Palmer
et al., 2013; Pesciaroli et al., 2014). bTB is still one of the largely neglected zoonotic diseases,
particularly in developing countries, since the control and surveillance programs for this disease
are inadequate or are not carried out, and domestic and wild animals, which act as reservoirs,
often share pasture areas. Thereby, it has been estimated that a quarter of the world population
has latent tuberculosis, requiring a global effort to develop new tools for the diagnostic and
treatment of this disease (Houben et al., 2016). In the European Union (UE), bTB primarily
affecting livestock, which is economic importance due to its impact on trade. Indeed, bTB
subjected to national eradication programs based on skin testing of all registered cattle herds,
slaughtered policy and abattoir surveillance (Council Directive 64/432/EEC). According to the UE
legislation, the official diagnosis of bTB is based on the detection of the cellular immune
response (single intradermal tuberculin testing, SIT) in reactor animals (skin test-positive
animals) which is followed by slaughtering, histopathological examination of atypical or enlarged
lymph nodes or parenchymatous organs with tuberculosis-like lesions (TBL), and/or culture of
MTC in primary isolation medium (Anon, 2020). Despite the fact that a substantial economic
expenditure is addressed to ensure efficient surveillance systems and control programs, the
detection and confirmation of bTB infection in cattle herds should be more reliable and swifter

(Courcoul et al., 2014).

Microbiological culture is considered the reference technique for bTB diagnosis with

recovery rates ranging from 30% to 95% (Hines et al., 2006; Comer et al., 2012; Yates et al., 2017)
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and sensitivity (SE) and specificity (SP) values of 78.1% and 99.1%, respectively (Courcoul et al.,
2014). It is reported that culture is an imperfect, laborious and time-consuming technique that
requires high biosecurity facilities and relatively high expertise (Comer et al., 2012; Courcoul et
al., 2014), whose performance can, moreover, be affected by several factors (Hines et al., 2006;
Comeretal., 2012; Yates et al., 2017; Lorente-Leal et al., 2019). A major drawback is the delayed
culturing process (up to two to three months) which makes longer the time required to reach a

final diagnosis (Courcoul et al., 2014; Barandiaran et al., 2019; Lorente-Leal et al., 2019).

In the current landscape, rapid, cost-effective and accurate diagnostic tools could pave the
way for managing and controlling bTB in cattle herds (Babafemi et al., 2017). Although ELISA
testing is useful to detect anergic tuberculous cattle as a complement to SIT, this assay is not
routinely applied in bTB control programs because of its reduced SE (Silva et al., 2001; de la Rua-
Domenech et al., 2006; Costa et al., 2013). By contrast, real-time PCR assays (so-called
guantitative PCR, gPCR) have been shown to directly detect MTC in fresh bovine tissue samples
with moderate to high estimates of SE and SP (Courcoul et al., 2014; Lorente-Leal et al 2019;
Pucken et al., 2017). Direct gPCR is able to detect small amounts of MTC DNA independently of
its viability with a turnaround time of 24 - 48 hours, shortening the required time to reach

confirmatory results (Silva et al., 2001; de la Rua-Domenech et al., 2006; Courcoul et al., 2014).

IS6110 is a target sequence with multiple copies only present in pathogens belonging to
MTC, which has been commonly used for MTC detection by PCR (Thacker et al., 2011; Costa et
al., 2013; Courcoul et al., 2014; Barandiaran et al., 2019). Besides 1S6110, other targets have
been also used for the same purpose, including 1IS1081 (Taylor et al., 2007; Pucken et al., 2017),
hupB (Mishra et al., 2005; Algammal et al., 2019), 165-23S rRNA Internally Transcribed Spacer
(Parra et al., 2008), p34 gene (Cardoso-Toset et al., 2015), TbD1 (Araujo et al., 2014) or

mpb70(Lorente-Leal et al., 2019) with varying results.

In the light of the above mentioned, rapid and accurate diagnostic tools, such as gPCR, may
be implemented as confirmatory test in the framework of bTB surveillance and control
programmes at the slaughterhouse to shorten turnaround time and inform decision-makers on
a timely manner. Therefore, the present study firstly aimed to evaluate the diagnostic
performance of a direct qPCR from fresh tissue samples targeting 1S6110 using individually
homogenised lymph nodes, and secondly, to validate the IS6110 qPCR for the detection of MTC

positive samples and animals in the framework of the bTB eradication campaign.
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2. Material and methods
2.1. Samples selection and processing

Fresh retropharyngeal, tracheobronchial and mesenteric lymph node tissue samples (n=687)
were collected from 230 cattle carcases at the slaughterhouse during the period of 2018-2019.
All samples were collected during routine post-mortem veterinary examination within an official
context and agreeing with national and European regulations. No purpose killing of animals was

performed for this study, so no ethical or farmer’s consent approval was required.

Every lymph node was independently sliced and the presence of visible-TBL or NTBL was
recorded. Individual homogenisation was carried out to obtain a uniform mixture of every lymph
node independently using a tissue homogeniser (Fisherbrand, Fisher Scientific, Madrid, Spain).
Briefly, 4-7 g of each lymph node tissue was placed into a 15 ml Falcon™ tube (Corning, Madrid,
Spain) with the same volume (w/v: 1/1) of 0.85% sterile NaCl and grinded until a homogeneous
mixture was obtained. Tissue homogenate was used for DNA isolation and selective bacterial

culture.

2.2. MTC microbiological culture

Selective bacterial culture was performed in the BSL3 facilities of Production and Animal
Health Laboratory of Cérdoba (LPSACo, Regional Government of Andalusia). Briefly, the
homogenate was decontaminated with an equal volume of 0.75% (w/v: 1/1) hexadecyl
pyridinium chloride solution in agitation for 30 minutes (min) (Corner et al., 1988). Samples were
centrifuged during 30 min at 1,500 g. The pellets were collected with swabs and cultured in
liguid media (MGITTM 960, Becton Dickinson, Madrid, Spain) using an automatised BD BacterTM
MGITTM System (Becton Dickinson). Culture was considered positive when isolates were

confirmed as MTC by gPCR (Thierry et al., 1990).

2.3. DNA extraction from homogenised lymph nodes

DNA extraction from homogenised tissue samples was performed using DNA Extract VK
(Vacunek, Bizkaia, Spain) according to the manufacturer’s guidelines with several modifications.
In brief, a mix of 300 mg of homogenate, 250 pl of sterile distilled water and 250 ul of Sample
Lysis Buffer VK-SB were added in a 2 ml tube containing 300 mg of 0.5 mm glass beads and
submitted to mechanical disruption at 30 Hz during 20 min. Then, the lysed tissue was
centrifuged for 5 min at 7,000 g, transferring 200 pl of supernatant to a new 1.5 ml tube. An
enzymatic digestion was carried out with 25 pl of 20 mg/ml proteinase K at 56 °C for 3 hours in

a thermo-shaker at 750 rpm. After that, 200 pl of Lysis Buffer VK-LB3 were added and the

81



Capitulo lll: Estudios. Estudio |

mixture was incubated during 10 min at 70 2C. Finally, 210 pl ethanol (96—100%) were added to
the sample that was applied in a spin column following the manufacturer’s guidelines. DNA
elution was run using 100 pl of Tris/HCL Buffer supplied with the kit pre-heated at 70 eC. Positive
and negative extraction controls were also included. All the DNA extraction products were

stored at — 20 2C until use.

2.4. qPCR from fresh tissue samples

The transposon 1S6110, which is present in all species of the MTC, was the target of this
gPCR. Specific primers (1S6110-forward: 5’-GGTAGCAGACCTCACCTATGTGT-3’; 1IS6110-reverse:
5’-AGGCGTCGGTGACAAAGG-3’) and a probe (IS6110- probe: 5-FAM-CACGTAGGCGAACCC-
MGBNFQ-3’) targeting a conserved region of IS6110 transposon were used (Martinez-Guijosa et
al.,, 2020). The diagnostic performance of the gPCR was conducted using the QuantiFast®
Pathogen PCR + IC Kit (QIAGEN, Hilden, Germany). Amplifications were run in duplicate for each
sample in the MyiQ™2 Two-Colour gPCR Detection System (Bio-Rad, Hercules, CA, USA) under
the following cycling conditions: 95 °C for 5 min followed by 45 cycles of 95 °C for 15 seconds (s)
and 60 °C for 30 s. Following the manufacturer’s guidelines, an exogenous inhibition
heterologous control (internal amplification control, IAC) supplied with the kit was included. An
inter-run calibrator with a known Ct value of 32 was introduced in each assay to self-control
intra-assay repeatably and accuracy. Complete inhibition of amplification was considered when
IAC did not amplify, and partial inhibition when it showed a Cycle threshold (Ct) > 33. When any
inhibition was detected, samples were diluted up to a final concentration of 450 ng/ul and gPCR
was run again. Serial 10-fold dilution series of Mycobacterium bovis genomic DNA with known
quantities, ranging from 106 to 100 were used as standards to estimate the limit of detection
(LOD) or analytical sensitivity. The reactions were carried out in triplicate per each dilution in
three different assays and, LOD was determined as the lowest concentration in which that 95%
of replicates were positive according to the Clinical and Laboratory Standards Institute

guidelines.

In the case of culture-positive and qPCR-negative samples, DNA extraction and qPCR were
repeated to verify the results. Then, proteinase K digestion was increased up to 12 hours
(overnight incubation) at 56 2C in thermo-shaker at 750 rpm. Positive (MTC confirmed sample)
and negative (MTC negative sample) controls were included, as well as an inter-run calibrator.
The 1S6110 PCR product of culture negative and PCR-positive samples were EtOH precipitated,
purified using ExoSAP-ITTM (Thermo Fisher Scientific, Barcelona, Spain), and further analysed
by Sanger sequencing (performed at STABvida, Lisbon, Portugal). The obtained sequences were

studied using the Bioedit software version 7.1.3.0. Samples confirmed by sequencing were
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considered as true positives and used to recalculate the diagnostic parameters of the qPCR

targeting 1IS6110.

2.5 Validation of diagnostic tests

The results of qPCR targeting IS6110 were compared with microbiological culture ones (gold
standard) to estimate the diagnostic SE and SP, positive and negative predictive values (PPV and
NPVs) and positive and negative likelihood ratios (PLR and NLRs) (WinEpi software 2.0, Faculty
of Veterinary Medicine, University of Zaragoza, Spain). Moreover, agreement between culture
and gPCR results was assessed using Cohen’s kappa coefficient (k) (values < 0 indicated no
agreement and 0.01-0.20 as none to slight, 0.21-0.40 as fair, 0.41-0.60 as moderate, 0.61-0.80

as substantial, and 0.81-1.00 as almost perfect agreement) (WinEpi software 2.0).
3. Results
3.1. Topographical distribution of TBL

A total of 687 retropharyngeal, tracheobronchial and mesenteric lymph nodes samples,
belonging to 230 cattle carcases were analysed to evidence the presence of MTC using
microbiological culture and gPCR directly from lymph nodes. Due to the logistic of the
slaughterhouse and the timing of slaughtering, it was not always possible to collect the three
lymph nodes samples from all 230 carcases, lacking one retropharyngeal and two mesenteric
lymph nodes. Prior to be analysed, every single tissue sample was subjected to a visual
inspection to disclosure gross lesions, with 26 out of 26/687 (3.8%) tissue samples belonging to
23 different cattle (23/230, 10.0%) showing TBL (Table 7). Most of the lesions were evidenced
in only one lymph node (tracheobronchial = 11; retropharyngeal = 9), while in 3 animals TBL
were observed in two lymph nodes (tracheobronchial-retropharyngeal = 1; tracheobronchial-

mesenteric = 1; retropharyngeal-mesenteric = 1).
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Table 7. Evaluation of the microbiological culture and direct gPCR targeting 1S6110 results

obtained upon analysing 687 lymph nodes, according to the presence or absence of tuberculosis

like-lesions.
TBL NTBL
RF TB MS Total RF TB MS Total
+| 5 13 2 20 17 29 7 53
Culture
- 6 0 0 6 201 188 219 608
+| 8 13 2 23 9 (10) 22 (24) 3 37
gPCR
- 3 0 0 3 209 (208) 195 (193) 223 624
Total 11 13 2 26 218 217 226 661

+, Positive; -, Negative; qPCR, real-time PCR; TBL, tuberculosis like-lesion; NTBL, non-tuberculosis like-
lesion; RF, retropharyngeal lymph nodes (n=229); TB, tracheobronchial lymph node (n=230) s; MS,
mesenteric lymph nodes (n=228).

Culture-positive and qPCR-negative samples that were finally positive and/or negative to

gPCR after DNA extraction was repeated (in brackets).
3.2. MTC microbiological culture results

Seventy-three out of 687 tissue samples (10.6%) were positive to microbiological culture,
while 614 were negative (89.4%). Bacteria were detected in tracheobronchial lymph nodes (42
out of 73; 57.5%), followed by retropharyngeal (22 out of 73; 30.1%) and mesenteric ones (9 out
of 73; 12.3%) (Table 7). An animal was considered cultured-positive when MTC was detected by
culture in at least one lymph node. Thus, 61 out of 230 animals (26.5%) were positive to culture,
whereas 169 were negative (73.5%). MTC was detected in most of the animals (50, 82.0%) in
one lymph node (tracheobronchial = 31; retropharyngeal = 16; mesenteric = 3), whereas in 10
animals (16.4%) MTC was detected in two lymph nodes (retropharyngeal-tracheobronchial = 5;

tracheobronchial-mesenteric = 5) and in one animal in the three lymph nodes.

3.3. gPCR targeting 156110

Fifty-seven out of 687 tissue samples (8.3%) were detected as positive by means of qPCR
targeting 1S6110, with Ct values ranging from 24.2 to 37.5 (Figure 12). The IAC amplified in most
of the samples without partial inhibition, showing complete inhibition in 8 out of the 687

samples due to high yield of DNA (over 1,000 ng/ul). These samples were diluted up to a final
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concentration of 450 ng/ul and re-evaluated by gPCR, keeping all of them a negative result for
MTC, but with IAC amplification. The LOD for this gPCR-IS6110 was determined to be ranging
from 10 to 100 genomic equivalents and the cut-off was established to Ct < 38. Most of qPCR-
positive results were obtained from tracheobronchial lymph node (35 out of 57; 61.4%),
followed by retropharyngeal (17 out of 57; 29.8%) and mesenteric (5 out of 57; 8.8%) lymph

nodes, reflecting the same trend as observed in the microbiological culture (Table 7).

Following the same criterion that was used for the microbiological culture, an animal was
considered PCR-positive when at least one of the examined lymph nodes yielded a positive result
to the gPCR. Thus, 44 out of 230 cattle (19.1%) were qPCR-positive, whereas 185 were negative
(80.4%). Briefly, 36 out of the 44 qPCR positive animals (81.8%) were detected in only one lymph
node (tracheobronchial = 24; retropharyngeal = 11; mesenteric = 1), 7 animals (15.9%) in two
lymph nodes (retropharyngeal-tracheobronchial = 5; tracheobronchial-mesenteric = 2) and one

animal (2.3%) in the three lymph nodes.
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Figure 12. Amplification plot of representative samples. qPCR targeting 1S6110 assay using
representative fresh lymph node tissue samples belonging to different cattle. ARFU (Y axis) of
the reaction was plotted against the Ct value (X axis). The samples with lowest DNA

concentration could be detected ranging from 34 to 36 cycles roughly.
3.4. Diagnostic performance of gPCR compared to microbiological culture

Fifty-three out of the 73 lymph node samples positive to culture were also positive to gPCR
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targeting 1S6110. Because extraction is a rate-limiting factor that determines the success of
downstream bTB detection by PCR, this step was repeated in those culture-positive and gqPCR-
negative samples (20/73 samples, 27.4%) to verify the results. Thereby, previous extraction
conditions were changed by a proteinase K digestion up to 12 hours at 56 2C in thermo-shaker
at 750 rpm (overnight incubation), obtaining this time 3 positive samples out of the 20 and
remaining the rest (n = 17) negative to qPCR. Hence, an apparent SE of 76.7% (95% Cl: 67-86.4%)
was found On the other hand, only 4 out of the 614 samples negative to culture were positive
to gPCR, with the remaining samples also giving a negative result to qPCR, with an apparent SP
value of 99.3% (95% Cl: 98.7-100%). The PPV and NPV were 93.3% (95% Cl: 87.0-99.6%) and
97.3% (95% Cl: 96.0-98.6%), respectively. In addition, the PLR and NLR were117.8 and 0.23,
respectively. Finally, the concordance or level of agreement between both diagnostic assays for

tissue samples was substantial (x = 0.83) (Table 7 and 8).

Considering this re-run of the extraction step, 47 out of 61 MTC culture-positive animals
were also positive for gPCR targeting IS6110, resulting in an apparent SE of 77.0% (95% Cl: 66.5-
87.6%). Only one of the 169 MTC culture-negative animals was positive to qPCR, finding an
apparent SP of 99.4% (95% Cl: 98.3-100.6%). The measures of PPV and NPV were 97.9% (95%
Cl: 93.9-102.0%) and 92.3% (95% Cl: 88.4-96.2%), respectively. The PLR and NLR were 130.2 and
0.23, respectively. The agreement between microbiological culture and gPCR at animal level was

almost perfect (k = 0.82) (Table 8).

Table 8. Diagnostic performance of direct gPCR targeting 1S6110 compared to

microbiological culture as gold standard analysing 687 lymph nodes belonging to 230 cattle.

True positives Measures of diagnostic accuracy (95% Cl)
Result + - Total Sensitivity Specificity Reliability k Value
+ 56 4 60 76.7% 99.3% 96.9%
Lymph gPCR
- 17 610 627 (67— (98.7 - (95.7 - 0.83
nodes
Total 73 612 eg7  864%) 100%) 98.2%)
o4 1 a8 77.1% 99.4% 93.5%
gPCR
Animals - 14 168 182 (66.5- (98.3 - (90.3 - 0.82
87.6%) 100.6%) 96.7%)

Total 61 169 230

+, Positive; -, Negative; qPCR, real-time PCR; 95% Cl, 95% confidence level.
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3.5. Validation of 1S6110 qPCR for the detection of MTC

Since microbiological culture is considered an imperfect test for bTB diagnosis in which SE
may be affected by several factors (Corner et al., 2012; Courcoul et al., 2014; Pucken et al., 2017),
combination of culture and 1IS6110 gPCR was validated for the detection of MTC positive samples
or animals. In this sense, culture-negative and PCR-positive samples obtained in our study could
be considered as MTC positives. This way, the four IS6110 gPCR-positive and culture negative
lymph nodes samples were further subjected to Sanger sequencing and the presence of MTC
DNA was evidenced in all of them. Consequently, the diagnostic estimates of the direct qPCR for
MTC detection were evaluated, considering as MTC corrected positive samples, culture-positive
samples as well as those in which MTC was revealed by Sanger sequencing. For tissue samples,
60 out of the 77 MTC corrected positive samples were successfully amplified by means of qPCR
targeting 1S6110 with a corrected SE of 77.9% (95% Cl: 68.7-87.2%) and SP of 100% (95% Cl: 100-
100%) and a reliability of 97.5% (95% Cl: 96.4-98.7%). The PPV and NPV were increased to 100%
(95% Cl: 100-100%) and 97.3% (95% Cl: 96-98.6%), respectively. The PLR and NLR were 160 and

0.22, respectively, with a level of agreement between assays almost perfect (k = 0.86) (Table 9).

Table 9. Validation of direct qPCR targeting IS6110 for the detection of MTC analyzing 687

lymph nodes belonging to 230 cattle.

MTC corrected positive results
Measures of diagnostic accuracy (95% Cl)
Culture / Sanger sequencing

Result + - Total Sensitivity ~ Specificity ~ Reliability  k Value
+ 60 0 60 77.9% 97.5%
i 100%
aPCR - 17 610 627 (68.7- (96.4- 0.86
nodes (100%)
[s) 0,
Total 77 610 687 87.2%) 98.7%)
o480 48 77.4% 94%
100%
Animals  gPCR - 14 168 182 (67.0 - (90.8 - 0.83
(100%)
87.8%) 97.0%)

Total 62 168 230

+, Positive; -, Negative; qPCR, real-time PCR; 95% Cl, 95% confidence level. MTC corrected positive
results: (i) samples that were positive to culture, and (ii) culture-negative samples and PCR-positive after

Sanger sequencing.

At animal level, 48 out of the 62 MTC corrected positive animals were also positive for qPCR
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targeting 1IS6110 with a corrected SE and SP of 77.4% (95% Cl: 67-87.8%) and 100% (95% Cl: 100-
100%), respectively, and a reliability of 93.9% (90.8-97.0%). The measures of PPV and NPV were
100% (95% Cl: 100-100%) and 92.3% (95% Cl: 88.4%-96.2%). The PLR and NLR were 100.2 and

0.2, respectively, and the k value was 0.83 (almost perfect agreement of both assays) (Table 9).

Finally, according to the distribution of MTC corrected positive results for the lymph nodes
(77), the majority of MTC corrected positive animals (48) were detected in only one lymph node
(tracheobronchial = 30; retropharyngeal = 16; mesenteric = 2), 13 animals in two lymph nodes
(retropharyngeal-tracheobronchial = 7; tracheobronchial-mesenteric = 5; retropharyngeal-

mesenteric = 1) and one animal in the three lymph nodes, as showed in Figure 13.

Mesenteric

Figure 13. Venn diagram depicted the topographical distribution of positive lymph nodes
(n=77) according to their results obtained upon analysing sampled by microbiological culture,
gPCR-1S6110 and Sanger sequencing. Most of positive cattle were disclosed in tracheobronchial
lymph node, followed by retropharyngeal and mesenteric lymph nodes, with most positive
animals presenting only one positive lymph node highlighting the choice of tissue is a

cornerstone for performing an accurate direct diagnosis of MTC.

3.6. Bacteriology and qPCR results distribution according to TBL

Analysing MTC and gPCR results together with the presence of TBL, 26 out of 687 tissue
samples (3.8%) showed TBL, and 20 out of these 26 samples (76.9%) resulted both culture and

gPCR positive (Table 10). The remaining 6 were negative to culture, being 3 of them also negative
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to gPCR. In contrast, the other 3 were positive to gPCR and subsequently confirmed by Sanger

sequencing.

Thirty-six out of 661 NTBL tissue samples (5.4%) were positive to either microbiological or
gPCR assays, 17 were only culture-positive (2.6%) and 1 only qPCR-positive (0.2%). Of note, this
culture-negative and gqPCR-positive sample was confirmed as positive after Sanger sequencing.

Thus, 607 NTBL tissue samples (91.8%) were negative for both techniques (Table 9).

Table 10. Assessment of the microbiological culture and direct gPCR targeting 1IS6110 results
obtained upon analysing 687 lymph nodes belonging to 230 cattle, according to the presence or

absence of tuberculosis like-lesions.

Microbiological culture

+ = Total
gPCR + 36 1 37
NTBL 661
qPCR - 17 607 624
gPCR + 20 3 23
TBL 26
gPCR - 0 3 3

+, Positive; -, Negative; gPCR, real-time PCR; 95% Cl, 95% confidence level; NTBL, non-tuberculosis

like-lesion; TBL, tuberculosis like-lesion.
4. Discussion

bTB is one of the oldest and most relevant zoonoses worldwide, being its eradication the
main objective of the UE. As a consequence, rapid, cost-effective and sensitive tools for the
diagnosis of different pathogens belonging to MTC play a pivotal role to control and prevent its
transmission in countries where it is still especially present in dairy and meat cattle herds (Costa
et al., 2013; Che’ Amat et al., 2015; Babafemi et al., 2017). Therefore, direct qPCR from tissue
samples could work as an accurate and rapid diagnostic alternative in animal health (Courcoul
et al., 2014; Cardoso-Toset et al., 2015; Babafemi et al., 2017; Lorente-Leal et al., 2019) which
could be implemented by public health agencies not only to reduce the turnaround time on
reaching a confirmatory diagnosis compared with microbiological culture, but also to shorten
the time of exposure to MTC, facilitating the decision-making process. In this context, the main

objective of the present study was to evaluate a qPCR targeting 1S6110 to detect MTC directly
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from fresh tissue bovine lymph node samples.

In the present study, the direct gPCR targeting 1S6110 showed an apparent SE and SP for
individual tissue samples of 76.7% and 99.3%, respectively, when compared to microbiological
culture. In addition, the agreement between both assays was almost perfect (k = 0.83). Several
factors make challenging to run a direct detection of MTC, such as the paucibacillary nature of
this complex, the extremely hardy disruption of mycobacterial cells or the extensive necrosis,
fibrosis and mineralisation associated with TBL, interfering all of them with mycobacterial DNA
isolation and leading to false-negative results, which limits the final diagnosis performance
(Liebana et al., 1995; Taylor et al., 2007; Liebana et al., 2008). In our case, samples were
individually homogenised prior to be processed with the goal of reaching a uniform distribution
of MTCin the whole matrix, but also trying to restrict a dilution effect beyond the detection limit
of the gPCR. Despite that, 20 samples were positive to microbiological culture but negative for
gPCR. It is well-known that the yield and quality of DNA after extraction could depend on
multiple factors (de la Rua-Domenech et al., 2006; Lorente-Leal et al., 2019), consequently, DNA
isolation was repeated in all gPCR-negative samples increasing proteinase K digestion up to 12
hours at 56 2C (overnight incubation), obtaining three additional qPCR-positive samples, and
slightly improving SE from 71.2% to 76.7%. A similar approach was conducted to improve
diagnostic SE and SP of direct qPCR targeting mpb70 from 88.4% and 92.3% to 94.5% and 96.0%,
respectively (Lorente-Leal et al., 2019). These results suggest that DNA extraction protocol is

certainly relevant impacting directly on diagnostic SE of direct qPCR from fresh tissue samples.

Several alternative methods have been previously performed to improve diagnostic SE of
direct qPCR from tissues. Thus, nested-PCR targeting ToD1 (Araudjo et al., 2014) or IS6110 (Costa
et al., 2013) have been suggested as a method to improve the detection of MTC in bovine tissue
samples with a diagnostic SE and SP ranging from 76.0% to 98.2%, and from 88.7% to 100%,
respectively. Nevertheless, a nested-PCR requires two different amplification steps, increasing
the concern about cross-contamination which could negatively affect diagnostic SP values. On
the other hand, Parra et al., (2008) used a manual extraction method with capture probes
targeting 16S-23S ITS region to isolate a higher yield of mycobacterial DNA from tissue
homogenate samples obtaining a diagnostic SE ranging from 61.1% for samples with NTBL to
80.6% for TBL samples, with an average SE of 73.8%. In this sense, Taylor et al., (2007) reported
anincrease of diagnostic SE from 70.1% to 91.2% targeting /S1081 and carrying out DNA isolation
only from TBL ruling out positive samples without readily macroscopic lesion. In our case, 23 out
of 26 lymph nodes with TBL (88.5%) were amplified targeting IS6110, nevertheless, when all
samples were considered, both TBL and NTBL samples, a SE of 76.7% was obtained, highlighting
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the potential of using this target for gPCR screening not only in TBL but also in NTBL.

Previous studies targeting mpb70 (Lorente-Leal et al., 2019) or IS6110 (Courcoul et al., 2014)
have reported higher SE and SP results than those herein reported, however, it is noteworthy to
mention that in those studies there was a high proportion of the evaluated samples with TBL
(39.8% and 100%, respectively). This feature evidences that animals included in those studies
were in more advanced stages of bTB-infection (Corner et al., 1994; de la Rua-Domenech et al.,
2006). Unlikely, in the present study, most of tissue samples lacked TBL (661/687) with only 3.6%
of them presenting TBL, which points to animals were sampled in earlier stages of the infection.
In addition, gPCR targeting IS6110 showed a moderate diagnostic SE and high SP. These results
highlight the diagnostic potential of direct gPCR from fresh tissue to detect MTC at early stages

of infection and, therefore, when mycobacterial load is lower.

Regarding to the topographical distribution of the lesions, most of TBL samples were
disclosed in tracheobronchial lymph node, followed by retropharyngeal and mesenteric lymph
nodes, with most positive animals presenting only one affected lymph node (77.4%). One of the
strengths of the present study is that a detailed evaluation of topographical distribution of the
results was made, since the choice of tissue samples at abattoir is a key player for carrying out
an accurate direct diagnosis of MTC. In addition, the diagnosis from a pool of lymph nodes from
reactor animals with TBL or NTBL is probably to have a dilution impact on the results. According
to our results, most of true positive animals reacted in one single lymph node, highlighting that
not only tracheobronchial and retropharyngeal lymph nodes but also mesenteric lymph node,
which is uncommonly sampled during post-mortem inspection in bTB surveillance systems at
the slaughterhouse, should be evaluated and collected for TB diagnosis. These results turn out
to be relevant in areas with a low TB prevalence scenario in order to enhance diagnostic accuracy

of direct detection methods.

Although microbiological culture is considered the gold standard for bTB confirmation, this
technique is time-consuming and imperfect inducing false negative results (Corner et al., 2012),
and SE and SP will always be biased (Toft et al., 2005; Courcoul et al., 2014), therefore,
combination with other techniques is required in order to truly identify MTC positive samples.
Thereby, three out of 6 samples with TBL and culture-negative were detected as positive for
direct qPCR and confirmed by Sanger sequencing, displaying a SE and SP of 77.9% and 100%,
respectively, for MTC detection. It is worthy of note that the other 3 culture-negative and gPCR-
negative TBL samples presented pyogranulomatous lesions and Ziehl-Neelsen negative result

when examined under the light microscope (data not shown). These results suggest that other
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microorganisms may be involved in the production of these lesions, as has already been
demonstrated in pigs (Cardoso-Toset et al., 2015), which could be taken into account for future

studies.

Several factors impact on the success of microbiological culture such as decontamination
process (Corner et al., 2012) or encapsulation of the granulomas (Menin et al., 2013), however,
DNA amplification of MTC can be successfully performed from fibrotic and encapsulated
granulomas. Our results highlight that direct gPCR is able to detect more positive samples from
fresh lymph nodes tissue with TBL than microbiological culture (23 vs 20), resulting in a faster
and effective confirmatory method for MTC during official post-mortem inspection at the
slaughterhouse. Nonetheless, microbiological culture remains as a required method to

mycobacterial isolation and molecular epidemiology studies so far (Courcoul et al., 2014).

Finally, direct qPCR targeting 1IS6110 was also used to run the diagnostic performance of all
animals included in this study, showing a diagnostic SE and SP of 77.0% and 99.4%, respectively,
values that are very close to those previously reported for microbiological culture (Courcoul et
al., 2014). In addition, a predictive value of 97.9% PPV and 92.3% NPV, together with a PLR and
NLR of 130.2 and 0.23, respectively, point to a qPCR-positive animal could be considered as true
positive. Previous reports on animals have indicated either a barely higher SE for qPCR targeting
IS6110 (Courcoul et al., 2014) or lower SE for /1S1081 (Pucken et al., 2017) compared with the
diagnostic SE herein reported. In addition, if diagnostic estimates for MTC detection were
considered SE and SP values could be increased up to 77.4% and 100%, respectively. The
disparities among studies may be attributed to differences in the approach for data analysis,
epidemiologic situation, or the sample size. On the other hand, gross post-mortem examination
is a critical stage for detection of bTB-infected animals at slaughterhouses. Nevertheless, the
number of reactors with TBL is currently reduced at the slaughterhouse due to the success of
surveillance and control programmes decreasing bTB prevalence in cattle herds. Therefore, in
the present framework, gPCR assay targeting 1IS6110 might work as a suitable complementary
method to confirm bTB in reactor animals with either TBL or NTBL, decreasing the number of
samples subjected to microbiological culture and, hence, the overall associated cost as well as

the turnaround time, less than 48 hours, for confirming bTB infection.

5. Conclusion

The present study revealed that qPCR targeting IS6110 is an efficient confirmatory test which
may be implemented in bTB surveillance and control programmes, shortening turnaround time

to keep decision makers noticed promptly, as well as reducing economic costs.
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Objetivo 1: Optimizar y comparar protocolos de extraccién de ADN, utilizando muestras
frescas de diferentes ndédulos linfaticos, a fin de seleccionar el método de extraccion y las

muestras que ofrecen mayor validez analitica y diagndstica

Objetivo 2: Determinar la validez diagndstica de la PCR a tiempo real para la deteccion del
complejo Mycobacterium tuberculosis en muestras frescas de nédulos linfaticos de bovino, con

distintas dianas (1S6110, mpb70 e 1S4).

Objetivo 3. Estimar la utilidad diagndstica de la PCR a tiempo real en funcién de la
prevalencia de la enfermedad en la poblacion de estudio y los resultados obtenidos
previamente en la intradermotuberculinizacion y la inspeccién macroscopica (probabilidad pre-

test).
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Abstract

Bovine tuberculosis (bTB) is a zoonotic disease and a global health problem that is
subjected to obligatory eradication programs in the European Union. Microbiological culture is
an imperfect technique for bTB diagnosis. This study aims to compare and validate two DNA
isolation protocols and three different specific DNA targets 156110, IS4 and mpb70, to confirm
Mycobacterium tuberculosis complex (MTC) infection by real-time PCR directly from fresh
tissue samples. Fresh lymph node samples were collected from 81 cattle carcasses at the
slaughterhouse. A comparison of both extraction protocols was performed with 1S6110-real-
time PCR showing an adjusted sensitivity (SE) of 78.34% and 95.9% for protocols 1 and 2,
respectively, while the specificity (SP) was 100% in both cases. Afterward, the comparison
between IS4 and mpb70 targets was performed from the samples extracted with protocol 2,
obtaining an adjusted SE of 90.87% and 83.3%, respectively, and an SP of 100% in both cases.
Positive likelihood ratio was o= for the three targets, and negative likelihood ratio was 0.04,
0.091, and 0.16 for 1S6110, 1S4 and mpb70 respectively. Negative predictive values were 2
90%, = 85% and > 80% for real-time PCR targeting 1S6110, 1S4 and mpb70, respectively when
the true prevalence is £ 60%, and the positive predictive value is 100% in any scenario of true
prevalence. According to these results, the DNA extraction protocol 2 and real-time PCR
targeting- 1S6110 or IS4 could be potential first-choices molecular assays to detect MTC

directly in fresh bovine tissue samples.

100



Capitulo III: Estudios. Estudio 11
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bovine tuberculosis.
1. Introduction

Bovine tuberculosis (bTB) is a chronic infectious and zoonotic disease caused by mainly
Mycobacterium bovis and M. caprae, but also other members of Mycobacterium tuberculosis
complex (MTC) (Domingo et al., 2014; Casal et al., 2017). bTB is considered to be a neglected
disease of global importance causing a detrimental impact on public health, particularly in
developing countries where tuberculosis is likely to remain a major health problem (Dean et
al., 2018). In the European Union, bTB is subjected to obligatory eradications programs based
on the detection of the cellular immune response by single or comparative intradermal
tuberculin testing (SIT or SCIT), gamma interferon test, and surveillance in slaughterhouse of
the presence of tuberculosis like-lessions (TBL), characterised by granulomatous lesions
(Commission Delegated Regulation (UE) 2020/689). Even though enormous sums of public
fundings are mobilized to ensure efficient surveillance systems and control programs,
currently, there are territories struggling to eradicate bTB at the herd-level in several European
countries where debate around the efficacy of these measures is an ongoing matter of
concern. Thus, the failure to eradicate the disease could be explained by a combination of
factors though, a poor diagnostic performance is likely to be one of the most relevant since
many truly infected animals will be misclassified as bTB free. In the case of cattle, the main
reservoir of MTC, these misclassified infected animals will not only be contributing to keep the
chain of infection in the farm but also sharing pasture areas with other domestic and wild
animals, which are likely to play a key role as reservoir as well, hindering the success of bTB

eradication programs.

Nowadays, selective microbiological culture is considered the gold standard technique for
bTB diagnosis with recovery rates ranging from 30% to 95% (Courcoul et al., 2014).
Nevertheless, it has been proved that microbiological culture is also an imperfect technique,
with sensitivity (SE) and specificity (SP) values of 78.10% (72.90-82.80%) and 99.10% (97.10-
100.0%), respectively (Courcoul et al., 2014). In addition, this technique requires high
biosecurity facilities, the technicians should hold a relatively hight expertise, and every
bacterial growth needs to be confirmed by PCR (Corner et al., 2012; Courcoul et al., 2014).
Another point to take into consideration is the extremely slow growth of the members of MTC
requiring long incubation periods of up to 12 weeks (WOAH, 2018a), which delays the
turnaround time to get a confirmatory result. Because of these weaknesses, it would be

necessary to develop rapid, cost-effective, and accurate diagnostic tools, particularly in the
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current framework of European bTB surveillance and control program where macroscopic
lesion disclosed at the slaughterhouse and prevalence have been decreasing over the last

years.

Accordingly, real-time PCR assay has been reported to be a rapid and accurate diagnostic
tool, resulting in a potential first-line assay for a speedy and direct detection of MTC in fresh
bovine tissue samples (Lorente-Leal et al., 2021; Sanchez-Carvajal et al., 2020). DNA isolation
protocol is a crucial first step in the real-time PCR pipeline determining the amount and quality
of isolated DNA. In the case of MTC, it is important to underline several intrinsic limitations
and/or factors challenging to run a direct detection of MTC, such as a robust cell envelope, the
paubacillary nature of this complex, or the extensive necrosis, fibrosis, and mineralization
associated with TBLs (Liebana et al., 2008; Taylor et al., 2007; Liebana et al., 1995; Radomski et
al., 2013). In addition, some inhibitors including an excess of host DNA and organic
compounds, can also play an important role impairing the performance of real-time PCR.
These inhibitors could be stayed or already brought in the sample accidentally during DNA
extraction performance. These limiting factors could have a negative impact on the yield and
quality of isolated DNA, and consequently, the success of real-time PCR leading to false-

negative results.

Likewise, DNA regions selected as PCR-target could be a key player to the success of the
PCR in diagnosis. Consequently, 1S6110 sequence, which is found in multiple copies in
pathogens belonging to MTC, is commonly used for PCR detection of MTC (Thacker et al.,
2011; Costa et al., 2013; Courcoul et al., 2014; Barandiaran et al., 2019). Nevertheless, a cross-
reactivity with certain primer pairs or probes has been previously reported (Lorente-Leal et al.,
2019). Besides 1S6110, other targets have also been used for the same purpose with differing
SE and SP results, including 1IS1081 (Taylor et al., 2007; Pucken et al., 2017), DevR (Hallur et al.,
2013), Ku gene (Zhou et al., 2019), mpb83 (Charlet et al., 2005), hupB (Algammal et al., 2019;
Mishra et al., 2005), 16S-23S rRNA internally transcribed spacer (Parra et al., 2008), p34 gene
(Cardoso-Toset et al., 2015), TbD1 (Araujo et al., 2014), or 1S4 (Wang et al., 2019) and mpb70

(Lorente-Leal et al., 2019) more recently.

According to these issues, not only 1S6110 but also, mpb70, a gene encoding a highly
specific and immunogenic protein conserved in all members of the MTC (Harboe et al., 1990),
and the insertion sequence 1S4, a 141-base pair (bp) reported as one of the most highly
conserved regions found in IS6110 (Wang et al., 2019), represent potential DNA targets for
MTC diagnosis by using real-time PCR in fresh tissue samples. Consequently, the goal of the

present study was, first, to optimize and compare the performance of two DNA extraction
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protocols for MTC detection by real-time PCR using bovine fresh lymph nodes as input samples
and, second, to evaluate and validate a real-time PCR targeting 156110, mpb70, 1S4 and/or a
combination of these specific regions in comparison with microbiological culture in bTB

eradication programs.
2. Materials and methods
2.1. Samples selection and processing

This study was part of a larger project focused on improving rapid and accurate diagnostic
tools in the framework of bTB surveillance and control program in Spain. In brief, fresh lymph
node (LN) tissue samples were collected from cattle carcasses at the slaughterhouse from
2018 to 2019 in the context of Spanish bTB eradication programme. All samples were collected
during routine post-mortem veterinary examination within an official context and according
with national and European regulations. No purpose killing of animals was performed for this

study, so no ethical or farmer’s consent approval was required.

In order to perform this study, LN fresh tissue samples were collected from 81 animals,
verifying the presence of either visible TBLs or non-visible lesions (NVLs). Individual
homogenization of each LN was run using a tissue homogenizer (Fisherbrand, Fisher Scientific,
Madrid, Spain) to obtain a uniform mixture. Tissue homogenate was split up in paired samples

that were used for DNA isolation and selective microbiological culture, respectively.

2.2. Mycobacterium tuberculosis complex microbiological culture

The samples were analysed by the reference technique, microbiological culture, followed
by PCR confirmation according to the previously described protocol (Corner & Trajstman,
1988). Briefly, the homogenate was decontaminated with an equal volume of 0.75% (w/v: 1/1)
hexadecyl pyridinium chloride solution in agitation for 30 min. Samples were centrifuged for
30 min at 1,500 g (Corner & Trajstman, 1988). The pellets were collected with swabs and
cultured in liquid media (MGITTM 960, Becton Dickinson, Madrid, Spain) using an automatized
BD BacterTM MGITTM System (Becton Dickinson). The culture was considered positive when

colonies were confirmed as MTC by real-time PCR (Thierry et al., 1990).

2.3. Optimization of DNA extraction protocols from homogenized fresh tissue lymph

nodes
DNA extracting using a commercial kit (Protocol 1)

DNA extracting using a commercial kit (Protocol 1) from homogenized tissue samples was

conducted by using DNA Extract VK (Vacunek, Bizkaia, Spain) according to the manufacturer’s
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guidelines with several modifications. Briefly, a mix of 300 mg of homogenized tissue was
submitted to mechanical disruption (30 Hz/20 min) together with 250 ul of sterile distilled
water, 250 ul of sample lysis buffer VK-SB and 300 mg of 0.5-mm glass beads. After that, tissue
samples were centrifuged, the supernatant was discarded, and the sediment was subjected to
an enzymatic digestion with proteinase K at 56 2C in a thermo-shaker (750 rpm/12 h). Next,
lysis buffer VK-LB3 was added, and the mixture was incubated for 10 min at 70 2C. Finally, 210
ul ethanol (96-100%) was added to the sample and it was applied in a spin column following

the manufacturer’s guidelines.

Mechanical lysis, proteinase K digestion and DNA extraction using a commercial kit

(Protocol 2)

In the case of protocol 2, which consist on mechanical lysis, proteinase K digestion and DNA
extraction using a commercial kit (figure 14), was performed according to Lorente-Leal et al.
(2019) with several modifications, by using NucleoSpin Tissue Kit* (Macherey-Nagel, Diiren,
Germany). In brief, 1 mL of homogenized tissue (1,000 mg) was centrifuged during 5 min at
9,000 g. The resulting tissue pellet was transferred into a tube together with 250 pul of sample
buffer T1 and 150 mg of 0.5-mm and 50 mg of 0.1-mm glass beads. Then, samples were
subjected to mechanical disruption using Scientific Industries SI™ Disruptor Genie™ (2,850
rom/50 Hz/20 min). After an overnight enzymatic digestion at 56 2C with 30 pl proteinase K in
a thermo-shaker (750 rpm/12 h), a new mechanical disruption step was conducted. Samples
were centrifuged 2 min at 9,000 g, and then, the supernatant was transferred to a new tube,
preserved to be processed afterwards, while sediments were treated again with a new cycle of
mechanical disruption and enzymatic digestion according to the steps of DNA extraction

performed as outlined above in this protocol 2.

Figure 14. Graphical representation of the flow chart of the protocol 2
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Then, both the sediment and supernatant of each sample were processed independently,
mixed with 200 ul of Buffer T3, incubating the mixture for 10 min at 70 2C. The lysate was
transferred to a silica-based nucleic acid purification column and managed according to
manufacturer's instructions. Positive and negative extraction controls were included for both

protocol 1 and 2. All DNA extraction products were stored at - 20 °C until use.

2.4. Optimization of real-time PCR from fresh tissue samples

Specific primers and probes targeting 1S6110, 1S4 and mpb70 were used for this study.
Specific primers 1S6110-forward: 5’-GGTAGCAGACCTCACCTATGTGT-3’; 1S6110-reverse: 5’-
AGGCGTCGGTGACAAAGG-3’ and probe (1S6110-probe: 5’-FAM-CACGTAGGCGAACCC-MGBNFQ-
3’) were selected from previous studies (Michelet et al., 2018; Lorente-Leal et al., 2021). These
oligonucleotides target a 68 bp region of the transposon 1S6110, specific for MTC pathogens.
For 1S4, the following primers, 1S4-forward: 5’- CTCGACCTGAAAGACGTTATCC-3’; and IS4-
reverse: 3’-CTCGGCTAGTGCATTGTCATA-5; and the probe (IS4-probe: 5’-
AGTACACAT/ZEN/CGATCCGGTTCAAGCG-3); targeting a 141 bp highly conserved region in the
transposon 1S6110 were used (Wang et al., 2019). For mpb70, the following oligonucleotides,
previously reported by Lorente-Leal et al. (2019), targeting a 133 bp region of the mpb70 gene,
which encodes one of the most specific and immunogenic protein conserved in all members of
the MTC (Harboe et al.,, 1990), were used: mpb70-forward: 5-CTCAATCCGCAAGTAAACC-3’;
mpb70-reverse: 5-TCAGCAGTGACGAATTGG-3’), and the probe (mpb70-probe: 5'-FAM-
CTCAACAGCGGTCAGTACACGGT-BHQ1-3').

QuantiFast® Pathogen PCR + IC Kit (Qiagen, Hilden, Germany) was used to conduct the real-
time PCR evaluating each sample in duplicate in the MyiQ™2 Two-Color real-time PCR
Detection System (Bio-Rad, Hercules, Ca, USA) under the following cycling conditions: 95 eC for
5 min to activate the DNA polymerase followed by 42 amplification cycles that consisted of a
denaturation step at 95 oC for 15 s, an annealing-extension step at 60 2C for 30 s. Moreover, as
the manufacturer’s guidelines described, an exogenous inhibition heterologous control
[internal control assay (IAC)] was included to evaluate the presence of certain inhibitors on the
samples. The setup for 10 pul of reaction volume was 4 ul of ultrapure distilled water, 1 pl of
sample, 2 pl of Quantifast pathogen master mix, 1 ul of internal control assay (IAC), 1 ul of
internal control DNA, and for 1S6110, 0.4 ul of forward (10 pmol/ul), 0.4 pul of reverse
(10 pmol/ul), and 0.2 pl of probe (10 pmol/ul), or for 1S4 and mpb70, 0.6 ul of forward
(10 pmol/pl), 0.3ul of reverse (10 pmol/ul), and 0.1 pl of probe (10 pmol/ul). The IAC Ct should

range between 30 £ 3.
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Complete inhibition of amplification was considered when IAC did not amplify, and partial
inhibition of amplification when it shows a Ct > 33. When inhibition was detected, the samples
were diluted 1:2, and the real-time PCR was run again. An inter-run calibrator with a known Ct
value of 32.0 was introduced in each assay to self-control intra-assay repeatably and accuracy.
In the case of culture-positive and real-time PCR-negative samples, Ct value > 38, DNA
extraction and real-time PCR were repeated to verify the results. In the case of the protocol 2,
for every sample PCR was firstly conducted from the DNA extraction obtained from the
sediment. When a negative result was obtained, amplification was carried out using the DNA

isolated from the supernatant as template.
2.5. Limit of detection

The analytical sensitivity or limit of detection (LOD) was estimated for the proposed
primers and probes. LOD is defined as the lowest concentration in which 95% of replicates are
positives, according to the Clinical and Laboratory Standard Institute guidelines. A serial 10-fold
dilution series of M. bovis genomic DNA with known quantities ranging from 106 to 100 were

used. The reactions were performed in triplicate for each dilution in three different assays.
2.6. Statistical analysis

The performance of both DNA extraction protocols and real-time PCR targeting 1S6110, 154,
and mpb70 were evaluated by comparing them with microbiological culture, which is
considered an imperfect reference technique for bTB diagnosis (Corner et al., 2012; Courcoul et
al., 2014; Pucken et al., 2017). Using statistical Epidat 3.1 software (Galician Health Service,
Spain) it was estimated the adjusted SE and SP, false positives rate (FPR), and false negative
rate (FNR). In addition, positive and negative likelihood ratio (PLR and NLR) results were
determined and interpreted following the criteria published below by Sackett et al. (2001): (I)
PLR = 10 or NLR < 0.1, technique of high diagnostic value that will normally allow
discrimination between healthy and diseased animals; (II) PLR = 5-10 or NLR = 0.1-0.2,
technique involving moderate changes in probability and whose diagnostic utility will depend
on prevalence; (Ill) PLR = 2-5 or NLR = 0.2-0.5, technique involving small changes in probability
and whose diagnostic utility will depend on prior probability; and, (IV) PLR = 1-2 and NLR < 0.5,
rarely discernible changes. Positive and negative predictive values (PPV and NPV) for different
infection prevalence were subsequently estimated using a Bayesian approach (EPIDAT 3.1,
Galician health service, Spain). Results were plotted using GraphPad Prism 9 (GraphPad
Software, La Jolla, CA, USA).
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The SE and SP for each DNA extraction protocol and each real-time PCR target, 1S6110, 1S4
or mpb70, the confidence interval (95%) and the McNemar’s chi-squared test for correlated
proportions in subgroups of MTC-infected and non-infected animals (HO = equal detection
proportion, P value below 0.05) (Trajman & Luiz, 2008) (IBM SPSS Statistics version 28.0.1.1,
IBM Corp.) were calculated. Finally, agreement between microbiological culture and real-time
PCR targeting 156110, IS4 or mpb70 was assessed using Cohen’s kappa coefficient (k): k = 0
indicated no agreement; 0.01 < k < 0.20, slight agreement; 0.21 < k < 0.40, fair agreement;
0.41 £ k £ 0.60, moderate agreement; 0.61 < k < 0.80, substantial agreement; and, 0.81 < k <
1.00, almost perfect agreement (Mchugh, 2012) (WinEpi software 2.0, Faculty of Veterinary

Medicine, University of Zaragoza, Spain).
3. Results
3.1. Mycobacterium tuberculosis complex microbiological culture results

Results of MTC microbiological culture were used as the reference assay for comparing

extraction protocols 1 and 2 (Table 11).

Table 11. Description of the obtained results by microbiological culture, real-time PCR-

IS6110 (protocol 1 and 2), IS4 and mpb70 in relation to the presence of tuberculosis-like-

lesions.
Overall comparison in relation to the presence or absence of tuberculosis-like
lesion (TBL)
Microbiological 156110 156110
1S4 mpb70
culture (protocol 1) (protocol 2)

+ - + - + - + - + -

TBL 14 2 16 0 16 0 16 0 15 1
NVL 26 39 17 48 29 36 27 38 24 41
Total 40 41 33 48 45 36 43 38 39 42

+, Positive; -, Negative; TBLs, tuberculosis-like lesions; NVLs, non-visible lesions.

Consequently, a sample was considered as culture-positive sample when an obtained
colony from grown culture was confirmed by real-time PCR-IS6110. Thus, 49.38% of animals (n

= 81) were disclosed as culture-positive (n = 40), whereas 50.62% were tested as culture-
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negative (n = 41). Besides, in order to disclose TBL, every LN was subjected to a gross
evaluation revealing 19.75% of animals with TBLs (n = 16), with 87.50% of them being culture-

positive (n = 14).

3.2. Optimization of DNA extraction protocols from homogenized fresh tissue lymph

nodes by using 1S6110 target.

DNA isolation protocol is a critical first step in the real-time PCR pipeline. In order to
identify a DNA extraction method that yields suitable genomic DNA in terms of quality and
amount, we tested two different DNA extraction protocols. The performance of both extraction
protocols was evaluated running a real-time PCR targeting I1S6110, as previously described by
our laboratory, with LOD ranges from 10 to 100 genomic equivalents, and the cut-off set at

Ct <38.

MTC real-time PCR-1S6110 results according to DNA extraction by protocol 1

Eighty-one animals were evaluated by protocol 1, with Ct values ranging from 24.60 to
37.50 (average = 30.20) after real-time PCR-IS6110 (Table 11). Thus, 40.74% of animals were
tested as MTC-positive (n = 33) and 59.26% tested as MTC-negative (n = 48). The IAC amplified
in most of the samples without partial inhibition, but when a complete inhibition was observed
because of a high yield of DNA (over 1,000 ng/ul), samples (n = 6) were diluted up to a final
concentration of 450 ng/ul and re-evaluated by real-time PCR keeping a negative result for
MTC but with IAC amplification. Taking into consideration TBLs, 100% of LN samples with TBLs
that were evaluated by protocol 1 were tested as MTC positive (n = 16 animals) by real-time

PCR-1S6110 (Table 11).

MTC real-time PCR-IS6110 results according to DNA extraction by protocol 2

In the case of extraction protocol 2, 55.56% of all analysed animals were tested as MTC-
positive (n = 45) and 44.44% tested as MTC-negative (n = 36) (Table 11). Whereas 86.67% MTC-
positive samples (n = 39) came from the sediment, 13.30% MTC-positive samples (n = 6) were
finally detected from the supernatant, after obtaining negative or inconclusive results from the
sediment (data not shown). The Ct values ranged from 21.00 to 37.50 (average = 32.91) for
sediments, and, from 27.00 to 37.00 (average = 32.67) in the case of supernatants. Although
the IAC amplification was observed in most of the samples, several partial (n = 10) or complete
inhibitions (n = 14) were found. Then, samples were diluted 1:2 and re-evaluated by real-time
PCR. Five samples were detected as positive, and the remainder kept negative results for MTC
but with IAC amplification. All the samples with TBLs, that were evaluated by protocol 2, were

tested as MTC positive (n = 16 animals) by real-time PCR-IS6110 (Table 11).
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DNA extraction protocols 1 and 2: Validation and comparison

Taking into consideration that microbiological culture is considered an imperfect assay for
performing bTB diagnosis (Corner et al., 2012; Courcoul et al., 2014; Pucken et al., 2017), the
diagnostic performance results, summarized in Table 12, were calculated for an imperfect gold
standard using EPIDAT 3.1 software. In the case of DNA extraction protocol 1, thirty-one out of
40 animals positive to microbiological culture were also classified as MTC-positive by real-time
PCR-1S6110 [adjusted SE = 78% (95% Cl: 65-91%)], while 39 out of 41 culture-negative animals
resulted to be negative by real-time PCR-IS6110 [adjusted SP = 100% (95% Cl: 100%)], with an
adjusted FNR and FPR of 21.70% (95% Cl: 9-35%) and 0% (95% Cl: 0%), respectively. In base of
the positive and negative likelihood ratios (PLR= oo, and NLR = 0.22) (Table 12), the protocol 1
would have a high diagnostic value for the positive results, normally allowing discrimination
between healthy and diseased animals, while the diagnostic utility of negative results would be
dependent on the prior probability of TB in the area. The agreement with microbiological

culture was substantial (k = 0.72).

Table 12. Diagnostic performance summary of real-time PCR-IS6110 by comparing with
microbiological culture assay under two different extraction protocols, 1 or 2. Estimates were
calculated for an imperfect gold standard assay using EPIDAT 3.1 software (Software for

Epidemiologic Analysis of Tabulated Data).

Diagnostic accuracy (95% Cl)

Sensitivity Specificity FPR FNR PLR NLR
IS6110 21.70%
78.30% (65.40%- 100%
(Extraction 0% (0%) (8.80- oo 0.22
91.20%) (100%)
protocol 1) 34.60%)
IS6110
95.90% (89.70%- 100% 4.10% (0-
(Extraction 0% (0%) oo 0.04
100%) (100%) 10.30%)
protocol 2)

FPR: False positive ratio; FNR: False negative ratio; PLR: Positive likelihood ratio; NLR: Negative

likelihood ratio; 95% Cl: 95% confidence interval.

By contrast, in the case of DNA extraction protocol 2, 38 out of the 40 animals positive to

culture were classified as MTC-positive [adjusted SE 96% (95% Cl: 90-100%)], while 34 of 41
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culture-negative animals were classified as MTC-negative [adjusted SP = 100% (95% Cl: 100%)].
It is important to mention that 7 animals negative to culture were disclosed as positive (2 out
of 7 confirmed to present TBLs), while we found 2 culture-positive samples without TBLs but
PCR-1S6110-negative. Consequently, the adjusted FNR of 4% (95% Cl: 0-10%) and FPR of 0% (95%
Cl: 0%) were estimated (see Table 12). According with the values estimated for LR (PLR > 10
and NLR = 0.04), this protocol demonstrated a high diagnostic utility to confirm and discard bTB
regardless of the true prevalence. The agreement with microbiological culture was substantial

(k =0.77).

Mcnemar test was used to compare both protocols finding a statistically significant
difference (P = 0.016) between the number of culture-positive animals detected using DNA
extraction protocol 2 compared with protocol 1. No differences were found for culture-

negative animal between both protocols.

3.3. Validation and diagnostic performance of real-time PCR targeting 1S4 and mpb70

According with these results, DNA from samples processed by protocol 2 were further
analysed by real-time PCR targeting 1S4 or mpb70, comparing these results with
microbiological culture to validate these targets for MTC detection by real-time PCR from fresh

cattle tissue samples.

Real-time PCR targeting 154

Forty-three out of 81 animals (53.10%) were disclosed as positive by real-time PCR-IS4 and
38 were tested as MTC-negative (46.90%). All the samples with TBLs (n = 16 animals) were
tested as PCR-IS4-positive (Table 12). The analysis from the sediment disclosed 86.05% of MTC-
positive samples (n = 37) while 13.95% of MTC-positive samples (n = 6) yielded a positive result
from the supernatant. The Ct values were ranging from 22.96 to 38.10 (average = 32.06) for
the sediment, and, in the case of the supernatant, Ct values ranged from 26.00 to 37.00
(average = 32.87). A partial inhibition of IAC was found in 5 out of 81 samples, probably due to
the presence of some inhibitors, with 2 out of 5 samples disclosing a positive result after
dilution 1:2 and re-evaluation. The LOD for this real-time PCR-IS4 ranged from 50 to 100

genomic equivalents, and the cut-off was established at Ct < 39.

Comparing with the microbiological culture as the reference assay, 36 out of 40 animals
positive to culture were also found to be positive to real-time PCR-1S4 [SE adjusted 91% (95% Cl:
82.00 -99.80%)], and 34 out of 41 culture-negative animals were also tested as real-time PCR-

IS4-negative [SP adjusted = 100% (95% Cl: 100%)]. Noteworthy, 7 culture-negative animals but
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PCR-1S6110-positive were disclosed also as positive by real-time PCR targeting 1S4. According to
these results, the protocol would have an adjusted FNR of 9% (95% Cl: 0.20-18.00%) and an
adjusted FPR of 0% (95 Cl: 0%). Regardless of the true prevalence, real-time PCR-IS4 were
found to have a high diagnostic utility to confirm and discard MTC (PLR > 10 and NLR of 0.09)
(Table 13), with similar values than real-time PCR-IS6110. The concordance with

microbiological culture (k = 0.72) was substantial.

Table 13. Diagnostic performance summary of real-time PCR-I1S6110, 1S4 and mpb70
comparing with reference microbiological culture assay (imperfect gold standard assay) under
the same cycling conditions. Estimates were calculated for imperfect gold standard using
EPIDAT 3.1 software (Software for Epidemiologic Analysis of Tabulated Data). FPR: False
positive ratio; FNR: False negative ratio; PLR: Positive likelihood ratio; NLR: Negative likelihood

ratio; 95% Cl: 95% confidence interval.

Diagnostic accuracy (95% Cl)

Target Sensitivity Specificity FPR FNR PLR NLR
95.90% (89.70%-
IS6110 100% (100%) 0% (0%) 4.10% (0-10.30%) oo 0.04
100%)
IS4 91% (82.0-99.80%) 100% (100%) 0% (0%)  9.10% (0.20-18.0%) oo 0.091
83.30% (71.60-
mpb70 100% (100%) 0% (0%)  16.70% (5.0-28.4%) oo 0.16
95.0%)

FPR: False positive ratio; FNR: False negative ratio; PLR: Positive likelihood ratio; NLR: Negative

likelihood ratio; 95% Cl: 95% confidence interval.
Real-time PCR targeting mpb70

In the case of real-time PCR-mpb70, thirty-nine of 81 tested animals were detected as
MTC-positive (48.14%) and 42 as negative (51.86%). Thus, thirty-five samples positive to real-
time PCR-mpb70 (89.74%) were disclosed from the sediment and 4 from the supernatant
(10.25%). Besides, 100% of lymph nodes with TBLs (n = 16 animals), were tested to be PCR-
mpb70 positive (Table 12). The Ct values ranged from 21.83 to 36.80 (average = 31.5) for the
sediment and from 27.90 to 35.0 (average = 30.36) for the supernatant. As above mentioned
for the other targets, because of some inhibitors, amplifications were found to be partially
inhibited in 5 out of 81 samples, which were diluted 1:2 and re-evaluated allowing the
detection of 3 inhibited samples as positive. The LOD for real-time PCR-mpb70 was determined

to be lower than 100 genome equivalents, and the cut-off was set to a Ct < 38.
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The real-time PCR targeting mpb70 detected 33 out of 40 culture positive animals [SE
adjusted 83.30% (95% Cl: 71.60-95.00%)], and 35 out of 41 culture negative animals resulted to
be mpb70-negative [SP adjusted = 100% (95% Cl: 100%)]. Of note, 6 out of the 7 culture
negative animals but positive to I1S6110 and 1S4 targets were also classified as MTC positive by
real-time PCR targeting mpb70. Thus, an adjusted FNR of 16.70% (95% CI: 5.00-28.40%) and
FPR of 0% (95% Cl: 0%) were estimated (see Table 13). The PLR value (PLR = eo) implies a high
diagnostic value for the positive results discriminating between MTC-infected and uninfected
animals, however, the NLR value was 0.16 meaning that the true prevalence (TP) of the area

could impact on the diagnostic utility of negative results for this assay (Table 13).

3.4. Comparison between real-time PCR targets to detect MTC

In order to statistically evaluate the differences observed in the SE and SP of the real-time
PCR depending on the DNA target, 95% Cl and correlated proportions McNemar's test were
estimated (Table 14). No significant differences were found between DNA targets (P > 0.05).
Cohen’s kappa coefficient (k) showed an almost perfect agreement between all the targets

(data not shown): 1S6110 - 1S4 (k = 0.95), 1IS6110 - mpb70 (k = 0.90) and 1S4 - mpb70 (k = 0.93).

Table 14. McNemar test. Pairwise frequencies of real-time PCR results for I1S6110, 1S4 and

mpb70 in 81 animals according to microbiological culture results (positive n = 40 and negative

n=41).
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In addition, the diagnostic utility of the positive and negative results obtained with each
probe were compared based on true prevalence (predictive values). When the true prevalence
(TP) ranging from 0 to 60% (Figure 15), a NPV for real-time PCR targeting 1S6110 is > 90%, NPV
> 85% for 1S4, NPV > 80% for mpb70. According to PPV (100%), the real-time PCR targeting

IS6110, 1S4 and mpb70 are able to confirm bTB infection in any scenario of true prevalence.
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Figure 15. Graphical representation of the estimated negative predictive value (NPV) based
on the validity of the real-time PCR targeting 1S6110 (blue line), IS4 (green line) and mpb70

(orange line) and the true prevalence of bTB.
4. Discussion

bTB is one of the most relevant animal diseases worldwide, and, hence, a major concern
for public health. Even though the eradication is the main goal for the UE, this neglected
zoonosis is still present in dairy and cattle herds, especially in several European regions.
Nowadays, the approved surveillance systems, which are mainly based on cellular immune
reaction, have facilitated the diagnosis of infected cattle at the early stage of the disease,
therefore, animals with clinical signs or gross post-mortem TBLs are lack or rarely found at the
slaughterhouse (Ramos et al., 2015; Pozo et al., 2021). This success of surveillance systems has
challenged the direct detection of MTC or its DNA using microbiological culture and/or PCR
since in-vivo immune response have to be confirmed post-mortem (MAPA, 2022). The selective
microbiological culture is the gold standard technique for confirm bTB diagnosis, although is
considered an imperfect assay (Corner et al., 2012; Courcoul et al., 2014; Pucken et al., 2017).
Therefore, development and validation of sensitive and specific real-time PCR protocols,
including sample processing and DNA extraction steps, as an alternative to microbiological
culture, is likely to pave the way to bTB diagnosis. The present study aimed to evaluate two
different DNA isolation protocols and three different specific DNA targets 1S6110, 1S4 and

mpb70, to confirm MTC infection by real-time PCR directly from fresh LN tissue samples.
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DNA isolation is an essential step in the real-time PCR pipeline, therefore there are no
standardized protocols to isolate mycobacterial DNA from fresh post-mortem samples, and
different approaches can be found among studies (Parra et al., 2008; Araujo et al., 2014;
Courcoul et al., 2014; Fell et al., 2016; Lorente-Leal et al., 2019). Mycobacteria belonging to
MTC have some distinctive features that could potentially hinder diagnostic performance,
including the characteristics of MTC cell wall, a non-homogeneous distribution and intracellular
location of MTC-bacillus, the well-known paucibacillary nature of this complex and early
infected-animals with NVLs at the slaughterhouse (Liebana et al., 1995; Taylor et al., 2007,
Liebana et al.,, 2008; Radomski et al., 2013). In order to solve these issues, a novel DNA
extraction protocol (protocol 2) was compared with a traditional one (protocol 1) and
microbiological culture, revealing promising results with the real-time PCR-IS6110. To do so,
protocol 2 used a larger amount of tissue sample (300 mg for protocol 1 vs 1,000 mg for
protocol 2), as well as additional mechanical disruption and enzymatic digestion steps.
Accordingly, protocol 2 disclosed 38 out of 40 culture-positive (95%) and 7 culture-negative
samples (2 out of 7 showed TBLs) as PCR-IS6110-positive. Furthermore, several animals with a
negative result to protocol 1, turned out to be positive (n =12) when protocol 2 was performed.
Consequently, and according to the literature (Fell et al., 2016; Lorente-Leal et al., 2019), these
results point out that the use of small amount of tissue sample seems to decrease the chances
to target mycobacterial DNA leading to false negative results, particularly in the case of

infected animals with NVL.

Secondly, the incubation time before conducting the mechanical lysis step and the kind of
disruption procedure have been reported to potentially impact on downstream real-time PCR
application after DNA isolation reducing the number of discording results (Park et al., 2014; Fell
et al.,, 2016; Lorente-Leal et al.,, 2019). Therefore, real-time PCR-IS6110 showed higher
diagnostic efficiency in our study after conducting protocol 2 than protocol 1 because tissue
samples were submitted to a more intense lysis during DNA extraction process, including four
mechanical disruptions and two overnight chemical lysis steps with proteinase K. In addition,
protocol 2 allows analysing both the sediment and the supernatant increasing the diagnostic
sensitivity of the technique. As a result, in our study, 39 animals were detected as positive from
the sediment samples, and the re-analysis of negative and inconclusive samples allowed
detecting 6 additional PCR-positive animals from the supernatant. In order to optimize protocol
2, we considered the possibility of pooling the sediment and supernatant of the different

samples to avoid performing two PCRs per sample. Although, this step has the disadvantage of
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diluting the samples and therefore certain samples whose Ct is close to the detection limit

could be lost.

Another significant point to consider is the presence of several inhibitors associated with
the extraction protocol or an excess of host DNA that could lead to false negative results, and
therefore decrease sensitivity as a consequence of a partial or total inhibition of amplification,
impacting negatively on the performance of the real-time PCR diagnosis. An exogenous
heterologous IAC supplied by the manufacturer, which enjoys several advantages over the
endogenous or exogenous homologous IACs, was used to identify inhibitors (Lorente-Leal et al.,
2019) and allowed the detection of partial or total inhibition phenomenon. Thus, 6 samples
were found to be completely or partially inhibited for protocol 1, whereas 24 for protocol 2,
respectively. After diluting these samples, 5 out of the 30 inhibited samples became positive,

underlining the relevance of including an exogenous heterologous IAC.

Overall, diagnostic SE and SP for protocol 2 and PCR-IS6110 were very good when
compared to microbiological culture, 95.93% (95% Cl: 89.70-100%) and 100% (95% Cl: 100%),
respectively. By contrast, protocol 1 and PCR-/S6110 DNA vyield an adjusted diagnostic SE of
78.30% (95% Cl: 65.40-91.20%) and SP of 100% (95% CI: 100%).

Previous studies targeting 1S6110 (Costa et al., 2013; Lorente-Leal et al., 2019) have
reported quite similar SE and SP results than those herein reported for protocol 2. In addition,
it is noteworthy to remark that in those studies, there was a high proportion of the evaluated
samples with TBL (from 39% to 57.81% of the total samples vs 19.80% in our study), and hence,
these animals should undergo an advanced stage of bTB infection. These results mean that
both protocols work as a suitable tool to confirm bTB in reactor animals with either TBLs or
NVLs, but specially for bTB diagnosis under current field conditions in the case of protocol 2,
which presented a higher sensitivity to diagnose reactor animals without evident gross lesions
at the slaughterhouse. In addition, our results evidence that extraction protocol is a definitely
relevant step directly influencing on the diagnostic SE of real-time PCR from fresh tissue

samples.

On the other hand, not only does DNA extraction method play a critical role for detection
of MTC, but also the selection of the genetic target (Radomski et al., 2013). MTC-specific
IS6110 transposon is reported as one of the main targets of election for the diagnosis of MTC
complex by real-time PCR (Sevilla et al., 2015), providing a tool capable of differentiating
between MTC and other bacteria, including non-tuberculous mycobacteria (NTM). However, a

IS6110-like element has been recently found in the genome of other NTM, which may also
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potentially cross-react with certain 1S6110 primer pairs or probes (Mchugh et al., 1997; Coros
et al., 2008; Thacker et al., 2011; Lorente-Leal et al., 2021). Although this finding is expected to
minimally impact on the specificity of the real-time PCR-IS6110, cross-reactivity cannot be
ruled out and the use of additional MTC-specific targets would be desirable to improve the
diagnostic performance of direct real-time PCR from tissue samples. Thus, DNA isolated by
protocol 2 was evaluated in the present study using two additional different genetic targets, 1S4
and mpb70. 1S4 DNA target, described by Wang et al. (2019) on human clinical samples but
never tested for veterinary diagnostic, is a highly conserved region inside 1S6110 found
exclusively within the MTC. Mpb70 gene encodes an antigenic protein, which is highly
expressed by all members of the MTC but it is a single copy gene (Lorente-Leal et al., 2021).
The 1S4 and mpb70 real-time PCR, in combination with the obtained DNA with the extraction
protocol 2, resulted in a rapid technique with good diagnostic performance (SE, 91% (82-
99.80%), and SP, for 1S4; SE, 83.30% (71.60-95%), and SP, 100% for mpb70) compared to
microbiological culture. Considering previous real-time PCR studies (Costa et al., 2013;
Courcoul et al., 2014; Cardoso-Toset et al., 2015; Lorente-Leal et al., 2019; Wang et al., 2019),
the estimated diagnostic SE for both DNA targets, IS4 and mpb70, was significantly higher or
similar to that previously reported, along with a higher estimated SP. Nevertheless, an
individual comparison between studies could be problematic and, definitely, biased due to
differences in molecular targets, DNA extraction protocols and validation methods (Toft et al.,
2005). Moreover, we found a substantial agreement between microbiological culture and real-

time PCR-targeting IS6110 (k = 0.77), 1S4 (k = 0.72) or mpb70 (k = 0.67).

Even if SE and SP are the main diagnostic performance indicators used, there are other
factors that could influence in the final utility of a technique, as the disease true prevalence in
the region, the available lab resources or the acceptability by the veterinary professionals. The
predictive values allow to estimate the variations in the diagnostic utility of a test based on the
prevalence, so these values have a great importance allowing veterinary practitioners
interpreting their results (WOAH, 2018b). Based on the obtained PLR and NLR, a real-time PCR
targeting 1S6110, 1S4 or mpb70 positive results would confirm the bTB infection in any true
prevalence scenario with a 100% security (PPV). Regarding to the credibility of the negative
results, it was estimated a NPV of 90%, 85% and 80% for real-time PCR targeting 156110, 1S4
and mpb70 respectively, when the true prevalence ranging from 0% to 60%. These results
highlight the usefulness of 1IS6110, 1S4 and mpb70 as targets of interest in the direct molecular

diagnosis of bTB infection.
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Despite the described results, several contradictory results between microbiological culture
and real-time PCR assays were observed. Of the 41 culture-negative animals, MTC DNA was
detected in 5 animals with PCR targeting both, 1S6110 and 1S4, whereas PCR targeting mpb70
detected 4 animals as positive. These findings could be associated to different factors
impacting the sensitivity and/or specificity of microbiological culture and real-time PCR. Among
the limitations of microbiological culture impacting on MTC detection, lack of analytical
specificity due to growth of other microorganisms, including non-tuberculous mycobacteria
(NTM) (Corner et al., 2012; Courcoul et al., 2014), or decontamination process reducing cell
viability of a slow-growing bacteria with a paubacillary presentation (Taylor et al., 2007;
Liebana et al., 2008; Corner et al., 2012; Radomski et al., 2013), should be taken into account.
Furthermore, cross-reactivity of the probes with other bacteria should be also considered as a
limitation of the real-time PCR. As above mentioned, although 1S6110 is commonly used for
the diagnosis of bTB, it may present cross-reactivity with NTM. To address this issue, 1S4 and
mpb70 primer pairs, which have been reported to be MTC-specific (Wang et al., 2019; Lorente-
Leal et al., 2021), were used in our study proving that non-cross-reaction was found in culture-
negative but real-time PCR-IS6110 positive animals. Besides, 2 out of 41 culture-negative
animals and real-time PCR targeting 1S6110, 1S4 and mpb70 positive animals presented TBL
confirmed by histopathology (data not shown). These results suggests that DNA extraction
protocol 2 working together real-time PCR targeting IS6110, IS4 or mpb70 could be a faster and
more efficient assay for MTC detection in TBL or NVL samples during official post-mortem
inspection, compared to microbiological culture. Nevertheless, microbiological culture is
actually an essential technique to mycobacterial isolation and molecular epidemiology studies

so far (Courcoul et al., 2014).

On the other hand, a small number of animals positive to microbiological culture were
found to be PCR-negative targeting I1S6110 (2 out of 41), 1S4 (4 out of 41) or mpb70 (7 out of
41). The presence of inhibitors impairs real-time PCR performance, nevertheless, this factor
was ruled out since IAC amplifications were observed in all of these PCR-negative samples.
Another reason that could explain these negative results could be a low mycobacterial load
that would be beyond the LOD, resulting undetectable for these assays, especially in the case
of mpb70 which is a single copy gene (Lorente-Leal et al., 2019). In addition, although it seems
to be an uncommon case, several isolates lacking the 1IS6110 element have been reported for
M. tuberculosis (Tabet et al., 1994; Das et al., 1995; Kamerbeek et al., 1997) but also for M.

bovis (Steensels et al., 2013).
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The present study describes a complete protocol including the sample pre-processing, DNA
purification and real-time PCR analysis. According with our results, the DNA extraction protocol
2 and real-time PCR targeting 1S6110 or 1S4 could be potential first-choice molecular assays to
detect MTC directly in fresh bovine tissue samples. These protocols proved to be rapid, highly
sensitive and specific diagnostic tools as alternative to microbiological culture which could take
up to three months to complete shortening turnaround time for decision makers to be
promptly informed. Furthermore, the low proportion of animals tested with TBL (16 out of 81)
in our study highlights the diagnostic potential of this real-time PCR protocol to detect MTC
directly from fresh LN tissue samples at early stages of infection and, therefore, when the
mycobacterial load is low. This would be essential in the current framework, in which the
successful eradication schemes have reduced the number of reactors with TBL at the
slaughterhouse; thus, the implementation of these cost-effective molecular tools in
surveillance and control programs would pave the way to eradicate bTB. However, the major
limitation of this study to hinder its wide application in the present setting is the lack of a ring
trial that would allow its validation in different laboratories as well as different epidemiological
scenarios. Therefore, further work on the re-validation of the present protocol should be

performed in the future.
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Abstract

Bovine tuberculosis (bTB) constitutes a global challenge for public and animal health. This
study aimed to estimate the accuracy of the single intradermal tuberculin test (SIT) and
macroscopic post-mortem inspection for different diagnostic objectives following WOAH
guidelines. Tissue samples from 59 microbiological culture/PCR-positive cattle and 58
microbiological culture/PCR-negative were evaluated. The diagnostic sensitivity and specificity,
the positive and negative probability indices, the positive and negative predictive values (PPV
and NPV) of each technique were estimated for different pretest probabilities. The SIT with strict
interpretation demonstrated moderate precision in confirming the absence of infection in
populations historically free of bTB, with a 12.1% rate of false positives, but also detecting
positive animals in the early stages of the eradication programs, with a 13.6% rate of false
negatives. The diagnostic performance for ruling out bTB was notably high (NPV > 90%) in
animals with a pre-test probability below 42%. Macroscopic inspection may constitute an
interesting alternative tool to confirm suspected and positive cases for SIT, particularly in areas
with bTB prevalence exceeding 19%, where implementing SIT and eradication measures may be
impractical. In these areas, the likelihood that animals with TBL are affected by the disease
surpasses 90%. Similarly, in herds with a pre-test probability below 25%, the absence of bTB

could be confidently ruled out with over 90% certainty. These findings highlight the effectiveness
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of SIT and macroscopic inspection as valuable techniques for current eradication programs and

controlling bTB in high-prevalence areas where molecular techniques may not be feasible.

Keywords: Likelihood ratio, Predictive Values, bovine tuberculosis, single intradermal

tuberculin test, macroscopic inspection
1. Introduction

Bovine tuberculosis (bTB) is a zoonotic disease that affects both animals and humans causing
a detrimental socioeconomical impact on public and animal health. bTB, currently known as
animal tuberculosis, is caused by Mycobacterium bovis and other pathogens belonging to
Mycobacterium tuberculosis complex (MTC) (WOAH, 2018). In developed countries, bTB is
subjected to rigorous surveillance and control programs, resulting in a herd prevalence rate of
less than 2% and individual animal prevalence rate of 1%. Nevertheless, in many developing
countries, such as those in Africa, where up to 85% of cattle and 82% of the human population
live in areas where bTB is endemic, MTC infection remains a neglected problem (Ayele et al.,

2004).

The diagnosis of bTB is a multifaceted task due to the constraints of the diagnostic tests
approved by the World Organization for Animal Health (WOAH) which have limitations in
sensitivity and/or specificity, as highlighted in previous studies (de la Rua-Domenech et al., 2006;
Bezos et al., 2014; Costa et al., 2014; Larenas-Mufioz et al., 2022). Currently, microbiological
culture followed by molecular identification is considered as the reference standard for MTC
diagnostic (WOAH, 2018a). Nonetheless, this method is labour-intensive, slow, necessitates
biosafety level facilities, and presents significant constraints in terms of sensitivity (Se 78.1%
[72.9-82.8%]) (Costa et al., 2014; Courcoul et al., 2014; Sdnchez-Carvajal et al., 2021). It has been
reported that molecular diagnostic techniques based on the identification of bacterial DNA from
fresh tissue sample by using real-time PCR have demonstrated several advantages compared to
microbiological culture (Prabhakar et al., 2004; Lorente-Leal et al., 2019; Sdnchez-Carvajal et al.,
2021; Vera-Salmoral et al., 2023). These include increased accuracy and shortening the
turnaround time to confirm bTB infection, as well as the ability to diagnose the specific bacterial
species. However, these diagnostic tests require specialized infrastructure and preparation for
their execution. As a result, real-time PCR is not widely accessible to developing countries, which
often perform abattoir inspection and single intradermal tuberculin test (SIT) for disease control

without confirming positive cases (Arnot & Michel, 2020).
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The SIT is the most widely recognized and utilized official technique worldwide for the
antemortem diagnosis of bTB. Reactor animals, identified by positive test results for bTB, are
typically removed from the herd until they are slaughtered. However, several factors related to
the immunological response (early infection, anergy or concurrent immunosuppression), to the
PPDs (expired product, product stored under inappropriate conditions, manufacturing errors,
low potency) or to the methodology (doses, site of injection, inexperience) might cause false
negative results (de la Rua-Domenech et al., 2006; Alvarez et al., 2012; Casal et al., 2014;
O’Hagan et al., 2019). On the other hand, co-infection or pre-exposure to other related non-
tuberculous mycobacteria have been reported as a potential cause of a false positive result (de

la Rua-Domenech et al., 2006; Alvarez et al., 2012; Casal et al., 2014; O’Hagan et al., 2019).

The abattoir inspection enables early detection of tuberculosis-like lesions (TBL), rapid
intervention, and effective prevention of disease transmission to other animals and humans
favouring the control of bTB. In countries with official bTB control programs, abattoir inspection
plays an important role in the detection and monitoring of bTB (Domingo et al., 2014; Garcia-
Saenz et al., 2015). Post-mortem examination of animals allows identifying gross TBL, basically,
in regional lymph nodes (retropharyngeal, tracheobronchial and mediastinal lymph nodes) and
the lungs. The size, location, and extent of these lesions can vary depending on the type of
mycobacteria, route of infection, and disease stage (Borham et al., 2022; Palmer et al., 2022;
Pozo et al., 2021; Wangoo et al., 2005). Moreover, because of the progress of control programs,
it is increasingly common to find lesions limited to a single lymph node, or even not to find

lesions in animals infected by MTC (Varello et al., 2008; Sanchez-Carvajal et al., 2021).

The present study aimed to estimate the diagnostic accuracy of SIT and macroscopic
inspection for the most common diagnostic purposes listed in the WOAH Terrestrial Manual:
1) contribute to the demonstration of freedom from infection in a defined population
(country/zone/compartment/herd) (prevalence apparently zero), 2) certify freedom from
infection or presence of the agent in individual animals or products for trade/movement
purposes, 3) contribute to the eradication of disease or elimination of infection from defined
populations and 4) confirm diagnosis of suspect or clinical cases (includes confirmation of
positive screening test), and to assess the costs associated with eliminating positive animals in

different scenarios of bTB.
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2. Material and methods
2.1 Characterization of the population under study and sampling

Slaughterhouse sampling was carried out in the framework of the bTB Spanish national
eradication program. In accordance with European regulations, retropharyngeal,
tracheobronchial and mesenteric lymph nodes (LN) were collected from 227 randomly selected
carcasses for bacteriological culture and confirmation by real-time PCR-1S6110 (reference
standard). No lesions were observed in lung or other organs. In parallel, comprehensive
information regarding the bTB status of the farms (infected: T1 and T2 status, and officially free
in the last three years: T3H status) was obtained from the official Veterinary Services, delimiting

farms as infected (T1 and T2 status) or officially free in the last three years (T3H status).

According with this dataset, 59 bTB-positive animals (coming from T1-T2 farms and
culture/PCR-positive in at least one of the three selected LN) and 58 bTB-negative animals
(coming from T3H farms and culture/PCR- in all samples) were included as reference in the

study.

2.1 Microbiological culture

An individual selective culture of each LN was performed in liquid medium according to the
protocol described by Corner & Trajstman (1988). Thus, LN tissue samples were homogenized
individually and then, each homogenate was decontaminated using 0.75 % hexadecylpyridinium
chloride solution and kept in agitation for 30 minutes. The pellet was cultured by a swab in
MGITTM 960 Becton Dickinson (Madrid, Spain) liquid medium in the BD BACTER TM MGITTM
Automated System (Becton Dickinson). Subsequently, those cultures in which growth was

detected were subjected to real-time PCR for discriminating MTC (Thierry et al., 1990).

2.2 Single intradermal tuberculin (SIT) test

The results of the last SIT were recorded according to the strict interpretation, positive

animals were those that showed an increase in the thickness of the skin fold of more than 2 mm.

2.3. Post-mortem inspection

In order to disclose gross TBL, the carcases and tissues were subjected to visual inspection,
including incision and examination of the retropharyngeal, tracheobronchial and mediastinal
LNs and the palpation of the lungs during routine post-mortem inspection of animals at the

abattoir (Commission implementing Regulation 627/2019).
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2.4 Statistical analysis

According to guideline for validation diagnostic assays for infectious diseases of terrestrial
animals (WOAH, 2023), the statistical program Epidat 3.1 (Galician Health Service, Spain) was
used to determine the diagnostic performance of the tests according to the defined purposes
by calculating diagnostic sensitivity (Se), diagnostic specificity (Sp), positive likelihood ratio [PLR
= Se/(1-Sp)] and negative likelihood ratio [NLR = (1-Se)/Sp]. Using this dataset, we proceeded to
estimate the diagnostic utility of the tests across varying pre-test probabilities of bTB by
calculating predictive values (Reid et al., 2022). Each calculation was accompanied by a

corresponding 95% confidence interval (Cl).

According to the criteria of Sackett (2001), a PLR > 10 or NLR < 0.1 indicates that the test is
able to effectively distinguish between healthy and infected animals and accurately confirm or
rule out the disease in almost all cases. If 5 < PLR £ 10 or 0.1 < NLR £ 0.2, the ability of the test
to confirm or rule out the disease would be moderate, and its usefulness will depend on the
prevalence of the disease. A PLR between 2 and 5 or a NLR between 0.2 and 0.5 indicates that
the test has low diagnostic value, and its usefulness will be strongly affected by disease
prevalence. Finally, a PLR < 2 or NLR > 0.5 indicates that the test has difficulty in distinguishing

between healthy and diseased animals and has little or no diagnostic value.

The PPV and NPV of diagnostic tests were determined from the LRs, which allowed the
calculation of post-test probabilities of positive and negative results for a range of prevalence
from 0% to 100% (pre-test probability). The equations used were PPV = Odds post "diseased" /
(1 + Odds post "diseased") and NPV = Odds post "not diseased" / (1 + Odds post "not diseased"),
where Odds post = LR * Odds pre and Odds pre = Pre-test probability / (1 - Pre-test probability).

The resulting data was visualized using GraphPad Prism 9 software (La Jolla, CA, USA).

For the SIT test, the inverse of the PPV was calculated to estimate the cost of culling true
and false positives for every truly diseased animal identified, according to WOAH

recommendations.
3. Results
3.1 Microbiological culture of positive-reference animals

A total of 59 bTB-positive animals were included in the study, based on isolation and
identified of MTC in at least one of the three selected LNs (Table 15).Taking into consideration

the topographical distribution of positive samples, 39 (17.2%) positive samples were disclosed
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in the tracheobronchial LN, 21 (9.7%) in the retropharyngeal LN and 10 (4.4%) in the mesenteric
LN. Fifty out of the 59 positive animals (84.7%) were positive in only one LN, 8 (13.6%) were

positive in two LNs and 1 animal (1.7%) was culture positive in all 3 LNs.

Table 15. Diagnostic sensitivity, specificity and likelihood ratios estimates for the single

intradermal tuberculin test (SIT), with severe interpretation, and the macroscopic inspection.

Microbiological culture/
real time PCR-I1S6110

bTB- positive bTB-negative DSe DSp PLR NLR
animals animals (Clss) (Clss) (Clgs) (Clos)
87.9%
SIT + 48 7 86.4% 7.16 0.15
(78.7%-
(76.8%-96%) (3.5-14.5)  (0.08-0.3)
SIT - 4 51 97.2%)
98.3%
MI + 38 1 67.8% 39.3 0.33
(94.1%-
(55%-80.6%) (5.6-276)  (0.23-0.48)
MI - 14 57 100%)

SIT: Single Intradermal tuberculin; DSe: Diagnostic sensitivity;, DSp: Diagnostic specificity; PLR: positive
likelihood ratio; NLR: negative likelihood ratio; MI: Macroscopic inspection

3.2 Diagnostic accuracy of SIT

Regarding SIT results, 58 out of the 117 animals tested (49.6%) yielded a positive result and
59 (50.4%) were negative. Comparing with microbiological culture, 51 out of 58 bTB-positive
animals were classified as SIT positive (DSe 86.4%; 95% Cl: 76.8%-96.0%) and 51 of the 58 bTB-
negative animals (DSp 87.9%; 95% Cl: 78.7%-97.2%), resulting in a false positive rate (FPR) of
12.1% (95% Cl: 2.8% - 21.3%) and a false negative rate (FNR) of 13.6% (95% Cl: 4.0%-23.1%)
(Table 15). Based on the obtained LR values (PLR = 7.16 and NLR = 0.15), the interpretation of
severe SIT would have a moderate value to effectively distinguish between healthy and infected

animals.

The utility of the test is highly dependent on the pre-test probability. As depicted in Figure
16, the reliability of results (SIT+ / SIT-) would be high (= 90%) for animals with a pre-test
probability (determined by the prevalence of bTB in the area, SIT+ animal rate, associated risks
of infection in the herd and presence of clinical signs) higher than 56% (PPV) and lower than 42%

(NPV), respectively.
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Figure 16: Positive predictive values (PPV) of the single intradermal tuberculin Test (SIT) with
severe interpretation estimated according to the pre-test probability of bovine tuberculosis

(bTB).

Moreover, the inverse of PPV was calculated and graphically presented in Figure 17. The
results show that in farms or areas with a very low pre-test probability of bTB (Ppre 0%-2%),
between 141 (Ppre 0.1%) and 8 (Pt 2%) SIT+ animals would be slaughtered for each truly infected

animal detected. Conversely, in areas with moderate to high pre-test probability (Ppre 6%-30%),
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the number of animals slaughtered would be significantly lower, ranging from 4 to 2 per truly

infected animal detected.
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Figure 17: Inverse of the positive predictive values (1/PPV) of the single intradermal
tuberculin Test (SIT) with severe interpretation estimated according to the pre-test probability

of bovine tuberculosis (bTB).
3.3 Diagnostic accuracy of postmortem macroscopic inspection

Only 40 out of the 117 animals selected for the study (34.2%) presented macroscopic TBL in
any of the examined LNs (Table 15). We did not identify any case with lesions detected in internal

organs beyond LNs.

Comparing with microbiological culture, DSe and DSp of macroscopic inspection were 67.8%
(95% Cl: 55%-80.6%) and 98.3% (95% Cl: 94.1%-100%), respectively. The false negative rate
(FNR) was estimated at 32.2 % (95% Cl: 19.4% - 45%), and the false positive rate (FPR) was 1.7%
(95% Cl: 0%-5.9%). Based on LRs, the macroscopic analysis had high ability to confirm the disease
(PLR = 39.3), but poor ability to rule bTB out (NLR = 0.33).

As illustrated in Figure 18, the positive macroscopic examination has high credibility (PPV 2
90 %) if the pre-test probability is greater than or equal to 19%. When using the macroscopic
examination after SIT, SIT+ animals from herds with a prevalence of 4% or higher would have a
pre-test probability of having bTB higher than 19% (as indicated by the PPV of SIT, depicted in
Fig. 1). Finally, considering the credibility of negative results, it was observed that the NPV would
be very high (>90%) in animals where the pretest-probability of bTB ranges from 0% to 25% (Fig.
18).
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Figure 18: Positive (PPV) and negative (NPV) predictive values of macroscopic inspection, as

a function of the pre-test probability of bovine tuberculosis.
4. Discussion

The bTB is a zoonotic disease that has been largely neglected in developing countries but
remains a matter of global concern (Inlamea et al., 2020; Bernitz et al., 2021). Data retrieved
from WAHIS reveals that, in 2021, bTB was officially confirmed in cattle populations across 40
out of the 183 countries that routinely report their bTB status. It is important to mention that

up-to-date data are not available for many nations. While numerous countries have made
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considerable strides in controlling bTB at the herd level, completely eradicating the disease
remains a formidable challenge. This is primarily due to the persistent infection reservoirs in
wild animals (Gortdazar et al., 2012; WOAH, 2018a) and the ongoing complexities associated with

diagnosing this disease.

In developed countries, efforts for the control and eradication of bTB are mainly based on
screening methods such as SIT or IFN-y. These screenings are followed by culling of reactor
animals and confirmation by histopathological analysis (in the case of numerous reactor animals
in the herd) and/or microbiological culture (de la Rua-Domenech et al.,, 2006). These
programmes have been remarkably effective, leading to a substantial reduction of bTB
prevalence in cattle herds, reaching as low as 0.001% in countries such as the USA and several

European nations (APHIS UDA, 2009; EFSA & ECDC, 2018; Refaya et al., 2020; MAPA, 2022).

In contrast, bTB remains a significant concern for both human and animal health in many
developing countries. Reports indicate that in numerous African countries, bTB prevalence
ranges from 11% to as high as 28% in cattle populations, with many areas lacking any recorded
data (Malama et al., 2013; Okeke et al., 2016; Diallo et al., 2016; Dibaba et al., 2019; Refaya et
al., 2020; Kasir et al., 2023). Various factors contribute to this situation, including a notable
shortage of economic and human resources that hinders the development of effective bTB
surveillance and control programs, which are characterized by substantial economic costs

(Dibaba et al., 2019; Kemal et al., 2019).

Consequently, bTB diagnosis is primarily conducted during post-mortem inspections at
abattoirs. This is due to the combined use of bacteriology and SIT, which is expensive, time-
consuming, and unsafe in poorly equipped laboratories (Dibaba et al., 2019). On the other hand,
some regions have implemented bTB control programs involving SIT and abattoir surveillance,
or strategies that combine post-mortem inspection with SIT testing in herds where TB lesions
were found (Arnot and Michel, 2020; Elsohaby et al., 2021; Woldemariyam et al., 2021).
However, implementing such strategies may not be practical or feasible in communal farming
systems of developing countries, and it may even raise ethical concerns, especially in the context
of wildlife (Arnot and Michel, 2020). This is primarily due to the diagnostic limitations of SIT at
the individual level, which can result in the unnecessary culling of healthy animals (de la Rua-

Domenech et al., 2006; Alvarez et al., 2012; Casal et al., 2014; O’Hagan et al., 2019).

Therefore, this study aimed to assess the accuracy of SIT and post-mortem inspection for

the most common diagnostic purposes outlined in the WOAH Terrestrial Manual. Additionally,
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the study aimed to evaluate the costs associated with eliminating positive animals under

different scenarios of bTB.

The SIT is the most commonly used official diagnostic technique for bTB (Bezos et al., 2014;
de la Rua-Domenech et al., 2006). Nonetheless, both the simple SIT and the comparative SIT
(SCIT) can exhibit considerable variations in accuracy in comparison to microbiological culture,
the reference standard method (Monaghan et al., 1994; de la Rua-Domenech et al., 2006).
Several studies have reported a broad range of DSe for SIT, ranging from 80.2% to 100%, and
DSp between 75.5% and 96.8%. In contrast, SCIT demonstrates a DSe that varies from 68.6% to
100% and a DSp ranging from 88.8% to 100%. SCIT is generally regarded as a more specific
technique than SIT but is less sensitive (de la Rua-Domenech et al., 2006). Furthermore, strict
result interpretation may categorize doubtful animals as positive, potentially enhancing DSe at

the expense of DSp (Anonymous, 2006; de la Rua-Domenech et al., 2006)

Our findings revealed that the DSe for cervical SIT, when strictly interpreted, was 86.4% (95%
Cl: 76.8% - 96%), while the DSp was 87.9% (95% Cl: 78.7% - 97.2%). These values may be
attributed to possible cross-reactions with nontuberculous and/or environmental mycobacteria
(Alvarez et al., 2009). In contrast, Bayesian approximation models based on literature reported
substantial differences in DSe, with values ranging from 53% to 69.4% (Alvarez et al., 2012).
Regarding SCIT, the DSe has been reported to range from 40.5% to 57.7%, and the DSp from
96.3% to 99.7%, with a slight improvement observed when employing a strict interpretation

criterion (Lahuerta-Marin et al., 2018).

It is important to note that relying solely on DSe and DSp values for test evaluation is
insufficient because these values do not provide a comprehensive understanding of the test
utility in specific contexts and health conditions. To assess the accuracy of a test depending on
diagnostic purpose, several researchers recommend the use of the likelihood ratios and the
predictive values (Dujardin et al., 1994; Grimes et al., 2005; Caraguel & Colling, 2021); Reid et
al., 2022).

The LRs enable a comparison of the likelihood of success and failure of a diagnostic test using
a single parameter and facilitates the estimation of the predictive values (PV), based on the pre-
test probability (Caraguel and Colling, 2021). As control measures are implemented during the
execution of a control program, disease prevalence and, consequently, the pre-test probability,
undergoes continuous changes. In order to assess the costs associated with test performance
and the need to change to a test with higher DSe and/or DSp to mitigate these costs, WOAH
recommends monitoring the inverse of PPV (WOAH, 2018b).
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Considering the DSp and LR+ estimated in this study, SIT with strict interpretation prove to
be a remarkably accurate technique for demonstrating the absence of bTB in a historically TB-
free population (zero or almost zero prevalence). However, it is noteworthy that the technique

does exhibit a 12.1% rate of false positive results (Reid et al., 2022; WOAH, 2023).

On the other hand, the accuracy (DSe and LR-) of the SIT would be significant for confirming
the absence of bTB in individual animals or products for trade/movement purposes, but also
during the early stages of a proof-of-freedom testing programme when the prevalence of the
disease remains at non-negligible levels, since SIT presents 13.6% of false negative results and
allows the detection of 86.4% of positive animals (Reid et al., 2022; WOAH, 2023). The diagnostic
performance of SIT would be notably high (NPV > 90%) in herds or animals with a pre-test
probability of less than 42%. This scenario is frequently found in many developing countries
where the prevalence of bTB is in the range of 20%-30% (Ayele et al., 2004). Nevertheless, a
comprehensive evaluation of the potential costs linked to culling SIT+ animals is essential,
considering the specific conditions of the farm or region. As mentioned above, in many parts of
Africa, unnecessary culling of healthy animals may be not feasible in communal farming systems
(Ayele et al., 2004). In this context, the graphical tools (Fig. 1 and 2) presented in this article can
offer valuable insights, as long as they are accompanied by studies to determine the prevalence

of bTB in herds.

In such scenarios, the utilization of SCIT variant may have more suitable alternative. This
variation provides increased specificity (94,4%-100%), resulting in a reduced number of false
positive animals to be culled. Nonetheless, this choice may potentially allow a greater number
of infected animals to remain on the farm (up to 44.9% of FNR with standard interpretation and

31.4% with strict interpretation) (de la Rua-Domenech et al., 2006).

Similarly, WOAH (2023) recommends that when culling infected animals in the context of an
eradication programme reduces the disease prevalence to very low levels, a implementing a
more specific test is advisable to minimize the culling of false positive animals as much as
possible. However, there are no other ante-mortem techniques that offer the combination of
advantages that SIT offers: good diagnostic sensitivity, simple execution, cost-effectiveness, and
early diagnosis capacity. Although IFN-y shows similar diagnostic validity to SIT, it presents
logistical challenges and higher costs, making it unsuitable for all settings (de la Rua-Domenech
et al., 2006; Schiller et al., 2010). On the other hand, serological tests detect humoral immunity

and, in fact, would not be suitable for the early diagnosis of bTB (Pollock and Neill, 2002).
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Regarding post-mortem macroscopic inspection, our results showed a DSe of 67.8% (95% Cl:
55%-80.6%) and a DSp of 98.3% (95% Cl: 94.1%-100%), with a PLR of 39.3 and an NLR of 0.33.
According to DSp and LR- estimated, macroscopic inspection emerges as highly useful technique
for confirming diagnosis of suspect or clinical cases, including the confirmation of positive-
animals to screening test. This aligns with the current practices in eradication and control

programmes implemented in developed countries (Reid et al., 2022; WOAH, 2023).

Furthermore, in developing countries with a significant prevalence of bTB, where eradication
is not feasible, and the cost-effectiveness of SIT is prohibitive, the macroscopic inspection at the
slaughterhouse could be a valid alternative as a primary diagnostic method. In this scenario, the
technique could help to reduce bTB in areas/herds with a pre-test probability > 19%, as the
probability of animals having the disease when TBL is detected is at least 90% (Figure 3) and one
animal that tests positive upon macroscopic inspection would be culled for every truly infected
animal identified. However, given the DSe and LR- estimated, only in areas/herds with a pre-test
probability < 25%, the absence of TBL would allow ruling out the disease with more than 90%

certainty (NPV).
5. Conclusions

The assessment conducted in this study highlights the utility of SIT and macroscopic
inspection, based on the updated WOAH guidelines. These techniques are applicable not only
within the framework of eradication programs but also for the control bTB in high-prevalence
areas where the implementation of microbiological and molecular techniques may not be
feasible. The incorporation of predictive values in result interpretation highlights the imperative
to promote prevalence studies in these regions, enabling precise assessments of the efficacy of

these techniques.
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Abstract

Bovine tuberculosis (bTB) caused by Mycobacterium tuberculosis complex (MTC) remains a
significant concern for public health. Direct real-time PCR and droplet digital PCR (ddPCR) are
proposed as alternative tools to enhance diagnostic precision and efficiency. This study aims to
assess the diagnostic performance of a ddPCR assay targeting 1S6110 for the detection of MTC
DNA in both microbiological culture and fresh lymph node (LN) tissue samples obtained from
cattle, in comparison with the established reference standard, the microbiological culture
followed by real-time PCR. The fresh LNs (N=100) were collected each from a different cattle
carcass at the slaughterhouse. The limit of detection of ddPCR-1S6110 was set to 10! copies per
20 pl reaction. DdPCR-IS6110 detected 44 out of 49 reference-standard positive samples and
yielded negative results in 47 out of 51 reference-standard negative samples, resulting in
adjusted sensitivity (SE) and specificity (SP) of 90.76% [95% confidence interval (Cl): 82.58 -
98.96%)], and 100% (95% Cl: 100%) respectively. The estimated adjusted false negative rate
(FNR) was 9.23% (95% Cl: 1.04 - 17.42%) and the false positive rate (FPR) was 0% (95% Cl: 0%).
When directly applied from fresh bovine LN tissues, ddPCR-IS6110 identified 47 out of 49

reference-standard positive samples as ddPCR-IS6110-positive and 42 out of 51 reference-
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standard negative samples as ddPCR-IS6110-negative, resulting in adjusted SE and SP values of
94.80% [95% (Cl): 88.52 - 100%] and 100% (95% Cl: 100%), respectively. The adjusted FNR was
5.20% (95% Cl: 0 - 11.50%) and the FPR was 0% (95% Cl: 0%). Noteworthy, ddPCR-I1S6110
disclosed as positive 9 samples negative to reference-standard. DdPCR-1S6110 proved to be a
rapid, highly sensitive, and specific diagnostic tool as an alternative to reference-standard

method.

Keywords: droplet digital PCR, bovine tuberculosis, Mycobacterium tuberculosis complex,

molecular diagnosis, I1S6110, lymph node
1. Introduction

Bovine tuberculosis (bTB) is caused by bacteria belonging to Mycobacterium tuberculosis
complex (MTC), mainly M. bovis and M. caprae (Aranaz et al., 2004; Domingo et al., 2014). bTB
is still a zoonoses of major concern for public health, especially in developing countries (Dean
et al. 2018). In the European Union (UE), even though the eradication is the main goal, this
disease is still present in dairy and beef herds (MAPA, 2022). Current European approved
surveillance systems are based on detection of a specific cellular immune reaction by single or
comparative intradermal tuberculin testing (SIT or SCIT) and interferon gamma release assays
(IFN-y), followed by compulsory slaughter of reactor animals as well as post-mortem
confirmation. Furthermore, this program includes abattoir surveillance for undetected bTB-
infected animals, regular retesting and culling of infected animals and restrictions on the

movement of livestock to prevent introduction of infected animals (UE, 2020).

These approaches have simplified the diagnosis of MTC-infected cattle at the early stage of
the disease (de la Rua-Domenech et al., 2005), therefore, animals with clinical signs or gross
tuberculosis-like lesions (TBL) are lack or rarely found at the slaughterhouse (de la Rua-
Domenech et al., 2005; Ramos et al., 2015; Pozo et al.,, 2021). This success of surveillance
systems has challenged the traditional examination of atypical or enlarged lymph nodes (LNs)
or parenchymatous organs with gross TBLs, and/or culture of MTC in primary isolation medium
followed by real-time PCR. In this scenario, several factors could play a role in hindering the
eradication of bTB. One of the most relevant drawbacks is the poor diagnostic performance
reported for the current diagnostic tools. As a consequence, truly infected animals are
misclassified as bTB-free, which contribute to maintaining the chain of infection on the farm,

but also in sharing pasture areas.

In order to make the diagnostic and confirmation procedure for bTB more reliable and

swifter, several diagnostic tools have been proposed as alternatives to the reference standard
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(microbiological culture followed by confirmation by real-time PCR), which is considered an
imperfect reference technique taking up to three months to obtain a confirmatory result
(Courcoul et al., 2014; Lorente-Leal et al., 2021; Sanchez-Carvajal et al., 2021). Direct real-time
PCR from tissue samples has been reported to be a potential first-line technique for the
detection of MTC species in animal tissues worldwide (Courcoul et al., 2014; Wang et al., 2019;
Lorente-Leal et al.,, 2019; Lorente-Leal et al.,, 2021; Sanchez-Carvajal et al., 2021).
Nevertheless, although direct real-time PCR seems to be a simple, rapid and robust alternative
to microbiological culture, PCR results could be affected mainly by the characteristics of the
lesion (necrosis, calcification or fibrosis), a low mycobacterial load, the DNA isolation
procedure and the presence of inhibitors (Lorente-Leal et al., 2019; Sanchez-Carvajal et al.,

2021).

These limiting factors could be overcome by other molecular tools such as droplet digital
PCR (ddPCR). The ddPCR is an emerging PCR assay, based on water—oil emulsion droplet
technology, which have been described in several medical fields in recent years, including
diagnosis of several infectious pathogens, DNA methylation determination, gene expression,
and gene mutation analysis (Strain et al., 2013; Larsson & Helenius, 2017). Each sample is
partitioned into approximately 20,000 droplets before being subjected to the PCR and,
therefore, each droplet could contain one target molecule or none. This is a substantial
advantage compared to real-time PCR, since ddPCR has been reported to be less sensitive to
inhibitors due to sample partitioning (Dingle et al. 2013; Yang et al. 2014). Another key
argument to bear in mind is that ddPCR is more sensitive and accurate than real-time PCR,
especially in the case of low-copy acid nucleic (Devonshier et al., 2015; Yang et al., 2017;
Nyaruaba et al.,, 2020). This technology has been already reported for the detection of
Mycobacterium tuberculosis in human samples (Devonshier et al.,, 2015; Cao et al., 2020;
Nyaruaba et al., 2020) or recently, for the detection of Mycobacterium avium subsp.
paratuberculosis DNA in whole-blood and faecal samples from cattle (Badia-Bringué et al.,
2022). However, ddPCR capability to detect MTC in fresh bovine tissue samples has not been
yet evaluated. Thus, the primary aim of this research was to assess the diagnostic performance
of a ddPCR assay targeting 1S6110 for the rapid and sensitive detection of MTC DNA in both
microbiological culture and fresh LN tissue samples obtained from cattle, in comparison with

the established reference standard.
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2. Materials and methods
2.1 Samples selection and processing

This study was part of a larger project focused on developing rapid and accurate diagnostic
tools in the current framework of bTB surveillance and control programs. LN tissue samples
(N=100) were collected each from a different cattle carcass at the slaughterhouse from 2018
to 2019 in the context of Spanish bTB eradication program. All samples were collected during
routine post-mortem veterinary examination within an official context and according with
national and European regulations. No purpose killing of animals was performed for this study,

so no ethical or farmer’s consent approval was required.

LNs were independently sliced to confirm the presence of visible TBLs (N=19) or no visible
lesions (NVLs) (N=81) and fixed in 10% neutral-buffered formalin for the histopathological
analysis. Each LN was then individually homogenized using a tissue homogenizer (Fisherbrand,
Fisher Scientific, Madrid, Spain) to obtain a uniform mixture. Tissue homogenate was divided

into paired samples that were used for DNA isolation and selective microbiological culture.

For histopathological evaluation, formalin fixed LNs were processed and embedded in
paraffin following standard procedures. Four-micron sections were stained with haematoxylin-
eosin (H&E) and Ziehl-Neelsen (ZN). Histopathological findings were classified as TBLs for those
samples with a tuberculous granuloma, pyogranuloma, or scattered Langhans-type
multinucleated giant cells (MNGCs), or as no histopathological lesion (NHLs), for the tissue with
normal histological characteristics and no lesion compatible with TBL (Larenas-Mufioz et al.,
2022). In addition, Ziehl-Neelsen (ZN) technique was performed to detect acid-fast bacilli. A
sample was considered positive for ZN when one or more AFB were found in at least one high-

power field magnification (HPF, 100x).

For the reference standard (microbiological culture followed by real-time PCR-1S6110),
tissue homogenates were decontaminated with an equal volume of 0.75% (w/v: 1/1)
hexadecyl pyridinium chloride solution in agitation for 30 min. Samples were centrifuged for
30 min at 1,500 x g. The pellets were collected with swabs and cultured in liquid media
(MGIT™ 960, Becton Dickinson, Madrid, Spain) using an automatized BD Bacter™ MGIT™
System (Becton Dickinson) (Corner et al., 1988). DNA extraction was performed using the
MagMAX Total Nucleic Acid Isolation Kit according to the manufacturer’s instructions (Thermo
Fisher Scientific, Lissieu, France). DNA was eluted in 50 pl. Then, cultures were considered
positive when isolates were confirmed as MTC using real-time PCR (Thierry et al., 1990). The

cut-off value of real-time PCR-1S6110 assay was set at 10 to 100 genomic equivalents, and the
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cut-off set at Ct < 38 (10 to 100 genomic equivalents /15 pL reaction mixture) (Sadnchez-

Carvajal et al., 2021).
2.2 DNA isolation from microbiological culture and LNs

Genomic DNA isolation was conducted from tissue homogenate according to Lorente-Leal
et al., 2019 with several modifications using NucleoSpin Tissue Kit" (Macherey-Nagel, Diiren,
Germany). In brief, 1 mL of homogenized tissue was centrifuged during 5 min at 9,000 g. The
supernatant was discarded, and the resulting tissue pellet was added in a tube together with
250 ul of Sample Buffer T1, 150 mg of 0.5-mm glass beads and 50 mg of 0.1-mm glass beads.
Then, samples were subjected to mechanical disruption (SI™ Disruptor Genie™, Scientific
Industries, New York, USA) (2,850 rpm/50 Hz/20 min). After an overnight enzymatic digestion
at 56 2C with 30 pl proteinase K in a thermo-shaker (600 rpm/12 h), a new mechanical
disruption step was conducted. Samples were centrifuged 2 min at 9,000 g, and pellets were
again subjected to the steps described above. Then, samples were mixed with 200 pl of buffer
T3, incubating the mixture for 10 min at 70 2C. The lysate was transferred to a silica-based
nucleic acid purification column and managed according to manufacturer’s instructions.
Isolated DNA samples were stored at —20 °C until used in downstream PCR assays. Positive and

negative extraction controls were included.
2.3 Primers and probe targeting 1S6110

Specific primers and probe were based on the homology region of the partial insertion
sequence 6110 (IS6110), a repetitive mobile element specific for all the pathogens belonging
to MTC widely used to diagnose and genotype this pathogen. The fluorogenic 1S6110-probe
was labelled with a fluorescent reporter dye [6-carboxyfluorescein (FAM)] at the 5-end and a
3’-Black Hole Quencher 1 (BHQ1). Primers and probe used for real-time PCR and ddPCR are

listed in Table 16 (Lorente-Leal et al., 2021; Sdnchez-Carvajal et al., 2021).

Table 16. Sequences of MTC specific primers and TagMan probe targeting 1S6110 for real-
time PCR and droplet digital PCR (ddPCR) assays.

Target Forward primer Reverse primer Probe Amplicon
(5'-3') (53" (5-3') (bps)
16110 |GGTAGCAGACCTCACCTATGTGT | AGGCGTCGGTGACAAAGG >-6FAM- 68
ACGTAGGCGAACCC-BHQ1-3’
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2.4 Real-time PCR targeting 1S6110

QuantiFast” Pathogen PCR + IC Kit (QIAGEN, Hilden, Germany) was used to conduct the real-time
PCR-IS6110 evaluating each sample in duplicate in the MyiQ™2 Two-Color real-time PCR Detection
System (Bio-Rad, Hercules, Ca, USA) under the following cycling conditions: 95 2C for 5 min to activate
the DNA polymerase followed by 42 amplification cycles that consisted of a denaturation step at 95
oC for 15 s, an annealing-extension step at 60 2C for 30 s. Following manufacturer’s guidelines, an
exogenous inhibition heterologous control (internal amplification control, IAC) supplied with
the kit was included. An inter-run calibrator with a known quantification cycle (Ct) value of 32
was introduced in each assay to self-control intra-assay. Complete inhibition of amplification
was considered when IAC did not amplify and partial inhibition when it showed a Ct > 33. The
analytical sensitivity or limit of detection (LOD) was estimated for the proposed primers and
probes. LOD is defined as the lowest concentration in which 95% of replicates were positive,
according to the Clinical and Laboratory Standard Institute guidelines. A serial 10-fold dilution
series of M. bovis genomic DNA with known quantities ranging from 10° to 10° were used. The
reactions were performed in triplicate for each dilution in three different assays. Thus, the LOD
was determined to be ranging from 10 to 100 genomic equivalents, and the cut-off was

established at Ct < 38 (Sdnchez-Carvajal et al., 2019).
2.5 ddPCR targeting 1S6110 for MTC detection in microbiological culture and LNs

For ddPCR assay targeting 1S6110, QX200™ ddPCR™ Supermix for probe (No dUTP) (Bio-Rad,
Hercules, CA, USA) was used according to Bio-Rad ddPCR system guidelines. Each sample was
evaluated in duplicate in a reaction mix with a final volume of 21 pl as follows: 10.5 pl of 1x ddPCR
Supermix for probe (No dUTP), 1.7 ul of 1IS6110-forward (900 nM), 0.85 ul of IS6110-reverse (600
nM), 0.65 pl of IS6110-probe (FAM-labelled, 200 mM), 3 ul of template, and 4.3 pl of nuclease-
free water. It is important to mention that several protocols for ddPCR recommend performing a
restriction digestion of DNA samples outside the amplicon in order to make the template more
accessible reducing sample viscosity. Nevertheless, we decided to not use restriction enzymes due
to the extraction protocol herein reported got an efficient reduction of host DNA ranging from 50
— 100 ng/ul. Afterwards, the droplets were generated on the QX200 Droplet Generator (Bio-Rad,
USA) using 70 pl of droplet generation oil for Probes” (Bio-Rad, USA) dispatched into the bottom
of the oil wells of the DG8™ Cartridge droplet generator (Bio-rad, USA) according to the
manufacturer’s instructions. The droplets were carefully transferred to a specific 96-well ddPCR
reaction plate (Bio-Rad, USA) using a RAININ Pipet-Lite Multi Pipette (Mettler Toledo, Columbus,
Ohio, USA). After heat sealing by PX1™ PCR Plate Sealer (Bio-Rad, USA) at 180 °C for 5 s,

amplifications were run in the C1000 Touch thermal cycler (Bio-Rad, Hercules, CA, USA) under the
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following cycling conditions: 95 °C for 10 min, followed by 40 cycles of 94 °C for 30 s and 60 °C
(annealing/extension) for 1 min, and finally 98 °C for 10 min. The temperature ramping rate was

set at 2 °C/s. Thereafter, the droplets were stored in darkness at 4 °C for 12 h.
2.6 Limit of detection and limit of blank of ddPCR targeting 1S6110 assay

The limit of detection (LOD) was determined to be the lowest concentration of 1S6110 copies
at which detection is possible (Armbruster, 2008). LOD for ddPCR-IS6110 was determined by
measuring three concentrations around LOD. Reactions were run in triplicates for each
concentration (M. bovis genomic DNA with known quantities ranging from 10* to 10°), and LOD
was defined as the lowest concentration in which 95% of replicates were positive according to
the Clinical and Laboratory Standards Institute guidelines. The limit of blank (LOB) was defined

as the highest number of 1IS6110 copies found in 12 blank samples (Armbruster, 2008).
2.7ddPCR targeting 1S6110 data analysis

The QX200 Droplet Reader (Bio-Rad, USA) was used to read and count the fluorescent positive
and negative droplets. Then, the data were analysed using the QuantaSoft™ Analysis Pro software
(version 1.0.596) (Bio-Rad, USA). Data from samples with 12,000 — 16,000 droplets were used for
concentration calculations. Samples with a low number of droplets (< 10,000) were excluded from
the analysis. According with the results for LOB, those samples with fewer than two positive
droplets were considered “MTC-negative”, in contrast, samples were considered as “MTC-
positive” when more than two droplets were found (Whale et al., 2020). Thus, the cut-off value

of ddPCR-1S6110 assay was set at 3 positive droplets in 20 uL reaction mixture.
2.8 Statistical analysis

The diagnostic performance of ddPCR targeting IS6110 was evaluated for the detection of
MTC in microbiological culture and fresh LN tissue samples. The diagnostic accuracy was
compared with microbiological culture as the refence standard, considered as an imperfect
reference technique for bTB diagnosis (Corner et al., 1988; Courcoul et al., 2014; Pucken et al.,,
2017). The adjusted sensitivity and specificity, false positive rate, false negative rate, positive
likelihood ratio (PLR), and negative likelihood ratio (NLR) were calculated using Epidat 3.1
software. The PLR and NLR were interpreted according to the criteria published by Sackett et al.
(2001), where a PLR > 10 or NLR < 0.1 indicates a technique of high diagnostic value that can
discriminate between healthy and diseased animals, 5 < PLR < 10 or NLR = 0.1-0.2 indicates a
technique involving moderate changes in probability, 2 < PLR < 5 or 0.2 < NLR < 0.5 indicates a
technique involving small changes in probability, and PLR < 2 and NLR > 0.5 indicates rarely

discernible changes. Finally, agreement between microbiological culture and ddPCR from
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culture, microbiological culture and ddPCR from fresh tissue, and real-time PCR and ddPCR
both from fresh tissue was assessed using Cohen’s kappa coefficient (k): k = 0 indicated no
agreement; 0.01 £ k £0.20, slight agreement; 0.21 < k < 0.40, fair agreement; 0.41 < k < 0.60,
moderate agreement; 0.61 < k < 0.80, substantial agreement; and, 0.81 < k < 1.00, almost
perfect agreement (McHugh, 2012) (WinEpi software 2.0, Faculty of Veterinary Medicine,

University of Zaragoza, Spain).
3. Results

3.1 Optimization of the ddPCR assay targeting 1S6110 for DNA isolated from microbiological

culture and homogenized fresh tissue LNs

In order to optimize the ddPCR-IS6110 assay, the first step was to determine an optimal
annealing temperature, considered as one of the most critical parameters. Thus, we tested a
range of annealing temperatures ranging from 56 2C to 64 °C. A total of 50 ng of MTC DNA
isolated from a selective microbiological bacterial culture, 900 nM of forward and reverse primers
together with 500 nM of probe were used in the assay. No restriction digestion of the DNA
samples was performed. A negative template control (NTC) containing sterile water instead of
DNA was included. We were able to detect the 1S6110 specific region in all the assessed
temperatures (Figure 19A), however, the annealing temperature of 60 °C (E08) showed a higher
amplitude between positive and negative droplets compared with other temperatures and
resulted in less non-specific amplification (rain). No positive droplets were observed in NTC for
any of the temperatures (Figure 19B). Therefore, an annealing temperature of 60 °C (E08) (Figure

19A) was selected as ideal temperature for further experiments.

Next step was to determine the optimal primer and probe concentrations for ddPCR-IS6110
assay. Thus, five different concentrations of forward primer (100, 400, 600, 800 and 900 nM),
reverse primer (100, 300, 400, 600, 800 and 900 nM) and probe (50, 100, 200, 250 and 400 nM)
were tested (Figure 19C). Similarly, as above mentioned, a total of 50 ng of MTC DNA isolated
from a selective bacterial culture were used in the assay, with no restriction digestion of DNA
samples and inclusion of a NTC with sterile water instead of DNA. Figure 19C showed that the
overall fluorescence amplitude of positive droplets increased with primers and probe
concentrations. On the other hand, a much better amplitude between positive and negative
droplets was observed when we used a concentration of 900 nM for forward, 600 nM for reverse
and 200 nM for probe (Figure 19C, D06). This set up of primers and probes were used for further
experiments. In the case of microbiological culture, we decided to use a sample concentration of

50 ng of DNA according to the concentration and volume available after DNA extraction.

158



Capitulo Ill: Estudios. Estudio IV

A ddPCR-I1S6110 B ddPCR-1S6110
64°C 63°C 62°C 61°C 60rC 500C 5TC 56°C o4°C 630 62°C 61°C 60'C  59C 57°C 56°C
35000 . AO8  BOS  C0S_ DOS EOS  FOS  GDS OB 25000 AD6 B0 CDs  DOs  EOS  FOS  GOS _ WOS
30000 +
20000 +
25000 4
15000 -
10000 -+

5000

1] 20000 40000 60000 80000 100000 1] 20000 40000 640000 BOOO0 100000 120000
Evenl Number Event Number

ddPCR-1S6110

A FISAO{600nM), RISATI0 (300 aM), PISATIH (1040 nM)
B. FISALI0 (40nM), RISGIT0 (400 nM), PISA110 {200 nM)
C. FISALO (S0mM), RISA110 (300 nM), PISA1T0 (250 nM)
D. FISAL6 (S000M), RISATHT (600 nM), PIS6L10 (200 nM)
E. FISGNI0 (1000M), RISA0 {100 nM), PISAIT0 {30 nM)

F. FISG/10{9000M), RISS110 (900 nM), PISS{10 (400 nM)
G. FISAL0 (600nM), BRISA70 (600 nM), PIS6110 (250 nM)

H. Negative control

H R B e . el LT
1000 + - —en ™ iy g g . “ o ‘
[ e - + - t . + :
] 20000 40000 60000 80000 100000 120000
Event Number

Figure 19. Optimization of the ddPCR-IS6110 assay using Mycobacterium tuberculosis
complex (MTC) DNA isolated from LN tissue samples. The gradient of annealing temperatures
(ranging from 64 °C to 56 C) for a positive sample (A) and non-template control (NTC) (B) were
plotted with positive (blue) and negative (grey) droplets. EO8 plotted the optimal temperature of
annealing and extension (60 2C). (C) Descending concentrations of primers and probe. D06 plotted
the optimal primers and probe concentration assay (F-IS6110 (900nM), R-1IS6110 (600 nM), P-
1S62110 (200 nM).

In the case of DNA isolated from fresh LN tissue, we were able to test the effect of sample
guantity. A ddPCR assay was run using different concentrations of DNA from two different LNs
that were 1S6110-positive by real-time PCR with different Ct values (500 ng, 250ng, 50 ng and
10 ng) (Figure 20A, Ct = 26; and 2B, Ct = 34). As illustrated in Figure 20A, a good separation
between positive and negative droplets was observed at the four DNA concentrations (500 ng,
250ng, 50 ng and 10 ng) for DNA isolated from LN tissue samples. Because Poisson statistics test

required enough negative droplets to be applied and calculate DNA concentration, we decided to
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use 50 ng (C12) of DNA isolated from tissue samples in further ddPCR assays. Also, this
concentration could be a good fit to avoid cross-contamination in the case of samples with a high

concentration of bacterial DNA.

A Real-time PCR-1S6110: Ct 26 B Real-time PCR-1S6110: Ct 34
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Figure 20. Optimization of the ddPCR-IS6110 assay using Mycobacterium tuberculosis complex
(MTC) DNA isolated from LN tissue samples. Descending concentrations of DNA isolated from
MTC-positive samples with a Ct value of 26 (A) or 34 (500 ng, 250 ng, 50 ng, and 10 ng) in
duplicate (B). Analytical specificity of ddPCR-targeting 1S6110 evaluating the most common
bacterial agents found in tuberculosis like lesion (Mycobacterium avium subsp. paratuberculosis,

Mycobacterium avium subsp. avium, Trueperella pyogenes, Streptococcus suis and Staphylococcus

spp.) (C).
3.2 Analytical specificity

The analytical specificity of ddPCR-targeting 1S6110 was tested against some of the most
common microorganisms identified in TBL, such as Mycobacterium avium subsp. paratuberculosis,

Mycobacterium avium subsp. avium, Trueperella pyogenes, Streptococcus suis, and

160



Capitulo Ill: Estudios. Estudio IV

Staphylococcus spp. (Cardoso-Toset et al., 2015). All these tests yielded negative results by ddPCR-

IS6110, demonstrating the specificity of the primers and probe included in the study (Figure 20C).
3.3 Limit of blank and limit of detection (LOD)

No positive droplets were found in 10 out of 12 blank samples (ddH,0 instead of DNA
sample), but one positive droplet per 20 ul reaction mix was detected in two of these blank
samples. Accordingly, the limit of blank was set at 1 drop/20 pl reaction, and therefore, a

sample was considered as “negative” when no more than two positive droplets were obtained.

To determine the LOD, 10-fold serial dilutions of M. bovis genomic DNA with known
quantities ranging from 10* to 10° were used. The reactions were performed in triplicate for each
dilution in three different assays. MTC 1S6110 sequences were detected in 100% of 10! dilutions
assayed; however, only 50% positivity was obtained at the level of 10°. Thus, LOD of this ddPCR

targeting IS6110 was set to 10* copies per 20 pl reaction.

3.4 Comparison of confirmatory 1S6110 real time PCR and ddPCR from microbiological

culture

As previously mentioned, microbiological culture positive samples need to be confirmed as
MTC using real-time PCR (Thierry et al., 1990). Therefore, this part of the study compared both

real-time PCR and ddPCR for the confirmation of culture positive samples.

Table 17. Evaluation of confirmatory real-time PCR and ddPCR targeting 1S6110 from
microbiological culture DNA isolation according to the presence of gross tuberculosis-like lesions

(TBL), histopathological TBL or no histopathological lesion (NHL).

Real-time PCR-IS6110 from ddPCR-1S6110 from
microbiological culture microbiological culture
(+) () (+) (-)
Gross TBL (n=19)* 17 2 19 0
Histopathological TBL 34 23 37 20
(n=57)
NHL (n=43) 15 28 11 32

Key: (+), positive; (-), negative. *: All the animals with gross TBL also presented histopathological TBL.

DNA was isolated from selective microbiological culture from 100 samples with gross TBL
(N=19) or NVLs (N=81). Forty-nine out of 100 samples were tested as MTC-positive by real-time
PCR (17 out of 19 with gross TBL) whereas 51 samples yielded a negative result and were

classified as MTC-negative (Table 17). The Ct values for the real-time PCR targeting 1S6110
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ranged from 20.00 to 36.25 (average = 29.35). No partial or complete inhibition were found in
DNA isolated from microbiological culture. In the case of ddPCR targeting 1S6110, forty-eight
samples were found to be MTC-positive (19 out of 19 with gross TBL) and 52 MTC-negative (Table
17). There was an association between real time-PCR and ddPCR, with the higher number of
positive droplets, which ranged from 13,402 to 4 droplets, coinciding with those samples with a

lower Ct value.

Analysing the histopathological evaluation, 34 out of 49 samples positive to the
microbiological culture by real-time PCR-IS6110 were classified as TBL whereas 15 as NHL
(Table 17). For the ddPCR-IS6110, histopathological TBL were found in 37 out of 48 ddPCR-

IS6110-positive samples whereas 11 were classified as NHL (Table 17).
3.5 Comparison of 1S6110 real time PCR and ddPCR from fresh LN tissue samples

DNA was isolated from homogenized fresh LN tissue samples (N=100) with gross TBL (N=19)
or NVL (N=81) and subjected to both real-time PCR and ddPCR. All the samples with gross TBL
were found to be MTC-positive by both real-time PCR or ddPCR targeting 1S6110 (Table 18). For
real-time PCR-IS6110, 53 out of 100 tested samples were detected as MTC-positive and 47 as
negative. The Ct values ranged from 22.96 to 38.10 (average = 32.06). A partial inhibition of IAC
was found in 6 out of 100 samples, with 2 out of 5 samples revealing a positive result after dilution
1:2 and re-evaluation. In the case of ddPCR, 55 samples were tested as MTC-positive and 45 as
MTC-negative (Table 18). The number of positive droplets ranged from 12,618 to 3 droplets, with
the highest number of positive droplets corresponding to those animals with pluribacillary lesions.
As described before, an association was observed between real-time PCR and ddPCR, whereby a

higher number of positive droplets corresponded to samples with higher Ct values.

Table 18. Evaluation of real-time PCR and ddPCR targeting 1S6110 from LNs DNA isolation
according to the presence of gross tuberculosis-like lesions (TBL), histopathological TBL or no

histopathological lesion (NHL).

Real-time PCR-IS6110 from LNs ddPCR-1S6110 from LNs

(+) (-) (+) (-)

Gross TBL (n=19)* 19 0 19 0
Histopathological TBL (n=57) 40 17 41 16
NHL (n=43) 13 30 14 29

Key: (+), positive; (-), negative. *: All the animals with gross TBL also presented histopathological TBL.
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According to histopathological evaluation, 40 out of 53 positive samples to real-time PCR
presented histopathological TBL whereas 13 did not present microscopic lesion (Table 18).
Regarding ddPCR, 41 out of 55 positive samples were disclosed as positive to histopathology

with 14 samples presenting NHL (Table 18).

3.6 Diagnostic performance of ddPCR-IS6110 for the detection of MTC from

microbiological culture and fresh LN tissue samples

In order to validate the ddPCR-IS6110 from microbiological culture and fresh LN tissue
samples, these assays were compared with the reference standard assay (selective
microbiological culture confirmed by real-time PCR-1S6110). Assuming that this reference assay
is considered an imperfect assay for performing MTC diagnosis (Corner et al., 2012; Courcoul
et al., 2014; Pucken et al., 2017) validation was carried out using EPIDAT 3.1 software. The
ddPCR-IS6110 from microbiological culture detected 44 out of 49 reference standard positive
samples [SE adjusted 90.76% (95% Cl: 82.58-98.96%)], and 47 out of 51 reference standard
negative samples resulted to be negative for ddPCR-IS6110 [SP adjusted = 100% (95% Cl:
100%)]. Thus, an adjusted FNR of 9.23% (95% Cl: 1.04-17.42%) and FPR of 0% (95% Cl: 0%)
were estimated (Table 19). The PLR value (PLR = o°) implies a high diagnostic value for the
positive results discriminating between MTC-infected and non-infected animals. In addition,
the NLR value was 0.07 meaning that it is a technique of a high diagnostic value to discriminate
between healthy and diseased animals (Table 19). Of note, all reference standard-negative but
ddPCR-positive samples were also classified as MTC positive by histopathological evaluation or
real-time-1S6110 from fresh LNs tissue (Table 20 summaries the discordant results between

different diagnostic techniques).

In the case of ddPCR-1S6110 carried out from fresh LN tissue samples, 47 out of 49 samples
positive to the reference standard were found to be positive for ddPCR-IS6110 [adjusted SE
94.80% (95% Cl: 88.52-100%), and 42 out of 51 reference standard-negative samples were
tested as ddPCR-IS6110-negative [adjusted SP = 100% (95% Cl: 100%)] (Table 19). According to
these results, ddPCR-1S6110 from fresh tissue presented an adjusted FNR of 5.20% (95% Cl: O-
11.50%) and FPR of 0% (95 CI: 0%) (Table 19). Regardless of the true prevalence, ddPCR-IS6110
had a high diagnostic utility to confirm and discard MTC infection (PLR = o= and NLR = 0.05)
(Table 19). Noteworthy, 9 reference standard-negative but ddPCR-IS6110-positive samples
were found also as positive by histopathological evaluation (8 out of 9) or real-time PCR-1S6110
from fresh LN tissue (8 out of 9) (Table 20 summaries the discordant results between different

diagnostic techniques).
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Table 19. Diagnostic performance of droplet digital PCR (ddPCR) targeting 1S6110 from
microbiological culture (A) and fresh lymph node (LN) tissue samples (B) in comparison with
the established reference standard (selective microbiological culture confirmed by real-time

PCR-1S6110) (N=100).

ddPCR- IS6110 diagnostic accuracy (95% Cl)

DNA source Sensitivity Specificity FPR FNR PLR  NLR
o 90.76% 9.23%

(A)M'ELTtkL"r’(log'ca' (82.58- 100% (100%) 0% (0%) (1.04- s 007
98.96%) 17.23%)
0, 0,

(B) Fresh LNs 94.80% 100% (100%) 0% (0%) 5.20% - 005

tissue samples (88.52-100%) (0-11.50%)

FPR, False positive ratio; FNR, False negative ratio; PLR, Positive likelihood ratio; NLR, Negative

likelihood ratio; 95% Cl, 95% confidence interval.

Finally, Cohen’s kappa coefficient (k) showed an almost perfect agreement between the
ddPCR-IS6110 from culture and the reference standard (k = 0.82) and a substantial agreement

between the ddPCR-I1S6110 from fresh LN tissue samples and the reference standard (k = 0.76).

Table 20. Summary of discordant results between different diagnostic techniques

Reference  Realtime  GdPCRAS6120  ddPCR-

ID Histopat.hological Ziehl-Neelsen standard PCR- . fr9m . 156110
lesion microbiological from
protocol IS6110 .
culture tissue
11 No lesion - - + + +
40 TB Granuloma +/Paucibacillary - + + +
49 TB Granuloma +/Paubacillary - + + +
70 TB Granuloma +/Pluribacillary - + - +
73 MNGC +/Paucibacillary - - - +
77 TB Granuloma - - + - +
101 TB Granuloma - - + - +
110 MNGC +/Pluribacillary - + - +
161 TB Granuloma +/Paucibacillary - + + +

ID, identification; MNGC, Langhan’s type multinucleated giant cell; TB Granuloma, tuberculous

granuloma; +, positive; -, negative.

4, Discussion

Selective microbiological culture followed by a confirmatory real-time PCR, despite being

an imperfect assay with some limitations, is still considered the gold standard technique to
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confirm bTB infection (Taylor et al., 2007; Liebana et al., 2008; Courcoul et al., 2014). Hence,
performing an accurate and sensitive MTC diagnosis remains a challenge. In this context,
ddPCR, a third-generation PCR technology reported for its ability to detect small amounts of
nucleic acids with high precision and sensitivity, represents a promising alternative to other
molecular diagnostic methods for instance real-time PCR (Baker et al., 2012; Pinheiro et al.,
2012; Kuypers et al., 2017). Therefore, in the present study we developed and validated a
ddPCR assay targeting 1S6110 to detect MTC in microbiological culture and fresh tissue

samples with distinct TBL.

There are several performance parameters considered as key players in ddPCR including
the concentration of primers and probe, the annealing temperature, or the quantity of the
template (Whale et al., 2020). Optimization of these parameters is important to ensure the
separation of positive and negative droplets and maximize the accuracy and sensitivity of the
assay. Our results showed that the overall fluorescence amplitude of positive droplets
increased with primers and probe concentrations. Thus, although we were able to detect the
IS6110 specific region in all the assessed setups, the annealing temperature of 60 °C together
with the primers and probe concentrations of 900 nM for forward, 600 nM for reverse and 200
nM for probe yielded a higher fluorescence amplitude between positive and negative droplets
compared with other setups and resulted in less non-specific amplification. In the case of
template concentration, no pre-digestion DNA steps were performed as the extraction
protocol used in this study effectively reduced host DNA without compromising assay
performance. Since the Poisson statistics test requires a sufficient number of negative droplets
for accurate calculation of DNA concentration (Whale et al., 2020), we decided to proceed with
a template DNA concentration of 50 ng from tissue sample. This concentration was chosen to
ensure a suitable number of negative droplets for statistical analysis and to minimize the risk

of cross-contamination in samples with high concentration of bacterial DNA.

Considering the multi-etiological nature of TBL (Cardoso-Toset et al., 2015), we proceeded
to assess the analytical specificity of ddPCR targeting 1S6110. We tested several common
microorganisms associated with TBL and observed that the primers and probe exhibited high
specificity for MTC 1S6110. The selection of an appropriate genetic target plays a key role for
the accurate detection of MTC (Sevilla et al., 2015). Among the various targets available
(Lorente-Leal et al., 2019; Wang et al., 2019), the insertion sequence 1S6110 is reported as one
of the primary choices for diagnosing MTC (Sevilla et al., 2015). This genetic target not only
enables differentiation between MTC and other bacteria, including non-tuberculous

mycobacteria (NTM), but also offers the advantage of being a multicopy gene, ensuring
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sensitive and reliable detection of MTC (Charles et al., 2022). However, recent studies have
identified the presence of an 1S6110-like element in the genomes of certain NTM species,
reporting a potential cross-reactivity between NTM and specific IS6110 primer pairs or probes
(Coros et al., 2008; Thacker et al.,, 2011; Michelet et al., 2018; Lorente-Leal et al., 2021).
Nevertheless, the impact of these findings on the specificity of PCR-1IS6110 is expected to be

minimal, as demonstrated in the following analysis.

ddPCR-IS6110 demonstrated an adjusted SE of 90.77% (95% Cl: 82.58 - 98.96%) and a SP of
100% (95% Cl: 100%) for the confirmation of MTC in selective bacterial culture when compared
with the reference standard. The application of ddPCR in microbiological culture not only
detected all samples with gross TBL but also increased the number of positive samples
detected with NHL compared to real-time PCR-IS6110. However, it is noteworthy that five
positive samples to the reference standard were classified as ddPCR-negative. It is possible
that these cases represent false-negative results to ddPCR. One potential explanation could be
the inhibition of the PCR reaction. Although the probability of this issue is low because ddPCR
is known to be highly resistant to PCR inhibitors (Baker, 2012; Pinheiro et al., 2012; Kuypers et
al. 2017), ddPCR may remain to be susceptible to some inhibitors. To address the issue of
uncertain results, including an IAC into the ddPCR assay can provide added reliability. By
designing a duplex reaction, the IAC can be labelled in a separate channel during analysis using
the Bio-Rad QX100/QX200™ Droplet Digital™ PCR system, which is capable of detecting duplex
targets in two separate channels (FAM and VIC/HEX) when TagMan hydrolysis probes are
utilized. This approach allows for simultaneous detection of the target of interest, 1S6110, and
the IAC, providing an internal reference for assay performance and identifying any potential

inhibition or technical issues during the analysis.

In the case of DNA isolated directly from fresh bovine LN tissue samples, ddPCR targeting
IS6110 proved to be a rapid and effective diagnostic assay when compared to traditional
selective microbiological culture confirmed by real-time PCR. This ddPCR assay allowed us to
detect all samples with gross TBL but also identified additional positive samples with
microscopic lesions that were missed at the postmortem visual inspection. The ddPCR-I1S6110
assay showed an adjusted SE of 94.80% (95% Cl: 88.52 - 100%) and a SP of 100% (95% ClI:
100%) demonstrating a significantly improved diagnostic performance and accuracy compared
to the reference standard. Particularly, the ddPCR-IS6110 assay disclosed as positive 9 samples
negative to reference standard. Among these samples, 8 exhibited positive results in Ziehl-
Neelsen staining and/or presented characteristic microscopic lesion. The remaining sample

disclosed to be positive for both real-time and ddPCR-1S6110 but negative to histopathology.
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These findings indicate the superior SE and SP of ddPCR-IS6110 directly from fresh tissue
sample in detecting MTC compared to the reference standard. Furthermore, our findings
reveal that ddPCR-IS6110 exhibits significantly enhanced sensitivity and specificity when

contrasted with real-time PCR-IS6110 (Sanchez-Carvajal et al., 2021).

Although there have been no previous studies evaluating the diagnostic performance of
ddPCR for MTC in animal samples, our research group conducted a preliminary approach using
formalin-fixed paraffin-embedded (FFPE) tissue samples (Larenas-Mufioz et al., 2022). Our
findings are consistent when compared to other studies conducted on human clinical samples (
Costa et al., 2013; Cho et al., 2020), reporting the rapid detection of MTC DNA. Furthermore,
ddPCR offers advantages for MTC diagnostics across several sample types, including whole
blood from patients with pulmonary and extrapulmonary TB lesion (Yang et al. 2017), culture
isolates (Nyaruaba et al., 2020) or FFPE samples (Larenas-Mufioz et al., 2022). Additionally, our
results demonstrated higher adjusted SE and SP considering previous real-time PCR studies
(Costa et al., 2013; Courcoul et al., 2014; Cardoso-Toset et al., 2015; Lorente-Leal et al., 2019;
Wang et al., 2019).

ddPCR technology offers several advantages over real-time PCR, making it an ideal
technique for the detection of MTC, particularly in cases with a low-copy-number of the target
(Kuypers et al.,, 2017). Pathogens belonging to MTC are characterized by a paucibacillar
pattern, which together the early detection of infected animals with NVL and low
mycobacterial load would be beyond the LOD of traditional assays (Lorente-Leal et al., 2019;
Sanchez-Carvajal et al., 2021). Due to sample partitioning, one notable advantage is the ddPCR
ability to overcome the limitations caused by sample inhibitors which are commonly
challenged in MTC samples (Dingle et al.,, 2013; Yang et al., 2014; Kuypers et al., 2017).
Additionally, ddPCR is less affected by poor amplification efficiency, further contributing to its
robust performance in MTC detection (Kuypers et al., 2017). Overall, these findings highlight
the potential of ddPCR-IS6110 as a valuable tool for accurate and sensitive MTC diagnosis

which would be susceptible to be included in bTB routine confirmation procedure.

Nonetheless, this study has some limitations that also need to be addressed. Firstly, the
number of samples might have been larger in order to increase the robustness of the results
providing a more comprehensive evaluation. Also, the absence of a ring trial, which would
involve multiple laboratories and diverse epidemiological scenarios, limits the external
validation and applicability of the findings to broader contexts. Moreover, it is important to
highlight some drawbacks of ddPCR system over other molecular techniques. In general,

ddPCR is more time-consuming than real-time PCR. The chances of contamination are higher,
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the implementation of this assay also demands a higher level of technical expertise and
specialized training for personnel involved in the procedure. In contrast, the cost per reaction
in ddPCR is more cost-effective than other standard molecular methods, excluding the initial
investment required to acquire the necessary equipment. Therefore, further work on the re-

validation of the present protocol should be performed in the future.

The present study describes a complete protocol including sample pre-processing, DNA
purification and ddPCR analysis. According to our results, ddPCR-IS6110 demonstrated to be a
rapid, highly sensitive and specific diagnostic tool as alternative to microbiological culture
shortening turnaround time for decision makers to be promptly informed. Comparing with
real-time PCR, ddPCR has proved to be a potential first-choice molecular assay to detect MTC
directly in fresh bovine tissue samples with increased SE and SP. Therefore, ddPCR-IS6110

approach has the potential to be included in bTB surveillance and control programs.
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DISCUSION

La tuberculosis de los mamiferos, tradicionalmente denominada TBb, es una enfermedad
infectocontagiosa de desarrollo crénico que provoca un importante impacto a distintos niveles
(Rodriguez-Campos et al., 2014; Algammal et al., 2019; Larenas-Mufioz et al., 2022), destacando
especialmente su relevancia en salud publica, ya que se estima que un cuarto de la poblacion

mundial podria encontrarse afectada por esta enfermedad (Houben & Dodd, 2016).

Actualmente, la situacién de la TBb a nivel mundial responde a dos grandes escenarios bien
diferenciados, los cuales vienen determinados por la situacion econdmica, el desarrollo de la
ganaderia, la calidad de los servicios veterinarios y la implantacién de programas de control y
vigilancia. En este contexto, la presente tesis ha estimado el rendimiento diagndstico de diversas
técnicas habitualmente utilizadas para el diagndstico de la TBb en funcién de su situacién

epidemioldgica.

En los paises en vias de desarrollo, la TBb es un problema endémico tanto para los animales,
en los que alcanza elevadas prevalencias a nivel de rebafio, como para el ser humano,
concentrandose en estos paises la mayoria de los nuevos casos de TBb zoondsica a nivel mundial
(Ayele et al., 2004; Olea-Popelka et al., 2017). Debido a la falta de informacién y al coste
econdémico de las campafias de erradicacion, el control de la enfermedad suele ser insuficiente,
limitdndose a la deteccion de LTBs en matadero o a la realizacién de la IDTB (Ayele et al., 2004;
Dibaba et al., 2019; Kemal et al., 2019). La IDTB es, por su sencillez, bajo coste y facilidad de
interpretacion, la técnica mas utilizada mundialmente para el diagndstico de la TBb (de la Rua-
Domenech et al., 2006; Bezos et al., 2014). Sin embargo, en paises donde la rentabilidad y los
ingresos de los ganaderos son extremadamente bajos, su utilizacion supone un problema
afiadido para los ganaderos, ya que puede conllevar el sacrificio de animales falsos positivos sin
que exista indemnizacién por parte del gobierno, como ocurre en los paises de UE (de la Rua-
Domenech et al., 2006; Alvarez et al., 2012; Arnot & Michel, 2020). En este sentido, la OMSA
recomienda el seguimiento del VP+ de la técnica utilizada para el diagnéstico, como una forma

de evaluar los costes asociados al programa de vigilancia (OMSA, 2018).

De acuerdo con los resultados obtenidos en esta tesis, en paises con una prevalencia de TBb
elevada (> 30%), la prueba mas recomendable seria la IDTBs con interpretacion severa, ya que
detectaria el 86,4% de los animales afectados y sélo se sacrificaria 1,3 animales falsos positivos
por cada animal enfermo diagnosticado. El rendimiento de la IDTBs para descartar la infeccién
en rebafos o animales con una probabilidad previa a la prueba de hasta el 42% seria muy elevado

(VP- >90%). Sin embargo, en regiones con una prevalencia moderada-baja (3-10%), la IDTBs
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conllevaria el sacrificio de 3 a 6 animales sanos por cada animal enfermo detectado, por lo que
seria mas conveniente utilizar la IDTBs estandar, la IDTBc (pruebas mas especificas, aunque

menos sensibles) o el examen macroscépico post-mortem.

En los paises desarrollados, donde la prevalencia de la TBb es baja (< 2%), la aplicacion
continuada de programas de control de la enfermedad tiene como objetivo principal la
erradicacién de la TBb (Refaya et al., 2020). En este contexto, las técnicas habitualmente
aplicadas son la IDTBs, la IDTBc y la IFN-y. Estas pruebas se complementan con la vigilancia en
matadero y la utilizacién del cultivo microbioldgico como prueba de referencia para confirmar la
presencia del CMT (Reglamento delegado (UE) 2020/689). Por otro lado, en regiones de nuestro
pais donde la prevalencia es superior al 1% (como Andalucia, PR 6%), se aplica una interpretaciéon
severa de la técnica para evitar la persistencia de animales infectados en la explotacién, lo que
podria favorecer el mantenimiento y difusion del CMT (de la Rua-Domenech et al., 2006). De
acuerdo con esta normativa, un resultado positivo a la IDTB supone que tanto el animal como el
rebafio sean considerados positivos, conduciendo al sacrificio del animal y pudiendo conllevar el
sacrificio de todo el rebafo si se trata de en un rebafio calificado como libre, estableciéndose
finalmente la restriccidon de los movimientos de todos los animales de la explotacion (MAPA,

2023).

Aunque la medida tiene probada eficacia, los resultados de nuestro estudio indican que,
dada su E (87,9%), la utilizacion de la IDTB como prueba de cribado en zonas con una prevalencia
inferior al 2% supondria el sacrificio de al menos 8 animales sanos por cada animal infectado
detectado. Esto implica un significativo coste econdmico para los programas de control y
erradicaciéon de la TBb. Ademas, la aplicacidn rutinaria de esta técnica, centrada en la deteccién
temprana de la respuesta inmune celular, ha llevado a que la mayoria de los animales positivos
a IDTB lleguen al matadero en etapas muy tempranas de la enfermedad, sin la presencia de LTBs,
desafiando asi la eficacia de la vigilancia activa en matadero mediante inspeccién macroscopica

(Varello et al., 2008).

A pesar de que el cultivo es considerado la prueba de referencia para confirmar la infeccién
por el CMT, esta lejos de ser una técnica perfecta, ya que posee una tasa de recuperacion muy
variable (30-95%) y una SE relativamente baja (78,1%) que puede verse afectada por el grado de
encapsulacion de los granulomas y el proceso de descontaminacion (Corner et al., 2012;
Courcoul et al.,, 2014). A este factor se suma el periodo que la bacteria necesita para su

crecimiento, que puede extenderse hasta 3 meses. Esta demora representa un obstaculo
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significativo para la toma de decisiones en la explotacidn, ya que esta puede mantenerse con su

calificacién suspendida hasta que transcurra dicho periodo (OMSA, 2022).

Como consecuencia de estas limitaciones, diversos trabajos han sefialado la necesidad de
desarrollar técnicas moleculares, mas sensibles y especificas, que permitan reducir el tiempo
empleado para alcanzar un diagndstico asertivo (Araujo et al., 2014; Courcoul et al., 2014;
Lorente-Leal et al., 2019). Con el propdsito de alcanzar este objetivo, realizamos un primer
estudio para evaluar la validez diagndstica de la PCR a tiempo real a partir de muestras de tejido
fresco, utilizando como diana genética la secuencia de insercidn 1S6110. Coincidiendo con
estudios previos, la PCR a tiempo real presentd, comparada con el cultivo, importantes ventajas:
buenos valores de SE y E diagndsticas (SE: 77,1% y E: 99,4%), reducciéon del tiempo de
confirmacidn hasta las 24 horas, y la capacidad de detectar animales positivos entre aquellos
que resultaban negativos en el cultivo, permitiendo detectar el ADN del CMT de forma directa
en muestras de nddulo linfaticos (Courcoul et al., 2014; Cardoso-Toset et al., 2015; Lorente-Leal
et al., 2019). No obstante, la eficacia de esta técnica puede verse comprometida por factores
como el protocolo de extraccién y la diana empleada, el caracter paucibacilar del CMT, el grado
de mineralizacién y la fibrosis asociada normalmente a las LTBs, la presencia de sustancias
inhibidoras de la reaccidn, o la posible contaminacidon cruzada (Liebana et al., 1995; Taylor et al.,

2007; Liebana et al., 2008).

A partir de estos resultados preliminares y de las limitaciones observadas, se plantearon en
esta tesis dos nuevos objetivos destinados a mejorar el rendimiento diagnéstico de la PCR a
tiempo real: 1) comparar diferentes métodos de extraccidén desde tejido fresco de bovino para
seleccionar aquel con mayor validez diagnédstica y, 2) a partir del protocolo seleccionado,

comparar la validez de distintas dianas genéticas para la deteccion del CMT.

Con el objetivo de mejorar la eficiencia de deteccidn del CMT, se llevd a cabo una
comparacion entre el protocolo de extraccion empleado en el estudio inicial y un nuevo
procedimiento optimizado basado en la lisis mecanica y la digestion con proteinasa K. Este
protocolo optimizado fue disefiado con la intencién de aumentar las tasas de deteccién de ADN
del CMT, lo que resulté en una mejora significativa en la SE de la PCR a tiempo real frente a la

diana 1S6110.

En comparacién con el protocolo original, que tenia una SE ajustada del 78%, la modificaciéon
implementada logré elevar la SE de la PCR en tiempo real frente a 1IS6110 hasta un 95,9%. Cabe

destacar que la E se mantuvo en un 100% en ambos casos. Este ajuste en el procedimiento de
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extraccion demostré una mejora significativa en la eficiencia general de la PCR a tiempo real

para detectar el CMT de forma directa en muestras de nddulo linfatico.

A continuacidn, se comparé el rendimiento diagndstico de la PCR a tiempo real utilizando 3
dianas genéticas diferentes, 1S6110, 1S4 y mpb70 (Lorente-Leal et al., 2019; Wang et al., 2019).
Asi, de acuerdo con los resultados obtenidos, las tres sondas mejoraron la validez diagnéstica
del cultivo microbioldgico, permitiendo la deteccidn de animales infectados negativos al cultivo,
aunque, ninguna de ellas fue capaz de detectar la totalidad de animales positivos a este. 1S4 y
mpb70 presentaron una SE del 90,87% y 83,3%, respectivamente, y un E de 100% en ambos

casos, muy similares a los previamente observados para la IS6110.

En cuanto a la utilidad diagndstica de la PCR a tiempo real, nuestro estudio sugiere que en
zonas con una prevalencia de TBb de hasta el 60%, lo cual abarca practicamente cualquier
situacion real, la realizacién de la prueba con el protocolo 2 y la sonda IS6110 permitiria
confirmar el diagndstico (en caso de resultado positivo) con una seguridad del 100% vy
descartarlo (en caso de resultado negativo) con una seguridad = 90%, lo que confirma el
potencial y las ventajas de esta técnica para confirmar los resultados de la IDTB y como prueba

de referencia en la vigilancia post-mortem.

Por otro lado, es importante mencionar que la reactividad cruzada de las sondas con otras
bacterias constituye una limitacién de la PCR en tiempo real. En este sentido, aunque IS6110 se
utiliza habitualmente para el diagnéstico de la TBb, puede presentar reactividad cruzada con
MNT. Diversos estudios han detectado una secuencia similar a la IS6110 en cepas bacterianas de
MNT (Coros et al., 2008; Lorente-Leal et al., 2020). Aunque esto daria lugar a falsos positivos, la
presencia de estas cepas MNT es poco frecuente y no tendria un impacto destacable en las

campanas de erradicacidn de la TBb.

Para abordar esta cuestion, se utilizaron otras dianas genéticas como la 1S4 y mpb70, las
cuales son especificas del CMT, no encontrdndose reacciones cruzadas entre los animales
negativos para cultivo, pero positivos para PCR en tiempo real con I1S6110. Este enfoque
proporciona una mayor especificidad en la deteccidon, minimizando asi la posibilidad de
resultados falsos positivos. Por tanto, de acuerdo con las directrices marcadas por la OMSA
(2018), la utilizacién de la PCR-IS6110 a tiempo real en el desarrollo de programas de
erradicacién y control de la TBb seria adecuada tanto para certificar el estatus de libre de

infeccion como para contribuir a su eliminacion (Reid et al., 2021).

Finalmente, visto el potencial y la utilidad de la PCR a tiempo real se valord, por primera vez

en ganado bovino, el rendimiento de la ddPCR para el diagnédstico de la TBb, utilizando la diana
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genética 1S6110 y muestras de tejido extraidas con el protocolo optimizado. Los resultados
obtenidos mostraron una SE del 94,79% y una E del 100%, mejorando los resultados descritos
para el cultivo microbioldgico y la PCR a tiempo real. Ademads, la ddPCR-1S6110 fue capaz de
detectar el CMT en 9 muestras negativas al cultivo, pero positivas a la PCR a tiempo real y/o la

histopatologia demostrando la presencia del CMT mediante ZN.

Entre las ventajas que presenta la ddPCR destacan su elevada sensibilidad analitica y
reproducibilidad, una mayor tolerancia a inhibidores exdgenos y a cambios en las condiciones
de la reaccidn y una mayor resistencia a inhibidores que darian lugar a falsos negativos (Dingle
et al,, 2013; Huggett & Whale, 2013; Quan et al., 2018; Badia-Bringué et al., 2022; Fan et al.,
2022). Ademas, su utilidad con otro tipo de sustrato como la sangre, abre la puerta a una futura
utilizaciéon de esta técnica para detectar la enfermedad en los animales vivos, algo que ya se hace
en humana para la deteccién precoz de cancer de mama y que se conoce como biopsia liquida.
No obstante, la técnica no estd exenta de inconvenientes, siendo el principal de ellos la gran
inversion econdmica que requiere la adquisicion del equipamiento limitando su uso en

veterinaria incluso dentro de los paises desarrollados (Badia-Bringué et al., 2022).

En base a todo lo expuesto, consideramos que en los paises desarrollados la ddPCR-IS6110
seria una técnica ideal para la confirmacion post-mortem de la TBb, mientras que, en los paises
en desarrollo, seria mas recomendable la utilizacién de la PCR a tiempo real, dada la gran

inversion que requiere esta técnica.
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Primera conclusidn: La optimizacion del protocolo de extraccién de ADN supuso un notable
aumento en la sensibilidad diagndstica de la PCR a tiempo real con respecto al protocolo de
extraccion simple (78,34% versus 95,4%), por lo que se recomienda su utilizacidon para el

diagnéstico directo del Complejo Mycobacterium tuberculosis desde muestras de tejido.

Segunda conclusion: La PCR a tiempo real, utilizando el protocolo de extraccidn optimizado,
demostré una elevada validez para confirmar la infeccién por el Complejo Mycobacterium
tuberculosis, con las tres dianas evaluadas (1S6110, 1S4 o mpb70), logrando una especificidad del
100%. En cuanto a su capacidad para descartar la enfermedad, se observé la mayor sensibilidad
(95,9%) y cociente de probabilidad de los resultados negativos con la sonda 1S6110. Por lo tanto,
consideramos que este protocolo seria el indicado para el diagndstico directo de la TBb a partir

de muestras de tejido.

Tercera conclusion: La utilidad de la PCR a tiempo real utilizando la sonda 1S6110 para
confirmar la TBb seria maxima (VPP = 100%) en cualquier escenario epidemiolégico, mientras
que su capacidad para descartar la enfermedad superaria el 90% en areas con una prevalencia
de hasta el 60%. En consecuencia, la PCR a tiempo real podria constituir una alternativa rapida y
eficaz al cultivo microbioldgico, posiciondandose como una prueba de referencia para confirmar

el diagnéstico de la TBb.

Cuarta conclusion: Dada la validez estimada para la intradermotuberculinizacién cervical con
interpretacion severa (SE 86,4% y SP 87.9%), la capacidad de la técnica para diferenciar entre
animales sanos e infectados seria moderada. Sin embargo, su utilizacién previa a la PCR
permitiria descartar la TBb con una alta seguridad en los animales negativos a ambas pruebas,

incluso en zonas con prevalencias de hasta el 80%.

Quinta conclusién: En base a la sensibilidad y especificidad mostradas por la inspeccién
macroscoépica (67,8% y 98.3%, respectivamente), esta técnica tendria una elevada capacidad
para detectar la enfermedad, si bien recomendamos la confirmacidn posterior con PCR en base
a la importancia de esta enfermedad en salud publica. En cuanto a su validez para descartarla,

es baja.

Sexta conclusion: La ddPCR-IS6110 a partir de muestras de tejido mostré un rendimiento
analitico y diagnéstico muy elevado (SE 90,76% y SP 100%). Esta herramienta posibilitd la
deteccién de animales infectados, tanto con lesiones compatibles con TBb como sin ellas, incluso
en casos no identificados mediante el cultivo microbiolégico ni la PCR-I1S6110 a tiempo real. En
consecuencia, la ddPCR-IS6110 podria considerarse una herramienta diagndstica altamente

eficaz, especialmente en regiones con baja prevalencia de TBb.
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Aportaciones a congresos relacionadas con los resultados de esta Tesis Doctoral

Il Congreso de Veterinaria y Ciencia y tecnologia de los Alimentos
Titulo de la aportacion: Comparacion de dos protocolos de extraccidon de ADN para la validacién
del diagnéstico directo de MTC desde tejido fresco mediante qPCR.
Autores: Eduardo Vera, José Maria Sdnchez-Carvajal, Angela Galan-Relafio, Inés Ruedas-Torres,
Carmen Tarradas, Librado Carrasco, Inmaculada Luque, Jaime Goémez-Laguna
Tipo de evento: Comunicacion en Congreso
Ambito: Nacional
Fecha: 22/06/21
Lugar: Cérdoba (Espafia)

Il Congreso de Veterinaria y Ciencia y tecnologia de los Alimentos
Titulo de la aportacidn: Validacidn de una PCR a tiempo real frente a [a 1S6110 para la deteccién
del Complejo Mycobacterium tuberculosis en nédulos linfaticos de ganado bovino.
Autores: Sanchez-Carvajal, José Maria; Galan-Relafio, Angela; Ruedas-Torres, Inés; Jurado-
Martos, Francisco; Larenas-Mufioz, Fernanda; Vera-Salmoral, Eduardo; Gomez-Gascon, Lidia;
GOmez-Laguna, Jaime
Tipo de evento: Péster en Congreso
Ambito: Nacional
Fecha: 22/06/21
Lugar: Cérdoba (Espafia)

EAVLD virtual meeting
Titulo de la aportacién: Evaluation of two different DNA extraction protocols to validate
Mycobacterium tuberculosis complex direct diagnosis from fresh tissue samples by 1IS6110-qPCR.
Autores: Eduardo Vera-Salmoral, José Maria Sanchez-Carvajal, Angela Galan-Relafio, Inés
Ruedas-Torres, Jaime Gémez-Laguna, Carmen Tarradas, Librado Carrasco, Inmaculada Luque,
Belén Huerta
Tipo de evento: Péster en Congreso
Ambito: Internacional
Fecha: 17/11/21
Lugar: Cérdoba (Espafia)

EAVLD virtual meeting
Titulo de la aportacién: Evaluation of droplet digital PCR targeting 1S6110 to detect
Mycobacterium tuberculosis complex DNA in microbiological culture and fresh tissue samples.
Autores: Sanchez-Carvajal, Jose Maria; Vera-Salmoral, Eduardo; Cuéllar-Gémez, Raquel; Galan-
Relafio, Angela; Carrasco, Librado; Ruedas-Torres, Inés; Larenas-Mufioz, Fernanda; Luque,
Inmaculada; Gémez-Laguna, Jaime.
Tipo de evento: Comunicacion en Congreso
Ambito: Internacional
Fecha: 17/11/21
Lugar: Cérdoba (Espafia)

VI Congreso EAVLD Sevilla
Titulo de la aportacidon: DNA specific target comparison for the validation of Mycobacterium
tuberculosis complex direct diagnosis by Real-time PCR from fresh tissue.
Autores: Inmaculada Luque, Dr. José Maria Sanchez-Carvajal, Dr. Angela Galan-Relafio, Eduardo
Vera-Salmoral, Dr. Jaime GOmez-Laguna, Dr. Belén Huerta.
Tipo de evento: Péster en Congreso
Ambito: Internacional
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Fecha: 24/10/22-26/10/22
Lugar: Sevilla (Espafia)

VI Congreso EAVLD
Titulo de la aportacion: Evaluacién del rendimiento diagnéstico de |Ia
intradermotuberculinizacion y de la inspeccion macroscépica para el diagndstico de la
tuberculosis bovina en distintos escenarios epidemiolégicos
Autores: Eduardo Vera Salmoral
Tipo de evento: Comunicacion en Congreso
Ambito: Nacional
Fecha: 04/05/23
Lugar: Cérdoba (Espana)

Otras aportaciones relacionadas con la formacidn investigadora

Publicaciones cientificas indexadas

Fernanda Larenas-Mufioz, José M. Sanchez-Carvajal, Angela Galan-Relafio,
Inés Ruedas-Torres, Eduardo Vera-Salmoral, Lidia Gomez-Gascon,
Alfonso Maldonado, Librado Carrasco, Carmen Tarradas, Inmaculada Luque,
Irene M. Rodriguez-Gémez and Jaime Godmez-Laguna. The Role of Histopathology as a
Complementary Diagnostic Tool in the Monitoring of Bovine Tuberculosis. Front Vet Sci.
2022; 9: 816190. doi: 10.3389/fvets.2022.816190. PMCID: PMC9136683. PMID:
35647097

A. Galan-Relafio, J.M. Sanchez-Carvajal, L. Gdmez-Gascén, E. Vera, B. Huerta, F. Cardoso-
Toset, J. Gdmez-Laguna, R.J. Astorga. Phenotypic and genotypic antibiotic resistance
patterns in Salmonella typhimurium and its monophasic variant from pigs in southern
Spain. Research in Veterinary Science, Volume 152, 2022 Doi:
https://doi.org/10.1016/j.rvsc.2022.09.028

Jurado-Martos F, Cardoso-Toset F, Tarradas C, Galan-Relafio A, Sdnchez-Carvajal IM,
Ruedas-Torres |, Vera E, Larenas-Mufioz F, Gdmez-Gascén L, Rodriguez-Gomez IM,
Carrasco L, Gdmez-Laguna J, Lorenzo BH, Luque |. Diagnostic performance of faecal
and tissue multiplex gPCR IS900/F57 for the detection of Mycobacterium avium
subspecies paratuberculosis in cattle. Res Vet Sci. 2023 Aug; 161:156-162. doi:
10.1016/j.rvsc.2023.06.007. Epub 2023 Jun 10. PMID: 37406574.

Jurado-Martos F, Cardoso-Toset F, Tarradas C, Galdn-Relafio A, Sanchez-Carvajal JM,
Ruedas-Torres |, Vera-Salmoral E, Larenas-Munoz F, Carrasco L, Gdmez-Laguna J,
Lorenzo BH, Luque I. Evaluation of the diagnostic accuracy of the serological test for
paratuberculosis in cattle according to tuberculosis status. Vet Rec. 2023 Nov
4;193(9):e3313. doi: 10.1002/vetr.3313. Epub 2023 Sep 17. PMID: 37718548.

Aportaciones a congresos

X Foro ANVEPI
Titulo de la aportacion: Brote de mortalidad aguda en jabalies: un riesgo potencial para el cerdo
ibérico
Autores: Sanchez-Carvajal, JM; Galan-Relafio, A; Barrero-Dominguez, B; Ruedas-Torres, |; Vera-
Salmoral, E; De Marco-Viott, A y Rodriguez-Gémez, I.M
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Tipo de evento: Péster en Congreso
Ambito: Nacional

Fecha: 14/03/18-15/03/18

Lugar: Badajoz (Espafia)

XXl Simposio Anual de AVEDILA
Titulo de la aportacion: Seroprevalencia de paratuberculosis en ganado caprino lechero en
Andalucia. Autores: Barrero-Dominguez B., Huerta B., GOmez-Laguna J., de Aguiar F., Vera-
Salmoral, E.S., GOmez-Gascon L. y Astorga R.J.
Tipo de evento: Péster en Congreso
Ambito: Nacional
Fecha: 15/11/18-16/11/18
Lugar: Granada (Espaia)

XXIll Simposio Anual de AVEDILA
Titulo de la aportacion: Valoracién del perfil de sensibilidad de cepas Trueperella Pyogenes
aisladas de rumiantes a diferentes antimicrobianos.
Autores: Galan-Relafio A., Vera-Salmoral E.S., Sanz-Tejero C. Cardoso-Toset F., Jurado-Martos F.,
Vela A.l,, Tarradas C.
Tipo de evento: Péster en Congreso
Ambito: Nacional
Fecha: 15/11/18-16/11/18
Lugar: Granada (Espaiia)

XXIIl Simposio Anual de AVEDILA
Titulo de la aportacion: Valor diagnéstico de signos clinicos asociados a la leishmaniosis canina.
Autores: Galan-Relafio A., Barrero-Dominguez B., Gdmez-Gascdn L., de Aguiar F., Vera-Salmoral
E.S., Maldonado A., Huerta B.
Tipo de evento: Péster en Congreso
Ambito: Nacional
Fecha: 15/11/18-16/11/18
Lugar: Granada (Espafia)

XXIV Simposio Anual AVEDILA
Titulo de la aportacion: Resistencia antimicrobiana de cepas de salmonella typhimurium
variante monofasica (mst) aisladas a partir de la cadena alimentaria del cerdo ibérico
Autores: Galan-Relafo A., Barrero-Dominguez B., Gdmez-Gascén L., de Aguiar F., Vera-Salmoral
E.S., Maldonado A., Huerta B.
Tipo de evento: Péster en Congreso
Ambito: Nacional
Fecha: 07/11/19-08/11/19
Lugar: Pamplona (Espania)

International Symposium Salmonella and Salmonellosis Genetic
Titulo de la aportacién: Determinants of Salmonella Typhimurium and mST multi-drug resistant
isolates belonging to pigs reared in extensive systems in the South of Spain.
Autores: Galdn-Relafio, Angela; Sanchez-Carvajal, José Maria; Gémez-Gascon, Lidia; Huerta
Lorenzo, Belén; Vera Salmoral, Eduardo; Astorga Marquez, Rafael Jesus.
Tipo de evento: Péster en Congreso
Ambito: Internacional
Fecha: 20/06/22-22/06/22
Lugar: Saint Malo (France)
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Xlll Scientific Agriculture Symposium Agrosym
Titulo de la aportacion: Application of control measures in a free-ranged pig farm with a
backgrounds of porcine lymphadenitis.
Autores: Eduardo Vera-Salmoral, José Maria Sanchez-Carvajal, M2 Angeles Mena-Rodriguez,
Lidia Gomez-Gascon, Inmaculada Luque, Carmen Tarradas, Alfonso Maldonado, Belén Huerta.
Tipo de evento: Péster en Congreso
Ambito: Internacional
Fecha: 06/10/22-09/10/22
Lugar: Jahorina mountain (Bosnia and Herzegovina).

VI Congreso EAVLD
Titulo de la aportacidon: Prevalence, antimicrobial resistance, and biofilm formation of
methicillin-resistant staphylococci isolated in veterinary students of Cordoba university (Spain).
Autores: Lidia Gomez Gascon, Isabel Rodriguez-Fernandez, M2 Angeles Mena-Rodriguez, Angela
Galan-Relafio, Eduardo Vera-Salmoral, Inmaculada Luque, Carmen Tarradas, Belén Huerta.
Tipo de evento: Péster en Congreso
Ambito: Nacional
Fecha: 24/10/22-26/10/22
Lugar: Sevilla (Espafia)

VI Congreso EAVLD
Titulo de la aportacion: Antimicrobial activity of oregano essential oil and carvacrol against
Streptococcus suis isolates from human and porcine origin
Autores: Rafael Jesus Astorga Mdarquez, Antonio Coca, Lidia Gomez Gascén, Belén Huerta
Lorenzo, Inmaculada Luque, Moreno, Maria Martinez Padilla, M2 Angeles Mena Rodriguez,
Carmen Tarradas, Eduardo Vera Salmoral
Tipo de evento: Péster en Congreso
Ambito: Nacional
Fecha: 24/10/22-26/10/22
Lugar: Sevilla (Espafia)

XI Congreso de Investigadores en formacion
Titulo de la aportacién: Antimicrobial resistance determinants in Salmonella typhimurium and
mst multi-drug resistant strains isolated from pigs reared in extensive systems in southern Spain
Autores: Inmaculada Luque Moreno, Lidia Gdmez Gascon, José Maria Sanchez Carvajal, Belén
Huerta Lorenzo, Eduardo Vera Salmoral, M2 Angeles Mena Rodriguez, Rafael Jests Astorga
Marquez.
Tipo de evento: Péster en Congreso
Ambito: Nacional
Fecha: 24/10/22-26/10/22
Lugar: Sevilla (Espafia)

Participacidn en proyectos

1) GOP2I-CO-16-0010GOP2I-CO-16-0010-SUBP. Innotuber: Nuevas medidas y técnicas de
control de la tuberculosis bovina en Andalucia. Consejeria de Agricultura, Pesca,
Ganaderia y Desarrollo Sostenible de la Junta de Andalucia. 2018-2020. 161.688,64
EUR. Investigador.
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2) Proyecto AgroMIS: ceiA3 instrumento estratégico hacia un tejido productivo
Agroalimentario Moderno, Innovador y Sostenible: motor del territorio rural andaluz.
Sublinea: SL2421. Consejeria de Conocimiento, Investigacion y Universidad de la Junta
de Andalucia. 2020-2022. Proyectos de interés colaborativo en el ambito de los
Ecosistemas de Innovacién de los Centros de Excelencia Internacional. Investigador.
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