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1.ABSTRACT

Introduction

Paratuberculosis (PTB), also known as Johne’s disease, is a chronic, contagious disease
primarily affecting domestic and wild ruminants. It is caused by Mycobacterium avium
subspecies paratuberculosis (MAP). The disease is particularly challenging due to its slow
development and subclinical stages, during which infected animals shed the bacteria,
contaminating the environment. The disease is of significant concern in animal health due to
its economic impact on livestock, especially ruminants, as it leads to reduced milk production,

weight loss, and death.

The Canary Islands play an essential role in Spain's goat farming industry, holding the
fourth-largest population of goats in the country. The region has been officially recognized as
free from bovine tuberculosis (TB) caused by Mycobacterium tuberculosis complex since
2017, a status of critical importance in maintaining the health of livestock and ensuring the
economic viability of farming activities. However, managing PTB presents unique challenges,
particularly because the anti-MAP vaccination can interfere with the official diagnostic tests
for TB. As a result, goat farms in the Canary Islands are required to obtain special authorization
before vaccinating against MAP. This authorization process includes certifying that the farm
is free from TB and confirming the presence of PTB on the farm. Once these conditions are

met, farmers may apply for vaccination permits in line with local regulations (Decree 51/2018).

This doctoral research focuses on caprine PTB in the Canary Islands. The aim is to
evaluate the disease pathology, vaccination effects, and prevalence using a combination of
diagnostic techniques, providing information to improve disease diagnosis and control

strategies in a privileged health context, the condition of insularity, and productive systems.
Objectives
The aims of this work are:

1. Evaluate the morphological lesions associated with clinical and subclinical

paratuberculosis in naturally infected goat herds.
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2. Recognize the different concomitant pathological findings in goats naturally infected

with PTB

3. Implement a more effective diagnosis for identifying MAP using

immunohistochemical and molecular biology techniques.

4. Study the impact of anti-MAP vaccination on etiological identification, lesion severity

and distribution in clinical and subclinical cases of natural infection with caprine PTB.

5. Determine the prevalence of paratuberculosis in goat herds across the Canary Islands,
Spain applying serological assay. Evaluate the immune response in relation to age,

environment and farm characteristics.

6. Analyze immune responses to anti-MAP vaccination in relation to age in PTB naturally

infected herds on the Canary Islands, Spain.

Summary of Publication 1I: Morphological Assessment of Concomitant Lesions in Goat

Herds Infected with Paratuberculosis

This study investigated the lesions associated with MAP infections in vaccinated and
non-vaccinated goats. The primary goal was to assess the extent and nature of the pathological
changes induced by MAP and any concomitant lesions in naturally infected animals. The study
involved 39 goats (15 vaccinated and 24 non-vaccinated) with PTB-compatible histological
lesions from various farms with confirmed history of disease. Samples were collected at
necropsy and processed routinely for histopathological evaluation. Granulomatous lesions in
mesenteric lymph nodes (MS LNs) were classified from grade 0, no lesions to grade IV,
necrosis and mineralization. Granulomatous enteritis affecting the ileocecal valve (ICV) was
graded separately in lamina propria (LP) and Peyer’s patches (PPs) in terms of severity and
distribution. Statistical analysis was performed using IBM SPSS Statistics 27 (IBM Corp.
Released 2020. IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY, USA: IBM

Corp).

Gross PTB findings were registered affecting the MS LNs in 61.5% and the ICV in
17.9% of predominantly non-vaccinated animals. Granulomatous enteritis in the vaccinated

cases was of mild severity in contrast with the non-vaccinated in which lesions varied from
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mild to severe. The lymphadenitis in the MS LNs in both groups was mainly grade IV with

well-formed encapsulated granulomas with central necrosis and mineralization.

The main concomitant pathologies identified in the studied animals were of
inflammatory origin involving most commonly the hemolymphatic, respiratory and
gastrointestinal systems. More non-vaccinated goats with PTB-compatible enteritis in the ICV
presented respiratory lesions (p=0.027). Furthermore, lung inflammation in vaccinated goats
was only detected in animals between (12-24] months of age in contrast with the non-
vaccinated among which those findings were registered in all age ranges (p=0.035). To the
authors knowledge, this is the first work that describes and evaluates the concomitant
pathologies in naturally infected caprine herds. The study underscores the importance of
histopathological examination in diagnosing and controlling caprine PTB and gives new
insights on the potential protective effect of vaccination on both MAP induced lesions and

concomitant pathologies present in the herd.

Summary of Publication I1: Detection of caprine paratuberculosis (Johne's disease) in pre-
and post-vaccinated herds: morphological diagnosis, lesion grading, and bacterial

identification

This study focused on comparing the diagnostic methods and lesion severity in pre-
and post-vaccinated goats across several herds. A total of 105 goats were evaluated at slaughter,
with 61 non-vaccinated and 44 vaccinated. Granulomatous lesions in the mesenteric lymph
nodes (MS LNs) and ileocecal valve (ICV) lamina propria (LP) and Peyer’s Patches (PPs) were
evaluated through histopathological analysis. MAP was identified using Ziehl-Neelsen
staining (ZN), immunohistochemistry for MAP antigen detection (IHC), and PCR targeting the
insertion sequence 900 (IS 900). Statistical analysis was performed using IBM SPSS Statistics
27 (IBM Corp. Released 2020. IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY,
USA: IBM Corp).

PTB-compatible gross lesions were detected in 39.00% of the animals, of which
68.29% were non-vaccinated and 31.72% were vaccinated. The inclusion of histopathological
tools improved the diagnostic accuracy by 28% in MS LNs and by 86.05% in ICV. The
microscopic lesions in MS LNs, ICV LP and ICV PPs were predominantly detected in non-

vaccinated animals with the differences being statistically significant with p<0.05. Also, the
19



bacterial load detected by ZN, IHC and PCR was lower in the vaccinated animals with p<0.05.

Nevertheless, the agreement between the three techniques varied from low to moderate.

The results confirm that vaccination reduces the severity and distribution of MAP
induced lesions and bacterial load in target organs, although it does not fully prevent infection.
Furthermore, the study emphasizes the importance of combining post-mortem examination
with different laboratory techniques for agent identification to fully detect, assess and control

subclinical caprine PTB infections in affected herds.

Summary of Publication III: Caprine Paratuberculosis Seroprevalence and Immune

Response to Vaccination

This study examined the seroprevalence of PTB and the immune response to MAP
vaccination in 12 goat farms across the Canary Islands. It involved 2,774 serum samples
analyzed through commercial ELISA kit (Mycobacterium paratuberculosis Test Kit
PARACHEK® 2, Prionics AG, Schlieren, Switzerland) to detect anti-MAP antibodies.
Statistical analysis was performed using IBM SPSS Statistics 27 (IBM Corp. Released 2020.
IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY, USA: IBM Corp).

The initial apparent seroprevalence was 18.4%, with variations across farms ranging
from 2.5% up to 61.1%. Three prevalence groups were established to analyze the differences
between the farms: A, (0-10%]; B, (10-20%] and C, >20%. In the first session, significant
differences between the farms regardless the age of the animals were only demonstrated in
group C (p=0.001). Nevertheless, differences between the number and proportion of ELISA
positive goats in the different age ranges was confirmed in the three prevalence groups. Also,
differences between the antibody development and farm mean annual temperature, fencing and

proximity to other farms were demonstrated in group C.

The second phase of the study focused on the immune response to vaccination. In group
A, seroconvertion levels were higher among older animals. In groups B and C, the antibody
response was heterogeneous. Although, only in group C the differences between the number

and proportion of ELISA positive animals in each age groups were statistically significant.
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The study highlights the need for ongoing serological monitoring and integrated
diagnostic approaches to manage PTB effectively in vaccinated and non-vaccinated goat herds

on the Canary Islands.
Conclusions

1. Histopathological examination is important for correct diagnosis of caprine PTB in
both clinical and subclinical cases as by gross examination neither granulomatous
lymphadenitis with microgranuloma formation, nor mild and multifocal noncalcified
granulomatous enteritis can be detected.

2. The most common concomitant pathologies found in goat herds with natural PTB
infection on the Canary Islands are of inflammatory origin and mainly affect the
hemolymphatic, respiratory and gastrointestinal systems.

3. Vaccination against MAP might have a beneficial effect on the reduction of
concomitant pathologies such as respiratory inflammation processes.

4. It is advisable to use a combination of laboratory techniques including Zielh-Neelsen,
immunohistochemistry and PCR targeting IS900 for correct etiological identification
of MAP in naturally infected goats, as in cases with low bacterial load the agreement
between the three techniques varies from low to moderate.

5. Vaccination against MAP can mitigate the severity of the granulomatous enteritis to
mild multifocal lesions and reduce the bacterial load in target organs but cannot fully
prevent infections. Mesenteric lymph nodes in both vaccinated and non-vaccinated
clinical and subclinical cases mostly present stage IV encapsulated granulomas with
central necrosis and mineralization.

6. PTB is endemic on the Canary Islands, with an average apparent prevalence of 18.4%
with considerable variations between the affected farms. In farms with >20% initial
seroprevalence, characteristics such as mean annual temperature, fencing and
proximity to other farms could also play a role in antibody development.

7. The anti-MAP antibody development might be related to the age of the animals,
although differences can exist between the age groups in herds with similar initial

prevalences.
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8. There are differences between the seroconversion after vaccination between young and
adult animals. Although some young goats seem to not seroconvert as expected, in
farms with >10% seroprevalence the immune response is heterogeneous among the age
groups.

9. To design a protocol for early detection and assessment of natural caprine PTB cases
in vaccinated and non-vaccinated animals, a combination of different tools including
postmortem examination, laboratory tests for agent identification and serological

control should be considered.
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2. INTODUCCION
2.1. LA GANADERiA CAPRINA EN LAACTUALIDAD

Para comprender la importancia de la ganaderia caprina en la sociedad actual es
imprescindible centrarse en el Objetivo de Desarrollo Sostenible 2 (ODS 2) de la Agenda 2030
de las Naciones Unidas que es “Hambre Cero” (Naciones Unidas, 2015). Ademas, el derecho
a la alimentacion junto con el derecho a la vida y la libertad, el trabajo y la educacion estan
reconocidos por la Declaracion Universal de Derechos Humanos y dos convenios
internacionales juridicamente vinculantes. A pesar del continuo esfuerzo para garantizarlos, la
Organizacion de las Naciones Unidas para la Alimentacion y la Agricultura (FAO), en su

ultimo informe resalta que:

“Los agricultores del mundo producen alimentos suficientes para alimentar a mds personas
de la poblacion mundial existente, sin embargo, el hambre persiste. Hasta 783 millones de
personas se enfrentan al hambre debido a los conflictos, las repetidas crisis climaticas y las
recesiones economicas. Esto repercute de manera mas grave en los pobres y vulnerables,
muchos de los cuales son hogares agricolas, lo que refleja desigualdades cada vez mayores

entre los paises y dentro de ellos mismos.” (FAO, 2023).

Segtin el Gltimo informe de la FAO, el hambre mundial ha sufrido un aumento repentino
desde 2019, en el cual afectaba al 7,5%, a 2021 en el que alcanz6 un 9,1%(1). Ademas, estos
niveles aumentados se han mantenido durante 3 afios consecutivos hasta el tltimo informe de
2023, con tendencia de aumentar en Africa, manteniéndose estables en Asia y con progresos
notables en América Latina. En porcentajes, en Africa se ve afectada un 20,4% de la poblacion,

frente a un 6,2% en América Latina y el Caribe, un 8,1% en Asia y un 7,3% en Oceania. Sin

embargo, confirma el informe, mas de la mitad de la poblaciéon mundial que padece

hambre sigue encontrandose en Asia(1) (Figura 1).
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Figura 1. Mapa del hambre. HugerMap MVE, Programa Mundial de Alimentos (PMA)
Consultado: 19.08.2024
La oveja (Ovis aries) y la cabra (Capra hircus) fueron los primeros animales de

produccion domesticados alrededor de 10.000-8.000 a.C. en el suroeste asidtico. Aunque
comunmente se les denomina “pequefios rumiantes”, la cabra y la oveja difieren tanto a nivel
genético, teniendo la cabra 60 cromosomas y la oveja 54, como a nivel etoldgico e incluso
anatémico(2). Algunas caracteristicas comportamentales caprinas se ven influenciadas por el
tipo de produccion a la que estdn sometidas, aunque hay aspectos como la estructura jerarquica
del rebafio, el alto nivel de domesticacion, su agilidad y habilidad para escalar y su ingenio

para abrir cerraduras simples que son caracteristicas de la especie(2).

Mahatma Gandbhi, siglos después de ser domesticada, bautizo la cabra como “poor man’s
cow” o “la vaca de los pobres”. Este nombre se ha perpetuado hasta la actualidad ya que la
produccion caprina ha ayudado notablemente a combatir el hambre y abastecer de carne, leche
y sus derivados, cuero y lana, a gran parte de los paises con escasos recursos econdémicos y ha
sido el pilar principal de su ganaderia debido a su adaptabilidad a diversas condiciones, tanto
climaticas, como territoriales. Actualmente, la cabra es el animal de produccion con mayor
distribucion mundial. Segun el informe de la FAO la poblacion mundial de cabras domésticas
(Capra aegagrus hircus) en 2022 era de aproximadamente 1,1 billones de animales,
distribuidos en todos los continentes menos la Antartida, estando el 93,4% del censo centrado
en Asia y Africa (Figura 2). El pais con mayor poblacion es la India con un total de 150

millones de cabras en 2022 (FAO, 2022).
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Figura 2. Numero de cabras por m?. FAO, 2015

Actualmente, Europa cuenta con la tercera poblacion mas numerosa de cabras del mundo
(MAPA, 2023). Espaiia es el segundo mayor productor con un total de 2.293 millones de
cabezas (MAPA, 2023) distribuidas mayoritariamente en las siguientes comunidades
autonomas: Andalucia con 39%, Castilla-La Mancha con 16,7%, Extremadura con 10,7%,
Canarias con 10.3% y Murcia con 9.7%(3) (Figura 3). En Canarias, el sector cuenta con un
total de 200.054 cabezas distribuidas en 1256 explotaciones, con mayor censo en las islas de
Fuerteventura y Gran Canaria (ISTAC 2023). El efectivo ganadero se compone principalmente
de razas autoctonas certificadas que ademas estan en peligro de extincion (Orden
APM/26/2018). Actualmente, estan reconocidas 3 razas de cabra canaria: Majorera, Tinerfena
y Palmera(4). La produccion esta dedicada principalmente a la leche para la elaboracion de

queso.
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DISTRIBUCION DEL CENSO DE HEMBRAS DE ORDENO POR COMUNIDADES AUTONOMAS

@ ® @

ANDALUCIA EXTREMADURA ~ CASTILLALAMANCHA  CANARIAS
MURCIA CASTILLAY LEON RESTO

O

Figura 3. Distribucion del censo de hembras caprinas de ordefio por comunidades autonomas en 2023.
Ministerio de Agricultura, Pesca y Alimentacion (MAPA)

El origen de las cabras canarias todavia no esta confirmado, pero en la actualidad se ha
demostrado, mediante analisis genéticos, que este es comun entre las distintas razas
islefias(4,5). Se estima que su llegada se remonta al siglo I a.C. y coincide con el asentamiento
en el archipi¢lago de los amazigh o bereberes que llegaron principalmente del Oeste y la parte
central del Norte de Africa(6-8). Estos trajeron consigo varios animales domesticados entre
los cuales destacan las cabras, que eran una parte importante de su dieta. Posteriormente, dado
que los aborigenes canarios no dominaban la navegacion maritima, las islas y sus animales
terrestres estuvieron aislados del continente africano hasta el siglo XV(4). Este hecho explica
las diferencias en el haplotipo detectadas entre la poblacion caprina canaria y la europea o la
africana(5). Sin embargo, cabe destacar que a pesar de su origen comun, las razas canarias se
han adaptado exitosamente a los distintos microclimas existentes en las 8 islas y, por ejemplo,
la raza Majorera y la Tinerfefia del sur estd adaptadas al clima subtropical, y la Palmera y la
Tinerfefia del norte a las condiciones de elevada humedad caracteristicas de las isla de La

Palma y del norte de la isla de Tenerife (4).

La produccién caprina en el archipiélago esta destinada principalmente a la produccion
de leche para la elaboracion de quesos (9,10). Los quesos canarios forman parte del patrimonio

de la Comunidad Auténoma, premiados en numerosas ocasiones a nivel nacional e
27



internacional, convirtiéndose asi en la “joya alimentaria de la gastronomia de Canarias”(9). En
2008, la calidad de los quesos canarios fue reconocida en el certamen de los “World Cheese
Awards”. En el mismo afio, el queso “Pimentéon Curado de Arico” fue premiado como el
“Mejor Queso Del Mundo” en la ceremonia celebrada en Dublin, Republica de Irlanda. El
queso Majorero fue el primer queso de cabra espaiiol en conseguir la certificacion de
Denominacion de Origen Protegida (DOP) en 1996(9,10). En el archipiélago se elaboran
aproximadamente 17.000 toneladas de queso al afio, principalmente de leche de cabra. Este
producto se destina mayoritariamente al mercado interior (consumo medio anual de mas de
9kg por habitante) aunque su importancia, debida a su calidad y singularidad, es cada vez

mayor en el mercado nacional e internacional (9).
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2.2. LA PARATUBERCULOSIS O LA ENFERMEDAD
DE JOHNE

2.2.1. MARCO HISTORICO

Durante el siglo XIX se describieron por primera vez los signos clinicos y las lesiones
anatomopatoldgicas asociados a la paratuberculosis (PTB) (11,12). El nombre de enfermedad
de Johne se debe al trabajo publicado por H.A. Johne y L. Frothingham, que en 1895
demostraron la conexion entre la presencia de enteritis y de bacterias acido-alcohol resistentes
(BAAR) en tejido intestinal de una vaca siendo este el primer caso reportado de PTB (12). En
1906, Bang propuso el nombre “enteritis pseudotuberculosa” ya que logr6d distinguir entre
enteritis tuberculosa y no tuberculosa (12). Sin embargo, el agente de la PTB, Mycobacterium
avium subespecie paratuberculosis (MAP), se cultivo por primera vez en 1912 y, en 1914, se
demostr6 que era capaz de producir enteritis en condiciones experimentales (12). Una vez que
MAP se caracterizo por completo se incluyo en el género Mycobacterium con el nombre
Mycobacterium paratuberculosis 'y consecutivamente la enfermedad fue nombrada
“paratuberculosis”. En 1911, dieciséis anos después de la primera descripcion en vacuno, se
reportd por primera vez PTB en ovino por Stockman y, en cabras, en 1924 (11). A partir de las
primeras descripciones, la PTB en pequefios rumiantes ha formado parte de la literatura

veterinaria aunque siempre con menos frecuencia que la misma enfermedad en bovino (11).

2.2.2. AGENTE ETIOLOGICO, GENOTIPOS Y SU PAPEL
EPIDEMIOLOGICO

El MAP es una bacteria bacilar, no movil, de crecimiento lento, aerobia, Gram-positiva
y acido-alcohol resistente(13). Historicamente, las primeras descripciones de las distintas
cepas se basaron en sus caracteristicas epidemiologicas y fenotipicas y clasificaron el MAP en
la cepa MAP-S (ovina, sheep strain) y la MAP-C (bovina, cattle strain) (13,14).
Posteriormente, conforme avanzaron las técnicas de biologia molecular, se identificaron dos
tipos de MAP, tipo I y tipo II, ninguno exclusivo de la especie afectada(14,15). E1 MAP de tipo
I es de crecimiento lento y afecta principalmente, pero no exclusivamente, al ganado ovino. El
de tipo II es de crecimiento mas rapido en comparacion con el tipo I y principalmente afecta a
bovino, aunque también se han descrito casos en caprino, ovino, ciervo y otros rumiantes

(13,14). En cuanto al conocido como tipo III, en términos de crecimiento, es intermedio en
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comparacion con los anteriores y se ha descrito en ovino, caprino, bovino y también en
camélidos (13,14). Actualmente, mediante técnicas de secuenciacion del genoma completo,
este ultimo tipo se ha reclasificado como subgrupo, junto con el tipo I, de la cepa MAP-S
(14,15). Ademas, genotipicamente se describid, mas recientemente, una tercera cepa de MAP,
MAP-B (bisonte, bison) afectando a bisontes en Montana, EEUU (14). Sin embargo, una vez
mas, mediante secuenciacion del genoma completo, esta tltima se reclasificé como subgrupo
de la cepa MAP-C junto con el MAP aislado en bisontes en la India, llamado inicialmente
“Indian Bison type” o “tipo B de la India” (14,15). En la Figura 4 se esquematiza la
clasificacion actual basada en la secuenciacion del genoma completo del MAP (16).
Indian

Bison
strains

Type B
strains
(Bison type)
Type C
strains

American

Bison
Isolates from strains

cattle, goats,
humans
and other
species
(Type C)

(Type 1)

MAP
isolates

Type lll

Sheep
(Type S)

strains
Type |

Figura 4. Esquema de la clasificacion de MAP basada en analisis filogenético mediante secuenciacion del genoma
completo. Ssekitoleko y cols., 2021

Utilizando un amplio espectro de técnicas de identificacion, se han detectado multiples
cepas dentro del mismo rebafio e incluso en un mismo animal(14). Por un lado, una de las
aplicaciones mas importantes de las técnicas de fenotipado es el rastreo de fuentes de infeccion.
De esta manera, se ha podido aportar informacion valiosa para posteriormente instaurar

medidas de control, manejo y prevencion de la enfermedad a nivel de explotacion (14). La
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explicacion mas extendida de la coexistencia de varias cepas se basa en la transmision debida
a la compra-venta de animales subclinicos infectados de distintos origenes (14). Sin embargo,
en un estudio, los autores proponen que infecciones con multiples cepas de MAP pueden
predisponer al desarrollo de enfermedad clinica (17). Ademas, otra posible explicacion que se
ha sugerido es la “microevolucion” de la bacteria debido a su evolucion cronica, tanto a nivel
individuo, como a nivel de rebafo, lo cual podria conllevar a la gran diversidad genética
descrita en la actualidad (18). Sin embargo, se necesitan futuros estudios para evaluar las
posibles consecuencias de infecciones con multiples cepas de MAP tanto a nivel individuo,

como a nivel colectivo de rebaiio (14).

2.2.3. PATOGENIAY CLINICA

La PTB se ha descrito afectando mayoritariamente a rumiantes domésticos, aunque
también a rumiantes salvajes e incluso a monogastricos (19-21). La patogenia consta de 3

fases: inicial, subclinica y clinica (19,21,22) (Figura 5).

La fase inicial es en la que se produce la infeccion. Los animales suelen infectarse en las
primeras semanas de vida. Las principales vias de transmision son la fecal-oral mediante
consumo directo de MAP del suelo, agua o ubres contaminadas o la ingesta de calostro de
madres infectadas, aunque también se ha descrito la infeccion in utero. Aunque la infeccion o

reinfeccion en animales adultos ha sido reportada, esta es muy poco frecuente (19,21).

Una vez ingerida por el hospedador, MAP es absorbida en el intestino y transportada al
tejido linfoide asociado a las mucosas donde es fagocitada por macréfagos (12,21,23). Este
mecanismo es facilitado por las células M del epitelio intestinal y por los enterocitos mediante
un mecanismo dependiente de la fibrinonectina. Una vez activados, los macréfagos inician
mecanismos microbicidas para combatir la entrada de MAP que incluyen el proceso de ingerir
y la creaciéon de fagosomas. Sin embargo, MAP, al igual que otras micobacterias, ha
desarrollado varios mecanismos de supervivencia que le confieren su especial resistencia, entre
los cuales destacan la inhibicion de la maduracion del fagosoma, interferencia con el
mecanismo de apoptosis del macrofago y acidificacion de fagosomas, ademas de su capacidad
de evadir la presentaciéon de antigenos por los macréfagos modulando la expresion de
moléculas del Complejo Mayor de Histocompatibilidad (CMH) y regulando diferentes vias de
seflalizacion de la transduccion. Debido a estas caracteristicas, una vez MAP se instala dentro
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de las células del hospedador, empieza la fase subclinica que, por lo general, es larga y se

caracteriza por la ausencia de signos clinicos (21).

La duracion de la fase subclinica es variable y estd caracterizada por una respuesta
inmune celular con predominio de linfocitos Th1 (21). En ovino, los signos clinicos aparecen
a partir de los 2 afios de edad, aunque en algunos animales es a partir de los 4 afios (24). En
bovino la mayoria de casos clinicos se detectan entre los 2 y los 4 afios de edad, aunque se han
reportado casos de vacas asintomaticas infectadas hasta de 14 afios de edad (24). En caprino,
los datos sobre la duracién de la fase subclinica son escasos aunque frecuentemente los signos
clinicos aparecen antes que en bovino (25,26). Cabe destacar que los animales infectados que

no presentan signos clinicos, pueden eliminar MAP al medio (19).

Una vez el animal pasa a la fase clinica, se produce el cambio de la poblacién celular de
linfocitos Th1 a Th2, la cual coincide con la aparicién de signos clinicos que pueden variar
entre especies (12,21,23). En bovino, la PTB se caracteriza por pérdida progresiva de peso y
diarrea acuosa. En ovino y caprino, sin embargo, la diarrea no es un signo frecuente (2,19,20).
Se estima que esta diferencia se debe a que las heces de los pequefios rumiantes son mas secas
que las de bovino y por tanto se necesitaria un disbalance mas grave en la reabsorcion de agua
para que el animal llegue a tener diarrea (2). Sin embargo, se mantiene la pérdida de peso
progresiva, que puede extenderse de semanas a meses terminando, en algunos casos, en

emaciacion (2,19) .
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Figura 5. Representacion de la absorcion de MAP y la respuesta inmune durante la progresion de la enfermedad.
Mallikarjunappa y cols, 2021.

2.2.4. DIAGNOSTICO

El diagnostico de la PTB, al igual que el de otras enfermedades causadas por
micobacterias, es complicado y sigue siendo un reto cientifico(27). El principal impedimento
es la larga fase subclinica que tiene la enfermedad (28). Sin embargo, aunque los test
diagndsticos no tienen una alta sensibilidad, su uso puede ser beneficioso cuando se aplican
acorde a la estrategia sanitaria para centrarse en la reduccidon de casos clinicos, la estimacion
de prevalencia, la reduccion del impacto econdémico e incluso en la erradicacion de la
enfermedad en el rebafio(27). Una vez aclarado el objetivo, el protocolo se centraria en la
identificacion de animales que estan en alguno de los siguientes estadios: “infectado” en el que
MAP ha colonizado los tejidos del animal, “infeccioso” en el que el animal elimina MAP al
medio o “afectado” que seria el caso de los animales que exhiben signos clinicos (27,28). Una
vez aplicados los test diagnodsticos, se pueden emplear mas categorias para clasificar el caso de

cada individuo, basados en los resultados, como se expone en la Figura 6.(22)
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Infected with MAP Not infected with MAP
Culture or PCR positive from tissues ot infected wi Microbiology
- cul ive but AFB visible in ti Culture or PCR negative from tissues and AFB not
or culture negative but visible in tissues. visible in tissues.
Synonymous with Johne's disease.

Infectious if shedding MAP in faeces, milk |
I 1
1
1 1
Diseased Not diseased
Diseased Not diseased Mild microscopic lesions No demonstrable Histopathology
rosconic lesions e N Pt microscopic lesions in
Microscopic lesions in tissues No demonstrable microscopic lesions in tissues. tissues.
Paucibacillary or in tissues. Ambiguous category:
multibacillary Synonym Sub-clinical infection - either false negative
culture, or
I 1 - resolving sterile

granuloma, animal may
have recovered

Clinical disease Sub-clinical disease
Weight loss and diarrhoea. No weight loss or diarrhoea. Clinical examination
Synonym Clinical Synonym Sub-clinical
infection infection

Figura 6. Clasificacion dicotdmica primaria de animales expuestos a MAP utilizando un enfoque diagnostico
sistematico y estructurado. AFB, bacilo 4cido-alcohol resistente.
Whittington y cols., 2017.

Partiendo de la base de lo anteriormente expuesto, cabe destacar que existe una amplia
gama de pruebas diagnodsticas de PTB, cada una con sus limitaciones dependiendo de la fase
de la enfermedad en la que se encuentra el animal(27) (Figura 7). Generalmente, los test se

dividen en dos grandes grupos: directos e indirectos.

Table 1 Temporal applicability and accuracy of diagnostic tests for paratuberculosis in sheep and cattle

Test Stage of disease when positive Potential sensitivity” Potential speciﬂcwtyb
Serum ELISA Mid, late Low to highd Moderate to high
Delated type hypersensitivity Early, mid Moderate to high Moderate
Interferon gamma assay Early, mid Unknown Unknown

Faecal smear Mid, late Low® Low to moderate
Faecal culture Early”, mid, late Low to h|ghd High

Faecal gPCR Early“, mid, late Moderate to high’ High

Tissue culture Early, mid, late High High

Gross pathology Late Low to moderate Low to moderate
Histopathology Mid, late Moderate to high High

Clinical signs Late Low to moderate Low to moderate

Adapted from Whittington and Sergeant (2001) [28] and Nielsen and Toft (2008) [30]. The terms low, moderate and high indicate ranges for sensitivity of <40%,
40-70% and >70%, respectively; corresponding values for specificity are <80%, 80-95% and >95%, respectively

?Proportion of truly infected/diseased animals that test positive

l"'F‘ropclrti:)n of truly non-infected/healthy animals that test negative

“Transient, for a few months commencing a few months after infection

“High sensitivity possible in late stage of disease

“Due to low analytical sensitivity

'Based on sensitivity similar to culture in liquid medium

Figura 7. Aplicabilidad temporal y precision de las pruebas de diagnostico para la paratuberculosis en ovino y
bovino. Whittington y cols, 2017
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2.24.1.  PRUEBAS DIAGNOSTICAS DIRECTAS

Se clasifican como pruebas directas las que se centran en la identificacion del agente
causal, en este caso MAP. Entre ellas destacan: el cultivo bacteriano, la reaccion en cadena de
la polimerasa (PCR) y la identificacion del agente en muestras tisulares mediante técnicas
histoquimicas como el Ziehl-Neelsen o inmunohistoquimicas para identificacién de antigenos

de MAP.

22411, CULTIVO BACTERIANO

El cultivo sigue considerandose el estdndar de referencia (gold standard) para el
diagnostico de MAP, siendo las heces las muestras mas habituales (19,24,27—29). Sin embargo,
el cultivo de muestras tisulares ha demostrado ser la técnica con mayor sensibilidad para
detectar muestras postivas(22). Cabe destacar que MAP es un agente dificilmente cultivable y
de crecimiento lento que tarda entre 4 y 8 semanas hasta 16 semanas, dependiendo del medio
de cultivo utilizado y la cepa, siendo la cepa S la de crecimiento mas lento(22,30,31). Para el
aislamiento de MAP se han utilizado clasicamente cultivos solidos, siendo hoy en dia el
Herrold (Herrold’s Egg Yolk Medium) y el Lowenstein- Jensen, los medios de eleccion(30,31).
También se han descrito cultivos en medios con suero como el Dubos, pero estos, en la
actualidad, estan en desuso ya que los medios basados en yema de huevo fueron optimizados
(30). Actualmente, también esta ampliamente extendido el cultivo en medios liquidos, siendo
la principal opcion el Middlebrook 7H9, en el cual el periodo de incubacion se reduce sin
disminuir la sensibilidad. Por eso, estos tltimos son la base para los protocolos automatizados

de deteccion de MAP en laboratorios de diagnostico veterinario (30).

22412, PCR

Los diagndsticos de biologia molecular, entre los que destaca la PCR, han sido los més
recientemente desarrollados dentro del panel de diagnostico habitual de la PTB, destacando
por su especificidad y rapidez en muestras de heces y tejidos (19,22,24,32). El fragmento mas
comunmente empleado para la amplificacion es la secuencia de insercion 900 (IS 900) que esta
presente en gran nimero en el genoma del MAP (15-20 copias) (13,22,33-36). Sin embargo,
se han identificado secuencias con muchas semejanzas en el ADN de otras micobacterias, lo
cual ha conllevado al disefio de PCR para otros fragmentos mas especificos como IS1311,

ISMav2, ISMap02, 57 y hspX (30,31). No obstante, estos estan presentes en el genoma de
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MAP en menor numero, lo cual podria reducir la sensibilidad de la PCR (30). Por tanto, hoy
en dia se tiende al uso de PCR para identificacion de IS900 en combinacion con otro fragmento
para optimizar el diagndstico (30). Es relevante destacar que, sobre todo en las muestras de
heces, la deteccion de mayores cantidades de ADN de MAP indicaria la posibilidad de que el
animal esté realmente infectado y no que se trate de MAP ingerido y excretado de manera

pasiva (22).

2.2.41.3. EXAMEN ANATOMOPATOLOGICO
El examen anatomopatoldgico es una herramienta fundamental para la confirmacion del
diagndstico de PTB, tanto a nivel individuo, como a nivel de rebano (11,19,20,37-39). Las
lesiones caracteristicas afectan a la mucosa intestinal, sobre todo a nivel de la valvula ileocecal
(VIC) y a los linfonodos mesentéricos (LN MS) e ileocecal (LN IC), produciendo enteritis

granulomatosa y linfoadenitis y linfangitis granulomatosas (20,37).

Los hallazgos macroscopicos, aunque no siempre presentes, son muy caracteristicos y
consisten en engrosamiento segmental o difuso de la mucosa, sobre todo de los tramos
terminales de ileon y las primeras porciones del intestino grueso, aunque a veces se ven
afectadas porciones del yeyuno e incluso del duodeno (11,19,20,38,40,41). El aspecto
macroscopico que adquieren los tramos afectados es “cerebriforme” presentandose la mucosa
marcadamente engrosada y corrugada. Aunque la VIC sea el primer sitio donde se pueden
verificar lesiones histoldgicas, su afeccion macroscopica es variable. En cuanto a los
linfonodos, estos se suelen presentar aumentados de tamafio de manera difusa
(linfoadenomegalia), con coloracion palida y aspecto edematoso. Al corte, en algunos casos,
se observa la formacion de granulomas encapsulados con centros necroticos calcificados
(11,19,20,38,40,41). Este tipo de lesiones es mas comun en el ganado caprino que en el bovino
y se sugiere que son debidas a la alta sensibilidad de las cabras a infecciones micobacterianas,
tanto la PTB como la tuberculosis (TB) causada por el complejo Mycobacterium tuberculosis
(41). Es importante sefialar que, en algunos casos, la linfangitis con trayectos linfaticos
sinuosos y engrosados, visibles a nivel de los linfonodos, la serosa intestinal o el mesenterio

son el tnico hallazgo macroscépico de PTB (20).

Dado que las lesiones macroscopicas no siempre estan presentes y ademas no son

exclusivas de la infeccion por MAP, el diagndstico histopatologico es imprescindible para
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confirmar la PTB (20,41,42). A nivel del intestino y con especial énfasis en la VIC se observan
lesiones caracterizadas por enteritis granulomatosa transmural con infiltrado de macrofagos
espumosos con abundante citoplasma eosinéfilo claro y nimero variable de células gigantes
multinucleadas tipo Langhans, distribuidas de manera de focal a difusa, tanto en lamina propia,
como en las placas de Peyer e incluso en la submucosa, la muscular y la serosa. A nivel de los
linfonodos se observa linfoadenitis granulomatosa variando desde microgranulomas con focos
de macréfagos espumosos hasta granulomas encapsulados con centros necréticos y

calcificacion extensa (11,19,20,38,40,41).

2.2.4.14. TINCION DE ZIEHL-NEELSEN

Debido a las caracteristicas de las bacterias del género Mycobacterium para su
identificacion, tanto en muestras tisulares como en improntas, se utilizan tinciones especificas
para identificar bacterias acido-alcohol resistentes. La técnica mas utilizada en la tincion de
Ziehl-Neelsen (ZN) mediante la cual el agente se tifie de color magenta (19,21,22,43). Aunque
esta técnica es ampliamente utilizada de manera rutinaria para la identificacion de
micobacterias, solamente identifica bacterias con pared intacta, lo cual explica su baja
sensibilidad en casos en los que los bacilos que predominan en la muestra han perdido su pared
celular. Ademds, el ZN confirma la presencia de micobacterias pero no identifica

especificamente MAP (29,41,44-46).

2.2.4.15. INMUNOHISTOQUIMICA

La eficacia en la identificacion de antigenos de MAP mediante inmunohistoquimica
(IHQ) utilizando anticuerpos policlonales ha sido confirmada por varios autores (29,45,46).
Aunque algunos describen una concordancia buena entre la IHQ y el ZN, esta asociacion se
demuestra sobre todo en casos con elevado nimero de bacilos en las lesiones analizadas
(29,41,44-46). Es importante puntualizar que la IHQ es capaz de detectar bacterias muertas
con pared dafiada, a diferencia del ZN. En algunos casos de PTB, como en otras
micobacteriosis, se ha confirmado que, debido a la fuerte respuesta inmune humoral
desencadenada, muchos de los bacilos presentes en las lesiones estan muertos y han perdido
su pared celular (29,41,44-46). Por tanto, la IHQ es una herramienta adicional confirmatoria

de diagnodstico de PTB, aunque, teniendo en cuenta que los anticuerpos utilizados son
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policlonales, no se puede descartar la posibilidad de inmunomarcaje inespecifico

(29,41,45,46).

2.24.2.  PRUEBAS DIAGNOSTICAS INDIRECTAS

La pruebas diagndsticas indirectas son las que se centran en la respuesta inmune del
hospedador, la cual, en el caso de la PTB, es variable dependiendo del estadio de la enfermedad
(22,27). La fase subclinica se caracterizan por estar mediada por una respuesta inmune celular
(19,22). Para medirla en condiciones de campo se emplea comunmente el test de
intradermotuberculinizacién (IDTB) simple o comparada o el test in vitro para deteccion de
interferon gamma (IFN-y) (27,43). Posteriormente, en la fase clinica, se desencadena una
respuesta inmune humoral para cuya deteccion, la prueba mas ampliamente utilizada y de
mayor sensibilidad es la enzimoinmunoanalisis de adsorcion (ELISA, Enzyme-Linked
Immunosorbent Assay), aunque se pueden utilizar también inmunodifusion en gel de agar
(AGID,agar gel immunodiffusion) o el test de fijacion del complemento (CFT, complement
fixation test)(27,43). El CFT presenta valores altos de especificidad (90-99%), sin embargo, su
sensibilidad es baja (18%-40%) (31). En cuanto al AGID, aunque durante muchos afos fue
ampliamente utilizada por su rapidez y bajo coste, su especificidad en caprino llega al 80% y
su sensibilidad al 77,5% (31). Por estos factores, actualmente, ambas técnicas han sido

reemplazadas por el ELISA (31) .

2.2.4.2.1. IDTB

La IDTB se lleva a cabo mediante la inoculacion de proteina purificada derivada de M.
avium (PPDa) o de Johnina (PPDj) y la posterior medicion de la reaccion de hipersensibilidad
ocasionada en el punto de inoculaciéon. También se han implementado IDTB comparadas
inoculando al mismo animal PPDa y proteina purificada derivada de Mycobacterium bovis
(PPDb) (43). Los animales con PTB presentan reaccion en ambos puntos de inoculacion, pero
la del lado aviar es mayor. De esta manera, el diagndstico de PTB en campo se puede llevar a
cabo junto con los programas de erradicacion de TB que incluyen la IDTB como prueba
obligatoria (22,43). Las ventajas de estas técnicas consisten en la factibilidad de llevarlas a
cabo en las granjas y la posibilidad de deteccion temprana. Sin embargo, como consecuencia

de su baja sensibilidad (54% en bovino) y especificidad (79% en bovino, debida a la posible
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reaccion cruzada), se recomienda que se usen solamente como prueba preliminar antes de

iniciar el programa de control (43).

2.24.2.2. [FN-y

Esta técnica consiste en la evaluacion de produccion de la citoquina IFN-y por los
linfocitos T después de una estimulacion con PPD. La deteccion cuantitativa de IFN-y puede
utilizarse en bovinos entre 1 y 2 afios de edad (43). La técnica presenta una sensibilidad del
80% en bovino y del 87% en ovino y caprino, sobre todo en fases iniciales de infeccion. Sin
embargo, debido a su elevado coste y, sobre todo, al hecho de que las muestras se tienen que
procesar a la mayor brevedad posible (antes de las 8 horas de recogida la muestra en bovinos)
ya que las células tienen que estar vivas, no estd ampliamente implementada en los programas
de control de la PTB (43,47). Ademads, se han reportado reacciones cruzadas con otras
micobacterias como las del complejo Mycobacterium tuberculosis, al igual que la IDTB

(19,22,27).

2.24.23. ELISA

La deteccion de anticuerpos frente a MAP suele llevarse a cabo en muestras de suero y
de leche(11,19,22,27,28). Existen varios kits en el mercado con sensibilidades entre 65% y
88% y especificidades alrededor del 99% (48). Aunque la serologia tiene una sensibilidad baja,
sobre todo en estadios iniciales de la enfermedad, en suero caprino, esta es relativamente
superior a la reportada en ovino(13,48). Ademas, esta técnica estéd caracterizada por ser rapida,
de relativamente bajo coste y es ampliamente utilizada sobre todo en campafias de control y
vigilancia. (11,19,22,27,28) Los ELISA para leche, en su gran mayoria validados para bovino,
han demostrado tener sensibilidades similares a los de suero aunque en caprino los datos son

escasos (13,19,27).

2.2.5. CONTROLY PREVENCION

Para comprender la necesidad de control y prevencion de la PTB, en primer lugar es
imprescindible aclarar el impacto economico que tiene la enfermedad (11,27,31,49,50). Las
pérdidas directas e indirectas han sido ampliamente estudiadas en bovino, tanto de leche como
de carne, y, en menor medida, en pequefios rumiantes, sobre todo en oveja (27). En el ganado
bovino se han descrito, entre otras, pérdidas indirectas por reduccion de la produccion de leche,

reduccion en la fertilidad y aumento en la susceptibilidad a otras enfermedades (27). En cuanto
39



a las pérdidas directas, dada la pérdida de peso que sufren los animales afectados, se observa
disminucién en el peso de la canal. En términos econémicos, en Estados Unidos se estima que
cada vaca lechera infectada por PTB ocasiona pérdidas de entre 21US$ y 79USS$, en Australia,
45A8$ y 88$, en Canada, 49CDNS$, en Francia 234 € y en el Reino Unido, 27£'. En bovino de
carne se estima que las pérdidas son menores. En pequefios rumiantes, la informacion es
limitada aunque en Australia se ha reportado un promedio de entre 6,2% y 7,8% de mortalidad
anual en ovino debido a la PTB, llegando en algunos casos al 20%(27). En el Reino Unido, se
estiman unas pérdidas entre 0,4 y 32 millones de libras al afio en la industria ovina por la PTB.
En caprino los datos son mas escasos, aunque en un estudio de Italia se reporta que la eficiencia
de ganancias en ovino y caprino de leche baja de 85% a 64% por causa de infeccion con
MAP(51). Por ultimo, también resaltar las posibles pérdidas econdémicas que tendria la
implementacion de restricciones de mercado en el caso de regiones con campaiias de control y

vigilancia(27).

Basado en lo anteriormente expuesto y la distribucion mundial de la enfermedad, se han
desarrollado varios programas de control que incluyen una o mas de las estrategias que se

resumen a continuacion (19):

2.2.5.1. DIAGNOSTICO Y SACRIFICO

Esta estrategia estd relacionada con la aplicacion de pruebas diagnoésticas efectivas
aplicadas en repetidas ocasiones con el fin de identificar animales en estadios iniciales de la
infeccion (11,13,19,27). En el caso de la PTB, las herramientas disponibles tienen una
sensibilidad baja, sobre todo en los estadios tempranos y subclinicos de la enfermedad (19). A
pesar de este dato, sorprendentemente esta estrategia de control ha sido ampliamente utilizada,
sobre todo en bovino, aunque conlleva un elevado coste (19,27). Sin embargo, en ovino y
caprino, aplicar solamente la estrategia de diagnostico y sacrificio resulta inviable
economicamente ya que el precio del animal no compensa el elevado coste de los test (11,19).
No obstante, combinada con otras estrategias, como el cambio en las medidas de bioseguridad,

podria ser una herramienta valiosa de control de la infeccion y diseminacion de MAP (19).

2.2.5.2.  AUMENTO DE LAS MEDIDAS DE BIOSEGURIDAD

Las adaptaciones introducidas en las medidas de bioseguridad en la granja para la
prevencion y control de PTB se basan en la separacion de las crias de las madres, control del
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calostro y de la leche para asegurar que estan libres de MAP, limpieza exhaustiva del entorno,
cria y recria adecuadas, cria de animales de reposicion en ambiente libre de MAP junto con un
aumento generalizado de la higiene de la exploracion (19). Para la correcta implementacion de
estas practicas, sin embargo, hacen falta conocimientos avanzados, diligencia y una
considerable inversion econdomica que no siempre es factible en los rebafios de ovino y caprino,
sobre todo cuando el objetivo es conseguir resultados inmediatos o a corto plazo (19,52).
También cabe destacar que, en ganaderia extensiva, uno de los principales factores a tener en
cuenta en ovino es la vigilancia de los animales que pierden peso, para eliminar la posible
contaminacion del medio por la alta tasa de excrecion de MAP por parte de animales con
clinica de PTB. En Espaiia, estudios recientes en ganado caprino, resaltan como factores de
riesgo asociados a la seroprevalencia los siguientes: produccion intensiva, ausencia de
separacion y manejo por lotes, ventilacion inapropiada, positividad a pruebas para detectar el

virus de la artritis-encefalitis caprina (CAEV) y la ausencia de vallado (53,54).

2.2.5.3.  VACUNACION FRENTE A MAP

La primera vacuna contra PTB fue viva-atenuada, siendo ampliamente utilizada hasta
los anos 60, cuando se demostrd que la eficacia de las vacunas inactivadas era igual y, por
razones de bioseguridad, estas ultimas reemplazaron a las vivas-atenuadas(11). El mecanismo
de proteccion que confiere la vacuna no esta bien dilucidado (11). Ademas, se ha demostrado,
tanto en bovino, como en ovino y caprino, que la vacunacion no previene la infeccion pero si
reduce la excrecion de MAP al medio y conlleva a una disminucién significativa de la

severidad de las lesiones observadas (11,19,27,42,55).

Actualmente, la vacunacion esta sujeta a permisos especiales en algunos paises como
Francia, Alemania y Espafia, y prohibida en otros como Dinamarca, ya que el control de la TB
es de importancia internacional y se ha demostrado que la vacunacion frente a MAP interfiere
con las pruebas de diagnostico oficiales de TB como la IDTB (11,19,27). Sin embargo,
histéricamente, la implementacion de la vacunacion fue un éxito y en ovino es practicamente
la Unica estrategia de control ampliamente instaurada, descartando el caso del intento de
erradicacion de la enfermedad en Australia en los afios 90, que no tuvo resultados satisfactorios
y conllevo a considerables pérdidas economicas (11). Inicialmente, en Espafia se consideraba

que el caprino, al igual que el ovino, era relativamente resistente a la PTB y la vacunacién fue
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ampliamente utilizada en ambas especies(11). Sin embargo se demostrd que, las cabras, con
diferencia al ganado ovino, son muy sensibles tanto a la TB como a la PTB y la vacunacion
sin restricciones en muchas regiones conllevd a confusiones y a la imposibilidad de evaluar
correctamente tanto el efecto de la vacunacion como el control de la TB (11). Actualmente, en
algunas zonas del pais, como en las Islas Canarias, donde se centra la presente tesis doctoral,
la vacunacion frente a PTB esta sujeta a legislacion especifica local que requiere de los
ganaderos certificar la ausencia de TB y la presencia de PTB en la granja para obtener el
permiso de vacunacion (Decreto 51/2018 del 23 de abril). Estas restricciones vienen a raiz del

estatus de “oficialmente indemne” de TB que tiene el archipiélago desde el afio 2017.

Actualmente, la PTB esta en la lista de enfermedades de declaracion obligatoria de la
Organizacion Mundial de la Sanidad Animal (OMSA) y debe ser notificada segun las
instrucciones del Codigo Sanitario para los Animales Terrestres. Ademas, a nivel de la Union
Europea (UE), la PTB esta en la categoria E, enfermedades sobre las que es necesario que la

Unidn ejerza vigilancia (Regulation (EU) 2018/1882), como se detalla en la regulacion sobre

enfermedades transmisibles de los animales y por la que se modifican o derogan algunos actos
en materia de sanidad animal (Articulo 9(1)(e) de la Regulation (EU) 2016/42). Sin embargo,
tanto a nivel europeo como a nivel nacional, la PTB se considera subnotificada. Ademas, varios
trabajos recientes resaltan la escasa informacion cientifica sobre la PTB en caprino y més a
nivel de Espaiia.

Considerando esto ultimo, junto con todo lo anteriormente expuesto, en la presente tesis

doctoral se establecen los objetivos.
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4. OBJETIVOS/OBJECTIVES

1.

Evaluar las lesiones morfologicas asociadas con la PTB clinica y subclinica en rebafios
caprinos en infeccion natural.
Evaluate the morphological lesions associated with clinical and subclinical

paratuberculosis in naturally infected goat herds.

Describir los diferentes hallazgos patologicos concomitantes en cabras naturalmente
infectadas con paratuberculosis (PTB).

Recognize the different concomitant pathological findings in goats naturally infected
with PTB.

Implementar un diagnostico mas efectivo para identificar MAP utilizando técnicas de
inmunohistoquimica y biologia molecular.
Implement a more effective diagnosis for identifying MAP using immunohistochemical

and molecular biology techniques.

Estudiar el impacto de la vacunacion anti-MAP en la identificacion etiologica, la
gravedad y distribucion de las lesiones en casos clinicos y subclinicos de infeccion
natural de PTB caprina.

Study the impact of anti-MAP vaccination on etiological identification, lesion severity

and distribution in clinical and subclinical cases of natural infection with caprine PTB.

Determinar la prevalencia de la paratuberculosis en rebafios caprinos de las Islas
Canarias, Espafia, aplicando pruebas serologicas. Evaluar la respuesta inmunitaria en
relacion con la edad, el entorno y las caracteristicas de la explotacion.

Determine the prevalence of paratuberculosis in goat herds across the Canary Islands,
Spain applying serological assay. Evaluate the immune response in relation to age,

environment and farm characteristics.

Analizar las respuestas inmunitarias a la vacunacion anti-MAP en relacion con la edad
en rebafios naturalmente infectados con PTB en las Islas Canarias, Espafia.
Analyze immune responses to anti-MAP vaccination in relation to age in PTB naturally

infected herds on the Canary Islands, Spain.
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5.CAPITULO1
5.1. RESUMEN

Evaluacion morfologica de lesiones concomitantes detectadas en rebaiios caprinos con
infeccion natural de pararatuberculosis (enfermedad de Johne)

Morphological assessment of concomitant lesions detected in goat herds naturally infected
with paratuberculosis (Johne’s disease)

La paratuberculosis (PTB) o enfermedad de Johne es una enfermedad cronica causada
por Mpycobacterium avium subespecie paratuberculosis (MAP), que provoca pérdidas
econdémicas significativas en la industria ganadera. El estudio aborda la deteccion de PTB
caprina en rebafios vacunados y no vacunados, con un enfoque en el diagndstico morfologico,
la clasificacion de lesiones y la identificacion bacteriana. Se analizaron 39 cabras adultas
infectadas de forma natural, de las cuales 15 estaban vacunadas y 24 no vacunadas. La
investigacion se centrd en identificar las lesiones concomitantes y las lesiones inducidas por
PTB en los 6rganos diana, como los linfonodos y el sistema gastrointestinal, evaluando el

impacto de la vacunacion en el tipo y gravedad de lesiones producidas.

Los animales se seleccionaron de 8 granjas de las Islas Canarias con historial de PTB.
Se realizd necropsia y examen histopatoldgico para evaluar las lesiones en linfonodos
mesentéricos (LN MS), valvula ileocecal (VIC), y otros 6rganos. Las muestras se fijaron en
formalina y se tifieron con hematoxilina/eosina (HE) y Ziehl-Neelsen (ZN) para la deteccion
de bacilos acido-alcohol resistentes (BAAR). Ademas, se empleé inmunohistoquimica (IHQ)
con anticuerpo policlonal para identificar antigenos de MAP en las muestras tisulares. Todos
los animales incluidos presentaban lesiones histopatologicas de enteritis granulomatosa a nivel

de la VIC y/o linfoadenitis granulomatosa en los LN MS.

Macroscopicamente, el 61,5% de las cabras presentaron lesiones granulomatosas en
LN MS y el 17,9% en la VIC. Las lesiones macroscopicas fueron mas prevalentes en los
animales no vacunados. Ademas, los animales no vacunados exhibieron enteritis
granulomatosa variando de leve a marcada, en comparacion con los vacunados, en los que
solamente se observaron lesiones leves. Los granulomas a nivel de los LN MS fueron

predominantemente de grado IV tanto en los vacunados, como en los no vacunados.
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Las patologias concomitantes detectadas fueron mayoritariamente de origen
inflamatorio, afectando al sistema respiratorio, gastrointestinal y hemolinfatico. Se observé
una mayor prevalencia de procesos inflamatorios a nivel pulmonar en los no vacunados
(70,8%), en comparacion con los vacunados (53,3%). Ademas, existio diferencia significativa
en el grupo de los no vacunados, en el cual, mayor nimero de animales con enteritis
granulomatosa presentaba también lesiones histologicas de neumonia (p=0,027). La
inflamacion pulmonar fue confirmada en animales no vacunados de todos los rangos de edad,
en comparacion con los vacunados, entre los cuales solamente se detectd en los de (12-24]

meses de edad (p=0,035).

El estudio concluye que la PTB puede estar asociada con diversas patologias
concomitantes, principalmente inflamatorias, la mayoria detectables tinicamente después de
un examen histopatoldgico. Estos resultados destacan la importancia del examen histologico
rutinario, asi como el valor de la anatomia patologica como una herramienta util para el

diagnostico y manejo de la PTB en rebafios de cabras.

La vacunacion contra MAP parece tener un efecto beneficioso en la reduccion de estas
patologias, basandonos en los hallazgos descritos y en las diferencias estadisticamente
significativas demostradas entre los animales vacunados y no vacunados. Aunque la
vacunacion no elimina completamente las infecciones por MAP, puede reducir la gravedad de
las lesiones inducidas por la bacteria, lo que podria tener un impacto positivo en la salud

general del rebafio y las pérdidas economicas.
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Simple Summary: Paratuberculosis (PTB) is a well-known disease with considerable financial impact
on the farm industry worldwide. Nevertheless, data regarding the assessment of naturally infected
goat herds is limited. The present study describes in detail the observed gross and histological lesions
detected in 39 necropsies of goats (15 vaccinated and 24 non-vaccinated) from herds with a confirmed
history of PTB. PTB microscopic lesions of various grades were detected in all animals in target
organs and the presence of the causative agent was confirmed using different laboratory tools. The
main inflammatory findings affected the hemolymphatic, respiratory and gastrointestinal systems.
The lesions were confirmed microscopically with lesser macroscopically visible alterations. Our
result demonstrated that non-vaccinated animals presented more severe PTB intestinal lesions and
had respiratory inflammation in all age groups studied. Those also presented a higher prevalence
of ileocecal valve PTB lesions. Gastrointestinal non-PTB lesions were detected in higher number
in non-vaccinated goats. Thus, histology is a powerful tool for herd diagnosis and assessment.
Mainly inflammatory lesions of the respiratory and gastrointestinal tract were detected in the studied
PTB-affected herds. Additionally, vaccination against PTB could play a key role in the reduction of
lung and gastrointestinal inflammatory processes present in the herd.

Abstract: Paratuberculosis (PTB), caused by Mycobacterium avium subspecies paratuberculosis (MAP),
causes significant financial losses in the ruminant industry. The aim of this study is to describe
the concomitant pathological findings as well as PTB-induced lesions in 39 naturally infected goats
(15 vaccinated and 24 non-vaccinated). All animals exhibited MAP-induced microscopic lesions
affecting target organs, although only 62% of those were detected grossly. Mainly concomitant inflam-
matory pathologies were recognized affecting the hemolymphatic, respiratory and gastrointestinal
systems. Non-vaccinated animals exhibited both moderate and marked granulomatous enteritis in
contrast with vaccinated ones which presented mild intestinal affection. Our results demonstrate that
non-vaccinated animals presented pneumonia in all age groups studied (from 12 up to >48 months
old). A significantly higher prevalence of ileocecal valve PTB lesions was detected in non-vaccinated
animals with pneumonic lesions (p = 0.027). Furthermore, a reduction of gastrointestinal non-PTB
processes was described in vaccinated goats. In conclusion, a PTB infected goat herd can be affected
by a wide range of concomitant pathologies, mostly inflammatory in origin. Anatomic pathology
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is of crucial importance for correct herd diagnosis and histopathology is an indispensable tool for
lesion detection. Additionally, anti-MAP vaccination could have a beneficial effect on the reduction
of respiratory and gastrointestinal non-PTB diseases.

Keywords: Mycobacterium avium subspecies paratuberculosis; goat pathology; histopathology; lesions;
vaccination; concomitant pathologies

1. Introduction

Paratuberculosis (PTB), also known as Johne’s disease, is a progressive emaciating
disease caused by Mycobacterium avium subspecies paratuberculosis (MAP), which affects
domestic and wild ruminants worldwide [1-6]. Although young animals are more suscep-
tible to infection due to the high degree of environmental contamination, the subclinical
phase is long, and the originated economic losses are significant in both cattle and the small
ruminant industry [4,7-9]. Clinical-phase signs are non-specific and include a reduction in
daily milk yield, weight loss, poor body condition and diarrhea [10].

PTB is a disease which is impacting European countries due to the considerable eco-
nomic losses it originates and its high prevalence. Herd seropositivity of up to 65% has been
reported in goat and sheep herds in Germany and 62.9% in France [11,12]. In Italy, various
reports highlight the need for the implementation of control strategies and viable diagnostic
tools for PTB early detection [13,14]. In Spain, goat farming is one of the biggest pillars
of the national livestock breeding industry since the country counts for 23% of EU’s goat
population (EUROSTAT 2021). Goat farms represent the primary livestock breeding sector
in the Canary Islands, with 202.887 heads and 1289 dairy farms distributed as follows:
478 on Gran Canaria, 224 on Tenerife, 212 on Fuerteventura, 129 on La Palma, 117 on
Lanzarote, 82 on El Hierro and 47 on La Gomera (ISTAC 2020). The archipelago has the
fourth-largest goat population in Spain (Eurostat 2020), composed mainly of certified au-
tochthonous endangered breeds (Orden APM/26/2018). In continental Spain, considerable
economic losses due to goat PTB have been reported, and it is considered a widespread
problem for the whole national territory with herd seroprevalence of 87.5% in southern
Spain, 46% in Huelva region, 44% in Madrid and 56% in Avila, although data about the
prevalence of the disease in the Canary Islands is limited [8,15].

Gross lesions in animals with PTB observed during necropsy are usually confined
to the intestinal mucosa and the draining lymph nodes [6,16,17]. The ileocaecal valve
mucosa can appear diffusely thickened and folded into transverse rugae, the crests of
which may be congested. The mesenteric (MS) and ileocecal lymph (IC) nodes (LNs) are
diffusely enlarged, edematous and pale (lymphadenomegaly, LAM). Lymphangitis can be
detected in the mesentery. In some mild cases, lymphangitis is the only gross lesion specific
enough to justify a presumptive PTB gross diagnosis [6,16,18]. Other commonly associated
macroscopic findings are loss of muscle mass, serous atrophy of fat depots, intermandibular
oedema, fluid effusion in cavities, with the presence of mineralization plates and intimal
fibrosis in the thoracic aorta [6,16,18].

The main histopathological lesions associated with MAP-infection include transmu-
ral granulomatous enteritis, mesenteric and ileocecal lymph nodes granulomatous lym-
phadenitis and lymphangitis [6,16-18]. Villi can present moderate to marked atrophy with
infiltrate of epithelioid macrophages and a variable number of Langhans-type multinu-
cleated giant cells focally or diffusely distributed along the lamina propria, submucosa
muscular layer or serosa of the intestine. The lesions observed in lymph nodes can vary
from multiple foci of epithelioid macrophages up to well-formed encapsulated granulomas
with central necrosis [6,16-18].

Although PTB is a major livestock farming issue of worldwide distribution, there
may be a variety of other different diseases co-existing in naturally infected herds. The
prevalence of the different diseases varies among the age groups present in the herd, the
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breed of the animals, the herd size, environmental factors as well as the variations in the
pathogens present in each farm [8,15,19-21]. Respiratory, gastrointestinal, lymphatic and
hepatic pathologies stand out among the main lesions detected in small ruminant herds
worldwide [19,22,23].

Respiratory diseases represent 5.6% of the most common diseases in small rumi-
nants affecting both individuals or groups, resulting in considerable financial losses
due to decreased meat, milk and wool production along with a reduced number of
offspring [24,25]. The etiology is multifactorial, involving mainly bacteria and viruses,
and secondary infections are common. The lung can present lesions varying from acute
bronchopneumonia up to severe chronic lung involvement [5,24,25].

Gastrointestinal affection, besides PTB-induced lesions, can be associated with diar-
rhea and weight loss due to viral, bacterial and parasitic infections. Acute lesions can vary
from marked hyperemia of the intestinal mucosa up to fibrino-haemorrhagic and even
necrotizing enteritis affecting both the small and large intestines. Subacute and chronic
cases can exhibit multifocally distributed lesions, such as abscesses affecting the ileum,
caecum and colon [6,19,22,23].

Lymphadenopathy is also considered a major clinical finding in many important infec-
tious goat diseases. LNs are the primary disease location in cases of C. pseudotuberculosis
induced caseous lymphadenitis [5,26]. Acute lymphadenitis, on the other hand, is a com-
mon finding in regional LNs associated with organs affected by bacterial infection [5,19,26].

Specific liver lesions are mainly of inflammatory origin (hepatitis) [5]. In adult animals,
abscesses are commonly observed in association with Trueperella pyogenes or Fusobacterium
necrophorum infection. Necrotizing hepatitis caused by Clostridium spp. is also a common
finding [5,27,28].

Anatomopathological examination (gross and histopathological findings) is crucial
to adequate herd diagnosis [16,18,29]. For correct assessment and confirmation of the
suspected diagnosis or new insights on the investigated disease problem in the herd, all
possible necropsies following a systematic procedure should be performed as a useful
adjunct to clinical examination [5,19,22,25].

The present study aims to provide a morphological classification of a variety of
MAP-induced lesions in naturally infected animals as well as to recognize the different
concomitant pathological findings in 39 female majorera goats with histopathological PTB
lesions detected during a routine postmortem examination.

2. Materials and Methods
2.1. Study Design

A total of 39 adult goats with histological PTB lesions were included in the study. All
animals were submitted with a presumption of a field PTB diagnosis and were examined by
the Anatomic Pathology Diagnostic Service of the Veterinary School of the University of Las
Palmas de Gran Canaria. The animals were submitted from 8 farms (F1, F2, F3, F4, F5, F6,
F7 and F8) in the Canary Islands with a confirmed history of PTB. The on-farm confirmation
protocol included serological ELISA immunoassay (PARACHEK® 2 Kit, Thermo Fisher
Scientific, Waltham, MA, USA), bacteriological culture of environmental samples and
subsequent PCR confirmation, postmortem examination and compatible clinical signs
detection. A total of 15/39 animals from 3 of the farms were vaccinated against MAP
(Table 1). All goats selected presented histological lesions compatible with PTB including
granulomatous enteritis (GE) with the presence of focal to multifocal/diffuse transmural
accumulations of epithelioid cells and lymphocytes typically accompanied by Langhans-
type multinucleated giant cells (MGCs) and/or granulomatous lymphadenitis (GLA) of
the mesenteric lymph nodes (MS LNs) characterized by the infiltration of epithelioid
macrophages and/or Langhans-type MGCs.
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Table 1. Number of vaccinated (V) and non-vaccinated (nV) goats included in the study by farm and

age range.
Age Range (Months)
Farm Total
(0-12] (12-24] (24-36] (36-48] >48 Unknown
F1 v 2V 4V - - v 8V
F2 - 5V + 1InV 1v - - - 6V + 1InV
F3 - 1V + 7nV - - - - 1V + 7nV
F4 - 5nV 1nV - - - 6nV
F5 - - 1nV - 3nV - 4nV
F6 - - 2nV - - - 2nV
F7 - - - 1nV 1nV - 2nV
F8 - - 1InV 1nV - - 2nV
Total
(n =239 1) v 8V +13nV 5V + 5nV 2nV 4nV v 15nV + 24nV

V, vaccinated; nV, non-vaccinated. ! Data about the age of 38/39 animals was available. All animals included in
the study presented histological lesions compatible with PTB, including granulomatous lymphadenitis of the
mesenteric lymph nodes and/or granulomatous enteritis.

According to the local legislation (Decree 51/2018 del 23 de abril), caprine vaccina-
tion against MAP is only permitted after “tuberculosis-free” status confirmation and PTB
diagnostic confirmation since the archipelago was declared “officially free” of bovine tuber-
culosis (TB) in 2017. The vaccination protocols in the 8 farms studied included commercial
vaccines against E. coli, Clostridium spp. (enterotoxemia), Chlamydia spp. (abortion) and
Pasteurella spp. (bronchopneumonia) which were applied following the manufacturer’s
recommendations.

2.2. Anti-MAP Vaccine

Gudair® is a commercial heat-inactivated vaccine containing 2.5 mg/mL of MAP strain
316 F with mineral oil adjuvant (CZ Vaccines S.A., O Porrifio, Pontevedra, Spain) for use in
sheep and goats. It had been administered once subcutaneously as per the manufacturer’s
instructions in the three farms applying PTB vaccination enrolled in this study.

2.3. Sample Collection and Processing for Histolgical Examination

Necropsies were performed following the protocol proposed by King et al., 2014 [29].
Lymph nodes and intestines were sampled for histology according to the recommendations
of the national bovine tuberculosis eradication program protocol 2021 (MAPA, 2021) as
follows: mesenteric (MS), ileocecal (IC), retropharyngeal (RPh), prescapular (PE) and
mediastinal (MD) lymph nodes (LNs) and ileocecal valve region (ICV). Samples from
representative organs (lungs and trachea, liver, kidneys and urinary bladder, heart, LN,
spleen, intestine, forestomaches and abomasum, uterus and ovaries, mammary gland,
skeletal muscle and brain) were systematically collected for histological examination.

All tissue samples were fixed in 10% buffered formalin, embedded in paraffin and pro-
cessed routinely, sectioned at 5 um and stained with hematoxylin/eosin (HE). Additionally,
selected tissue sections of 4 um were stained with the Ziehl-Neelsen (ZN) technique for
detecting acid-fast bacilli (AFB).

2.4. Gross Evaluation

All macroscopic lesions were recorded and described in terms of location, color, size,
shape, consistency and number or percent of involvement of the affected organ and a
presumed morphological gross diagnosis was established by an experienced pathologist.

2.5. Histological Evaluation
All histopathological findings were detailed and organized according to the system affected.
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Two grading systems were applied to evaluate the PTB-compatible histological lesions.
MS LNs lesions were classified as 0 (no lesions), I (initial), II (solid), III (minimal necrosis)
and IV (necrosis and mineralization) as per Wangoo et al., 2005, grading score described
for tuberculosis lymph node granulomas [30]. The lesions observed in the lamina propria
(LP) and the Peyer’s patches (PPs) of the ICV were graded separately in terms of severity
(mild, moderate and marked) and distribution (focal, multifocal and diffuse) using the
grading system proposed by Kriiger et al., 2015 [18]. Severity was graded as mild when
only small circumscribed lymphocytic or granulomatous infiltrates were present with
no change of tissue architecture; moderate when granulomatous infiltrates with altered
tissue architecture were present; and marked when massive granulomatous infiltrates
with partially or completely disrupted tissue architecture were observed [18]. Lesion
distribution was considered focal when up to 3 distinct granulomatous infiltrates were
observed per section; multifocal when more than 3 granulomatous distinct infiltrates per
section were seen; and diffuse when granulomatous infiltrate was present throughout the
whole section [18].

2.6. MAP Confirmation by Immunohistochemistry

Selected sections (3 pm) from MS LNs and ICV were immunohistochemically la-
belled with a polyclonal anti-MAP in-house antibody kindly provided by Dr. V. Perez,
University of Le6n, Leén, Spain. A polymer-based detection system (EnVision®System
Labelled Polymer-HRP; Dako, Glostrup, Denmark) was employed, following the manu-
facturer’s instructions. Subsequently, immunolabelling was developed with a commercial
solution of 3,3'diaminobenzidine (DAB) (K3468; Dako, Glostrup, Denmark). The slides
were counterstained with Harris " hematoxylin and mounted in a hydrophobic medium.

The number of mycobacteria per section was graded using a scoring system described
by Kriiger et al., 2015 [18], as follows: none (<2 labelled bacteria per section), single
(mycobacteria in <20% epithelioid cells and /or MGCs; single/few bacteria per cell or foci
of granular labelling, predominantly <21 mm in diameter), few (mycobacteria in 20% to
50% epithelioid cells and/or MGCs; on average, 1 to 10 bacteria per cell or foci of granular
labeling predominantly >21 mm in diameter) and many (mycobacteria in >50% to 75%
epithelioid cells and/or MGCs; on average >10 bacteria per cell, with up to 50% of cells
containing countless bacteria).

2.7. qPCR and Bacterial Culture for MAP Identification

In order to confirm MAP infection, frozen tissue samples from MS LNs and ICV were
submitted to external laboratories for real-time polymerase chain reaction (qPCR) and
bacterial culture. Frozen tissue samples from 29 /39 animals were available for examination.
Molecular biology qPCR targeting IS900 gene was performed on samples 13/29 animals
using EXOone qPCR kit (EXOPOL SL, Zaragoza, Spain). Samples were considered positive
when Cq < 38. Tissues from 16/29 animals were examined by bacterial culture as part of
the national tuberculosis eradication and surveillance program. Samples from 3/29 animals
were submitted to both qPCR and bacterial culture exams. The culture analysis was carried
out by the national infectious diseases reference laboratory of VISAVET, Health Surveillance
Centre, Madrid, Spain. The qPCR was performed by a private external laboratory.

2.8. Statistical Analysis

An observational cross-sectional study was carried out. The prevalence of macroscopic
and microscopic pathological findings was calculated separately in each organic system
affected. Lesion type prevalence was also measured in each system affected analyzing
gross and histological findings separately.

Statistical analysis of data was performed by IBM SPSS Statistics 27 (IBM Corp. Re-
leased 2020. IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY, USA: IBM Corp).
Categorical variables were summarized using percentages and relative or absolute frequen-
cies. The ages of the studied goats were categorized in the following groups: (0-12] months,
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(12-24] months, (24-36] months, (36—48] months and >48 months. Chi-square test was used
to contrast the association between two categorical variables. To analyze the association
between two ordinal scale variables, Kendall’s Tau-b test was applied. Numerical variables
were summarized using the mean, standard deviation (SD), median and interquartile range
(IQR). A Shapiro-Wilk test was applied to analyze the sample normality. A non-parametric
Mann-Whitney U test was used to compare two independent samples when the condition
for normality of the numerical variable was not met. Agreement between qualitative results
obtained by two measurement procedures was calculated using the kappa coefficient ().
The results were considered statistically significant if the p value < 0.05.

3. Results
3.1. Necropsy Findings

All animals studied exhibited poor body conditions characterized by severe emaciation,
protrusion of lumbar vertebrae and easily palpable transverse processes, muscle mass loss
and a reduction of visceral fat deposits.

Data about the age of the animals was available in 38/39 cases. The studied animals
were between 7 and 121 months of age, with a mean of 29 months, median of 16.50 months,
SD of 30.2 months and IQR of 16 months. The ages of the studied goats were categorized
in the following groups: (0-12] months, (12-24] months, (24-36] months, (36-48] months
and >48 months in which 1, 21, 10, 2 and 4 animals were included, respectively.

PTB granulomatous lesions were observed in 61.5% (24/39) of the animals affect-
ing the MS LNs (Figure 1a and Table 2). PTB intestinal gross lesions were described in
7/39 (17.9%) cases consisting in the thickened, corrugated mucosal surface of the small
intestine and the ICV region (Figure 1b and Table 2).

A significant difference was observed between the month of age of the animals and
the presence of macroscopic PTB granulomatous lesions affecting the MS LN (p = 0.022).
Once the ages of the vaccinated and non-vaccinated groups were compared in relation
with PTB induced lesions in MS LN, significant variation was observed only in the non-
vaccinated group (p = 0.029) in contrast with the vaccinated where the animals were mostly
between 12 and 24 months (p = 0.471).

Granulomatous lymphadenitis was also detected in the RPh (2/39; 5.1%) and the
mammary (MA) (2/39; 5.1%) LNs. Those LNs appeared firm and enlarged, with a thickened
capsule. The cut surface revealed the partial to complete loss of the architecture, replaced
by multiple white, firm poorly demarcated areas which often presented central caseous
necrosis and mineralization.

Lymph nodes were one of the most affected organs (80%; 31/39). Lymphadenomegaly
was detected in 64% (25/39) of the animals affecting mainly the MS (21/25), IC (9/25)
and MA (9/25) LNs (Figure 1c). Inflammatory lesions (lymphadenitis) were seen in 57%
(22/39), affecting different LNs.

Suppurative lymphadenitis (SLA) was observed in the PE (6/39; 15.4%) and MD
(3/39; 7.7%) LNs. Those LNs appeared enlarged, soft and hyperemic with thick fibrous
well-formed capsules. On the cut surface, the parenchyma bulged and exudated variable
amounts of blood, pus or lymph.

Caseous lymphadenitis (CLA) characterized grossly by the classic “cheesy gland”
appearance parenchyma affected the RPh (2/39; 5.1%), MD (3/39; 7.7%) and MA (2/39;
5.1%) LNs. Those LNs were large and firm, exudating variable amounts of pasty yellowish
material (pus) which completely substituted the organ’s parenchyma (Figure 1d).

Abscess formation characterized by the complete substitution of the normal lymph
node parenchyma by large amount of yellow-green pus surrounded by a thick fibrous
capsule was seen affecting the RPh (3/39; 7.7%), PE (4/39; 10.3%), MD (2/39; 5.1%) and
MA (1/39; 2.6%) LNs.
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(8) (h)

Figure 1. Main gross findings in 39 naturally infected goats with PTB lesions. (a) Severe lymphade-
nomegaly (LAM) affecting the mesenteric lymph nodes (MS LNs); inset: MS LNs with white calcified
granulomas on the cut surface. (b) Jejunum. Diffuse thickening of the intestinal mucosa folded into
transverse rugae, characteristic of PTB. (c) Lymphadenomegaly (LAM) in an MS LN. Enlarged lymph
node with uniform cut surface. (d) Caseous lymphadenitis (CLA) affecting mediastinal lymph nodes
(MD LNs) with abundant caseous material replacing the parenchyma completely. (e) Cranioven-
tral bronchopneumonia (CBP) characterized by cranioventral dark red consolidation of lung lobes.
(f) CBP lung section showing whitish areas of necrosis and purulent exudate. (gh) Severe CBP
affecting 70% of the lung with abundant purulent exudate oozing from airways.
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Table 2. Summary of MAP-induced morphological findings and lung pneumonic lesions in 39 naturally infected goats.

Age Range (Months) Total
(0-12] (12-24] (24-36] (36-48] >48 Unknown v
n
=39
I \% \% nV \% nV nV nV \% n=15 n=24 n
Vaccination n=1 n=_§ n=13 n=>5 n=>5 n=2 n=4 n=1
MS Yes 1(100%)  6(75%)  8(61.5%) 4 (80%) 2 (40%) 1 (50%) 1 (25%) 1 (100%) 12 (80%) 12 (50%) 24 (61.5%)
. LNs No - 2(25%)  5(38.5%) 1 (20%) 3 (60%) 1 (50%) 3 (75%) - 3 (20%) 12 (50%) 15 (38.5%)
Gross PTB lesions

v Yes - 3(37.5%)  1(7.7%) 3 (60%) - - - - 6 (40%) 1 (4.2%) 7 (17.9%)
No 1(100%) 5(62.5%) 12 (92.3%) 2 (40%) 5 (100%) 2 (100%) 4 (100%) 1 (100%) 9 (60%) 23 (95.4%) 32 (82.1%)

MS I - - 3 (23.1%) - 1(20%) - 3 (75%) - - 7(292%) 7 (17.9%)

LNs I - - 2 (15.4%) - - - - - - 2 (8.3%) 2 (5.1%)
(Sever- \Y 1(100%) 8 (100%) 7 (53.8%) 5 (100%) 3 (60%) 1 (50%) 1 (25%) 1(100%)  15(100%)  12(50%) 27 (69.2%)
ity Subtotal 1(100%) 8 (100%) 12(92.3%) 5 (100%) 4 (80%) 1 (50%) 4 (100%) 1(100%)  15(100%)  21(87.5%) 36 (92.3%)

Histological PTB grade) No - - 1(7.7%) - 1 (20%) 1 (50%) - - - 3 (12.5%) 3 (7.7%)
lesions Mild - 5(62.5%)  3(23.1%) 4 (80%) - 1 (50%) 1 (25%) - 9 (60%) 5(20.8%) 14 (35.9%)
ICVLP Moderate - - 1(7.7%) - 1 (20%) 1 (50%) 1 (25%) - - 4(16.7%)  4(10.3%)

(sever- Marked - - - - 1 (20%) - 1 (25%) - - 2 (8.3%) 2 (5.1%)
ity)  Subtotal - 5(62.5%) 4 (30.8%) 4 (80%) 2 (40%) 2 (100%) 3 (75%) - 9 (60%) 11 (45.8%) 20 (51.3%)
No 1(100%) 3 (37.5%) 9 (69.2%) 1 (20%) 3 (60%) - 1 (25%) 1 (100%) 6 (40%) 13 (54.2%) 19 (48.7%)
Histological Yes - 7(87.5%) 10 (76.9%) - 4 (80%) 1 (50%) 2 (50%) 1 (100%) 8(53.3%) 17 (70.8%) 25 (64.1%)
pneumonic lesions No 1(100%) 1(12.5%) 3 (23.1%) 5 (100%) 1 (20%) 1 (50%) 2 (50%) - 7(46.7%)  7(29.2%) 14 (35.9%)

PTB, paratuberculosis; MS LNs, mesenteric lymph nodes; ICV LP, ileocecal valve lamina propria; V, vaccinated; nV, non-vaccinated.
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The respiratory tract was affected in 17/39 (43.6%), mainly by bronchopneumonia
(CBP) (16/39; 41%) characterized by cranioventral consolidation of the lungs, affecting at
least 30% of the parenchyma, with dark red to maroon discoloration and an oedematous
cut surface (Figure le,f). In some cases, purulent or catarrhal material oozed from the small
airways. Fibrous adhesions between the parietal and visceral pleura (fibrous pleuritis)
were observed in 5/39 (12.8%), along with CBP. The presence of fibrin strands or vails on
the pleural surface (fibrinous pleuritis) along with CBP was described in seven (17.9%)
(Figure 1g,h). No association with PTB macroscopic lesions was observed (p = 0.792) and
no differences between the ages of the animals affected were demonstrated (p = 0.854).

The gastrointestinal tract exhibited gross lesions not categorized as PTB, in particular,
a nonspecific diffusely thickened appearance in 10/39 animals (25.6%) and hemorrhagic
enteritis in one animal (2.6%). The lesions detected had statistically significant associations
with PTB gross lesions in MS LNs only in the non-vaccinated group (p = 0.013).

The liver exhibited a uniform pale yellow color, round edges and friable texture
(steatosis) in 7/39 (17.9%) of the cases and multifocal, white, firm, well demarcated areas
of capsular and/or subcapsular fibrosis in 6/39 (15.4%). One animal presented multifocal
well-demarcated mineralization.

The heart was affected in 13% (5/39) of the cases by a variety of lesions including hy-
dropericardium (2/39; 5.1%), fibrous pericarditis (2/39; 5.1%) and petechial haemorrhages
on the pericardial surface (2/39; 5.1%).

Kidneys were affected in 5% (2/39) of the cases, presenting multiple small white
nodules of up to 1 cm diameter throughout the cortex, consistent with nonsuppurative
interstitial nephritis.

A summary of the main gross findings affecting the 39 goats included in the study can
be found as Appendix A (Table Al).

3.2. Microscopical Findings

Lesions consistent with PTB were observed in 100% of the cases (granulomatous
enteritis and /or granulomatous lymphadenitis of the MS LNs). In affected MS LNs (92.3%,
36/39), grade IV granulomas were described in 27/36 (75%) of the animals (Figure 2).
Although, severe granuloma formation (grade IV) was not always the main PTB lesions
detected in affected LNs. In fact, in 16/36 (44%) of the cases, grade I multifocal micro-
granulomas constituted the predominant lesion type in the examined samples (Figure 2a).
All vaccinated goats (15/15, 100%) exhibited grade IV lesions in contrast with the non-
vaccinated ones where 7/24 (29.2%) and 2/24 (8.3%) animals only presented grade I and
grade III lesions, respectively (Table 2). The PPs could be evaluated in 33 animals, 70%
(23/33) of which presented PTB-compatible lesions of mild severity (46%, 15/33) and
multifocal distribution (55%, 18/33). The LP was affected in 51.3% (20/39) of the cases,
mainly by mild lesions (35.9%, 14/39) with multifocal distribution (48.7%,19/39) (Figure 2b
and Table 2). In the vaccinated group, 9/15 (60%) animals were affected, presenting mild
ICV lesions affecting the LP. In contrast, the non-vaccinated PTB affected goats had mod-
erate and marked lesions in 4/24 (16.7%) and 2/24 (8.3%) of the cases, respectively. No
significant differences were described between the age groups of the animals studied
(p = 0.085), as well as between the medians of the vaccinated (14 months) and non-
vaccinated (17 months) goats (p = 0.691).

Reactive hyperplastic lesions consisted in follicular hyperplasia with larger follicles
with a paler germinal center containing an increased numbers of apoptotic lymphocytes
and tingible body macrophages were observed in 53% of the animals affecting different
lymph nodes (Figure 2c).
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Figure 2. Main histopathological findings in 39 naturally infected goats with PTB lesions.
(a) Mesenteric lymph node (MS LN), scale: 200 um: multifocal aggregates of epithelioid macrophages
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inset (scale: 100 um): Langhans-type multinucleated giant cells (MGCs) in a calcified granuloma.
(b) Jejunum (scale: 500 um): granulomatous enteritis formed by groups of macrophages and diffuse
infiltration of lymphocytes; inset (scale: 100 um): Langhans-type MGCs with epithelioid macrophages
aggregates in intestinal villi tip. (c¢) Lymph node (LN) (scale: 500 um): reactive lymphoid hyperplasia
characterized by large lymphoid follicles with prominent germinal centers. (d) LN (scale: 1 mm):
caseous lymphadenitis/suppurative lymphadenitis (CLA/SLA) with vast areas of lytic necrosis
with mineralization. (e) Lung (scale: 1 mm): bronchointerstitial pneumonia (BIP) characterized by
proliferation of type II pneumocytes, associated lymphoid tissue and thickening of the alveolar septa
by lymphoid infiltration. (f) Lung (scale: 1 mm): severe fibrinonecrotizing bronchopneumonia (FNBP)
with degenerated neutrophils, fibrin and necrotic debris filling bronchioles and alveoli and large areas
of coagulative necrosis (inset, scale: 500 um). (g) Liver (scale: 200 um): perivascular lymphohistiocytic
hepatitis characterized by foci of lymphocytes and occasional macrophages and mild steatosis.
(h) Kidney, cortex (scale: 100 um): interstitial nephritis with lymphohistiocytic infiltration expanding
the interstitium.

LNs were mainly affected by CLA and SLA (Figure 2d). CLA was characterized by
variable-sized areas of lytic necrosis admixed with degenerated and viable neutrophils
surrounded by epithelioid macrophages, lymphocytes and plasma cells, and a thick capsule
of fibrous connective tissue. On the other hand, SLA LNs exhibited marked hyperaemia
with diffuse infiltration of a moderate to large number of neutrophils, vast areas of necrosis
and mineralization. The affected lymph nodes were the RPh, PE, MD and MA with
lesions observed in 8/39 (20.5%), 4/39 (10.3%), 8/39(20.5%) and 4/39 (10.3%) of the cases,
respectively. Abscess formation was confirmed only grossly and was not included in the
histological analysis. The GLA described grossly in RPh and MA LNs were histologically
classified as SLA/CLA.

Various organs also showed diverse and different lesions, mainly the respiratory tract,
digestive tract, liver, cardiovascular system and kidneys.

The main lesions observed in the respiratory tract were inflammatory pneumonia
processes (64.1%, 25/39) (Table 2). Necrotic-suppurative bronchopneumonia character-
ized by the presence of viable and degenerated neutrophils, fibrin and cell debris, filling
bronchioles and alveoli, admixed with areas of necrosis and haemorrhage was detected in
12/39 animals (30.8%) (Figure 2f). Lymphohistiocytic interstitial pneumonia (IP) with
increased number of lymphocytes and histiocytes thickening the alveolar septa was di-
agnosed in 6/39 (15.4%) of the cases. Bronchointerstitial pneumonia (BIP) was described
in 3/39 animals (7.7%) and included bronchiolar necrosis, diffuse alveolar damage, thick-
ening of the alveolar septa by lymphoid infiltration and hyperplasia of type Il pneumo-
cytes, perivascular lymphoid infiltration and hyperplasia of associated lymphoid tissue
(Figure 2e). In 4/39 cases (10.3%), the lungs presented only fibrous pleuritis. In the vacci-
nated and non-vaccinated animals, pneumonia lesions were detected in 8/15 (53.3%) and
17/24 (70.8%), respectively (Table 2).

Differences between the age groups of vaccinated and non-vaccinated animals were
detected regarding the presence of microscopic lung inflammation. Most of the vaccinated
animals with histological lesions had between 12 and 24 months of age (p = 0.035) (Figure 3a).
Those lesions in the non-vaccinated goats were distributed in ages from 12 months up to
>120 months, with no significant differences between the number of animals in each age
range (p = 0.677) (Figure 3b).
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Figure 3. Associations between age groups, histopathological respiratory lesions and PTB histological
lesions affecting the ileocecal valve (ICV) in vaccinated and non-vaccinated goats. (a) Distribution of
vaccinated goats in different age groups in relation with presence of histopathological lesions of the
respiratory tract. * p = 0.035 animals affected were mainly >12 < 24 months of age. (b) Distribution of
non-vaccinated goats in different age groups in relation with presence of histopathological lesions of
the respiratory tract. (¢) Associations between the presence of histopathological respiratory lesions
and histopathological PTB lesions in the ICV of vaccinated goats. (d) Associations between the
presence of histopathological respiratory lesions and histopathological PTB lesions in the ICV of
non-vaccinated goats. * p = 0.027 more non-vaccinated animals with PTB lesions affecting the ICV
presented histological respiratory lesions.

In relation to the presence of histological inflammation affecting the respiratory
tract (25/39), grade IV granulomas in the MS LNs were present in 16/25 (64%) animals
(p = 0.145). Furthermore, significantly more non-vaccinated animals with MAP-induced
lesions in the ICV presented lung inflammation (p = 0.027) (Figure 3d). No such association
was described in the vaccinated group (p = 0.438) (Figure 3c).

Regarding the digestive system, lymphoplasmacytic (LPE) and eosinophilic enteritis
(EE) were the main findings observed. LPE, characterized by a diffuse discrete-moderate
number of lymphocytic mucosal infiltrate, was detected in 1/39 (2.6%) of the animals. EE
characterized by eosinophils with a smaller number of globular leucocytes and plasma cells,
infiltrating and expanding the intestinal mucosa was described in 2/39 (5.1%). The presence
of coccidia of Eimeria spp. was confirmed in one animal with EE. Mild lymphohistiocytic
abomasitis or gastric non-perforated ulcers were described in 4/39 (10.3%) of the animals.

There was no difference between the ages of the eight animals affected (p = 0.430).
Seven (7) of those were non-vaccinated and only one was vaccinated (p = 0.090). Five (5) of
the non-vaccinated affected goats (71%) exhibited grade IV granulomas affecting the MS
LNs (p = 0.170).

The most frequent hepatic finding was lymphohistiocytic hepatitis (64.1%, 25/39),
characterized by multiple foci of lymphocytes and occasional macrophages, mainly with a
periportal distribution (Figure 2g). Hepatocellular steatosis with hepatocytes presenting one
large or multiple variably sized discrete intracytoplasmic vacuoles, frequently displacing
and compressing the nucleus to the periphery, was also observed (11/39, 28.2%).
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Kidneys presented non-suppurative interstitial nephritis, mostly affecting the cortex
and to a lesser extent, the medulla, with the diffuse infiltration of lymphocytes and oc-
casional plasma cells and macrophages, interstitial fibrosis and tubular atrophy in 25.6%
(10/39) of the cases (Figure 2h).

The heart was predominantly affected by the presence of apicomplexan schizont,
containing large numbers of oval basophilic bradyzoites, compatible with Sarcocystis spp.,
expanding cardiomyocytes (9/39, 23.1%). Non-suppurative myocarditis characterized
by multifocal lymphocytic infiltration and occasional myofiber degeneration was also
observed (3/39, 7.7%). Fibrous pericarditis was confirmed in 3/39 (7.7%).

A summary of the histological lesions detected in the 39 animals studied can be found
as Appendix A (Table A1).

3.3. MAP Identification (Immunohistochemistry, Ziehl-Neelsen, Bacterial Culture and qPCR)

In all cases included in the study, MAP positivity was confirmed in MS LNs and/or
VIC by at least one of the techniques used. Positivity by both IHC and ZN was detected
as cytoplasmic infiltrate in epithelioid macrophages and giant cells. In the case of IHC,
immunoreaction was seen as brown cytoplasmic granules and as red bacilli by ZN (Figure 4).
In MS LN, results for ZN and IHC staining suggested MAP positivity in 82.1% (32/39)
and 84.6% (33/39) of the cases, respectively (Table 3). The LP was positive by ZN in
53.9% (21/39) and in 59% (23/39) by IHC. The PPs were present in 33/39 of the cases
and AFB were observed in 61% (20/33) by ZN and MAP-antigens were detected in 67%
(22/33) by IHC. Moderate correlation between the detection capacity of ZN and IHC in MS
LNs (k = 0.537), ICV LP (k =0.584) and ICV PP (k = 0.609) was demonstrated. The main
difference between the two techniques was observed in the intensity of the reaction which
was stronger with IHC.

Table 3. Summary of Ziehl-Neelsen (ZN) and immunohistochemistry (IHC) results for MAP detection
in 39 naturally infected goats.

Age Range (Months) Total
(0-12] (12-24] (24-36] (36-48] >48 Unknown
v v v v v v v v v nv n=239
L n n n n n=15 n=24
Vaccination —, _ 4 n=8 n=13 n=5 n=5 n=2 n=4 n=1
) 1(100% 6 (75% 11 (84.4% 4(80%)  4(80%)  2(100% 3 (75% 1 (100% 12(80%)  20(83.3%) 32 (82.1%
7N (+) ( ) (75%) ( ) (80%) (80%) ( ) (75%) ( ) (80%) ( ) ( )
MS (=) - 2 (35%) 2 (15.4%) 1(20%)  1(20%) - 1(25%) - 3 (20%) 4(167%) 7 (17.9%)
IN e () 1(100%)  7(875%) 10(76.9%)  5(100%) 4(80%)  1(50%)  4(100%)  1(100%)  14(93.3%) 19(79.2%) 33 (84.6%)
) - 1(12.5%) 3(23.1%) - 1(20%)  1(50%) - - 1(67%)  5(20.8%)  6(15.4%)
+ - 4(50% 7 (53.8% 3(60%) 3 (60%) B 4 (100% - 7(467%)  14(583%) 21 (53.9%
ZN
cv (=) 1(100%) 4 (50%) 6 (46.2%) 2(40%)  2(40%) 2 (100%) - 1(100%)  8(533%) 10 (41.7%) 18 (46.1%)
LP e () 1(100%)  5(625%) 5 (38.5%) 3(60%)  4(80%)  1(50%)  4(100%) - 9(60%) 14 (583%) 23 (59%)
) - 3 (37.5%) 8 (61.5%) 2(40%)  1(20%)  1(50%) - 1(100%) 6(40%) 10 (417%) 16 (41%)

MS LN, mesenteric lymph node; ICV LP, ileocecal valve lamina propria; ZN, Ziehl-Neelsen; IHC, immunohisto-
chemistry; (+) positive; (—) negative; V, vaccinated; nV, non-vaccinated.

A total of 29/39 animals were examined for MAP confirmation by qPCR (13/29)
and/or bacterial culture (16/29). Four animals (4/16, 25%) tested positive by bacterial
culture and 9/13 (69.2%) by qPCR. Samples from 3/29 animals were tested with both
techniques, and all were identified as negative by bacterial culture and as positive by qPCR.
The same three animals were positive by both ZN and IHC.
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Figure 4. MAP confirmation by Ziehl-Neelsen stain (ZN) and immunohistochemistry (IHC) in
mesenteric lymph nodes (MS LNs) and ileocecal valve (ICV). (a) MS LN, ZN (scale: 200 pm):
numerous acid-fast bacilli (red) in the cytoplasm of macrophages and multinucleated giant cells;
(b) ICV, ZN (scale: 500 um): large number of acid-fast bacilli (red) in both lamina propria (LP) and
Peyer’s patches (PPs) of severely affected ICV; (c) LN, IHC (scale: 1 mm): strong immunoreaction in
an affected LN showed as brown granular cytoplasmatic stain in macrophages and multinucleated
giant cells; (d) ICV, IHC (scale: 200 um): strong brown granular immunolabelling in ICV mucosa.

4. Discussion

Paratuberculosis is an important health issue affecting the goat farm industry world-
wide [4]. Complete postmortem analysis is crucial for adequate diagnosis and herd status
confirmation [5,6,16,29]. Nevertheless, gross PTB-compatible lesions were only observed in
62% of the animals enrolled in this study and the majority were confined to the MS LNs.
Similar results have been previously reported in both experimentally [18] and naturally [16]
infected goats, highlighting the importance of the histopathological examination of the
MAP target organs.

Regarding the vaccination status, vaccinated animals exhibited gross PTB lesions
primarily between 12 and 24 months in contrast with non-vaccinated goats where granulo-
matous MS LNs lesions were detected macroscopically in all age groups including older
animals. Our results agree with previous studies which confirm that the anti-MAP vaccina-
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tion therapeutic effect consists in the reduction of the severity of lesions and clinical signs
in both early vaccinated animals (around 5 months of age) and adult goats [2,10,21,31,32].

Granuloma formation is commonly reported but not always present in MS LNs of
goats with PTB in both experimental [18] and natural infection [4,6,16,17]. Thus, an adapted
score, proposed by Wangoo et al., 2005 [30], for tuberculosis-induced lesions was applied
in the present study. Different scores for PTB histological evaluation in goats have been
described, although none of them was selected since they are majorly centered in the PPs
and LP lesions and do not grade the MS LNs granuloma stages separately [16,18].

Lesions observed in the MS LNs in our study were characterized by the presence
of well-formed granulomas with vast areas of calcification in 24/39 cases, but in only
16/24 were both LAM and GLA described. To our knowledge, there is no data regarding
the relation between gross LMA and GLA lesions [4,6,16,17]. Thus, the correct gross
inspection of the cut surface is of crucial importance for the macroscopic diagnosis of PTB
lesions, even in not apparently enlarged LNs.

MS LNs presented histologically detectable granulomatous lesions in 36/39 of the
cases. In 27/36 of the animals, grade IV lesions were described, although in 16/36, grade I
microgranulomas were the most frequent lesion type. Those results suggest that granu-
loma formation has a chronic evolution which has been confirmed in other mycobacterial
infections such as cow tuberculosis [30,33,34]. Our findings also highlight that histological
confirmation is needed for lesion detection in the early stage of granuloma formation.

Gross PTB lesions affecting the intestines were detected in only 7/39 of the cases. The
absence of macroscopic lesions has been previously described as a common finding in goat
PTB [3,4,16,17] in contrast with bovine PTB, where classic diffusely thickened corrugated
intestinal mucosa folds are commonly observed [6,35]. Some authors describe ulceration
of the intestinal mucosa in both clinical [36] and subclinical cases [18], but such findings
were not observed in the animals studied. Histological evaluation of the intestine was
carried out following the score proposed per Kriiger et al., 2015 [18]. This score is based on
histological lesions observed only with hematoxylin-eosin stain and is not influenced by
AFB load detected with ZN as the one proposed by Corpa et al., 2000 [16], for naturally
infected goats [16]. Modifications were introduced to separately evaluate the LP and the
PP based on differences described in previous studies regarding the difference between the
type of lesions described in those two locations [16,18]. Regarding the histological lesions
described, our result agrees with previous studies which suggest that goats have limited
ability to control mycobacterial infections and focal lesions are rarely seen [16,37].

MAP confirmation in formalin fixed-paraffin embedded tissues was carried out by
ZN and IHC. Moderate correlation was observed between the detection capacity of the
two techniques, but the intensity of the reaction was stronger in the case of IHC, agreeing
with previous reports [38,39]. Low ZN staining could be explained by the fact that only the
intact bacilli take up the stain and IHC anti-MAP antigens can detect dead bacterial cells
with compromised cellular wall [38,39].

Etiological confirmation was also performed by qPCR/bacterial culture in
29/39 animals, 13 of which tested positive. Although bacterial culture is considered
the gold standard for MAP detection, three animals which tested negative were positive
by qPCR, IHC and ZN. Various studies describe qPCR as a more sensitive test for MAP
detection in different species than bacterial culture, although data in goats is limited [35,40].

Both PTB and respiratory disease affect the goat farming industry worldwide, causing
significant financial losses [12,17,30-33]. Nevertheless, data about the prevalence of both
entities in goat herds is limited. In this study respiratory lesions were observed in 64.1%
of the animals. Inflammatory lung disease was histologically detected more frequently in
animals with PTB lesions in the ICV. Therefore, in naturally infected herds, there could
be significant relations between the development of those two processes. Based on PTB
pathogenesis and the demonstrated long subclinical stage and chronic onset [6,16,32,41],
we could hypothesize that it has been the predisposal factor for lung inflammation in the
present study. Additionally, vaccination against Pasteurella spp. was commonly issued as a
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control strategy in the farms studied and could have played a role, although, it is worth
mentioning that lung disease in goats is multifactorial, including different causative agents
and various environmental, management, herd and breed factors [24,25,42].

Pneumonia lesions had a 17.5% higher prevalence in the non-vaccinated animals in
contrast with vaccinated ones. Furthermore, the majority of the vaccinated animals which
exhibited histological lesions of pulmonary inflammation had between 12 and 24 months.
In non-vaccinated animals, respiratory lesions were diagnosed histologically in different
age groups including older animal. Additionally, significantly more non-vaccinated goats
presented PTB lesions affecting the ICV, although no such difference was demonstrated
regarding the MS LNs. Various studies have confirmed that vaccination against PTB
has a generalized beneficial effect, reducing the overall number of losses in the herd,
regardless of the cause, although there are no specific reports on reduction of respiratory
inflammation [2,10,32,43].

Bronchopneumonia lesions could be associated with opportunistic bacterial pathogens
including Mannheimia haemolytica, Pasteurella multocida, Histophilus somni, hemolytic Strepto-
cocci, Helcococcus ovis and Mycoplasma spp. [15-17,30]. Interstitial and bronchointerstitial
pneumonia, on the other hand, have been described in a broad range of both infectious
and non-infectious processes such as virus, mycoplasmosis, parasitosis, protozoal infection,
toxicity and hypersensitivity reactions [19,24,25,42,44]. Since histological appearance is
similar irrespective to etiology, diagnosis is usually based on clinical signs observed and
lesions in other organs [15-17,30], and ancillary tests (e.g., PCR, microbial culture) are
needed to identify the aetiologic agent [19,24,25,42,44].

Besides PTB, other lesions were described affecting the gastrointestinal tract includ-
ing mainly lymphohistiocytic and eosinophilic enteritis which could be associated with
parasitic agents such as Ostertagia, Nematodirus and Trichostrongylus [6,19,45].

In the present study, 15.3% more of the non-vaccinated animals presented non-PTB
gastrointestinal lesions, although no statistical differences were demonstrated, probably
due to the small sample size. Previous studies report a general reduction of the losses
in vaccinated herds but do not analyze the different systems separately which were less
affected [2,10,32,43]. Our results do suggest that anti-MAP vaccination could in fact have a
protective effect against concomitant gastrointestinal pathologies.

Non-PTB lymphadenitis, on the other hand, was detected grossly in more than 50%
of the animals. This reflects the invasion of infectious agents in the lymph node resulting
from the drainage of products of a distant inflammation and their respective progression
involving the node directly [26]. In the cases of Corynebacterium pseudotuberculosis compati-
ble CLA, where LNs are the target organs, our results reported RPh, MD, and MA LNs as
common lesion sites, which agrees with recent reports in goats [46,47].

The liver was mainly affected by randomly distributed multifocal lymphohistiocytic
hepatitis. This unspecific inflammatory pattern is frequently reported in ruminants as
secondary to systemic bacteremia caused by the agents affecting other organs [6,27]. Hep-
atocellular steatosis was also observed both grossly and histologically. Since all animals
included presented PTB-attributed weight loss, the steatosis is most likely caused by the
excessive entry of fatty acids into the liver due to their increased metabolization from the
adipose tissue [6,27]. The granulomatous hepatitis recorded in only three animals could be
associated with severe cases of PTB due to MAP spreading [4,6].

The cardiovascular system presented gross lesions only affecting the pericardium. The
main type detected was pericarditis, which was both macroscopically and microscopically
confirmed. Pericarditis is commonly associated with hematogenous microbial infections,
with a high prevalence of association with pneumonic lesions [24,25,48], which were de-
tected in the animals analyzed. Non-suppurative myocarditis was described histologically
in animals and could be associated with a wide variety of systemic diseases but is rarely
primary [48]. The Sarcocystis spp. cysts reported histologically in the studied animals are
a very common finding in ruminants and an increase in the numbers of cysts with age is
confirmed [48].
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Regarding the urinary system, interstitial nephritis was the most common histological
finding, which was rarely detected grossly, which agrees with results of previous studies in
goats [19,49].

5. Conclusions

The present study describes the most common concomitant pathologies found in
goat herds with natural PTB infection mainly affecting the respiratory and gastrointestinal
tracts. Our results emphasize the importance of routine histological examination for
disease assessment, as well as the importance of anatomic pathology as a useful tool for the
diagnosis and management of PTB in goat herds, since the majority of the described findings
were only detectable histologically. Furthermore, vaccination against PTB might potentially
have a positive effect on the reduction of respiratory and gastrointestinal pathologies,
based on the findings described and the statistically significant differences demonstrated
between the vaccinated and non-vaccinated animals. Further studies on a greater scale are
needed to determine and understand the multiple etiologies and factors associated with
the pathologies described, as well as the effect of PTB vaccination on their prevalence.
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Table Al. Summary of pathological findings in 39 naturally infected goats with PTB lesions.
Frequency . Frequency
System Organ Gross %) Histology (%)
LAM 21 (53.8%) o
MS GLA 24 (61.5%) GLA 36 (92.3%)
GLA 2 (5.1%)
RPh CLA 2 (5.1%) SLA/CLA 8 (20.5%)
Abscess 3(7.7%)
SLA 6 (15.4%) o
Hemolymphatic PE Abscess 4 (10.3%) SLA/CLA 4 (10.3%)
SLA 3 (7.7%)
MD CLA 3 (7.7%) SLA/CLA 8 (20.5%)
Abscess 2 (5.1%)
SLA 1(2.6%)
MA GLA 2 (5.1%) SLA/CLA 4 (10.3%)
CLA 2 (5.1%)
Abscess 1 (2.6%)
CBP 4 (10.3%) FPBP/FNBP 12 (30.8%)
Respiratory Lungs CBP + fil?rinous pleu'ri‘tis 7 (17.9%) P 6 (15.4%)
CBP + fibrous pleuritis 5 (12.8%) BIP 3 (7.7%)
Pleuritis only 4 (10.3%)
Diffusely
. . o EE 2 (5.1%)
Intestine thickened 10 (25.6%) LPE 1(2.6%)
appearance
PIT_IB—comI})latlple efte}:tls 71(127691)//0) CE 32(82.1%)
Gastrointestinal Abomasum emorrhagic enteritis (2.6%) N
Abomasitis/ 4.(10.3%)
abomasal ulcer =
Steatosis 7 (17.9%) Steatosis 11 (28.2%)
. Capsular
Liver p % isti i iti %
fibrosis 6 (15.4%) Lymphohistiocytic hepatitis 25 (64.1%)
Mineralizations 1(2.6%) Granulomatous hepatitis 3 (7.7%)
. . Interstitial o Interstitial o
Urinary Kidney nephritis 2 (5.1%) nephritis 10 (25.6%)
Hydropericardium 2 (5.1%) Non-suppurative myocarditis 3 (7.7%)
Fibrous o Fibrous o
Cardiovascular Heart pericarditis 2 (5.1%) pericarditis 3 (7.7%)
Petechial o Myocardial o
hemorrhages 2 (5.1%) sarcocystosis 9(23.1%)
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6. CAPITULO II
6.1. RESUMEN

Deteccion de la paratuberculosis caprina (enfermedad de Johne) en rebaiios antes y después
de la vacunacion: diagnostico morfologico, clasificacion de lesiones e identificacion
bacteriana

Detection of caprine paratuberculosis (Johne’s disease) in pre- and post-vaccinated herds:
morphological diagnosis, lesion grading, and bacterial identification

La paratuberculosis (PTB), también conocida como enfermedad de Johne, es una
enfermedad infecciosa cronica de declaracion obligatoria con distribuciéon mundial afectando
a rumiantes domésticos y salvajes. Es causada por Mycobacterium avium subespecie
paratuberculosis (MAP) y cursa con enteritis granulomatosa, siendo la valvula iliocecal (VIC)
importante para el correcto diagndstico, y con linfoadenitis granulomatosa de los linfonodos
mesentéricos (LN MS). El diagnostico temprano es complejo, ya que los signos clinicos suelen
aparecer en fases avanzadas, por lo que las pruebas de laboratorio y la observacion de lesiones

histolégicas son fundamentales.

En el presente estudio realizado en una granja con un historial confirmado de PTB y
libre de tuberculosis, se recogieron muestras en matadero de LN MS y VIC de 105 cabras sin
signos clinicos de PTB, de las cuales 61 no estaban vacunadas y 44 habian sido vacunadas
contra MAP. Se evaluaron las lesiones granulomatosas compatibles con PTB en LN MS
clasificandolos desde 0, sin lesiones, hasta grado IV, necrosis y mineralizacion. En la VIC, la
lamina propia (LP) de la VIC y las placas de Peyer (PP) se evalud, de manera separada en
términos de severidad y distribucion, el infiltrado granulomatoso. Ademas, se cuantifico la
carga de bacilos 4acido-alcohol resistentes mediante la tincion de Ziehl-Neelsen (ZN), antigenos
de MAP mediante inmunohistoquimica (IHQ), y el ADN de MAP por PCR dirigida contra la

secuencia 1S900.

El 39% de las cabras mostrd lesiones macroscopicas compatibles con PTB, con una
prevalencia del 31,72% en las vacunadas y del 68,29% en las no vacunadas. Las lesiones
histopatologicas inducidas por MAP se observaron en el 58,10% de los animales, distribuidas
en un 36,07% de las cabras vacunadas y un 63,93% de las no vacunadas (p=0,013). La

incorporacion de la histopatologia como herramienta diagndstica permiti6é un aumento del 28%

81



en los casos diagnosticados en LN MS y del 86,05% en la VIC. Los granulomas de grado 1V,
caracterizados por mineralizacion y necrosis central, fueron las lesiones mas comunes en los
LN MS. En la VIC, predomin6 una enteritis granulomatosa leve multifocal con macr6fagos
epitelioides, que se observaron mas frecuentemente en las PP que en la LP. Ademas, se
encontraron diferencias estadisticamente significativas en la presencia de lesiones
histopatoldgicas entre las cabras vacunadas y no vacunadas en LN MS (p=0,018), LP (p=0,027)
y PP (p=0,028). Los resultados de ZN, IHQ y PCR coincidieron en 63,81% de los casos y los

animales no vacunados mostraron mayores tasas de positividad en las tres pruebas con p<0.05.

Estos resultados resaltan los beneficios de la vacunacioén contra MAP en la reduccion
de lesiones compatibles con PTB y la carga bacteriana en los drganos afectados. Sin embargo,
la concordancia entre el ZN y la IHQ fue moderada (k=0,419), entre el ZN y la PCR fue baja
(k=0,355) y entre IHQ y PCR fue moderada (k=0,444). Este estudio evidencia la necesidad de
integrar analisis macroscopicos € histopatologicos con diversas técnicas de laboratorio para un
protocolo de diagndstico preciso de la PTB subclinica, tanto en cabras vacunadas, como no

vacunadas.
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Samples from the mesenteric lymph nodes (MS LNs) and ileocecal valves
(ICV) of 105 goats, comprising 61 non-vaccinated and 44 vaccinated against
Mycobacterium avium subspecies paratuberculosis (MAP), were collected at
slaughter from a farm with a confirmed history of paratuberculosis (PTB).
These goats had subclinical infections. PTB-compatible lesions in the MS LNs,
ICV lamina propria (LP), and Peyer's patches (PPs) were graded separately.
Furthermore, the load of acid-fast bacilli was quantified using Ziehl-Neelsen
staining (ZN), MAP antigens by immunohistochemistry (IHC), and MAP DNA by
PCR targeting the 1IS900 sequence. Gross PTB-compatible lesions were found in
39% of the goats, with 31.72% vaccinated (V) and 68.29% non-vaccinated (nV).
Histopathological lesions induced MAP were observed in 58% of the animals, with
36.07% vaccinated and 63.93% non-vaccinated. The inclusion of histopathology
as a diagnostic tool led to a 28% increase in diagnosed cases in MS LNs and
86.05% in ICV. Grade IV granulomas with central mineralization and necrosis
were the most common lesions in MS LNs. In the ICV, mild granulomatous
enteritis with multifocal foci of epithelioid macrophages was predominant,
occurring more frequently in the PPs than in the LP. Furthermore, statistical
differences in the presence of histopathological lesions between vaccinated
and non-vaccinated goats were noted in MS LNs, ICV LPs, and ICV PPs. Non-
vaccinated animals showed higher positivity rates in ZN, IHC, and PCR tests,
underscoring the benefits of anti-MAP vaccination in reducing PTB lesions
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and bacterial load in target organs. Our findings emphasize the necessity of
integrating gross and histopathological assessments with various laboratory
techniques for accurate morphological and etiological diagnosis of PTB in both
vaccinated and non-vaccinated goats with subclinical disease. However, further
studies are required to refine sampling protocols for subclinical PTB in goats to
enhance the consistency of diagnostic tools.

KEYWORDS

Mycobacterium avium subspecies paratuberculosis, histopathology, Ziehl-Neelsen,
immunohistochemistry, molecular diagnosis, vaccination, goat

1 Introduction

Paratuberculosis (PTB), caused by Mycobacterium avium
subspecies paratuberculosis (MAP), is a progressive emaciating
disease that causes significant economic losses in both cattle and
small ruminant industries worldwide (1-5). Although animals
usually get infected at an early age due to the high degree of
environmental contamination, the subclinical PTB phase is long,
and no clinical signs are observed (1-3, 5, 6). Furthermore, once
an animal enters the clinical PTB stage, the signs exhibited are
non-specific, including diarrhea and severe weight loss (1-3, 5, 6).

Currently, the European Union counts 11,262 thousand goat
heads, with the Spanish population being the second largest, with
2,463 thousand heads registered by the end of 2022 (EUROSTAT).
The Canary Islands archipelago has the fourth largest goat
population in Spain (MAPA 2022), with 232,060 heads and 1,256
farms (ISTAC 2023) of mainly certified autochthonous endangered
breeds (Orden APM/26/2018). The overall annual mortality on the
canary goat farms in 2017 was approximately 20%, of which 38%
was due to PTB (Jiménez, 2017, unpublished data). Although data
about the exact prevalence of goat PTB in the continental part of
Spain is limited, it is considered a widespread disease that causes
considerable economic losses throughout the country (2, 7).

PTB control strategies on goat farms include testing, culling,
and vaccination (8). It is demonstrated that vaccination against
MAP may considerably reduce the disease-originated economic
losses in industrial farms, as well as the severity of the clinical
signs and pathological lesions in target organs, although its use has
raised controversy since cross-reaction with tuberculosis (TB) on-
field diagnostic tests has been described (6, 9-11). Various whole
cells were killed, and live attenuated and inactivated vaccines have
been developed to prevent PTB in ruminants (6-8, 11-17).

According to the local legislation in the Canary Islands
(Decreto 51/2018 del 23 de abril), caprine vaccination is
only permitted after “IB-free” status confirmation and PTB
diagnostic confirmation since the region was declared “officially
free” of bovine TB in 2017. The official testing guidelines
establish the comparative intradermal tuberculin (CIT) test as a
mandatory exam.

TB and PTB are important livestock concerns worldwide, and
goats are especially sensitive to both diseases, with co-infection
being reported (18). Thus, proper herd diagnosis is a crucial part
of control and prevention strategies (19). Different laboratory
tests are used at the herd level for diagnostic confirmation.
Indicative clinical signs, evaluation of the host immune response,
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and necropsy performance are among the commonly used tools.
Microbiological culture is the gold standard for PTB detection,
but its accuracy is limited in the early PTB stages (19). Molecular
biology techniques such as polymerase chain reaction (PCR)
targeting the insertion sequence 900 (IS900) have proven to be one
of the most sensitive methods for the detection of MAP DNA in
different samples, including affected tissues, feces, milk, and bufty
coat, although some authors state that its sensitivity decreases when
the bacterial load is low (8, 12, 20-22).

Pathological examination is an important tool for adequate
confirmation of a postmortem herd diagnosis. Correct evaluation
of gross and histopathological findings in tissue samples from
affected goats is of utmost importance for a correct diagnosis
(12, 23). Routine necropsies are commonly performed to obtain
samples for laboratory confirmation and on-field diagnosis via
postmortem examination. Gross lesions originating from MAP
presence are usually confined to the intestinal mucosa and the
draining lymph nodes (12, 24, 25). The intestinal mucosa can
be affected by segmental or diffuse lesions distributed from the
duodenum to the rectum, although the sites usually affected are
the lower ileum and the upper large intestine. The ileocecal valve
(ICV) is important for the correct diagnosis, although the detection
of gross lesions in this region is variable. The mesenteric (MS) and
ileocecal (IC) lymph nodes (LNs) are diffusely enlarged, edematous,
and pale. Lymphangitis, which in mild cases can be the only
gross lesion present, can be detected with lymphatic vessels being
traceable as thickened cords through the MS LNs, as well as
intestinal serosa and mesentery (24).

On the other hand, the main MAP-induced histopathological
lesions in goats involve transmural granulomatous enteritis,
mesenteric and  ileocecal granulomatous lymphadenitis,
and lymphangitis (12, 24, 25). Intestinal villi can appear
moderately to markedly shortened with the infiltration of
epithelioid macrophages and a variable number of Langhans-type
multinucleated giant cells. The granulomatous infiltrate can have
focal or diffuse distribution along the lamina propria, submucosa,
muscular layer, or serosa of the intestine. Well-formed granulomas
can form and project into the lumen, and in some cases, they
undergo central necrosis. The LN lesions can also vary, ranging
from foci of epithelioid macrophages up to the final stage of
encapsulated granulomas with central necrosis (12, 24, 25).

Since gross lesions are not always present in caprine PTB,
correct histopathological assessment is indispensable for adequate
postmortem diagnosis of clinical and subclinical cases (7, 12, 23,
26, 27). Thus, various grading systems have been proposed based
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on the severity and extension of the lesions, the predominant
cell type, and/or the bacterial load (12, 13, 28-31). In the case
of bovine and ovine PTB, different gradings have been described
in both experimental studies and natural infection (13, 29-31).
Nevertheless, in the case of natural caprine PTB, the widely
used grading proposed by Corpa et al. is based on both the
histopathological findings and Ziehl-Neelsen (ZN) quantification
(12). To our knowledge, no grading system has been applied in
natural cases of goat PTB to evaluate the histopathological findings
and the bacterial load separately.

The aim of the present study is to evaluate and grade the
PTB-compatible lesions in subclinical goat cases detected at
slaughter. Further emphasis is placed on the effects of the
anti-MAP vaccination on the development of lesions and
the use of grading to optimize early diagnosis. Furthermore,
we assess the of histochemical,
PTB
detection in both vaccinated (V) and non-vaccinated (nV)

diagnostic
and molecular techniques for

performance
immunohistochemical,

subclinical caprine cases.

2 Materials and methods
2.1 Herd history

As part of the authorization process for vaccination against
PTB, this study was conducted on an intensive dairy goat farm
with a census of 3,090 heads located in the Canary Islands, Spain.
The local legislation (Decreto 51/2018 del 23 de abril) requires
confirmation of PTB presence in the herd as well as certification
of TB-free status to grant a vaccination permit. The details are
explained in the following sections.

2.1.1 PTB confirmation

The presence of PTB was confirmed at the herd level,
as indicated by clinical signs such as weight loss, poor body
condition, decreased daily milk production, and diarrhea. More
than 50% of the animals tested positive for avian purified protein
derivative (aPPD) via the CIT tests. Additionally, serological
assays performed on blood serum using the PARACHEK® 2
Kit (Thermo Fisher Scientific, Massachusetts, USA) detected anti-
MAP antibodies in over 20% of the animals. Finally, using
PCR, MAP DNA was isolated in 35 of the 40 environmental
samples tested, contributing to the verification of a TB-
free status.

2.1.2 TB-free status confirmation

The absence of TB in the herd was confirmed as requested
by the local authorities. A P22 antigenic complex ELISA
(Sabiotec, Ciudad Real, Spain) (32) was carried out to detect
antibodies against the Mycobacterium tuberculosis complex
in blood serum. All the results were negative. Moreover,
a total of 40 environmental samples were collected using
dry sponges (3 M™ Dry-Sponge; 3 M-Espafia, Madrid).
Subsequently, DNA was extracted, and PCR was performed
on the environmental samples. None of those tested positive
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for the Mycobacterium tuberculosis complex. Finally, an on-
field compared CIT test for detection of the Mycobacterium
tuberculosis complex was performed as requested by the local
legislation. All animals with positive or inconclusive results
were sent to slaughter. The absence of TB in those animals was
confirmed by histopathology and bacterial culture performed
by the laboratory of VISAVET, Health Surveillance Centre,
Madrid, Spain.

2.2 Animals

A total of 105 goats (61 non-vaccinated and 44 vaccinated)
were sampled, including 86 animals with positive/inconclusive
results on the CIT test and 19 goats with negative results.
All of them were euthanized as part of the TB-free status
confirmation protocol. Sampling was conducted in two sessions:
the first before vaccination, as mandated by local legislation,
and a second session 9 months after vaccination implementation.
None of the studied animals exhibited PTB-compatible clinical
signs, such as severe emaciation, protrusion of lumbar vertebrae,
easily palpable transverse processes, muscle mass loss, or
reduction in visceral fat deposits. Thus, all cases were classified
as “subclinical”.

2.3 CIT test

The CIT test was conducted on the farm as per the methodology
outlined in previous studies (33), adhering to the Spanish national
legislation, R.D. 2611/1996, the European Regulation, EU 2016/429,
and the Commission Delegated Regulation EU 2020/688, Orden
del 29 de Abril de 2002 de la Consejeria de Agricultura y
Ganaderia de Castilla y Le6n, and Orden AYG/894/2010. Bovine
purified protein derivative (bPPD) (0.1 mL; CZ Vaccines S.A.,
O Porrino, Pontevedra, Spain) was administered on the left
side of the neck and avian PPD (0.1 mL; CZ Vaccines S.A., O
Porrino, Pontevedra, Spain) on the right side. Readings were
taken 72h post-injection. A positive TB result was indicated
by an increase in skinfold thickness at the bPPD injection site
on the left side of the neck exceeding 4mm more than the
reaction at the avian PPD site. An ’inconclusive’ result for TB
was noted if the increase in skin fold thickness at the bPPD
site. was 8mm or more or was equal to or less than the
reaction at the avian site. Any other reactions were classified as
negative.

2.4 Anti-MAP vaccine

In the present study, an anti-MAP Gudair® commercial
heat-inactivated vaccine containing 2.5 mg/mL of MAP strain
316 F with mineral oil adjuvant (CZ Vaccines S.A., O Porrifio,
Pontevedra, Spain) for use in sheep and goats was applied. It was
administered once subcutaneously following the manufacturer’s
instructions and the guidelines of the Spanish Agency for
Medicines and Medical Devices (AEMPS), which indicate that in
heavily affected herds, all animals, including adult ones, should
be vaccinated.
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2.5 Gross examination

An experienced pathologist conducted a macroscopic

evaluation of all tissues sampled at the slaughterhouse.

Gross lesions were recorded and described in terms of

location, color, size, shape, consistency, and number
or percent of involvement of the affected organ (34).
Subsequently, ~a  presumed  morphological  diagnosis

was established.

2.6 Sample collection and processing for
histological examination

Samples were collected immediately after the routine
slaughter in an abattoir using standard authorized methods
detailed in the Spanish national legislation (R.D. 37/2014).
LNs and intestines were sampled for histology according to
the recommendations of the national bovine TB eradication
program protocol 2021 (35) as follows: MS, IC, retropharyngeal
(RPh), prescapular (PE), and mediastinal (MD) LNs and
ICV. Fresh tissue samples for molecular biology were frozen
at —20°C.

For histopathologic examination, tissue
10% embedded
processed routinely, sectioned at 4pm, and stained with

samples
in paraffin,

were
fixed in buffered formalin,

hematoxylin/eosin (HE).

2.7 Histological evaluation of MAP-induced
lesions

PTB-compatible histological lesions were graded separately
in the MS LNs and the ICV, applying two grading systems.
PTB-compatible granulomatous lymphadenitis, ranging from focal
to multifocal accumulation of epithelioid macrophages with or
without multinucleated giant cells up to encapsulated, well-formed
granuloma with central necrosis and mineralization, was classified
into four stages. The guidelines followed were the ones described
by Wangoo et al. for grading TB LN granulomas: 0 (no lesions),
I (initial), IT (solid), III (minimal necrosis), and IV (necrosis and
mineralization) (36). The ICV affections were graded in terms
of severity (mild, moderate, and marked) and distribution (focal,
multifocal, and diffuse) using the grading system proposed by
Kriiger et al, evaluating the lamina propria (LP) and Peyer’s
patches (PPs) (23) separately. Severity was considered mild
when only small circumscribed granulomatous infiltrates were
present with no change of tissue architecture; moderate when
granulomatous infiltrates with altered tissue architecture were
present; and marked when massive granulomatous infiltrates
with partially or completely disrupted tissue architecture were
observed. The
focal when up to three distinct granulomatous infiltrates were

distribution of the lesions was evaluated as

observed per section, multifocal when more than three distinct
granulomatous infiltrates per section were observed, and diffuse
when granulomatous infiltrates were present throughout the
whole section.
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2.8 ZN stain and immunohistochemistry
(IHC) for MAP confirmation

Selected tissue samples from MS LNs and ICV were sectioned
at 4 wm and stained with ZN to detect acid-fast bacilli (AFB) (37).

For immunohistochemistry, samples from the MS LNs and the
ICV were sectioned at 3 um. No epitope retrieval was needed.
Inactivation of the endogenous peroxidase was carried out using
a solution of 3% hydrogen peroxide in methanol for 30 min in a
humidified chamber. Subsequently, immunohistochemical labeling
was conducted with a polyclonal anti-MAP in-house antibody
kindly provided by Dr. V. Pérez, University of Leén, Ledn, Spain,
diluted 1:2,000 in an antibody diluent (K8006; Dako, Glostrup,
Denmark). Sections of ICV samples from PCR-positive MAP-
infected goats with PTB histopathological lesions were used as
a positive control. The polymer-based detection system that was
used (EnVision®System Labeled Polymer-HRP; Dako, Glostrup,
Denmark) was applied following the manufacturers guidelines.
A commercial solution of 3,3 diaminobenzidine (DAB) (K3468;
Dako, Glostrup, Denmark) was used for immunolabelling, and
finally, the sections were counterstained with Harris’ hematoxylin
and mounted in a hydrophobic medium.

The grading score applied to evaluate the number of
mycobacteria per section by both ITHC and ZN was the one
proposed by Kriiger et al. (23). Samples were graded as negative
when <2 labeled bacteria were observed per section; as “single”
when mycobacteria were present in <20% epithelioid cells and/or
multinucleated giant cells (MGCs) and single/few bacteria per cell
or foci of granular labeling were observed, predominantly <21 pm
in diameter; as “few” when mycobacteria was detected in 20% to
50% epithelioid cells and/or MGCs and on average, 1-10 bacteria
were present per cell or foci of granular labeling predominantly
>21 pmin diameter; and as “many” when mycobacteria was seen
in >50% to 75% epithelioid cells and/or MGCs with an average of
>10 bacteria per cell, with up to 50% of cells containing countless
bacteria (23).

2.9 MAP DNA identification

Frozen tissue samples from the MS LNs and ICV were included
in a pool sample for DNA extraction. DNA was isolated using
the quick-DNA/RNA Magbead extraction kit (Zymo, Irvine, CA,
US) following the manufacturer’s protocol, which was carried out
using the automated extractor TECAN Freedom EVO 200 (Tecan
Australia Pty Ltd.).

Subsequently, real-time PCR targeting the IS900 sequence was
performed following the protocol previously described by Espinosa
et al. (8). Briefly, a mixture of 0.5 pL of 250 nM of forward (MP10-
1, [5 -ATGCGCCACGACTTGCAGCCT-3]) and reverse (MP11-
1, [5 -GGCACGGCTCTTGTTGTAGTCG-3']) primers, 10 L of
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™,
CA, USA), 2 nL of DNA template, and nuclease-free water caused
the final volume to be 20 L. The amplification involved one cycle
of 95°C for 8.5 min, 40 cycles of 95°C for 155, 68°C for 30s, and
melt curve analysis from 72°C to 95°C using a MiniOpticon™
Real-Time PCR System (Bio-Rad Laboratories, Irvine, CA, USA).
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Samples were considered positive when the dissociation peak
(Tm) was 89.1 & 1.5°C, and the threshold cycles (Ct) were <
37. The real-time PCR was performed in triplicate to exclude the
negative pool samples.

The PCR products from positive pool samples were

(Real Clean Spin Kit
manufacturer’s

purified using a commercial kit
50 Test-REAL) following the protocol.
Subsequently, those were sequenced using Sanger DNA
sequencing (Secugen S.L., Madrid, Spain). The BLAST database
(www.ncbinlm.nih.gov/blast/Blast.cgi/) was used to confirm the
amplicon identities.

2.10 Statistical analysis

An observational cross-sectional study was carried out. The
prevalence of macroscopic and microscopic PTB-compatible
lesions and their histopathological grading were calculated
separately in the MS LNs, the ICV LP, and the ICV PPs.

Statistical analysis was conducted using IBM SPSS Statistics
27 (IBM Corp., released 2020). IBM SPSS Statistics for Windows,
Version 27.0. (Armonk, NY, USA: IBM Corp.). Categorical
variables were presented as percentages and either relative or
absolute frequencies. The ages of the animals were grouped
into the following groups: 0-12 months, 12-24 months, 24-36
months, 36-48 months, and >48 months. The association between
two categorical variables was analyzed using the Chi-square test,
while Kendall’s Tau-b test was employed for two ordinal scale
variables. Numerical variables were summarized by their mean,
standard deviation (SD), median, and interquartile range (IQR).
The Shapiro-Wilk test was used to assess the normality of the
sample. For non-normal distributions, the Mann-Whitney U test
was applied to compare two independent samples. The agreement
between qualitative results from two measurement procedures was
evaluated using the kappa coefficient (k). Results were deemed
statistically significant if the p < 0.05.

3 Results

The ages of the goats ranged from 6 to 101 months, with
a median age of 14 months, a standard deviation (SD) of 17.60
months, and an interquartile range (IQR) of 7 months. The
distribution of goats across age groups was as follows: 31 out of 105
goats were in the 0-12 month group, 53 in the 12-24 month group,
7 in the 24-36 month group, 3 in the 36-48 month group, and 11 in
the over 48 month group. Overall, 80% (84 out of 105) of the goats,
including 78.70% (48 out of 61) nV and 81.82% (36 out of 44) V
animals, were aged between 0 and 24 months.

3.1 CIT test

A total of 47.62% of the goats tested positive for the
Mycobacterium tuberculosis complex using the CIT test, with
34.29% categorized as “inconclusive” and 18.10% categorized as
negative. No statistical difference was demonstrated between the
ages of the animals and the CIT test results.
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The inconclusive group comprised 34.29% of the sample, with a
higher proportion of nV animals (83.33%) compared to vaccinated
(V) animals (16.67%), a difference that was statistically significant
(p = 0.001). In contrast, no significant differences were found
between the CIT-negative and CIT-positive animals (p = 0.405).
Animals with PTB-compatible lesions were identified across the
CIT-positive, inconclusive, and negative groups. The association
between the CIT test results and the presence of PTB lesions is
further explored in Section 3.4.

3.2 Gross PTB-compatible lesions

PTB-compatible gross lesions affecting the MS LNs and/or
the ICV were found in 39.00% of the animals, of which 68.29%
were nV and 31.72% were V (Figure 1). No statistical differences
were demonstrated in relation to vaccination status. Gross
granulomatous lymphadenitis ranging from small focal granulomas
(<5mm) with minimal mineralization (Figure 1A) up to well-
formed encapsulated calcified multifocal coalescent granulomas
(Figure 1C) was observed in 37.14% of animals. On the other hand,
the mucosa of the ICV appeared thickened, corrugated, and folded
into transverse rugae in 6.67% (Figure 1D) of the goats, in contrast
with 93.33% of the animals in which the ICV had no apparent gross
lesions (Figure 1B).

3.3 Histopathological PTB lesions

The main histopathological findings compatible with PTB
are summarized in Table I, Figures 2, 3. Granulomatous lesions
affecting the MS LNs and/or the ICV were detected in 58.10% of
the animals, 36.07% were V, and 63.93% were nV (p = 0.013). Both
MS LNs and the ICV were affected in 52.46% of the animals, with
81.25% nV and 18.75% V (Figure 3A).

The MS LNs presented granulomatous lymphadenitis with
microgranuloma and granuloma formation in 47.62% of the
goats, and the ICV had granulomatous enteritis with epithelioid
macrophages and occasional multinucleated giant cells in LP
and/or PPs in 40.95%. Thus, histopathological examination
contributed to diagnosing more affected animals in which no gross
lesions were described. Specifically, the increase in diagnosed cases
was 28% in MS LNs and 86.05% in ICV. Regarding the vaccination
status, the V animals appeared less affected histologically in MS
LNs (p = 0.018), ICV LP (p = 0.027), and ICV PPs (p = 0.028).
In relation to the grading of the PTB-compatible lesions affecting
the MS LNs, grade IV encapsulated granulomas with mineralization
(Figure 2A) were the most frequent finding (60%), mainly present
in the nV group (70%), although the difference was not statistically
significant (p = 0.068).

In the case of the ICV, the lesions in LP and the PPs were
graded as multifocal in 86.96% and 79.49% and mild in 95.65% and
94.87%, respectively (Figures 2B, C). A greater number of nV goats
presented lesions in both LP and PPs, with a statistical difference
also being demonstrated in terms of grading (Table 1).
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FIGURE 1

Gross PTB-compatible lesions in vaccinated (V) and non-vaccinated (nV) goats. (A) Lymphadenomegaly of mesenteric lymph nodes (MS LNs) of a V
animal with multifocal white calcified granulomas on the cut surface (arrow). (B) lleocecal valve (ICV) of a V animal with no gross lesions. (C) MS LNs
and mesenteric fat of an nV animal exhibiting numerous multifocal to coalescing white calcified granulomas on the cut surface. (D) ICV of an nV
animal showing diffusely thickened mucosa folded into transverse rugae, characteristic of PTB

3.4 Relationship between CIT-test results
and PTB-compatible lesions

The main differences were observed in the groups of goats
with “inconclusive” CIT test results. More nV goats from this
group (66.67%) presented PTB-compatible gross lesions affecting
the MS LNs and/or the ICV (p = 0.005). Regarding the
histopathology results of the same nV animals, 83.33% presented
PTB-compatible granulomatous lymphadenitis of the MS LNs
and/or granulomatous enteritis affecting the ICV (p = 0.008). Thus,
15.67% more nV animals were detected as possibly affected by PTB
by adding the use of histopathology as a diagnostic tool. No such
difference was demonstrated in the V group (p = 0.112), in which
only 16.67% of the animals with inconclusive CIT test results had
gross PTB-compatible lesions.

In the case of the animals who tested “positive” to the CIT
test (47.62%), 52% were V and 48% nV. Gross PTB-compatible
lesions were described in 38.46% of the V and in 29.17% of the
nV animals. Histopathological PTB-compatible lesions were found
in 61.54% of the V and in 45.83% of the nV. No differences were

Frontiersin

demonstrated regarding the presence of gross or histopathological
lesions between the two groups.

In the CIT-negative animals (18.10%), 63.16% of the goats were
V and 36.84% nV. Gross PTB-compatible lesions were observed in
16.67% of the V and in 14.29% of the nV. Furthermore, applying
histopathology as a diagnostic tool, 41.67% of the V animals and
42.86% of the nV were categorized as goats with PTB-compatible
lesions in MS LNs and/or ICV.

3.5 MAP identification

3.5.1 ZN staining
The main results of the ZN stain are summarized in

Red acid-fast bacilli (AFB) were identified in the cytoplasm
of epithelioid macrophages, multinucleated giant cells, and/or
the mineralized centers of well-formed encapsulated granulomas
affecting the MS LNs and/or the ICV in 22.86% of the animals,
12.50% of which were V and 87.50% were nV (p=0.001). A total
of 34.43% of the nV goats had PTB-compatible lesions in MS LNs
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TABLE 1 Summary of histopathological PTB-compatible lesions in 105 naturally infected goats (vaccinated and non-vaccinated).

Animals with
histopathological;
PTB-compatible lesions (%)

Lesion site Lesion

grading

Statistical analysis between
groups (p-value)*

MS LNs and/or ICV 61 (58.10%) 22 (36.07%) 39 (63.93%) 0.013
MS LNs 50 (47.62%) 15 (30%) 35 (70%) 0.018
Grade I 14 (28%) 6 (42.86%) 8(57.14%) 0.068
Grade I1 4 (8%) 4 (100%)
Grade I1I 2 (4%) 2 (100%)
Grade IV 30 (60%) 9 (30%) 21 (70%)
ICV LP and/or PPs 43 (40.95%) 13 (30.23%) 30 (69.77%) 0.044
ICVLP 23 (21.90%) 5(21.74%) 18 (78.26%) 0.027
Distribution Focal 2 (8.70%) 2 (100%) 0.004; 0.037**
Multifocal 20 (86.96%) 2 (10%) 18 (90%)
Diffuse 1 (4.35%) 1 (100%)
Severity Mild 22 (95.65%) 4(18.18%) 18 (81.82%) 0.023; 0.037**
Moderate 1 (4.35%) 1 (100%)
Severe
ICV PPs (n=97) 39 (40.21%) 11 (28.21%) 28 (71.79%) 0.028
Distribution Focal 8(20.51%) 6 (75%) 2 (25%) 0.001
Multifocal 31 (79.49%) 5(16.13%) 26 (83.87%)
Diffuse
Severity Mild 37 (94.87%) 11 (29.73%) 26 (70.27%) 0.034
Moderate 2 (5.13%) 2 (100%)
Severe -

nV, non-vaccinated; V, vaccinated; MS LNs, mesenteric lymph nodes; ICV, ileocecal valve region; LP, lamina propria; PPs, Peyer’s patches.

*The results were considered statistically significant if the p < 0.05.

**Significant association between the ages and the severity of PTB-compatible histopathological lesions affecting the ICV LP in the nV group.

***Significant association between the ages and the distribution of PTB-compatible histopathological lesions affecting the ICV in the nV group.

The bold text represents statistically significant differences.

and/or ICV and tested positive on ZN, in contrast with only 6.82%
of the V (p=0.001). A total of 63.64% of the ZN-positive animals
presented AFB in both MS LNs and ICV, with 14.29% of those
V and 85.71% nV (Figure 3B). The ZN positivity was compared
between the V and nV animals. Fewer V animals were ZN positive
in MS LNs (p=0.004) and in the ICV LP and/or PPs (p=0.006).
The AFB load was graded as “single” in 80.95% of the ZN-positive
MS LNs, of which only 17.65% were from V animals and 82.35%
from nV (p=0.013) (Figure 2D). Regarding the bacterial load in the
ICV, 6 of the cases had “single” AFB, 1 had “few,” and 2 had “many”
(Figure 2F). The bacterial load in the PPs was graded as “single” in
84.62%, 90.91% of which were from nV animals. Only two goats
had “few” (Figure 2E) or “many” AFB, and both were nV.

3.5.2 Immunohistochemistry (IHC)

The main results of the IHC stain are summarized in
Table 2. An immunoreaction seen as brown cytoplasmic granules
in epithelioid macrophages and/or multinucleated giant cells in
lesions affecting the MS LNs and/or the ICV was detected in 33.33%
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of the studied animals, being only 14.29% V and 85.71% nV (p
= 0.001). The presence of histopathological PTB lesions and the
IHC positivity were compared between the V and nV groups, and
statistical differences were demonstrated in animals with lesions in
MS LNs and/or ICV (p = 0.001) and in those with lesions affecting
the ICV LP (p = 0.001). Both MS LNs and ICV were IHC positive
in 45.71% of the goats, of which 6.25% were V, and 93.75% were nV
(Figure 3C).

The differences between the V and nV animals regarding
IHC positivity were further analyzed. Fewer V animals were IHC
positive in MS LNs (p = 0.001), ICV LP, and/or PPs (p = 0.001). The
MAP load in MS LNs was graded as “single” in 86.67% of the cases,
with only 11.54% from V animals and 88.46% from nV (p = 0.001)
(Figure 2G). Regarding the ICV LP, only two animals presented
MAP loads graded as “many” (Figure 21). In the PPs, 88.24% of the
positive samples presented “single” MAP, 93.33% from nV animals
and only 6.67% from V (p = 0.011), and “few” mycobacteria were
detected in only two samples (Figure 2H).

The agreement between the detection capacity of ZN and IHC
was moderate (k = 0.419). Regarding the detection capacity in the
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FIGURE 2

Histopathological PTB-compatible findings in vaccinated (V) and non-vaccinated (nV) goats. (A) Mesenteric lymph node (MS LN): grade IV lesions
with multifocal severe calcified granulomas. HE 4x (B) Peyer’s patches (PPs) of the ileocecal valve region (ICV): multifocal mild granulomatous
infiltrate of epitheliod macrophages. HE 10x (C) Lamina propria (LP) of the ICV: multifocal mild enteritis with epithelioid macrophage aggregates in
the tips of the intestinal villi. HE 10x (D) MS LN: single acid-fast bacilli (AFB) (arrows) present in <20% epithelioid cells and single/few bacteria per cell.
Ziehl-Neelsen (ZN) staining, 60x (E) ICV, PPs: few AFB detected in 20% to 50% epithelioid cells and multinucleated giant cells (MGCs) with 1 to 10
bacteria present per cell (arrows). ZN, 60x (F) ICV, LP: AFB is present in >50% to 75% of epithelioid cells and MGCs, with an average of >10 bacteria
per cell. ZN, 60x (G) MS LN: single mycobacteria (arrow) observed in <20% of the epithelioid macrophages. Anti-MAP immunohistochemistry (IHC),
60x (H) ICV, PPs: few mycobacteria (arrows) detected in 20% to 50% epithelioid cells. IHC, 60x (1) ICV, LP: many mycobacteria with strong
immunolabeling in >50%—75% epithelioid cells, with approximately 50% of cells containing countless bacteria. IHC, 60x.

MS LN, the agreement between the two techniques was moderate
(k = 0.513) in contrast with the results from the ICV samples,
where the agreement was low (k = 0.231).

3.5.3 Real-time PCR

A total of 28.57% of the pool samples from mesenteric lymph
nodes (MS LNs) and ileocecal valves (ICV) tested positive for the
presence of MAP DNA, with 26.63% from V goats, and 73.33%
from nV goats (p = 0.001) (Table 2). Regarding the presence of
PTB-compatible lesions, an association was found only in the nV
group, in which only one animal tested positive for PCR but had no

Frontiersin Veterinary Science

MAP-induced lesions in target organs (p = 0.001). In the V group,
only eight animals tested positive for PCR, and thus, no statistical
analysis was conducted due to the small sample size. Nevertheless,
five of those goats presented MAP-induced lesions in target organs,
while no lesions were found in three.

3.5.4 Relationship between the diagnostic
techniques for MAP identification (ZN, IHC, and
real-time PCR)

Overall, 52.38% of the animals tested negative by the three
techniques for MAP identification; 58.18% of those were V goats,
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FIGURE 3

Histopathological PTB-compatible lesions, Ziehl-Neelsen (ZN), and immunohistochemistry (IHC) in target organs of 105 naturally infected goats
(vaccinated and non-vaccinated). (A) PTB-compatible histopathological findings in mesenteric lymph nodes (MS LNs) and/or ileocecal valve region
(ICV) of vaccinated (V) and non-vaccinated (nV) goats. (B) ZN positivity in MS LNs and/or ICV of V and nV goats. (C) IHC positivity in MS LNs and/or
ICV of V goats and nV goats.
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TABLE 2 Summary of diagnostic test results for the identification of Mycobacterium avium subspecies paratuberculosis in 105 naturally infected goats
(vaccinated and non-vaccinated).

Lesion site Grading Positive results (%) Statistical analysis between
groups (p-value)*

Ziehl-Neelsen staining

MS LNs and/or ICV 24 (22.86%) 3 (12.50%) 21 (87.50%) 0.001

MS LNs 21 (20.00%) 3 (14.21%) 18 (85.71%) 0.004
Single 17 (80.95%) 3(17.65%) 14 (82.35%) 0.013
Few 4(19.05%) - 4(100%)
Many - - R

ICV LP and/or PPs 17 (16.19%) 2 (11.76%) 15 (88.24%) 0.006

ICV LP 9 (8.57%) 2 (22.22%) 7 (77.78%) -
Single 6 (66.67%) 1(16.67%) 5 (83.33%) -
Few 1(11.11%) - 1 (100%)
Many 2 (22.22%) 1(50%) 1 (50%)

ICV PPs (n=98) 13 (13.27%) 1(7.69%) 12 (92.31%) 0.028
Single 11 (84.62%) 1(9.09%) 10 (90.91%) 0.076
Few 1(7.69%) - 1 (100%)
Many 1(7.69%) - 1 (100%)

Immunohistochemistry

MS LNs and/or ICV 35 (33.33%) 5 (14.29%) ** 30 (85.71%)*** 0.001; 0.018**; 0.001***

MS LNs 30 (28.57%) 4(13.33%) 26 (86.67%) 0.001
Single 26 (86.67%) 3 (11.54%) 23 (88.46%) 0.001
Few 4(13.33%) 1(25%) 3 (75%)
Many - - -

ICV LP and/or PPs 21 (20%) 2(9.52%) 19 (90.48%) 0.001

ICV LP 15 (14.29%) 2 (13.33%) 13 (86.67%) 0.015
Single 9 (60%) - 9 (100%) 0.049
Few 4(26.67%) 1(25%) 3 (75%)
Many 2 (13.33%) 1(50%) 1 (50%)

ICV PPs (n=96) 17 (17.71%) 2 (11.76%) 15 (88.24%) 0.006
Single 15 (88.24%) 1(6.67%) 14 (93.33%) 0.011
Few 2 (11.76%) 1(50%) 1(50%)
Many - -

PCR

MS LNs and/or ICV 30 (28.57%) 8 (26.67%) 22 (73.33%) 0.045

nV, non-vaccinated; V, vaccinated; MS LNs, mesenteric lymph nodes; ICV, ileocecal valve region; LP, lamina propria; PPs, Peyer’s patches.

*The results were considered statistically significant if the p-value < 0.05.

**Fewer V animals with PTB-compatible histopathological lesions tested positive for immunohistochemistry.
***More nV animals with PTB-compatible histopathological lesions tested positive for immunohistochemistry.

and 41.82% were nV goats (Table 3). 30.91% of the samples that
were identified as negative were from animals that presented
histopathological lesions compatible with PTB. On the other hand,
11.43% of the animals tested positive by ZN, IHC, and PCR, 16.67%
were V goats, and 83.33% were nV goats. All goats in this group
presented MAP-induced lesions in target organs. Thus, the three
techniques agree in the identification of both positive and negative
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animals in 63.81% of the cases, 50.75% from V goats, and 49.25%
from nV goats. The agreement between PCR and the ZN was low
(k = 0.355), and between PCR and IHC was moderate (k = 0.444).

The animals identified as positive by at least one of the
three techniques were 36.19%, 26.32% were V goats, and 73.68%
were nV goats. Only 6 (three V goats and three nV goats) of
those animals did not present PTB-compatible histopathological
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TABLE 3 Summary of diagnostic results for MAP identification and presence of histopathological PTB-compatible lesions in 105 naturally infected goats
(vaccinated and non-vaccinated).

MAP identification Total, N = 105

Histopathological

techniques PTB-compatible lesions

Agreement between three techniques

PCR (-) ZN (-)IHC (-) 32 (58.18%) 23 (41.82%) 55 (52.38%)
Presence 13 (76.47%) 4(23.53%) 17 (30.91%)
Absence 19 (50%) 19 (50%) 38 (69.09%)

PCR (+) ZN (4) IHC (+) 2 (16.67%) 10 (83.33%) 12 (11.43%)
Presence 2 (16.67%) 10 (83.33%) 12 (100%)
Absence - - -

Subtotal 34 (50.75%) 33 (49.25%) 67 (63.81%)
Presence 15 (51.72%) 14 (48.28%) 29 (43.28%)
Absence 19 (50%) 19 (50%) 38 (56.72%)

Agreement between two techniques

PCR (+) ZN (4) IHC (-) - 2 (100%) 2 (1.90%)
Presence - 2 (100%) 2 (100%)
Absence - - R

PCR (+) ZN (-) THC (+) - 8 (100%) 8 (7.62%)
Presence - 7 (100%) 7 (87.50%)
Absence - 1(100%) 1(12.50%)

PCR (+) ZN (-) IHC (-) 6 (75%) 2 (25%) 8 (7.62%)
Presence 3 (60%) 2 (40%) 5 (62.50%)
Absence 3 (100%) - 3(37.50%)

PCR (-) ZN (4) IHC (+) - 5(100%) 5 (4.76%)
Presence - 5 (100%) 5 (100%)
Absence - - R

PCR (-) ZN (-) IHC (+) 3 (30%) 7 (70%) 10 (9.52%)
Presence 3(37.50%) 5(62.50%) 8 (80%)
Absence - 2 (100%) 2 (20%)

PCR (-) ZN (4) IHC (-) 1(20%) 4 (80%) 5 (4.76%)
Presence 1 (20%) 4 (80%) 5 (100%)
Absence R R R

Subtotal 10 (26.32%) 28 (73.68%) 38 (36.19%)
Presence 7 (21.88%) 25(78.13%) 32 (84.21%)
Absence 3 (50%) 3 (50%) 6 (15.79%)

MAP, Mycobacterium avium subspecies paratuberculosis; PTB, paratuberculosis; nV, non-vaccinated; V, vaccinated; PCR, polymerase chain reaction; ZN, Ziehl-Neelsen staining; THC,
immunohistochemistry; (+), positive; (-), negative.

lesions in MS LNs and/or the ICV. The results are summarized in the early subclinical stages of the disease is low, and further
in Table 3. investigation is needed to address this knowledge gap (6, 22, 40, 41).
CIT tests are widely used in control programs for TB, although

their sensitivity is low, and cross-reactions have been described

4 Discussion (8, 10, 41, 42). In the present study, a comparative CIT test
was used to reduce the risk of non-specific reactions caused by
The direct and indirect economic losses derived from PTB  other non-tuberculous mycobacteria (41). Furthermore, although
presence in bovine, ovine, and caprine herds have been described  false-positive results originating from the anti-MAP vaccine have

worldwide (10, 22, 26, 38, 39). However, diagnostic test sensitivity =~ been previously reported, no differences were observed between
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the V and nV CIT-positive animals in our study (8, 10, 41, 42).
Nevertheless, statistically, more nV goats with PTB-compatible
gross and histopathological lesions presented inconclusive results
for aPPD, which confirms the importance of the implementation of
the CIT test and the need for subsequent morphological assessment
for correct herd diagnosis.

It is worth highlighting that the gross lesions described in this
study are not specific to PTB and are not always present in infected
animals (5, 6, 11, 12, 24-26). Nevertheless, PTB-compatible gross
lesions were mostly detected in nV animals in this study. This might
suggest the effect of anti-MAP vaccination in the reduction of PTB
lesions and its previously described heterogeneous protective effect
in vaccinated herds (8, 11, 14, 17, 43, 44).

In the present study, a considerable percentage of the PTB-
compatible lesions could only be detected histologically. Our results
highlight the importance of microscopic examination of target
organs, as previously stated by other authors (25, 27, 44-46).
Furthermore, we used two grading systems to describe the lesions in
the MS LNs and the ICV. Goats are particularly susceptible to both
PTB and TB, with calcified granulomas being frequently reported,
suggesting a limited ability to control the infection (12, 25, 47).
Thus, a grading system distinguishing between 4 granuloma stages
was applied in this study to classify the severity and the chronic
onset of the lesions of MS LNs independently from the amount of
mycobacteria present (36).

The MS LNs presented granulomatous lymphadenitis in more
nV goats than V goats. Although no such association was
demonstrated regarding the grading of the lesions, it is worth
pointing out that stage IV granulomas with central necrosis and
mineralization were detected in 60% of the affected animals, of
which 70% were nV, and only 30% were V. Similar lesions had
been frequently reported in caprine PTB in contrast with bovine
PTB (12, 24, 45). Our results suggest a possible relationship
between the reduction of granulomatous lymphadenitis affecting
MS LNs and anti-MAP vaccination. Additionally, the importance
of histopathological assessment is confirmed as granulomas can
only be grossly detected when they are mineralized (grades IIT and
IV), and those lesions were found to a lesser extent in the V animals.
Similar results have been previously reported in both experimental
and natural infections, although the histopathological lesions in
MS LNs in subclinical cases have not been graded specifically
(10, 11, 14, 15, 17, 43).

The grading system applied in this study to evaluate the ICV
was chosen as it relies on the morphological description of the
lesions detected with HE stain in terms of severity and distribution
(23). On the contrary, the widely used score proposed by Corpa
et al. is centered on the distribution, the subjectively evaluated
intensity, the predominant cell type detected in the lesions, as
well as the bacterial load detected by ZN (12). Furthermore, a
modification to the initial grading system was implemented, and
the LP and the PPs were evaluated separately, as various authors
have previously reported differences between the lesions in those
two sites in the initial stages of the disease (12, 24, 27). The PPs
presented granulomatous lesions in twice as many cases as the LPs.
A previous study in naturally infected goats reports that in cases
with focal lesions, granulomatous infiltrate is more common in the
PPs than in the LP, although not all cases described were subclinical
(12). On the other hand, an experimental study focused on the gut-
associated lymphoid tissue of PTB cases reported lesions affecting
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the PPs in 6/7, and it examined 2-year-old animals with no clinical
signs (48).

Regarding the vaccination status, statistical differences were
demonstrated between the V and the nV animals in relation to the
PTB-compatible lesions in both LP and the PPs, with those being
classified as mild and multifocal in most cases. Various authors
demonstrate the benefit of anti-MAP vaccination on the reduction
of losses due to PTB in affected herds (10, 11, 14, 15, 17, 43).
In a recent study evaluating the effect of anti-MAP vaccination,
only one animal with multifocal lesions affecting both LP and
PPs was found, and it was nV, although the authors did not
use the same classification as the one applied in our study and
conducted the on-field study in a herd with a low prevalence of
MAP infection (14). On the contrary, another study conducted in
naturally infected goats shows a reduction in the grade of MAP-
induced lesions in the target organs of V animals, grading those as
mild/multifocal, although not distinguishing between lesion sites
(8). In relation to the age of the affected animals, a statistical
difference was only demonstrated in the nV group, in which most
of the animals with PTB-compatible lesions were between 12 and
24 months of age. Those results must be interpreted with caution
as the study was conducted under natural infection conditions,
and thus, we have no data about the exact time of infection or
the dose of MAP. It is worth highlighting that clinical disease in
goat PTB usually appears earlier than in cows (23, 49), although
the data about the age of appearance of histopathological lesions
is limited. One experimental study found PTB-compatible lesions
in goat kids as soon as 3 months post-infection, and those were
more severe than in animals evaluated 6 and 12 months post-
infection (23). Another experimental study reports lesions in target
organs found in subclinical cases 2 years after inoculation (48). In
natural infection, clinical and subclinical cases have been reported
in animals between 1.5 and 8 years of age (12). The results of our
study confirm the chronic onset of the disease in the ICV; although
further studies are needed to analyze the effect of vaccination on the
age of PTB lesions development.

The identification of MAP in target organs was performed by
ZN, IHC, and PCR, and more nV goats than V goats were identified
as positive. In the case of the ZN, AFB was detected in the MS LNs
and, to a lesser extent, in the ICV, although it is worth mentioning
that 13.64% of all ZN-positive animals only presented AFB in the
ICV and were nV. The ICV has been described as the only organ
histologically affected in the early subclinical stages of goat PTB
(11, 12, 24, 27), and our results highlight the importance of its
examination for accurate postmortem diagnosis. The ZN negativity
in animals with histopathological lesions can be partially explained
by the fact that AFB is only stained by ZN when they are intact, as
previously reported in both clinical and subclinical cases (28, 50).
Furthermore, the differences observed between the V goats and the
nV goats in terms of both positivity and amount of AFB might
indicate the benefit of vaccination on the reduction of MAP load
in target organs. This result can be related to previous studies that
reported a decrease in MAP shedding in V herds with both high
and low prevalences of MAP infection (10, 11, 17, 43).

The results of the THC were in line with the ZN ones,
detecting statistically more nV animals as positive. The moderate
agreement value obtained in our study might be because THC
can detect MAP antigens in ruptured and dead cells, which have
been reported in some forms of PTB and other mycobacterial
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infections due to strong cell-mediated host immunity (3, 12, 50-
53). Furthermore, the antibody used in this study is polyclonal,
and thus, an unspecific reaction cannot be excluded as previously
reported by other authors, which might explain the three
cases where THC positivity was detected in the ICV where
no PTB-compatible lesions were seen (12, 50-53). A previous
experimental study in sheep inoculated with MAP reported
limited detection capacity in focal lesions by both ZN and
IHC, although the agreement between the two techniques was
not analyzed (3). In the case of goat PTB, some authors
report substantial agreement between the two techniques in
naturally infected herds, although all of them describe that
the cases in which ZN and IHC results disagree presented
mild/focal lesions with a small amount of MAP (12, 50,
52).

Finally, real-time PCR agreed with the IHC and ZN staining
results in 63.81% of the cases. Regarding the cases where PCR
was the only technique that identified the presence of PTB, it is
worth mentioning that various studies report its high sensitivity
and capacity for the detection of small amounts of DNA, even
in cases in which no lesions were detected (3, 5, 8, 54, 55).
Nevertheless, the extraction process involves a small tissue sample,
in which MAP might be absent in cases with a low bacterial load.
Conversely, the histological sections used for both IHC and ZN
allow the examination of a larger area, potentially explaining why
these methods yielded positive results in 4.76% of the animals
that were PCR-negative yet exhibited granulomatous lesions (8,
12, 21, 22, 26, 54). The likelihood of false-negative PCR results
due to the absence of the amplified sequence is low in this
study, as the IS900 sequence is highly conserved among MAP
isolates, and all tissues analyzed were fresh and not formalin-fixed
(54, 56). Additionally, despite the general agreement among the
three diagnostic techniques, a significant difference was observed
between the nV and V groups in terms of MAP positivity,
aligning with histopathological findings. These results underscore
the beneficial impact of vaccination on reducing bacterial load
(10, 11, 17, 43) and demonstrate the importance of using a
combination of diagnostic tools to maximize the accuracy of
PTB detection in subclinical cases. Nevertheless, further studies
are needed to optimize sampling protocols, enhance diagnostic
agreement, and thereby improve early detection of MAP infection
in goats with PTB.

In conclusion, our study quantifies histopathological lesions
in natural cases of goat PTB and highlights the importance
of both gross and microscopic examination for a correct
postmortem diagnosis. Furthermore, histopathological lesions
in both MS LNs and ICV were graded in terms of severity
and  distribution, demonstrating  significant  differences
between V and nV animals. These results might suggest
the potential effect of PTB vaccination on the reduction of
histopathological lesions in both MS LNs and ICV in subclinical
PTB cases. Moreover, we evaluated the agreement among
three laboratory techniques—ZN, IHC, and PCR—for the
etiological diagnosis of subclinical PTB cases. Our results
demonstrate the crucial role of combining these diagnostic tools
to assess subclinical PTB in both vaccinated and non-vaccinated
goats accurately.
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7. CAPITULO III
7.1. RESUMEN

Prevalencia seroldgica de la paratuberculosis caprina y respuesta inmune a la vacunacion
frente a Mycobacterium avium subespecie paratuberculosis en las Islas Canarias, Espaiia

Caprine paratuberculosis seroprevalence and immune response to anti-Mycobacterium
avium subspecies paratuberculosis vaccination on the Canary Islands, Spain

La paratuberculosis (PTB), causada por Mycobacterium avium subespecie
paratuberculosis (MAP), es una enfermedad cronica que afecta a rumiantes domésticos y
salvajes. Este estudio se realizé en 12 granjas caprinas de las Islas Canarias, que tienen la cuarta
mayor poblacion caprina de Espafia y estdn oficialmente indemnes de tuberculosis bovina
(TB). Se realizaron dos sesiones de muestreo con un total de 2.774 muestras de suero,
analizadas mediante un ensayo inmunoabsorbente ligado a enzimas (ELISA, enzyme linked
immunosorbent assay). En la primera sesion, la prevalencia global fue del 18,4%, variando
entre el 2,5% y el 61,1%. Se establecieron 3 grupos de prevalencia inicial: A, (0-10%]; B, de
(10-20%] y C, >20%. Se demostraron diferencias estadisticamente significativas entre las
granjas del grupo C, sin tener en cuenta la edad de los animales (p=0,001). Sin embargo, una
vez analizada la edad, se confirmaron diferencias significativas en los tres grupos de
prevalencia tanto entre el nimero de positivos en cada rango de edad, como entre las
proporciones. En cuanto al andlisis de las caracteristicas de cada granja, solamente se
demostraron diferencias significativas en el grupo C en cuanto a la seropositividad y la
temperatura media anual (p=0,001), la presencia de granjas en los alrededores (p=0,001) y la
presencia de vallado (p=0,001). En la segunda sesion, se evalu6 el efecto de la vacunacion
frente a MAP con una vacuna comercial inactivada (Gudair®), incluyendo animales vacunados
(V) y no vacunados (nV). Se registraron diferentes tendencias de desarrollo de anticuerpos en
granjas en distintos grupos de prevalencia inicial. En las granjas del grupo A, mas cabras
adultas desarrollaron anticuerpos tras la vacunacion. En las granjas de grupo B y C, la respuesta
a la vacunacion fue heterogénea. Sin embargo, Uinicamente en el grupo C se demostraron

diferencias significativas y proporcionales entre la seroconversion en los distintos grupos de

edad.

101



Este trabajo caracteriza la situacién de la PTB en las Islas Canarias y aporta nuevos
conocimientos sobre el efecto de la prevalencia de la granja en la respuesta inmune a la
vacunacion contra PTB, aunque se necesita futuros estudios incluyendo mas granjas. La
vacunacion reduce, pero no elimina, la excrecion fecal de MAP, los casos clinicos y las lesiones
en los organos afectados. Doce (12) meses post vacunacion, se observaron variaciones en los
niveles de anticuerpos en funcién de la prevalencia inicial y la edad de los animales. Los
resultados sugieren que la seroprevalencia puede estar relacionada con la edad y las
caracteristicas ambientales de la granja, pero también destacan la importancia de futuras
investigaciones para evaluar otros factores que influyen en la respuesta inmunitaria y la

epidemiologia de la PTB caprina.

Este estudio proporciona una vision inicial sobre la prevalencia de la PTB y sus
variaciones entre granjas en las Islas Canarias, destacando la importancia del monitoreo
serologico continuo y las medidas de bioseguridad para controlar la propagacién de la
enfermedad. Ademads de la necesidad de combinar ELISA con otras técnicas, para una mejor

evaluacion del estado de la enfermedad en las granjas afectadas.
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Simple Summary: Paratuberculosis (PTB) is a chronic disease that affects domestic and wild ru-
minants worldwide. This study was conducted in 12 diary caprine farms on the Canary Islands.
The region counts with the fourth largest goat population in Spain and has “officially free” bovine
tuberculosis status. Two sampling sessions were conducted, and 2774 serum samples were tested by
an enzyme-linked immunosorbent assay. In the first session, a prevalence of 18.4% was obtained,
varying from 2.5% up to 61.1%. In the second session, the effect of PTB vaccination was evaluated
and both non-vaccinated (nV) and vaccinated (V) were included. Variable tendencies in antibody
development were registered in farms with different initial seroprevalences. In farms in which up
to 10% of the animals were positive, more adult goats had antibodies against PTB after vaccination.
In farms with more than 10% of ELISA-positive animals, a heterogeneous response to vaccination
was reported. We observed that in farms with higher initial prevalence, fewer goats that were V
developed antibodies. Our work characterizes the caprine PTB situation on the Canary Islands and
gives new insights on the effect of farm prevalence on the immune response to PTB vaccination,
although further studies on a greater scale are needed.

Abstract: Paratuberculosis (PTB), caused by Mycobacterium avium subspecies paratuberculosis (MAP),
is a chronic disease with economic impact on ruminant farming worldwide. The Canary Islands
count with the fourth largest goat population in Spain and are “officially free” of bovine tuberculosis.
Twelve farms were included with 2774 serum samples tested by an enzyme-linked immunosorbent
assay (ELISA) for detection of anti-MAP antibodies in two sessions. In the first session, an overall
apparent prevalence of 18.4% (2.5% up to 61.1%) was obtained. Farms with prevalences (0-10%],
(10-20%] and >20% were identified, with differences in seroconversion in the same prevalence group
between farms and age ranges. Non-vaccinated (nV) and vaccinated (V) animals were included in
the second sampling session. Higher levels of antibodies were detected in V animals older than
12 months, with considerable variations between age ranges and farms. Our results describe the
current PTB status of the Canary Islands’ goat farming. Furthermore, new insights on the effect of the
farm prevalence on seroconversion in V animals are provided, although further studies are needed to
evaluate the multiple factors affecting the immune response to anti-MAP vaccination.
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1. Introduction

Paratuberculosis (PTB), also known as Johne s disease, is a chronic wasting disease
caused by Mycobacterium avium subspecies paratuberculosis (MAP) that affects both domestic
and wild ruminants worldwide [1-6]. Animals are usually infected at a young age by
ingestion of fecal material present in a contaminated environment, water, or food, as well
as by drinking milk or colostrum from infected adult animals [3,4,6]. Intrauterine infection
has also been described [1,3,4,6].

Although animals get infected at a young age, the subclinical phase is long, and clinical
signs such as watery diarrhea, weight loss, and reduction in milk production appear only
in the terminal phase [7,8]. Furthermore, the clinical signs in small ruminants are not
as straightforward as in cattle [3]. In goats, data about the effect of age on clinical signs
development are limited. Nevertheless, infected ruminants can eliminate MAP in their
feces from initial stages of infection, which makes early diagnosis very important for correct
control and prevention of the disease in affected areas [3-5].

PTB is a World Organization for Animal Health (WOAH)-listed disease and must
be reported to this organization as indicated in the Terrestrial Animal Health Code [9].
Furthermore, according to the renewed animal health European Union (EU) legislation
(Regulation (EU) 2018/1882), PTB is listed as a ‘category E disease’” for which there is
a need for surveillance within the Union, as referred to in Article 9(1)(e) of Regulation
(EU) 2016/429. The definitive confirmation method includes post-mortem identification of
PTB-compatible lesions and histopathological examination [1-3,10]. Nevertheless, early
ante-mortem diagnosis is hampered by the relatively low sensitivity of diagnostic tests on
an individual level and the lack of pathognomonic signs, which leads to well-established
infection in the herd before the first case is diagnosed [3,4,6,11].

Control programs usually include immunodiagnostic tests such as the enzyme-linked
immunosorbent assay (ELISA), agar gel immunodiffusion (AGID) assay, intradermal skin
testing, lymphocyte transformation, and IFNy assays [3,5,12]. Polymerase chain reaction
(PCR) targeting the insertion sequence 900 (IS 900) in fecal samples is a frequently used
technique for herd screening as it has proven to be one of the most sensitive methods for
MAP DNA detection. Microbiological culture, on the other hand, is a gold standard for
PTB confirmation, although it is timely, and its detection capacity is limited in the early
stages of PTB [12,13].

Furthermore, vaccination is used as a control tool as it has proven to reduce but
not eliminate MAP fecal shedding, clinical cases, and lesions in target organs of affected
animals [11,12,14-16]. Nevertheless, anti-MAP vaccination is banned in some countries,
such as Denmark, and requires a special authorization in France, Germany, and Spain [12].
Only some countries apply PTB vaccination on goats, including Australia, Spain, and
the Netherlands [12]. In Spain, vaccination in some regions, such as the Canary Islands,
is subject to special authorization from the local authorities due to its interference with
tuberculosis (TB) diagnosis. Although data about the seroconversion of vaccinated goats
is scarce, some authors suggest that it might be related to various factors, including the
age of vaccination and the environmental MAP dose to which animals are exposed on the
farm [17,18].

However, the use of anti-MAP vaccines is controversial as it has been proven to
interfere in the interpretation of intradermal skin tests, which are used in eradication
programs of mycobacterial infections such as bovine tuberculosis (TB) [11,12,16].

In recent years, goat production has increased worldwide, mainly in developing
countries, due to the low input it requires [5,6,19]. The small ruminant industry has
significantly contributed to the alleviation of poverty in Africa and Asia [5]. Currently,
Europe bares the third-largest goat production [20]. Spain has the second largest population
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on the continent, with a total of 2.293 million heads (2023) [21], distributed mainly between
5 autonomous communities. Andalucia counts with 37% of the population, Castilla-La
Mancha with 15%, Extremadura with 10%, the Canary Islands with 10.3%, and Murcia with
9.7% [20]. Data about PTB prevalence, however, are limited, except for Andalucia, where a
recent study established a seroprevalence of 20% [4]. Nevertheless, the disease is considered
widespread in continental Spain, originating considerable economic losses [4,22].

The present study was conducted on the Canary Islands, which counts with the
fourth largest Spanish goat population with a total of 200,054 heads and 1256 farms [23]
of mainly certified autochthonous endangered breeds (Orden APM/26/2018). Most of
the goat population is centered on the islands of Fuerteventura and Gran Canaria, which
count with 73,572 and 47,388 heads, respectively [23]. Since the region was granted an
“officially free” status for TB in 2017, vaccination against PTB is subject to a special protocol
established by the local authorities (Decreto 51/2018 del 23 de abril) [24]. The aim of our
work is to evaluate the current status of PTB on the Canary Islands throughout ELISA-based
seropositivity measurement and the effect of vaccination on the humoral immune response
in naturally infected herds.

2. Materials and Methods
2.1. Study Design and Sampling
2.1.1. Animals and Farms

A total of 12 dairy caprine farms (5 from Fuerteventura and 7 from Gran Canaria)
were sampled between 2018 and 2022. All animals were Majorera goats, a local certified
autochthonous endangered breed (Orden APM/26/2018). All samples were submitted
to the Institute of Animal Health and Food Safety (IUSA), Veterinary School, University
of Las Palmas de Gran Canaria, as part of the official request process for an anti-MAP
vaccination permit. In all farms, the presence of PTB was suspected by the identification of
clinical signs, including severe emaciation, protrusion of lumbar vertebrae, easily palpable
transverse processes, muscle mass loss, and a reduction in visceral fat deposits.

The sampling was conducted in 2 sessions, and a total of 2774 serum samples were
analyzed, sampling with a minimum expected prevalence of 10% and a 95% CI. In the first
sampling session, approximately 15% of the census of each farm was tested. Subsequently,
7 farms (3 from Fuerteventura and 4 from Gran Canaria) were granted an authorization
for vaccination against PTB. A second sampling session was conducted 12 months after
the first session in 9/12 farms, and 1274 serum samples were analyzed. Both vaccinated
(V) and non-vaccinated (nV) animals were included in the second sampling session as the
local legislation specifies that a control group of nV animals should be left on farms that
are granted a vaccination permit (Articulo 4 del Decreto 51/2018 del 23 de abril) [24]. The
number of serum samples per farm and sampling session is summarized in Table 1.

2.1.2. “TB-Free” Status Confirmation

This study was conducted on the Canary Islands, in which PTB vaccination is regulated
by the Decreto 51/2018 del 23 de abril [24], which marks the requirements to obtain a
vaccination permit. Since the islands are “officially free” of bovine tuberculosis, farmers
who wish to implement anti-MAP vaccination need to certify that the animals are free
of tuberculosis and that PTB is present in the farm [25,26]. As part of this process, all
farms that requested vaccination were subjected to an on-field comparative intradermal
tuberculin (CIT) test for detection of the Mycobacterium tuberculosis complex. All animals
with positive or inconclusive results were send to slaughter. The absence of tuberculosis in
those was confirmed by histopathology and bacterial cultures performed by the laboratory
of VISAVET, Health Surveillance Centre, Madrid, Spain. All farms included certified that
they were officially TB-free.
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Table 1. Number of caprine serum samples per farm and island and PTB herd confirmation techniques.

. 2nd Sampling PTB Herd
Farm Ist Sampling v nv Total Confirmation
Fuerteventura 1098 165 769 934
F1 36 36 34 70 +
F2 740 117 623 740 ++
F3 80 12 68 80 ++
F4 196 - - - +
F5 46 0 44 44 +
Gran Canaria 402 200 140 340
F6 46 - - - +
F7 43 30 12 42 +
F8 38 79 36 115 +
F9 15 20 10 30 +
F10 91 71 25 96 +
F11 19 - - - +
F12 150 0 57 57 ++
Total 1500 365 909 1274

F, farm; V, vaccinated; nV, non-vaccinated. + Includes post-mortem necropsy/slaughterhouse sampling with
gross and/or histopathological granulomatous lesions in mesenteric lymph nodes and/or ileocecal valve and
Ziehl-Neelsen and/or immunohistochemistry-positive samples. ++ Includes post-mortem PTB confirmation and
PCR-positive tissue samples for IS900 identification.

2.1.3. PTB Confirmation on Herd Level

In all farms included in this study, PTB was confirmed on herd level by post-mortem
examination by necropsy performance and/or sampling at slaughter in all farms [25,26].
Afterwards, histopathological identification of granulomatous lesions affecting the mesen-
teric lymph nodes and/or the ileocecal valve was performed, as well as Ziehl-Neelsen
for identification of acid-fast bacteria and/or immunohistochemistry for identification of
MAP antigens [25]. In 3 farms, an additional real-time polymerase chain reaction (PCR)
for MAP DNA detection targeting the insertion sequence 900 (IS900) was performed on
tissue samples [25]. Details about the PTB confirmation techniques used in each farm are
summarized in Table 1.

2.2. Serum Sampling

The whole blood samples were obtained by puncture of the jugular vein using sterile
tubes without anticoagulant (Vacutainer®, Becton-Dickinson, Franklin Lakes, NJ, USA).
Subsequently, those were transferred to the laboratory under refrigeration within the first
24 h after the sampling. Afterwards, the blood was centrifuged at 400 g for 10 min, and
serum was obtained. Samples were stored at —20 °C until the analysis was performed.

2.3. Anti-MAP Vaccine

The anti-MAP vaccine applied was Gudair® commercial heat-inactivated vaccine
containing 2.5 mg/mL of MAP strain 316 F with mineral oil adjuvant (CZ Vaccines S.A.,
O Porrifio, Pontevedra, Spain) for use in sheep and goats. One milliliter of vaccine was
subcutaneously administered in the post-scapular area of the back following the manufac-
turer’s instructions and the guidelines of the Spanish Agency for Medicines and Medical
Devices (AEMPS), which indicate that in heavily affected herds, all animals, including
adult ones, should be vaccinated. In the herds that were granted vaccination permission
from the local authorities, a control group of nV animals was left as required by the local
legislation (Decreto 51/2018 del 23 de abril) [24]. These goats were managed under the
same conditions as the V ones.
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2.4. Serological Assay

Serum samples were analyzed using a commercial in vitro diagnostic ELISA test kit for
detection of antibodies to Mycobacterium avium subspecies paratuberculosis (Mycobacterium
paratuberculosis Test Kit PARACHEK® 2, Prionics AG, Schlieren, Switzerland) following the
manufacturer’s protocol. According to the data provided in the data sheet, the sensitivity
(Se) in goats ranges from 65 to 88%, and the specificity (Sp) is of 99% or greater.

2.5. Farm Characterization

An official geographic tool designed by the local authorities on the Canary Islands
(Sistema de Informacién Territorial de Canarias® GRAFCAN 1989-2024) was used to collect
data on the production characteristics of the farms. Information about the following general
production and biosecurity variables was extracted for each farm: altitude, distance to a
main road, presence of other farms in a perimeter of 1 km?, livestock perimeter fencing,
and mean annual temperature.

2.6. Prevalence Groups

Farms were categorized in the following groups based on the within-herd apparent
prevalence: group A, farms with (0-10%] seropositivity; group B, (10-20%] seropositivity;
and group C, with >20% seropositivity.

2.7. Statistical Analysis

An observational cross-section study was conducted. The apparent seroprevalence
was calculated separately on farm level. The true seroprevalence was calculated using the
Se and Sp of the kit used, using the lowest Se value indicated by the manufacturer (65%).

Statistical analysis of data was performed by IBM SPSS Statistics 27 (IBM SPSS Statistics
for Windows, Version 27.0. Armonk, NY, USA: IBM Corp). The age was summarized using
the mean, standard deviation (SD), median, and interquartile range (IQR). Shapiro-Wilk
and Kolmogorov-Smirnov tests were used to analyze the age and mean annual temperature
normality. A non-parametric Mann-Whitney U and Kruskal-Wallis tests were used to
compare the means of two independent samples (age/mean annual temperature and ELISA
results). Categorical variables were summarized using percentages and relative or absolute
frequencies. The ages of the studied goats were categorized in the following groups:
(0-12) months, [12-24) months, [24-36) months, [36—48) months, [48-60) months, and
>60 months. A chi-square test was used to contrast the association between two categorical
variables. Additionally, the Bonferroni correction for multiple testing was applied to control
experiment-wise and family-wise error rates.

The results were considered statistically significant if the p-value < 0.05.

3. Results
3.1. First Sampling Session
3.1.1. Seroprevalence

The overall apparent individual seroprevalence was 18.4% (257/1500). The within-
herd seroprevalence varied from 2.5% up to 61.1%, and this difference was statistically
significant between the farms (p = 0.001). In all farms, positive animals were detected. The
Se and Sp were used to calculate the true prevalence. The individual true prevalence was
27.19%, and the within-herd antibody detection ranged from 2.34% to 93.92%.

Subsequently, three prevalence groups were established for further analyses: group
A with farms with (0-10%]; group B with (10-20%], and group C with >20%. In group A,
5 farms with a total of 379 animals were included. In group B, 3 farms with 256 animals
were sampled. In group C, 4 farms with 865 goats were evaluated. The farms within-herd
seroprevalence of each farm are summarized in Table 2.
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Table 2. Within-farm apparent and true seroprevalence and farm characterization.
1st Mean . Ruminant
Farm S;Artl))[}))::s;tence Seroprl;l(;l\ll(;lence S;mp 1 ing Fencing Altitude (m) Annual ?\ils:ia: ;fot:da Farms in t'he
(%) (%) ession (Y/N) Temperature (km) Surrounding
(Month) Q) Area (Y/N)
Group A (0-10%]
F3 2.5 2.3 May Y <600 21.2 <1 Y
F4 9.7 13.6 May Y <600 214 >1 N
F6 6.5 8.6 October Y <600 20.4 <1 Y
E8 2.6 2.6 October Y <600 20.6 <1 Y
F11 53 6.7 October Y <600 20.7 0 Y
Group B (10-20%]
F9 20 29.7 October Y >600 15 0 N
F10 12.1 17.3 October N <600 20.1 0 Y
F12 16.7 245 March Y <600 20.2 Y
Group C > 20%
F1 61.1 93.9 October N* <600 19.4 % <1 Y*
EF2 224 335 June Y* <600 21.1* <1 Y*
F5 217 324 January Y* <600 20.2* >1 N*

E farm; Y, yes; N, no; m, meter; km, kilometer; °C, degree Celsius. * Statistically significant associations with p < 0.05.

3.1.2. Age Analysis

The animals sampled in the first session were between 1 and 210 months old, with
a mean of 20.44 months, a median of 12 months, a SD of 17.03 months, and an IQR of
12 months. The goats were included in the following age groups: 128 had (0-12) months,
962 had [12-24) months, 172 had [24-36) months, 102 had [36—-48) months, 81 had [48-60)
months, and 44 had >60 months of age. No information was available about the age
of 11 goats. Thus, 64.6% of the studied animals had between [12 and 24) months (19.9%
positive and 80.1% negative).

In group A, no statistical differences were present between the within-farm ELISA
results regardless the age of the animals (p = 0.200) (Table 3). Nevertheless, statistical
differences were demonstrated between the ELISA results in the different age ranges
(p = 0.002) with proportional differences in the group of (0-12) with 0% of positive animals
and [24-36) with 14.92% of positive goats (Figure 1a). Within each age range, no differences
were detected between farms. Furthermore, the proportions in each age range were
separately assessed and no differences were demonstrated (Figure 1b).

In group B, the differences between the farms, regardless of the age, were not signifi-
cant (p = 0.549) (Table 3). Nevertheless, statistical differences were demonstrated between
the results in the different age ranges (p = 0.001) with proportional differences in the animals
from [12-24) and [24-36) months of age with 8% and 35.9% of positive goats, respectively
(Figure 1c). Once the results in the different age ranges were compared between the farms,
differences were demonstrated in the predominant age group of [12-24) months (p = 0.001)
in which the ELISA-positive animals in the three farms were 100%, 2%, 17.4%, respectively.
However, no proportional differences were detected (Figure 1d).

In group C, statistical differences between the four farms in relation to the number
of positive and negative animals were demonstrated regardless of the age of the animals
(p = 0.001) (Table 3). Once the age of the animals was assessed without taking into account
the farm of origin, the differences were also significant (p = 0.014), with proportional
differences being present in the groups of (0-12), [12-24), and [26—48) months with 0%,
23.3%, and 44% of seropositivity, respectively (Figure 1le). Furthermore, association between
the within-farm results was also confirmed in the age group of [12-24) months (p = 0.001),
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in which farms the seroprevalences were of 0%, 16.7%, 22.4%, and 64.7%, with a significant
proportional difference being present (Figure 1f).

Table 3. Statistical associations between within-farm ELISA results in caprine farms from the same
prevalence group.

1st Sampling Session 2nd Sampling Session
Farm A% nV
ELISA + (%) p-Value !
ELISA + (%) p-Value ! ELISA + (%) p-Value !

Group A (0-10%]
F3 2/80;2.5% 7/12;58.3% 33/68;48.5%
F4 19/196; 9.7% - -
Fé6 3/46;6.5% 0.200 - 0.007 - 0.001
F8 1/38;2.6% 70/79; 88.6% 0/36; 0%
F11 1/19;5.3% - -

Group B (10-20%]
F9 3/15; 20% 17/20; 85% 2/10; 20%
F10 11/91; 12.1% 0.549 40/71; 56.3% 0.019 19/25; 76% 0.001
F12 25/150; 16.7% - 5/57;8.8%

Group C > 20%

F1 22/36; 61.1% 25/36; 69.4% 0/34; 0%
F2 166/740; 22.4% 48/117; 41% 149/623; 23.9%
F5 10/46;21.7% 0.001 ¥ 0.001 7/44;15.9% 0.001
F7 13/43; 30.2% 26/30; 86.7% 7/12; 58.3%

1 Chi-square test. The results were considered statistically significant if p < 0.05 (bold values).

3.1.3. Farm Characterization

The farm characterization (Table 2) carried out demonstrated that the majority of the
herds included in this study were completely fenced, with only 2/12 being not fenced.
Statistical differences between ELISA results and the presence of fencing were not significant
in neither group A, in which all farms were fenced, nor in group B (p = 0.298). In group
C, 61.1% of the animals from non-fenced farms were positive in contrast with 22.8% from
farms with complete fencing and the differences were significant (p = 0.001). The average
altitude was of <600 m, with 2/12 farms being situated on higher altitudes. No statistical
differences between the ELISA results and the altitude of the farms were detected in group
A, in which all farms were situated on <600 m, group B (p = 0.597), or group C (p = 0.360).
The mean annual temperature ranged from 15 °C to 21.40 °C with 2/12 farms presenting
less than 19 °C. Significant associations between the ELISA results and the mean annual
temperature were not detected, neither in group A (p = 0.062) nor group B (p = 0.597). In
group C, F1 and F7 presented the highest seroprevalences and the lowest mean annual
temperatures, and the differences were significant (p = 0.001). Regarding the distance
to a main road, only 2/12 farms was situated on >1 km from the closest main road. The
differences between the ELISA results and the distance to the main road were not significant
in group A (p = 0.075), group B (p = 0.448), or group C (p = 0.612). Lastly, only 3/12 farms
did not have any other ruminant farm in the surrounding area. The ELISA result had
no significant association with the surrounding farms in group A (p = 0.064) or group B
(p =0.597). In group C, 21.7% of positivity was registered in herds with no other farms
in the surrounding area and 24.2% in herds with other ruminant farms present in the
surroundings, and the difference was significant (p = 0.001).
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Figure 1. Overall and within-farm seroprevalence of the first sampling session per age range and

prevalence group. Each bar pattern (P1 and P2) denotes a subset of within-farm ELISA result

categories in the same age range whose column proportions do not differ significantly from each other
at the 0.05 level (Bonferroni correction). (a) Overall seroprevalence in farms from group A (0-10%]
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per age group; (b) within-farm seroprevalence in farms from group A (0-10%]; (c) overall sero-
prevalence in farms from group B (10-20%] per age group; (d) within-farm seroprevalence in farms
from group B (10-20%)]. Statistical differences were demonstrated between farms in the age group
[12-24) months, * (p = 0.001). (e) Overall seroprevalence in farms from group C (>20%) per age
group; (f) within-farm seroprevalence in farms from group C (>20%). Statistical differences were
demonstrated between farms in the age groups [12-24) months * (p = 0.001).

3.2. Second Sampling Session

A total of 1274 samples from 9/12 farms were tested 12 months after the first sampling
session. Overall, a total of 35.1% (455/1274) of the animals tested positive. In the V group,
63.8% (233/365) goats tested positive, and in the nV, 24.4% (222/909).

Age Analysis

The age of the animals in the second sampling session ranged from 6 to 213 months,
with a mean of 21.67 months, a median of 12 months, a SD of 21.13 months, and an IQR of
14 months. The number of goats in each age group was as follows: 409 had (6-12) months,
513 had [12-24) months, 143 had [24-36) months, 71 had [36-48) months, 39 had [48-60)
months, and 99 had >60 months of age. Thus, 72.4% of the studied animals were between
6 and 24 months of age, of which 29.2% tested positive (72.9% nV and 27.1% V) and 70.8%
were negative (89.3% nV and 10.7% V).

Furthermore, the differences between the positive and negative samples were analyzed
separately in the V and nV animals in each prevalence group.

In group A, a total of 195 animals from 2/5 of the originally sampled farms were
included. A difference between the number of positive and negative animals in the farms
was demonstrated in both V (p = 0.007) and nV (p = 0.001) goats, regardless of the age
range (Table 3). In the case of the nV animals, this difference was confirmed in the age
groups of (6-12) and [12-24) months in which one of the farms had no positive animals
and in the other one 40% (p = 0.001) and 55.3% (p = 0.035) of the goats presented anti-
MAP antibodies, respectively. Once the proportions in each age range were separately
assessed, no differences were demonstrated. In the case of the V animals, no statistical
differences were demonstrated between the ELISA results in the different age ranges
(p = 0.928), although a higher percentage of positive animals was detected in older animals
(Figure 2a). It is worth highlighting that no animals 6-12 months old were present in
the farms from this group, and thus the immune response in young goats could not be
evaluated. On the other hand, within each age range, differences between the farms were
detected in the predominant age group of [12-24) months in which the 92.6% of the V goats
from the first farm tested positive in contrast with 58.3% in the second farm (p = 0.010),
although no proportional differences were detected (Figure 2b). No statistical analysis was
performed in the other age groups, as only one farm had animals older than 24 months,
but a tendency was observed of a higher percentage of seroconversion in older animals.

In the farms from group B, the same three farms included in the first sampling were
checked, with a total of 183 sera obtained. Differences between the number of positive
and negative goats were detected between both V (p = 0.019) and nV (p = 0.001) animals,
regardless of the age range (Table 3). Regarding the nV animals, differences were present
in the age range of [12-24) months in which the three farms presented a seroprevalence of
16.7%, 20%, and 76%, respectively (p = 0.002). Nevertheless, no proportional differences
were demonstrated between the farms in this age range. In the case of the V goats, no
statistical differences were demonstrated between the ELISA results in the different age
ranges (p= 0.071), although seropositivity tended to decrease in older animals (Figure 2c).
It is worth mentioning that no animals 6-12 months old were present in the farms from this
group, and thus the immune response in young goats could not be evaluated. On the other
hand, differences between the within-farms’ seropositivity were only demonstrated in the
age group of [24-36) months in which one of the farms had only positive V animals in
contrast with the other one in which only 64.7% of the goats presented anti-MAP antibodies
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(p = 0.021). The proportions, on the other hand, did not significantly differ (Figure 2d). The
third farm did not implement vaccination as a control tool and thus had no V goats. In
general, the seroconversion among the V animals from different farms was heterogeneous,
being the lowest percentage of animals with anti-MAP antibodies from F10, in which the
highest percentage of nV-positive animals was detected.

Overall age distribution of ELISA positive (+)
and negative (=) vaccinated (V) animals in
farms with
(0%-10%] PTB prevalence (group A)
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Figure 2. Overall and within-farm seroprevalence of the second sampling session per age range and

prevalence group in anti-MAP-vaccinated (V) goats. Each bar pattern (P1 and P2) denotes a subset of

within-farm ELISA result categories in the same age range whose column proportions do not differ
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significantly from each other at the 0.05 level (Bonferroni correction). (a) Overall seroconversion in V
animals from group A (0-10%] farms per age range with a tendency of higher antibody levels in adult
goats; (b) within-farm seroprevalence in V animals from farms in prevalence group A (0-10%] with
statistical differences between farms in age group [12-24) months * p = 0.010 and higher percentage
of seroconversion in older animals; (c) overall seroconversion in V animals from group B (10-20%]
farms per age range with a tendency of higher antibody levels in younger goats; (d) within-farm
seroprevalence in V animals from farms in prevalence group B (10-20%] with statistical differences
between farms in the age group of [24-36) months * p = 0.021 and a general heterogeneous anti-MAP
vaccination response in the different farms; (e) overall seroconversion in V animals from group C
(>20%) farms per age range with proportional differences and lowest seroconversion in animals (6-12)
months old and higher in [24-36) old goats; (f) within-farm seroprevalence in V animals from farms in
prevalence group C (>20%). Statistical differences were demonstrated between animals > 60 months,
* p =0.041, and a heterogeneous immune response to anti-MAP vaccination between farms.

Finally, in group C, all four originally tested farms were checked with a total of
896 samples. In one of them, vaccination was not implemented. A difference between the
number of positive and negative samples in the different farms was demonstrated in the
group of the V (p = 0.001) and the nV (p = 0.001) animals regardless of the age of the animals
(Table 3). Regarding the nV animals, differences were demonstrated in the age range (6-12)
and [12-24) months with p = 0.001 and p = 0.013, respectively. In the first age group, only
F2 of the farms had positive goats (24.3%), and this proportional difference was statistically
significant in comparison with F1 and F5, which had no positive animals. In the second age
group, one of the farms presented 16.7% seropositivity in contrast with 22% and 58.3% in the
other two, and the proportional difference was statistically significant at the 0.05 level. The
last farm had no nV animals in this age group. Regarding the V goats, statistical differences
were demonstrated between the ELISA results in the different age ranges (p = 0.001). The
lowest seroconversion levels were registered in the animals (6-12) months old with 20%
and the highest in the age range of [24-36) months with 80.2% of seropositivity (Figure 2e).
Significant proportional differences were also confirmed at 0.05 level. Regarding the within-
farm seropositivity, in the three farms in which vaccination was implemented, differences
were confirmed only between the oldest animals (>60 months), in which in one of the
farms 75% of the V goats presented anti-MAP antibodies in contrast with 41.6% and 90% in
the other two (p = 0.041). This proportional difference was statistically significant at the
0.05 level (Figure 2f). The farm with the lowest level of seroconversion in this age group
was F1, which is the farm with the highest seroprevalence in the first sampling (61.1%).
In general, the seroconversion, although not statistically significant, was heterogeneous
among the different farms.

4. Discussion

Paratuberculosis is a well-known problem in ruminant farms worldwide and is also
a WOAH-listed disease and thus must be notified as marked by the Terrestrial Animal
Health Code [9]. Nevertheless, a review published in 2019 suggested that in 74% of the
countries in which PTB was notifiable, it was underreported [12]. In Spain, various studies
have been published stating that P1B is a widespread problem [4,6,22]. Although, in the
second half of 2022, only 224 cases were reported in ovine and caprine species in Spain and
none of them in the Canary Islands [27].

Furthermore, PTB’s prevalence is considered to be underestimated regardless of the
geographic location [4,12]. The main reasons for this situation included in a recent report
are as follows: low sensitivity of the diagnostic test, lack of surveillance, and lack of knowl-
edge or awareness on the clinical signs of the disease [12]. In Spain, various reports have
been published in order to estimate the prevalence of the disease in different regions of the
country [4,6,28]. To the authors” knowledge, this is the first study reporting the current
caprine PTB status of the Canary Island archipelago, which bears the fourth largest goat
population in Spain [20]. The overall apparent individual seroprevalence of 18.4% found
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in our work is slightly lower than two previous descriptions conducted in the region of
Andalucia, which carries the largest goat population in the country. These reports detected
goat-positive serum samples in 20% and 22.5% [4,6]. It is worth mentioning that the sensi-
tivity of the ELISA is relatively low, mainly in the early stages of the disease, and thus, as
mentioned in other studies, the true PTB prevalence might be underestimated [3,4,6,12,29].

On the other hand, biosecurity measures are considered one of the most effective
preventive strategies against PTB spread in a herd and between herds [3-5,7,8,30]. Although
data about exact risk factors in goat farms is limited, a previous study conducted in Spain
shows that the risk of seropositivity to MAP was 2.2 times higher in farms without full
perimeter fencing [4]. In our work, the highest herd prevalence was found in a non-fenced
farm with other ruminant farms nearby (F1, 61.1%). Furthermore, the statistical differences
between the number of positive and negative animals in the farms from group C in relation
to the fencing, the mean annual temperature, and the presence of other ruminant farms in
the surrounding area suggest the important role of the farm characteristics and biosecurity
measures on the animals” anti-MAP immune response and PTB status [3,17].

Furthermore, the age of the affected animals was analyzed in detail, as it is a well-
known fact that the incubation phase of PTB is long [3,5,12,13]. However, data about how
long a goat can shed MAP and exhibit no clinical signs are scarce. In sheep, a review
study stated that usually clinical PTB is detected in animals older than 2 years, with many
being older than 4 years [31]. In cattle, cases of asymptomatic infected cows of up to
14 years have been described [31]. In our study, 64.6% of the studied animals had between
12 and 24 months of age, which can be explained by the standard productive age range
in caprine farming. Furthermore, the results of the present work show a tendency of
higher immune response being detected in older animals, regardless of the prevalence
group of the farms. In a recent study from a naturally infected farm with relatively low
prevalence, Fernandez et al. detected higher initial antibody levels in the adult animals
older than 1.5 years from the non-vaccinated control group in contrast with the animals
younger than 6 months [15]. Another study from Mercier et al. in heavily infected farms
detected an increase in the seropositivity of the control group of goat kids 15.5 months
after the beginning of the study and even higher levels once 23 months had passed [32].
Furthermore, in all prevalence groups, animals older than >60 months were present, and
a considerable part tested positive. Those animals could be potential shedders of the
disease into the environment and, given the relatively low Se of the ELISA test, their
number might be underestimated [4-6,33,34]. Thus, our results highlight the importance
of future studies analyzing the role of keeping old animals in PTB-affected farms on the
prevalence and dissemination of the disease in the herd. On the other hand, the statistical
differences demonstrated in the main age groups from the included farms with similar
prevalences confirm that, as suggested by other authors, anti-MAP antibody development
is multifactorial and not strictly age-related. In naturally infected herds, doses and infection
routes are different, and the disease stages of the included animals can vary and should be
considered [3,5,31,34].

Lastly, this work evaluates the effect of age on seroconversion once anti-MAP vac-
cination is implemented. Numerous studies have demonstrated the beneficial effects of
PTB vaccination on the reduction in clinical cases and histopathological lesions in affected
herds [5,11,14,15,35]. Nevertheless, vaccination implementation does not prevent infection;
although MAP shedding in vaccinated animals is reduced, those can still eliminate MAP
into the environment and stay infectious [11,12,14,36]. Based on those facts and following
the manufacturer’s instructions, in heavily infected herds, both young and adult animals
were vaccinated. In our work, 63.8% of the V animals developed anti-MAP antibodies with
variable seroconversion tendencies in the different prevalence groups. In group A, in which
the farms had relatively low initial prevalence, a clear tendency of higher seropositivity
in older animals was observed. Similar results were observed in group C, which was the
only one in which animals between 6 and 12 months could be evaluated, and those were
the ones with lower antibody levels. These results are in line with a study published by
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Corpa et al. that showed that the antibody response was higher in animals vaccinated at
5 months of age in contrast with those 15 days old [18]. The authors” hypothesis states that
the effect on antibody development might be explained by the fact that the immune system
is mature in older animals in contrast with goat kids. In group B, however, the tendency
was for a decrease in the antibody levels in older animals. Nevertheless, that tendency
was not identic in the two farms evaluated. Furthermore, although it was not statistically
demonstrated, farms with initial higher seroprevalences had fewer V ELISA-positive goats.
A recent study suggested that the presence of anti-MAP antibodies in vaccinated animals
might be related to the prevalence of environmental MAP in the farm they are raised in and
is not strictly related to the age of vaccination [17]. Furthermore, in our work, the farm with
higher seroprevalence (F1, 61.1%), presented the lowest percentage of animals > 60 months
of age that developed anti-MAP antibodies. Previous studies of mycobacterial infections,
including the BCG vaccine in humans, have highlighted the possibility of elevated presence
of mycobacteria in the environment to be the cause of blocking or masking the immune
response in adult animals with matured immune system that have been continuously
exposed to MAP [15].

Finally, it is worth highlighting that non-vaccinated animals were included in the
second sampling, and although the levels of anti-MAP antibodies were similar, a seropreva-
lence of 24.4% was registered in contrast with the initial 18.4% in the first sampling. These
results demonstrate the importance of serological surveillance in order to detect, assess,
and control PTB in affected herds even after vaccination, as it does not prevent infection
nor eliminate MAP shedding [5,12,31,37]. Nevertheless, ELISA tests, although widely
used and cost-effective, still have limitations such as low sensitivity and the impossibility
to differentiate between vaccinated and infected animals [12,13,16-18]. Thus, serological
screening should be combined with other widely used MAP detection techniques, such as
fecal PCR targeting IS 900, to better assess PTB herd status [12,13].

5. Conclusions

The present study describes the current epidemiological situation of PTB on the Ca-
nary Islands, which holds the fourth largest goat population in Spain. We demonstrate that
PTB is endemic on the islands, with an average apparent prevalence of 18.4% varying from
2.5% up to 61.1% between the farms included. Furthermore, we conclude that the age of the
animals might be related to anti-MAP antibody development, with higher seroprevalences
being detected in animals older than 12 months. On the other hand, we demonstrate that
age might not be the only factor affecting seroconversion, as considerable differences are
observed between farms from different prevalence groups and with variable biosecurity
and environmental characteristics, which suggest the possible role of the environment on
seroconversion. Nevertheless, animals > 60 months old are present in most of the farms,
and a considerable percentage of them are ELISA-positive. Thus, we highlight the impor-
tance of test-and-cull practices implementation for reduction in possible MAP-shedders
and correct assessment of the disease on farm level. This work also shows that the use of
ELISA serological tests to diagnose PTB is a useful tool and should be implemented as part
of the control protocol in the farms from the Canary archipelago. Moreover, we analyze the
effect of vaccination, demonstrating the differences between the seroconversion in young
and adult animals. We illustrate that in some cases, young animals do not seroconvert
as expected after vaccination. Also, we observe that the amount of MAP present in the
herd might be related to the level of antibodies developed after vaccination. Nevertheless,
further studies are needed to explore the effect of the environmental component as well as
other risk factors on the epidemiology and pathogenesis of caprine PTB.
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8. DISCUSION

Los tres trabajos resaltan varios aspectos criticos relacionados con el diagnostico de la

PTB en infeccion natural, tanto en animales con enfermedad clinica, como subclinica.
Desafios Diagnosticos y Técnicas Utilizadas

Uno de los temas centrales es la dificultad para diagnosticar la PTB de manera precoz
debido a su largo periodo subclinico. En los tres estudios, se destaca que los métodos de
diagnostico ampliamente utilizados, como el analisis serologico mediante ELISA o la PCR
para la deteccion de ADN de MAP en tejidos, presentan limitaciones. Sin embargo, estos
métodos son esenciales para controlar la diseminacion de la enfermedad en los rebafos
caprinos, dado que la PTB tiende a propagarse antes de la manifestacion de los sintomas
clinicos evidentes que en el caprino se reducen a la pérdida de peso, ya que la diarrea es poco

frecuente.

La confirmacion de la enfermedad en los rebanos se apoya también en el examen
postmortem y el anélisis histopatolégico de lesiones granulomatosas en LN MS y la VIC, asi
como en pruebas adicionales como la tincion de ZN e IHQ. Los resultados reflejan la variedad
de lesiones que se pueden detectar en animales afectados y destacan la importancia de la
integracion del examen anatomopatoldgico, sobre todo la confirmacion histoldgica, como
prueba rutinaria para la deteccion temprana de la enfermedad ya que las lesiones de PTB se

detectaron tanto en casos clinicos como subclinicos.
Impacto de la Vacunacion

Otro aspecto clave discutido es el uso de la vacunacion como herramienta de control.
La vacunacion reduce la eliminacion fecal de MAP y disminuye la aparicion de casos clinicos,
aunque no elimina por completo la infeccion. En los estudios se muestra como la vacunacion
en animales jovenes y adultos puede llevar a la seroconversion (desarrollo de anticuerpos
detectables), pero los resultados son heterogéneos dependiendo de factores como la edad del

animal en el momento de la vacunacion y la prevalencia inicial de MAP en la granja.

Los datos indican que, en granjas con baja prevalencia inicial de la enfermedad, los

animales adultos tienden a desarrollar una respuesta inmunitaria mas robusta, mientras que en
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granjas con alta prevalencia, los niveles de anticuerpos después de la vacunacion son menos
consistentes. Esto podria estar relacionado con la adaptacion del sistema inmunologico debido

a la exposicion constante al patdgeno en ambientes altamente contaminados.

Por otro lado, se confirma el efecto de la vacunacion sobre la disminucion de lesiones
granulomatosas tanto a nivel de LN MS como en VIC en casos clinicos y subclinicos. Ademas,
los resultados demuestran que, aunque no elimina la infecciéon, la vacunacion reduce
cuantitativamente la carga de MAP en 6rganos diana. Por tltimo, la vacunacion también podria
tener efecto beneficioso generalizado en el rebafio, especialmente en las patologias
concomitantes de origen inflamatorio, principalemnte a nivel respiratorio. Sin embargo, hacen

falta mas futuros estudios para confirmar esta hipotesis.
Factores Ambientales y Bioseguridad

Los tres articulos subrayan también la importancia de las medidas de bioseguridad en
la prevencion de la PTB. Se observé que las granjas con medidas més estrictas, como cercas y

mayor distancia a otras granjas, tendian a tener una menor prevalencia de la enfermedad.

Ademas, los factores ambientales, como la temperatura anual media, aun en un clima
estable como el de Canarias, parecen influenciar la propagacion de la PTB. Esto sugiere que
las condiciones ambientales podrian influir en la respuesta inmunitaria frente a la infeccion de

MAP.
Conclusion

En conjunto, los articulos proporcionan una vision integral del estado actual de la PTB
caprina en las Islas Canarias y los desafios asociados a su control. Se destaca la necesidad de
combinar diferentes métodos diagnodsticos y valorar las estrategias de control como la
implementacion de vacunacion junto con estrictas medidas de bioseguridad de acuerdo a la
situacion epidemiologica en el rebafio. Sin embargo, aun se necesitan estudios adicionales para
comprender mejor el impacto de factores ambientales y de manejo en la respuesta inmunitaria

y la propagacion de la infeccion.
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9. CONCLUSIONES/CONCLUSIONS

1.

El examen histopatologico es importante para el diagnostico correcto de la
paratuberculosis caprina tanto en casos clinicos como subclinicos, ya que mediante el
examen macroscopico no se pueden detectar ni la linfadenitis granulomatosa con
formacion de microgranulomas, ni la enteritis granulomatosa leve y multifocal no

calcificada.

Histopathological examination is important for correct diagnosis of caprine PTB in
both clinical and subclinical cases as by gross examination neither granulomatous
lymphadenitis with microgranuloma formation, nor mild and multifocal noncalcified

granulomatous enteritis can be detected.

Las patologias concomitantes mas comunes encontradas en rebafios caprinos con
infeccion natural de PTB en las Islas Canarias son de origen inflamatorio y afectan
principalmente a los sistemas hemolinfatico, respiratorio y gastrointestinal.

The most common concomitant pathologies found in goat herds with natural PTB
infection on the Canary Islands are of inflammatory origin and mainly affect the

hemolyphnatic, respiratory and gastrointestinal systems.

La vacunacion contra MAP podria tener un efecto beneficioso en la reduccion de

patologias concomitantes como los procesos inflamatorios respiratorios.

Vaccination against MAP might have a beneficial effect on the reduction of concomitant

pathologies such as respiratory inflammation processes.

Es recomendable utilizar una combinacion de técnicas de laboratorio que incluyan
Zielh-Neelsen, inmunohistoquimica y PCR dirigida contra IS900 para la correcta
identificacion etiologica de MAP en cabras en infeccion natural, ya que en casos con

baja carga bacteriana la concordancia entre las tres técnicas varia de baja a moderada.

1t is advisable to use a combination of laboratory techniques including Zielh-Neelsen,
immunohistochemistry and PCR targeting 1S900 for correct etiological identification
of MAP in naturally infected goats, as in cases with low bacterial load the agreement

between the three techniques varies from low to moderate.
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5. La vacunacion contra MAP puede mitigar la gravedad de la enteritis granulomatosa a
lesiones leves multifocales y reducir la carga bacteriana en los érganos diana, pero no
previene completamente la infeccion. Los linfonodos mesentéricos, tanto en casos
clinicos como subclinicos vacunados y no vacunados, suelen presentar granulomas

encapsulados de grado IV con necrosis central y mineralizacion.

Vaccination against MAP can mitigate the severity of the granulomatous enteritis to
mild multifocal lesions and reduce the bacterial load in target organs but cannot fully
prevent infections. Mesenteric lymph nodes in both vaccinated and non-vaccinated
clinical and subclinical cases mostly present stage IV encapsulated granulomas with

central necrosis and mineralization.

6. La PTB es endémica en las Islas Canarias, con una prevalencia aparente promedio del
18,4% y variaciones considerables entre las explotaciones afectadas. En granjas con
>20% de seroprevalencia inicial, caracteristicas como la temperatura media anual, el
vallado y la proximidad a otras explotaciones podrian influir en el desarrollo de

anticuerpos.

PTB is endemic on the Canary Islands, with an average apparent prevalence of 18.4%
with considerable variations between the affected farms. In farms with >20% initial
seroprevalence, characteristics such as mean annual temperature, fencing and

proximity to other farms could also play a role in antibody development.

7. El desarrollo de anticuerpos anti-MAP podria estar relacionado con la edad de los
animales, aunque pueden existir diferencias entre los grupos de edad en rebafios con

prevalencias iniciales similares.

The anti-MAP antibody development might be related to the age of the animals,
although differences can exist between the age groups in herds with similar initial

prevalences.

8. Existen diferencias en la seroconversion después de la vacunacion entre animales
jovenes y adultos. Aunque algunas cabras jovenes parecen no seroconvertir segun lo
esperado, en explotaciones con >10% de seroprevalencia la respuesta inmunitaria es
heterogénea entre los grupos de edad.
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There are differences between the seroconversion after vaccination between young and
adult animals. Although some young goats seem to not seroconvert as expected, in
farms with >10% seroprevalence the immune response is heterogeneous among the age

groups.

Para disefiar un protocolo de deteccion temprana y evaluacion de casos naturales de
PTB caprina en animales vacunados y no vacunados, se debe considerar una
combinacion de diferentes herramientas que incluyan el examen postmortem, pruebas

de laboratorio para la identificacion del agente y el control seroldgico.

To design a protocol for early detection and assessment of natural caprine PTB cases
in vaccinated and non-vaccinated animals, a combination of different tools including
postmortem examination, laboratory tests for agent identification and serological

control should be considered.
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