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La salmonelosis no tifoidea representa un importante problema de salud publica a
nivel mundial, siendo una de las zoonosis transmitidas por los alimentos mas comunes y de
mayor preocupacién para las autoridades sanitarias. En la UE, la salmonelosis es la segunda
causa de enfermedad gastrointestinal transmitida por los alimentos y la primera causa de
brotes de enfermedad (EFSA y ECDC, 2023). El ganado porcino es, tras las aves, una de las
principales fuentes de infeccidon para los humanos. Ademas, Espafia es el primer productor de
carne de cerdo de la UE y el tercero del mundo, solo por detras de China y EE.UU. Sin embargo,
Espafia también es el pais con mayor prevalencia de salmonelosis porcina de la UE. Por todo
ello, el control de la infeccidon por Salmonella en cerdos deberia ser una prioridad para la
industria porcina espafiola.

Esta Tesis Doctoral aborda diferentes aspectos relevantes sobre la infeccién por
Salmonella en cerdos, incluyendo su epidemiologia, asi como la viabilidad de implementar
medidas de control eficaces en condiciones de campo reales para reducir su impacto en la
salud publica.

Para comprender mejor la epidemiologia de la salmonelosis, el primer articulo de la
tesis (Publicacion I: “Salmonella infection in nursery piglets and its role in the spread of
salmonellosis to further production periods”) investiga la dinamica de infecciéon por
Salmonella en lechones al inicio de la etapa de transicién, una fase productiva de la que
apenas existe informacién disponible, y el papel que esta podria jugar en periodos productivos
posteriores. Para ello, se analizaron los nddulos linfaticos mesentéricos, el contenido intestinal
y el jugo muscular de 389 lechones, machos, de 6 semanas de edad, destinados a consumo
humano procedentes de cinco explotaciones seropositivas de abuelas (cerdas dedicadas a la
produccién de cerdas para produccidon de lechones). También se analizaron 191 muestras
fecales de suelo procedentes de unidades de cerdas de recria de las mismas explotaciones. En
este estudio se observé una elevada prevalencia de infeccion (36,5%; 1C95%=31,9-41,4) y de
excrecion (37,3%; 1C95%=32,6-42,2) en los lechones, estando la excrecién asociada
significativamente con la infeccidén (OR=12,7; 1C95%=7,3-22,0; P<0,001), lo que indica que los
lechones de transicién pueden infectarse subclinicamente y actuar como portadores activos de
Salmonella en la explotacién, incluso en condiciones de bioseguridad alta, como era el caso de
las explotaciones que formaban parte del estudio. También se observd un bajo nivel de
anticuerpos maternales especificos frente a Salmonella (mediana 4,7%DO; 1C95% 3,0-6,0), lo
que sugeria que el inicio de la transicidn es un periodo de alto riesgo de infeccién. Por otro
lado, se detecto resistencia a cefalosporinas de 32 y 42 generacién a pesar de que los lechones
nunca habian sido tratados con antibidticos, indicando que estos lechones podrian actuar
también como vectores de resistencia antimicrobiana. Por ultimo, se detectaron los mismos
serotipos (principalmente S. Rissen, la variante monofasica de S. Typhimurium y S. Derby) y
clones de Salmonella en los aislados procedentes de lechones y de las cerdas de recria,
sugiriendo que los lechones infectados juegan un papel significativo en la infeccidn de las
cerdas de recria y, en consecuencia, de los cerdos de cebo en el caso de las explotaciones de
produccién. Estos resultados indican que los lechones de transicién juegan un papel destacable
en el mantenimiento y la transmisidn de Salmonella en las explotaciones. Por lo tanto, el
control y la reducciéon de la infeccion por Salmonella en lechones de transiciéon podrian ayudar
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a disminuir el riesgo de contaminacion en las siguientes fases de la cadena productiva y, en
consecuencia, de los mataderos y las canales destinadas a consumo humano.

Entre las estrategias de control de Salmonella mas ampliamente utilizadas en el
ganado porcino se encuentran los acidos orgdnicos. Estos se suelen utilizar como aditivos en el
pienso o en el agua de bebida de los animales. En el segundo estudio (Publicacién Il: “Effects
of dietary supplementation with protected sodium butyrate on gut microbiota in growing-
finishing pigs”), el objetivo fue evaluar los cambios que se producen en la microbiota intestinal
de los cerdos tras la suplementacion alimentaria del pienso con butirato de sodio protegido
durante todo el periodo de cebo (=90 dias). Para ello, se obtuvieron muestras de un gramo de
contenido de colon de 18 animales, 9 cerdos pertenecientes al grupo tratado con el butirato
(GT) y 9 al grupo control sin tratar (GC). Para evaluar los cambios en la microbiota entre ambos
grupos, se extrajo el ADN bacteriano de las muestras y se analizé el ARN ribosomal 16S
mediante secuenciacidn de amplicones de alto rendimiento. Los grupos compartian el 75,4%
de las 4697 unidades taxondmicas operativas (OTU) identificadas. No se observaron
diferencias significaticas en alfa-diversidad, pero se detectaton diferencias significativas en
algunos taxones especificos entre los grupos. El filo Deinococcus-Thermus, que esta asociado
con la produccion de carotenoides y que posee propiedades antioxidantes, antiapoptdticas y
antiinflamatorias, aunque aparecia poco representado, estaba incrementado en el GT
(P=0,032). Las familias Prevotellaceae, Lachnospiraceae, Peptostreptococcaceae,
Peptococcaceae y Terrisporobacter estaban también incrementadas en el GT. Miembros de
estas familias tienen la capacidad de fermentar polisacdridos complejos de la dieta y de
producir mayores cantidades de acidos grasos de cadena corta. En cuanto a las especies,
Unicamente Clostridium butyricum aparecié aumentada en el GT (P=0,048). C. butyricum es un
probiético ampliamente utilizado en medicina humana, y también se ha asociado con unos
efectos globales positivos en el intestino (aumento de la altura de las vellosidades, mejora del
peso corporal, reduccién de la diarrea, etc.) en cerdos destetados. Asi, aunque la adicién de
butirato de sodio a la dieta durante todo el periodo de cebo no modificé la riqueza global de Ia
composicion de la microbiota de estos cerdos al sacrificio, su presencia en el intestino pudo
haber favorecido el aumento de taxones bacterianos especificos asociados a unos mejores
pardmetros de salud intestinal.

Tras haber profundizado en estos aspectos de interés para el control de la
salmonelosis porcina, los siguientes estudios de la tesis se centraron en ofrecer una propuesta
de control integral, que fuera factible para todas las partes interesadas, es decir explotaciones
y mataderos.

Teniendo en cuenta que la contaminacidn de carne de cerdo con Salmonella es un
problema importante para los mataderos y que estd relacionada con la presencia de
Salmonella en las heces de los cerdos en el momento del sacrificio, poder predecir el riesgo de
excrecion de Salmonella en los cerdos que llegan al matadero podria ayudar a reducir la
contaminacion de los mataderos y las canales. Con este objetivo, en el siguiente estudio
(Publicacion llI: Building a predictive model for assessing the risk of Salmonella shedding at
slaughter in fattening pigs), se seleccionaron 30 lotes de 50 cerdos cada uno procedentes de
30 unidades de cebo diferentes. Se identificaron los animales y se tomaron muestras de sangre
para la deteccién de anticuerpos frente a Salmonella aproximadamente un mes antes del
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sacrificio. También se tomaron muestras fecales del suelo de 10 corrales por unidad de cebo
para deteccién de Salmonella y se cumplimentd un cuestionario de bioseguridad en cada
explotacién. En el matadero, se recogieron muestras de contenido de colon de cada cerdo
identificado previamente para evaluar la excrecién de Salmonella. A partir de los datos
obtenidos de dos tercios de los cerdos analizados, se desarrollé un modelo predictivo para la
excrecion de Salmonella al sacrificio mediante andlisis de regresién logistica de efectos
aleatorios, con la excrecién de Salmonella como la variable dependiente y la serologia de los
cerdos y otras caracteristicas ambientales y propias de la explotacion como variables
independientes. En el modelo se incluyd la explotacién como variable de agrupacién. Los datos
del tercio restante de cerdos se utilizaron para la validacién del modelo. De los 1500 cerdos
seleccionados inicialmente en las explotaciones, 1341 (89%) se recuperaron en el matadero y
se analizaron. Se detecté Salmonella en 13 (43,3%; 1C95%=27,4-60,8) de las unidades de cebo.
La seroprevalencia media de los lotes (punto de corte %D0240) entre las unidades de cebo fue
del 31,7% (1C95%=21,8-41,0) y un total de 316 cerdos (23,6%; 1C95%=21,4-25,9) excretaron
Salmonella al sacrificio. El modelo predecia razonablemente bien (Area bajo la curva=0,76;
P<0,05) si un cerdo excretaria Salmonella al sacrificio con una sensibilidad del 71,6% y una
especificidad del 73,6%. La serologia, el porcentaje de corrales positivos a Salmonella en la
granja y el nivel de bioseguridad interna mostraron una asociacion significativa (P<0,05) con la
excrecion de Salmonella en el matadero, segin revelaron diversos escenarios analizados en
este estudio. Se destacd que, aunque la serologia puede ser util para identificar lotes de cerdos
con riesgo de excrecion de Salmonella al llegar al matadero, en algunas ocasiones podria no
ser necesaria. Estos hallazgos sugieren que es crucial tener en cuenta otros factores propios de
la explotacién ademads de la serologia al disefiar estrategias de control de Salmonella en la
industria porcina. Ademads, reconocer que la serologia podria no ser necesaria en todos los
casos también puede ayudar a optimizar recursos y priorizar medidas de control mas eficaces,
contribuyendo significativamente a mejorar la eficacia de los programas de control de
Salmonella y a garantizar la seguridad alimentaria en la industria porcina.

Como ya se ha mencionado anteriormente, una de las principales estrategias de
control de Salmonella aplicadas en el ganado porcino es la adicién de acidos organicos al
pienso o al agua de bebida de los animales. Teniendo en cuenta que los animales tienen que
ayunar y que, ademas, el ayuno y el estrés asociado pueden influir en la excrecidon de
Salmonella, para los siguientes dos estudios (Publicaciéon IV y Publicacion V), se decidié
administrar un acido organico en el agua de bebida de los animales. De este modo, los
animales tuvieron acceso al tratamiento durante mas tiempo, incluyendo el periodo previo al
sacrificio.

En el cuarto estudio (Publicacidn IV: Salmonella control in fattening pigs through the
use of esterified formic acid in drinking water shortly before slaughter), se evalud si utilizar
una forma esterificada de acido formico (MOLI-M C1, Molimen SL, Barcelona, Espaiia) en el
agua de bebida (10 kg/1000 L) cinco dias antes del sacrificio podria ser una estrategia Gtil para
reducir la excrecion de Salmonella en los cerdos al momento del sacrificio. Para ello, se
seleccionaron tres explotaciones de cebo comerciales positivas a Salmonella que dispusieran
de al menos dos naves de cebo con niveles similares de infeccién En cada explotacién, se
asignd una nave como grupo control (GC) y la otra como grupo tratado (GT). Una vez en el

15



matadero, se seleccionaron aleatoriamente 40 animales de cada nave y se tomaron muestras
fecales para deteccion y cuantificacién de Salmonella. Salmonella estuvo presente en el 35%
(1C95%=29,24-41,23) de las muestras recogidas. La prevalencia fue significativamente mayor
en el GC que en el GT (50% vs. 20%; P<0,001). En todas las explotaciones el GT mostré un
porcentaje inferior de excretores que el GC. Un modelo logistico de efectos aleatorios mostré
que la “probabilidad” de excretar Salmonella fue 5,63 veces mayor (1C95%=2,92-10,8) para el
GC que para el GT. Asi, la proporcidon de cerdos excretando Salmonella que se evitd en el GT
debido al uso de esta forma de acido orgdnico, es decir, la eficiencia del tratamiento, fue del
82,2%. Ademas, un analisis de Chi-cuadrado para tendencias mostré que, a mayor
cuantificacion de Salmonella, mayor probabilidad de que la muestra perteneciera al GC. Estos
resultados sugerian que anadir este tipo de acido orgdnico al agua de bebida de los animales
cinco dias antes del sacrificio podria reducir la proporcidn de cerdos excretores de Salmonella,
asi como la carga de Salmonella en el intestino de los animales excretores.

Como complemento a lo anterior, en el Ultimo estudio (Publicacion V: Salmonella
shedding in slaughter pigs and the use of esterified formic acid in the drinking water as a
potential abattoir-based mitigation measure), se evalud por un lado la proporcién de cerdos
que llegan excretando Salmonella al matadero y, por otro lado, la eficacia del mismo acido
férmico esterificado utilizado en el estudio anterior, pero en este caso aplicado exclusivamente
en el agua de bebida de la sala de espera del matadero. Asi, en primer lugar, y con el objetivo
de determinar la prevalencia de excrecién de Salmonella en esta etapa y de caracterizar las
cepas aisladas, se muestred una poblacidon de 1068 cerdos procedentes de 24 explotaciones
diferentes. La excrecién de Salmonella estuvo presente en el 27,3% de los cerdos, y la variante
monofasica de S. Typhimurium, un serotipo zoondtico emergente, fue la mas prevalente
(46,9%). La resistencia a antibiéticos en los aislados de Salmonella fue frecuente, pero pocos
aislados mostraron resistencia a antibidticos de importancia critica para humanos (5% a
cefalosporinas de tercera generacion, 0% a colistina y 0% a carbapenemas). Sin embargo, la
resistencia a tigeciclina, un antibidtico derivado de la tetraciclina utilizado para tratar
infecciones graves causadas por bacterias extremadamente resistentes a los medicamentos,
fue moderadamente alta (15%). En segundo lugar, se evalué la eficacia de la adicién del acido
férmico esterificado en el agua de bebida de la sala de espera del matadero para el control de
la excrecion de Salmonella en el matadero. Para ello, en un primer momento se seleccionaron
7 explotaciones conocidas por ser seropositivas a Salmonella. A la llegada al matadero de los
cerdos de estas explotaciones, se asignaban 40 de ellos a un corral de la sala de espera donde
se les proporcionaba agua de bebida tratada con acido férmico (3 kg /1000 L; GT), mientras
que el resto de los animales del camidn se distribuian en otros corrales con el agua de bebida
sin tratar (GC). Tras la evisceracién, se tomaron muestras fecales para la deteccion de
Salmonella de los 40 cerdos pertenecientes al GT y de otros 40 pertenecientes al GC. Se
observd que el acido fue capaz de reducir la proporcion de excretores de 60,7% en el GC a
44,3% en el GT (P<0.01). Tras considerar el factor agrupamiento (granja) y posibles variables de
confusion, la “probabilidad” de excretar Salmonella en el GC fue 2,75 (1C95%=1,80-4,21) veces
superior a la del GT, sugiriendo que la eficiencia en la reduccién de la excrecién podria ser
hasta del 63,6%. Esta estrategia podria utilizarse como complemento a la anterior y asi
contribuir a mitigar la problematica de la contaminacién ambiental en los mataderos.
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Non-typhoidal salmonellosis represents an important public health problem
worldwide, being one of the most common foodborne zoonoses and one of the major
concerns for health authorities. In the EU, salmonellosis is the second cause of foodborne
gastrointestinal illness and the first cause of disease outbreaks (EFSA and ECDC, 2023). Pigs
are, after poultry, one of the main sources of infection for humans. Furthermore, Spain is the
first pork producer in the EU and the third in the world, only behind China and the US.
However, Spain is also the country with the highest prevalence of swine salmonellosis in the
EU. For all these reasons, controlling Salmonella infection in pigs should be a priority for the
Spanish pig industry.

This Doctoral Thesis focuses on various relevant aspects of Salmonella infection in pigs,
including its epidemiology and the feasibility of implementing effective control measures
under current field conditions to reduce its impact on Public Health.

To better understand the epidemiology of salmonellosis, the first article of the thesis
(Publication 1: “Salmonella infection in nursery piglets and its role in the spread of
salmonellosis to further production periods”) investigates the dynamics of Salmonella
infection in piglets at the beginning of the nursery stage, a productive phase for which little
information is available, and the role that this could play in subsequent productive periods. To
this end, mesenteric lymph nodes, intestinal contents, and meat juice samples from 389 six-
week-old male piglets intended for human consumption from five seropositive breeding farms
(sows producing sows for piglet production) were analyzed. In addition, 191 pooled floor fecal
samples from gilt development units from the same farms were also analyzed. In this study, a
high prevalence of infection (36.5%; 95%CI=31.9-41.4) and shedding (37.3%; 95%Cl=32.6-42.2)
among piglets was observed, with shedding being significantly associated with infection
(OR=12.7; 95%Cl=7.3-22.0; P<0.001), indicating that nursery piglets can become subclinically
infected and act as active Salmonella carriers on the farm, even under conditions of high
biosecurity, as was the case in the farms participating in the study. A low level of specific
maternal antibodies against Salmonella was also observed (median 4.7%0D; 95% Cl=3.0-6.0),
suggesting that the beginning of the nursery is a period of high risk of infection. On the other
hand, resistance to 3"- and 4™- generation cephalosporins was detected in piglet isolates
although the piglets never received antibiotics, indicating that they could be vectors of
antimicrobial resistance. Finally, the same serotypes (mainly S. Rissen, the monophasic variant
of S. Typhimurium, and S. Derby) and Salmonella clones were detected in isolates from piglets
and gilts, suggesting that infected piglets play a significant role in the infection of gilts and,
consequently, of finishing pigs in the case of production farms. These results show that nursery
piglets play a critical role in maintenance and transmission of Salmonella on farms. Therefore,
controlling and reducing Salmonella infection in nursery piglets could help reduce the risk of
contamination in subsequent stages of the pork production chain and, consequently, in
abattoirs and carcasses intended for human consumption.

Among all the Salmonella control strategies available to the pig industry, organic acids
are one of the most widely used. They are often applied as additives in animal feed or drinking
water. In the second study (Publication II: “Effects of dietary supplementation with protected
sodium butyrate on gut microbiota in growing-finishing pigs”), the aim was to assess the
changes in the gut microbiota of pigs after dietary supplementation with protected sodium
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butyrate (PSB) during the growing-finishing period (=90 days). For this purpose, one gram of
colon content was collected from 18 pigs (nine from the treatment group, TG, and nine from
the control group, CG). Bacterial DNA was extracted, and high-throughput 16S rRNA amplicon
sequencing was used to assess changes in microbiota between groups. The groups shared
75.4% of the 4,697 operational taxonomic units (OTUs) identified. No differences in alpha
diversity were found, but significant differences were detected between groups for some
specific taxa. The low represented Deinococcus-Thermus phylum, associated with the
production of carotenoids with antioxidant, anti-apoptotic, and anti-inflammatory properties,
was increased in the TG (P=0.032). Prevotellaceae, Lachnospiraceae, Peptostreptococcaceae,
Peptococcaceae, and Terrisporobacter were increased in the TG. Members of these families
can ferment complex dietary polysaccharides and produce higher amounts of short-chain fatty
acids. Regarding species, only Clostridium butyricum was increased in the TG (P=0.048). C.
butyricum is known as a probiotic in humans, but it is also associated with overall positive gut
effects (increased villus height, improved body weight, reduced diarrhea...) in weanling pigs.
Thus, although the addition of PSB to the diet did not modify the overall richness of the
microbiota composition in these slaughter pigs, its presence in the intestine may have favored
the increase of specific bacterial taxa associated with better gut health parameters.

After addressing these aspects of interest for the control of swine salmonellosis, the
following studies focused on offering a new comprehensive control approach that could be
feasible for all stakeholders, namely, farms and slaughterhouses.

Given that Salmonella pork contamination is a major problem for slaughterhouses, and
that it is related to the presence of Salmonella in the feces of pigs at the time of slaughter, the
ability to predict the risk of excretion of Salmonella in pigs arriving at the slaughterhouse could
facilitate the reduction of contamination in slaughterhouses and carcasses. For this purpose, in
the following study (Publication Ill: “Building a predictive model for assessing the risk of
Salmonella shedding at slaughter in fattening pigs”), 30 batches of 50 pigs each were selected
from 30 different fattening units. The pigs were tagged and bled for the detection of
antibodies against Salmonella approximately one month before slaughter. Additionally, pooled
floor fecal samples were also collected from 10 pens per unit for Salmonella detection, and a
guestionnaire on biosecurity was administered to each farm. At the abattoir, colon content
was collected from each tagged pig for Salmonella shedding assessment. A predictive model
for Salmonella shedding at slaughter was built with two-thirds of the pigs by employing
random-effects logistic regression analysis, with Salmonella shedding as the dependent
variable and pig serology and other farm/environmental characteristics as the independent
variables. The model included the farm as the grouping factor. Data from the remaining one-
third of the pigs were used for model validation. Out of 1,500 pigs initially selected, 1,341
(89%) were identified at the abattoir and analyzed. Salmonella was detected in 13 (43.3%;
95%ClI=27.4-60.8) fattening units. The mean batch seroprevalence (cut-off 0D%2>40) among
the fattening units was 31.7% (95%Cl=21.8-41.0), with a total of 316 pigs (23.6%; 95%Cl=21.4-
25.9) shedding Salmonella at slaughter. The model predicted reasonably well (Area under the
curve=0.76; P<0.05) whether a pig would shed Salmonella at slaughter, with estimates of
sensitivity and specificity at 71.6% and 73.6%, respectively. The study found thath serology,
the percentage of Salmonella-positive pens on the farm, and the internal biosecurity score
were significantly associated (P<0.05) with Salmonella shedding at the abattoir. Several
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possible scenarios were considered. The study highlighted that, although serology may help
identify batches of pigs at risk of shedding Salmonella upon their arrival at the slaughterhouse,
it may not be necessary in some scenarios. These findings indicate that it is essential to
consider farm-specific factors in addition to serology when designing Salmonella control
strategies in the swine industry. Furthermore, recognizing that serology may not be necessary
in all cases can also assist in optimizing resources and prioritizing more effective control
measures, significantly enhancing the effectiveness of Salmonella control programs and
ensuring food safety within the pork production chain.

As previously stated, one of the main strategies employed to control Salmonella in pigs
is the addition of organic acids to the animals' feed or drinking water. Given that pigs must fast
prior to be sent to slaughter and that fasting and its associated stress can influence Salmonella
shedding, in the two following studies (Publication IV and Publication V), we decided to
administer an organic acid to the drinking water instead of to the feed. This approach allowed
for a more prolonged period of treatment, including the days and hours before slaughter.

The fourth study (Publication IV: “Salmonella control in fattening pigs through the
use of esterified formic acid in drinking water shortly before slaughter”) sought to determine
the efficacy of using a form of esterified formic acid (MOLI-M C1, Molimen SL, Barcelona,
Spain) in drinking water (10 kg/1000 L) five days before slaughter as a strategy to reduce
Salmonella shedding in slaughter pigs. Thus, three Salmonella-positive commercial fattening
farms, with at least two fattening units with similar infection levels were selected. From each
farm, one unit was allocated to the control group (CG) and the other to the treatment group
(TG). Once at the slaughterhouse, 40 pigs from each unit were randomly selected, and their
fecal content was collected for Salmonella detection and quantification. Salmonella was
present in 35% (95%Cl=29.24-41.23) of the samples collected. The prevalence was significantly
higher in the CG compared to the TG (50% vs. 20%; P<0.001). In all of the farms, the TG
showed a lower percentage of pigs shedding Salmonella than the CG. A random-effects logistic
model indicated that the odds of shedding Salmonella were 5.63 times higher (95% Cl=2.92-
10.8) for the CG than for the TG. Thus, the proportion of pigs shedding Salmonella prevented
in the TG due to using this form of organic acid, that is, its efficiency, was 82.2%. Furthermore,
a Chi-square analysis for trends showed that the higher the Salmonella count, the higher the
odds of the sample belonging to the CG. These results suggest that the addition of this type of
organic acid to drinking water five days prior to slaughter could reduce the proportion of
Salmonella-shedding pigs and the Salmonella load in the guts of shedder animals.

To complement the previous work, in the lastest study (Publication V: “Salmonella
shedding in slaughter pigs and the use of esterified formic acid in the drinking water as a
potential abattoir-based mitigation measure”), we assessed, on the one hand, the proportion
of pigs shedding Salmonella when arriving to the slaughterhouse and, on the other hand, the
efficacy of the same esterified formic acid used in the previous study, but after being applied
exclusively in the drinking water while at lairage. Firstly, to determine the prevalence of
Salmonella shedding at this stage and to characterize the isolated strains, a population of
1,068 pigs from 24 farms was evaluated. Salmonella shedding was present in 27.3% of pigs,
with the monophasic variant of S. Typhimurium, an emerging zoonotic serotype, being the
most prevalent (46.9%). Antibiotic resistance (AMR) in Salmonella isolates was frequent, yet
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few isolates exhibited AMR to antimicrobials of critical importance for humans (5% to third-
generation cephalosporins, 0% to colistin, and 0% to carbapenems). However, AMR to
tigecycline, a tetracycline-derived antibiotic used to treat serious infections caused by
extremely drug-resistant bacteria, was moderately high (15%). Secondly, the efficacy of an
esterified formic acid in the lairage drinking water was also evaluated as a potential abattoir-
based Salmonella shedding control measure. Thus, seven farms identified as Salmonella-
seropositive in previous routine analyses were selected. Upon arrival at the slaughterhouse, 40
pigs from each farm were randomly allocated to a pen in the lairage room where the drinking
water was treated with formic acid (3 kg /1000 L; TG), while the rest of the animals from the
truck were allocated to other pens with the untreated drinking water (CG). After evisceration,
fecal samples were collected from the 40 pigs belonging to the TG and another 40 belonging to
the CG for the purpose of Salmonella detection. The proportion of shedders was found to have
been reduced from 60.7% in the CG to 44.3% in the TG (P<0.01). After accounting for
clustering (farm) and confounding factors, the odds of shedding Salmonella in the CG were
2.75 times higher (95%Cl=1.80-4.21) than those of the TG, suggesting a potential efficiency of
reduction in shedding as high as 63.6%. This strategy could be employed as a complement to
the previous one and thus contribute to mitigating the problem of environmental
contamination in slaughterhouses.
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INTRODUCCION



Salmonella fue descubierta por Theobald Smith en 1885, durante la investigacion de
una epidemia de cdlera en cerdos en Nueva York (Salmon, 1885). Su aislamiento a partir de
cerdos enfermos hizo pensar que seria la causante de esta epidemia e inicialmente se la
denomind Hog-cholera bacillus. Mas tarde se demostrd que el célera porcino era en realidad
una infeccién virica y que el bacilo de Smith era un agente secundario. Aunque la bacteria fue
aislada por Smith, desde 1900 el nombre del género Salmonella debe su nombre a Daniel E.
Salmon, quien lideraba el grupo de investigacién (Salmonella Subcommittee of the
Nomenclature Committee of the International Society for Microbiology, 1934). La bacteria
termind denomindndose Salmonella choleraesuis.

Poco antes, en 1880, el bacteridélogo aleman Karl Joseph Eberth habia identificado una
bacteria similar que asocié con la fiebre tifoidea. Posteriormente, en 1884, el bacteridlogo
aleman Georg Theodor Gaffky aisld y cultivd la bacteria en medios de laboratorio, lo que
permitié un estudio mas detallado de sus propiedades y su relacién con la enfermedad
(Barnett, 2016). Se denominé Salmonella typhi. El descubrimiento de que la fiebre tifoidea se
contraia tras el consumo de alimentos o agua contaminados con esta bacteria supuso un
avance significativo en la comprension de las enfermedades transmitidas por los alimentos y el
agua.

Tras observar que las infecciones por Salmonella podian dar lugar a diferentes cuadros
clinicos, asi como que el patdégeno podia infectar a una amplia gama de hospedadores, se
comenzaron a investigar técnicas para su caracterizacién. Asi, en el siglo XX se desarrollo el
sistema de serotipificacidn para clasificar las diferentes cepas de Salmonella en funcién de sus
antigenos de superficie y se empezé a investigar mas exhaustivamente su patogénesis,
transmisién y prevencién. Como resultado de estos estudios se diferenciaron las denominadas
salmonelas tifoideas (asociadas con una afectacion del estado general del individuo) de las no
tifoideas (caracterizadas por un cuadro fundamentalmente gastroentérico) y se llegaron a
desarrollar vacunas para prevenir las primeras. Mientras que en los paises desarrollados las
salmonelosis tifoideas se han podido controlar gracias a la mejora de las condiciones higiénico-
sanitarias y a las vacunas, las salmonelosis no tifoideas siguen suponiendo un problema
importante. Por ello, desde finales del siglo XX comenzaron a implementarse regulaciones en
materia de seguridad alimentaria, asi como medidas de control para reducir la contaminacién
y propagacion de las salmonelas no tifoideas en productos alimenticios. En la actualidad,
continla la investigacidn sobre Salmonella, sus caracteristicas genéticas, su resistencia a los
antibidticos, las estrategias de prevencién y los métodos de deteccion mas efectivos porque, a
pesar de los avances, Salmonella, y en particular las salmonelas no tifoideas, siguen siendo un
importante problema de salud publica en todo el mundo.
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1. Caracteristicas y taxonomia de Salmonella

Las bacterias pertenecientes al género Salmonella, forman parte de la familia
Enterobacteriaceae. Presentan forma bacilar, son Gram negativas, anaerobias facultativas,
intracelulares facultativas y mayoritariamente moviles gracias a la presencia de flagelos
peritricos. Son bacterias ubiquitarias, muy resistentes en el medio ambiente, pudiendo
permanecer viables fuera del hospedador durante meses. Infectan a un amplio abanico de
hospedadores (animales de sangre fria y caliente) que actian como reservorios y vectores de
transmisién de la infeccién. Pueden crecer en un amplio rango de temperaturas (de 2 a 54 °C)
y de pH (de 3,8 a 9,5), y resisten bien temperaturas de congelacién y la desecacién. Salmonella
puede causar diferentes enfermedades tanto en humanos como en animales y, dado que
puede transferirse de animales a humanos, la salmonelosis se considera una enfermedad
zoondtica. En la Unidén Europea (UE), la salmonelosis humana es la segunda zoonosis mas
notificada, tras la campilobacteriosis, y Salmonella el agente causal mas notificado en brotes
asociados al consumo de alimentos (EFSA y ECDC, 2023).

El género Salmonella estd compuesto por dos especies: Salmonella enterica vy
Salmonella bongori. La especie mas comun y de interés clinico es Salmonella enterica que a su
vez se divide en seis subespecies en funcidon de caracteristicas bioquimicas y parentesco
gendmico (Brenner et al., 2000) (Figura 1). Una de ellos es S. enterica subsp. enterica (o
subgrupo 1), que se divide en cinco serogrupos: A, B, C, D y E. Cada serogrupo comprende
multiples serotipos o serovariedadesen funcion de la estructura de los antigenos somaticos (O)
y flagelares (H). La formula antigénica de todos los serotipos de Salmonella conocidos esta
enumerada en el esquema de White-Kauffmann-Le Minor (Grimont y Weill, 2007). Segun el
ultimo informe publicado en 2014, el numero total de serotipos identificados alcanzaria los
2.659 (Issenhuth-Jeanjean et al., 2014). La mayoria (59%) de los serotipos conocidos
pertenecen a Salmonella enterica subsp. enterica y son responsables del 99% de las
infecciones por Salmonella en humanos y animales de sangre caliente (Brenner et al., 2000).

Los diferentes serotipos de Salmonella se pueden agrupar o clasificar también en
funcién de si son especificos de hospedador (infectan y causan enfermedad en una sola
especie de hospedador), adaptados a hospedador (causan enfermedad principalmente en un
hospedador, pero también en algunas otras especies) o no especificos de hospedador. Por
ejemplo, Salmonella Typhi, S. Gallinarum y S. Abortusovis estan asociados casi exclusivamente
con enfermedad sistémica en humanos, aves y ovinos, respectivamente, y se consideran
especificos de hospedador. Los serotipos adaptados a hospedador pueden causar enfermedad
en mas de una especie hospedadora como, por ejemplo, S. Dublin y S. Choleraesuis, que
suelen asociarse con enfermedad sistémica severa en vacuno y porcino, respectivamente, pero
que también pueden causar enfermedad menos frecuentemente en otros hospedadores
mamiferos incluidos los humanos. Sin embargo, la mayoria de los serotipos son inespecificos,
como S. Typhimurium y S. Enteritidis, siendo capaces de producir enfermedad en un amplio
rango de hospedadores (Uzzau et al., 2000).
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Dominio Bacteria
Filo Proteobacteria

Clase Gammaproteobacteria

Orden Enterobacterales

Familia Enterobacteriaceae
. Salmonella
Género (2659)
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Especie (2637) (22)
Siis . S. enterica ‘ S. enterica

e subsp. enterica 1] subsp. salamae
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S. enterica ‘ S. enterica
subsp. arizonae [ subsp. diarizonae
(102) ‘ (338)
S. enterica ‘ S. enterica
subsp. houtenae | subsp. indica
(76) (13) |

Figura 1. Taxonomia de Salmonella. Entre paréntesis, el nimero de serotipos identificados en cada
grupo.

2. Salmonella y salud publica

Las infecciones por Salmonella no tifoidea son comunes y representan un importante
problema para la salud publica a nivel mundial. Son una de las cuatro causas principales de
infecciones gastrointestinales transmitidas por los alimentos. Algunos estudios han estimado
que se producen aproximadamente 93,8 millones de casos anualmente en todo el mundo, de
los cuales el 85% estarian relacionados con el consumo de alimentos contaminados. Se calcula
que las salmonelosis no tifoideas serian responsables de unas 155.000 defunciones anuales
(Majowicz et al., 2010).

2.1. Salmonelosis en la Unién Europea

En la UE, la salmonelosis sigue siendo un problema importante de salud publica,
manteniéndose en niveles similares a afios precedentes (Figura 2). En el ultimo informe de la
EFSA y del ECDC de 2023, referente a los datos de 2022, la salmonelosis fue la segunda
infeccion humana gastrointestinal mas notificada transmitida por los alimentos, solo por
detras de la campilobacteriosis. Sin embargo, obtuvo el puesto numero uno en cuanto a brotes
de enfermedad de origen alimentario.
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En el afio 2022 se contabilizaron un total de 65.208 casos humanos confirmados de
salmonelosis no tifoidea, con una tasa de notificacion de 15,3/100.000 habitantes, similar a la
del afio anterior. La proporcion de casos hospitalizados (11.287) fue del 38,9%, ligeramente
mayor que en 2021 y con una tasa de letalidad del 0,22% (81 muertes) similar a la de 2021. En
2020, se habia observado un significativo descenso en el nimero de casos, que tuvo que ver
con las restricciones asociadas a la pandemia por COVID-19, y su impacto en actividades diarias
como eventos sociales, visitas médicas y viajes, y con la salida del Reino Unido de la UE, al
dejar de contabilizarse los casos britanicos.

La informacién disponible en cuanto a los serotipos de Salmonella involucrados estaba
disponible en el 72,3% del nimero total de casos confirmados (47.122 casos de 65.208) para
25 estados miembros. Al igual que en afios anteriores, los tres serotipos de Salmonella mas
notificados en 2022 fueron S. Enteritidis (54,6%), S. Typhimurium (12,1%) y su variante
monofasica o0 mST (10,4%), suponiendo el 77,1% de los casos humanos confirmados. Por
detras de ellos, en cuarto lugar se situd S. Infantis y en quinto lugar S. Newport.

En cuanto a brotes, en 2022 se notificaron un total de 1014 brotes de salmonelosis en
la UE, lo que supone un 17,6% del total de brotes de origen alimentario (EFSA y ECDC, 2023).
Esta cifra supone un 31,2% mas que el afio anterior, acercdndose gradualmente a niveles
prepandémicos. Se disponia informacidn sobre el serotipo en el 50,6% (N=531) de los brotes
de Salmonella. El serotipo predominante fue S. Enteritidis (N=395), seguido por S.
Typhimurium (N=57) y mST (N=21). Aunque no se llegé a niveles prepandémicos, el nimero de
brotes de salmonelosis notificados en el aflo 2022 aumentd respecto a los afios anteriores
(Figura 3).
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Figura 2. Evolucién nimero de casos de Salmonella en la UE y de los principales serotipos involucrados.
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Figura 3. Evolucion del numero de brotes de Salmonella en la UE y de los principales serotipos
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2.2. Salmonelosis en Espana

En Espaia, al igual que en la UE, Salmonella es una de las principales causas de
enfermedad gastroentérica, solo por detrds de Campylobacter, y también es el principal
agente causal en brotes de enfermedad de origen alimentario.

Segun los ultimos informes del ISCIll y de la EFSA y ECDC (2023), y teniendo en cuenta
que no se dispone de informacidn sobre la cobertura poblacional y que no se abarcaron todas
las comunidades auténomas, en 2022 se notificaron 8.832 casos de salmonelosis no tifoidea en
Espafia (Figura 4). La incidencia acumulada fue de 25,5 casos por cada 100.000 habitantes. A
diferencia de la tendencia de la enfermedad en la UE, en Espafia el repunte de los casos fue
mucho mayor, habiéndose alcanzado ya los niveles pre-pandemia. Ademas, el principal
serotipo de Salmonella identificado fue S. Typhimurium (708 casos; 49% del total con
informacidn disponible), seguido de cerca por S. Enteritidis (630 casos; 43%), siendo asi los
mismos serotipos que los observados en la UE, pero invertidos en orden de frecuencia (Figura
4).

Adema3s, se notificaron 258 brotes de salmonelosis, con un total de 1.332 casos
asociados, de los cuales 185 requirieron hospitalizacion. Se dispone de informacién sobre el
serotipo de Salmonella en 59 brotes (23% del total). En la mayoria de los brotes de identificé S.
Enteritidis (44 brotes), seguido por S. Typhimurium (11 brotes), mST (1 brote) y S. Virchow (1
brote) (Figura 5). Los huevos y sus productos derivados fueron los principales alimentos
implicados, lo que explica que el mayor nimero de brotes se debiesen a S. Enteritidis puesto
que este serotipo esta principalmente relacionado con las aves como fuentes de infeccidn.
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Figura 4. Evolucion del nimero de casos de salmonelosis en Espafia, en total y por serotipos (Fuente:
ISCIII, 2005-2023).
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Figura 5. Evolucidn del nimero de brotes de salmonelosis en Espafia, en total y por serotipos (Fuente:
ISClII, 2017-2023).
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2.3. Principales fuentes de salmonelosis humana

De acuerdo con los datos publicados por la EFSA y el ECDC (2023), en la UE, las
principales fuentes de infeccion de S. Enteritidis fueron los pollos de engorde (71,7%), las
gallinas ponedoras y los huevos (24,9%). Los aislados de S. Typhimurium se distribuyeron entre
diferentes fuentes, aunque estuvieron relacionados principalmente con los pollos de engorde y
los cerdos (41,0% y 29,6%, respectivamente), seguidos por las gallinas ponedoras, los bovinos y
los pavos (14,1%, 8,6% y 6,4%, respectivamente). La variante monofasica de S. Typhimurium se
relaciond principalmente con los cerdos (59,7%) y con los pollos de engorde (21,5%) como
principales fuentes de infeccidn. S. Infantis se relaciond estrictamente con el pollo de engorde
(95,6%). Y, por ultimo, S. Derby se relaciond con los cerdos (68,2%), con los pollos de engorde
(14,4%) y los pavos (13,3%) (Figura 6). De todos modos, estos resultados hay que tomarlos con
cautela, pues la distribucidon de los serotipos entre las diferentes fuentes estaba bastante
desequilibrada en cuanto a niumero de aislados por fuente de infecciéon, ademds de que la
mayoria de los aislados serotipados considerados procedian de poblaciones avicolas cubiertas
por los planes nacionales de control, especialmente los pollos de engorde (Tabla 1).
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Figura 6. Diagrama Sankey de la distribucién de los cinco serotipos principales implicados en casos
humanos de salmonelosis adquirida en la UE, notificados por categorias especificas de alimentos de
origen animal. A la izquierda, los cinco serotipos mas notificados de Salmonella: S. Enteritidis (azul
claro), S. Infantis (verde), S. Typhimurium (naranja), S. Typhimurium monofasica (azul oscuro) y S. Derby
(morado). Los datos de animales y alimentos procedentes de la misma fuente estdn agrupados: “broiler”
incluye aislados de pollos de engorde y carne de pollo, “bovine” incluye aislados de ganado bovino para
produccion de carne y de carne bovina, “pigs” incluye aislados de cerdos de engorde y de carne de
cerdo, “turkey” incluye aislados de pavos de engorde y de carne de pavo y “layers” incluye aislados de
gallinas ponedoras y de huevos. A la derecha, las cinco fuentes consideradas: pollos de engorde (azul),
ganado bovino (verde claro), cerdos (rojo), pavos (naranja) y ponedoras (verde oscuro). El grosor de las
bandas coloreadas que une las fuentes y los serotipos es proporcional al porcentaje de aislados de cada
serotipo procedente de cada fuente. Fuente: EFSA, 2023.
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Tabla 1. Distribucion de los aislados de Salmonella (nimero y porcentaje de unidades de muestra
positivas) con y sin identificacion de serotipo entre las diferentes fuentes de infeccidon (alimentos y
animales) en la UE en 2022. Fuente: EFSA, 2023.

Unidades de muestreo Unidades de muestreo
positivas a Salmonella sin positivas a Salmonella con
serotipado de los aislados  serotipado de los aislados

Fuente

Pollos de engorde 1762 13,1 9028 50,6
Carne de pollo 2395 17,8 4046 22,7
Cerdos 10 0,07 14 0,08
Carne de cerdo 7548 56,2 999 5,6
Vacuno 8 0,06 117 0,66
Carne de vacuno 290 2,2 230 1,3
Pavos 666 5,0 2174 12,2
Carne de pavo 413 3,1 204 1,1
Gallinas ponedoras 320 2,4 990 5,5
Hugvos y productos 7 0,20 16 0,26
derivados del huevo

Total 13.439 100 17.848 100

En el caso de Espafia, y aunque no se dispone de informacién especifica de la fuente de
infeccién de los casos humanos de salmonelosis en 2022, considerando que los principales
serotipos identificados fueron S. Typhimurium (708 casos, 49% del total con informacidn
disponible) y S. Enteritidis (630 casos, 43%), y que estos casos estarian principalmente
relacionados con los cerdos y las aves, respectivamente, cabria esperar que estas dos fuesen
las principales fuentes de infeccidon. Teniendo en cuenta que en nuestro pais predominan los
casos de S. Typhimurium, existiria la posibilidad de que los casos de salmonelosis humana
estuviesen mas asociados con el consumo de cerdo que en la UE. De hecho, se ha estimado
que en los paises del sur de Europa los cerdos serian la principal fuente de salmonelosis
humana, alcanzando el 43,6% del total de los casos (Bonardi, 2017).

En cuanto a los brotes de salmonelosis, el consumo de alimentos contaminados fue el
principal mecanismo de transmision identificado en los brotes (229 brotes, 95% de los brotes
con informacién disponible), siendo los huevos y derivados los principales alimentos
implicados (94 brotes, 53% del total con informacién disponible).

En el dltimo informe disponible de la Agencia Espafiola de Seguridad Alimentaria y
Nutricién (AESAN, 2023) relativo a los datos disponibles de 2021 sobre vigilancia de zoonosis
alimentarias, se observd que el mayor porcentaje de muestras de alimentos positivas a
Salmonella estaba relacionado con la carne de ave y de cerdo, siendo este porcentaje similar
en ambos casos (Tabla 2).
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Tabla 2. Muestras de alimentos analizadas en Espafia en el afio 2021. Fuente: AESAN, 2023.

N muestras N (%) muestras positivas

FUSALE EQEITELED a Salmonella
Agua potable 1 0 (0,00)
Alimentos infantiles y para usos nutricionales 358 1(0,28)
especiales

Carne de ave y derivados 4892 263 (5,38)
Carne de cerdo y derivados 7532 381 (5,06)
Carne de otras especies y derivados 1191 9(0,76)
Carne de vacuno y derivados 2415 32(1,33)
Cereales, harinas y derivados 947 0 (0,00)
Comida procesada, platos preparados y 3831 4 (0,10)
ensaladas “ready to eat”

Frutas, verduras, zumos y semillas 2384 0 (0,00)
Huevos y ovoproductos 721 18 (2,50)
Leche y productos lacteos 2271 5(0,22)
Pescados y productos de la pesca 2324 12 (0,52)
Salsas, hierbas aromaticas y especias 337 4(1,19)
Bebidas no alcohdlicas 5 0 (0,00)
Total 29.209 729 (2,5)

3. Infeccion por Salmonella en el cerdo
3.1. Prevalencia

La salmonelosis porcina es una infeccidn ciertamente prevalente tanto en la UE como
en Espafia. En un estudio llevado a cabo por la EFSA entre 2006-2007, se determind que la
prevalencia media de Salmonella en linfonodos ileocecales en cerdos de matadero era del
10,3%, presentando Espaiia la prevalencia mas alta de todos los estados miembros con un 29%
de animales infectados. En este mismo estudio se estimé que la prevalencia en canales era del
8,3%, aunque solo 13 estados miembros participaron en este segundo estudio, entre los cuales
no se encontraba Espafia (EFSA, 2008).

En efecto, algunos estudio llevados a cabo a nivel nacional han demostrado que existe
una alta prevalencia de Salmonella en explotaciones porcinas de cebo. Por ejemplo, en un
estudio llevado a cabo entre 2003-2004, se aisld Salmonella en las heces de de las cuadras en
un 43,1% de las explotaciones de cebo analizadas (Garcia-Feliz et al., 2009). En otro estudio
realizado en Aragén en el periodo 2008-2009 se detectaron cerdos de cebo infectados
(linfonodos mesentéricos) en el 94,1% de las explotaciones estudiadas (Vico et al., 2011). Mas
recientemente, en un trabajo que abarca los afios 2002-2013, 2015, 2017 y 2019 se observd
que el 37,8% de las explotaciones de cebo espafolas eran positivas a Salmonella a partir de
muestras obtenidas del contenido cecal de cerdos en el matadero (Teng et al., 2020).
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Con relacion a explotaciones de madres, otro estudio realizado por la EFSA a partir de
muestras fecales de cuadras estimd en un 28,7% la proporcién de granjas de abuelas (cerdas
para obtencion de animales de reposicidon) positivas a Salmonella y en un 33,3% la de
explotaciones de produccidn. De nuevo, en Espafia la prevalencia de Salmonella fue de las mas
altas, con un 64% y un 53,1%, respectivamente (EFSA, 2009).

Aunque el cerdo es susceptible a la infeccidn por una amplia variedad de serotipos de
Salmonella, algunos de ellos se consideran mas adaptados a este hospedador. En el estudio
mencionado anteriormente (EFSA, 2008), se detectaron mas de 80 serotipos diferentes en los
nddulos linfaticos mesentéricos de cerdos de cebo tras el sacrificio. Los serotipos mas
frecuentemente observados fueron S. Typhimurium (40%), S. Derby (41,62%) y S. Rissen (5,8%)
(Figura 7A). En el estudio llevado a cabo en cerdas reproductoras, se identificaron mas de 50
serotipos diferentes procedentes de las heces de estos animales. Los serotipos mas
frecuentemente aislados fueron S. Derby (23,9%), S. Typhimurium (17,9%), S. London (6,4%), S.
Livingstone (5,4%), S. Infantis (5%) y S. Rissen (4,5%) (EFSA, 2009) (Figura 7B).

“ Principales serotipos aislados en cerdos de cebo ﬂ Principales serotipos aislados en cerdas reproductoras
(EFSA, 2008) (EFSA, 2009)

40%
m Derby
= Typhimurium
London
u Typhimurium Livingstone
m Derby = Infantis
m Rissen m Rissen
m Otros m Otros

Figura 7. Principales serotipos de Salmonella aislados en cerdos de cebo (A) y en cerdas reproductoras
(B). Fuente: EFSA, 2008; EFSA, 2009.

Desde el punto de vista clinico, los serotipos mas relevantes en el ganado porcino son
S. Choleraesuis y S. Typhimurium. Mientras que S. Choleraesuis es prevalente en otras regiones
productoras del mundo como Estados Unidos o Brasil (Schwartz et al., 1999; Chiu, Su y Chu,
2004, Meneguzzi et al., 2021), su incidencia en Europa es minima, habiéndose documentado
casos excepcionalmente (Davies et al., 2004; Pedersen et al., 2015; Leekitcharoenphon et al.,
2019; Savic et al., 2021). Los principales serotipos identificados en granjas porcinas europeas
con sintomatologia clinica son S. Typhimurium y su variante monofdsica. Estos estdn
generalmente asociados con brotes de enterocolitis en cerdos, lo que resulta en pérdidas
econdmicas debido al retraso en el crecimiento (Farzan et al., 2010) y al coste del tratamiento
(Ojha y Kostrzynska, 2007). Sin embargo, es dificil determinar su papel como agente etioldgico
de diarrea porque con frecuencia se aisla junto con otros enteropatdégenos asi como en
animales sanos.
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Actualmente, tanto en Espafia como en el resto de Europa, S. Typhimurium y su
variante monofasica son los serotipos mas frecuentemente aislados en explotaciones porcinas,
siendo también los principales serotipos involucrados en los casos de toxiinfecciones
alimentarias en humanos por consumo de productos porcinos. No obstante, los cerdos pueden
infectarse por cualquier serotipo de Salmonella y todos ellos pueden ser potencialmente
patégenos para el hombre y vehicularse a través de la cadena alimentaria hasta el consumidor
final. Otros serotipos zoonéticos frecuentemente aislados en Espafia en explotaciones porcinas
son S. Rissen, S. Anatum y S. Derby.

3.2. Principales fuentes de infeccién en el ganado porcino

Existen numerosas fuentes potenciales de infeccidon de Salmonella en cerdos (Rostagno
y Callaway, 2012) que, ademads, estan presentes a lo largo de toda la cadena de produccion
porcina (Callegari et al., 2015).

Los propios cerdos son el principal reservorio de Salmonella (Zamora-Sanabria y
Alvarado, 2017) por lo que en el momento de la adquisicién de los cerdos los ganaderos
deberian conocer cudl es el estatus de Salmonella de sus proveedores (de Busser et al., 2013a).
Junto con la compra de cerdos infectados, la compra de pienso comercial procesado
contaminado con Salmonella puede ser otra posible ruta de introduccion del patégeno a las
explotaciones (Molla et al., 2010). Asi, un ambiente de fabricacién de pienso contaminado con
Salmonella (Magossi et al., 2019), los camiones que transportan el pienso (Fedorka-Cray et al.,
1997) o la contaminacion del pienso almacenado en la granja (Zamora-Sanabria y Alvarado,
2017), pueden dar como resultado cerdos alimentados con pienso contaminado con
Salmonella. Una amplia variedad de vectores, incluyendo personas, tanto visitantes como
trabajadores de la explotacion (Callegari et al., 2015), roedores (Andrés-Barranco et al., 2014;
Martelli et al., 2017; Zamora-Sanabria y Alvarado, 2017), insectos (Zamora-Sanabria y
Alvarado, 2017) y aves silvestres (Andrés-Barranco et al., 2014) pueden introducir y transmitir
Salmonella en la explotacidn porcina.

Una vez establecida la infeccién por Salmonella en un rebaio, esta puede mantenerse
en cerdos portadores infectados subclinicamente que pueden excretar de forma intermitente
Salmonella en sus heces (Funk et al., 2001; Nollet et al., 2005a; Pires, Funk y Bolin, 2013). De
hecho, es la excrecion de Salmonella en las heces lo que suele dar lugar a la contaminacion
ambiental y del material de la granja, que terminan siendo las principales fuentes de infeccidn
para los cerdos (Wales et al., 2009). La contaminacién ambiental puede persistir a pesar de los
esfuerzos de limpieza y desinfeccidon implementados (Funk et al., 2001; Wales et al., 2009),
pues Salmonella puede sobrevivir en el estiércol durante meses (Lynch et al., 2018) y ha
llegado a aislarse a partir de muestras de suelo circundantes de las granjas de cerdos
(Rodriguez et al., 2006), suponiendo un riesgo de repetidas infecciones de origen ambiental.

A lo largo de la cadena de produccién porcina, el transporte y la sala de espera en el
matadero también se han descrito como fuentes potenciales de infeccion por Salmonella para
los cerdos sacrificados (Hurd et al., 2002; Boughton et al., 2007; de Busser et al., 2011; Wilhem
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et al.,, 2017). Los animales infectados subclinicamente se convierten en excretores activos
debido al estrés asociado con el ayuno (Verbrugghe et al., 2011) y el transporte (Callegari et
al., 2015), lo que da lugar a la contaminacion de los camiones y de los corrales en la sala de
espera del matadero.

Los cerdos infectados por Salmonella que llegan al matadero se han identificado como
un riesgo potencial de contaminacién de las canales durante el sacrificio (Berends et al., 1996;
Botteldoorn et al., 2003; Argliello et al., 2013a). A lo largo de la cadena de sacrificio existen
varios puntos criticos como el proceso de escaldado, de pelado y de la evisceracién que
pueden dar lugar a la contaminacién de las canales con las heces y los microorganismos que
las acompafian (de Busser et al., 2013a).

3.3. Patogénesis

La infeccién por Salmonella en el ganado porcino sucede principalmente por ingestion
(Boyen et al., 2008). También se ha descrito el contacto nariz-nariz y la transmisidon por
aerosoles como otras posibles vias de transmisiéon (Fedorka-Cray et al., 1995; Proux et al.,
2001; Oliveira, Carvalho y Garcia, 2006).

Una exposicion de los cerdos a ambientes con bajos recuentos de Salmonella
Typhimurium (10%-10% UFC/100 cm?) pueden ser suficientes para la infeccién (Boughton et al.,
2007). Varios tipos de tejidos, incluyendo los linfonodos mesentéricos, puede ser positivos a
Salmonella 2-4 horas después de la exposicion a ambientes altamente contaminados con
Salmonella (Boughton et al., 2007).

Tras la ingesta oral, la primera barrera del hospedador a la que se enfrenta Salmonella
es la B-defensina epitelial 1, expresada a concentraciones antimicrobianas en la lengua (Shi et
al., 1999). Cuando esta barrera es superada, Salmonella coloniza las tonsilas, donde la bacteria
puede residir en las células de las criptas tonsilares (Fedorka-Cray et al., 1995), aunque
mayoritariamente se mantiene extracelularmente (van Parys et al., 2010).

El ambiente 4cido del estdmago es la siguiente barrera que tiene el hospedador frente
a Salmonella. El estémago porcino tiene in pH medio de 4,4 (Merchant et al., 2011), pero
puede alcanzar valores inferiores a 2 en el fundus y en el piloro (Boyen et al., 2008). La
composicion y la textura del pienso puede influenciar el pH del estdmago y el contenido de
acidos organicos (Mikkelsen et al., 2004). La produccion de acido gastrico se considera un
mecanismo eficiente para la destruccion de los patégenos ingeridos, aunque muchos
patdgenos bacterianos, incluyendo Salmonella, pueden soportar estas condiciones acidas del
estdmago (Smith, 2003). Asi, Salmonella puede adaptarse y llegar a sobrevivir en ambientes de
pH bajo mediante la induccidn de la respuesta acido tolerante y mediante la produccién de
proteinas de choque acido (Audia, Webb y Foster, 2001).

Cuando alcanza el intestino delgado, Salmonella se enfrenta a factores antibacterianos
como las sales biliares, la lisozima y las defensinas (Boyen et al., 2008) y también se expone al
choque osmético, a la reducida disponibilidad de oxigeno en el tracto digestivo y a la
microbiota intestinal (Alvarez-Ordéfiez et al., 2011). La mayor concentracién de bilis en las
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zonas mas altas del intestino delgado podria explicar la preferencia de colonizacion del tracto
gastrointestinal bajo, principalmente del ileon, ciego y colon (Boyen et al., 2008).

En la parte distal del intestino, las adhesinas favorecen la adherencia de Salmonella al
epitelio intestinal. Entre ellas, se ha demostrado que las fimbrias de tipo 1 son importantes
para la unién a los enterocitos y, posteriormente, para promover la colonizacidn intestinal
(Althouse et al., 2003). Salmonella invade diferentes tipos de células epiteliales como
enterocitos, células M y células caliciformes, actuando las placas de Peyer como principal
puerta de entrada (Schauser, Olsen y Larsson, 2004). Junto con los linfocitos B y T, las placas de
Peyer albergan macréfagos y células dendriticas que, tras la endocitosis, pueden propagar
Salmonella sistémicamente a través de la sangre y del sistema linfatico (Althouse et al., 2003;
Hallstrom y McCormick, 2011). Intracelularmente, Salmonella puede sobrevivir y encontrarse
libre en el citoplasma o en el interior de vacuolas aptas para la supervivencia y replicacion
bacteriana (Hallstrom y McCormick, 2011). Se han descrito numerosos factores de virulencia
diferentes que juegan un papel clave en la patogénesis de Salmonella, incluyendo estructuras
de superficie (fimbrias o pili), plasmidos y toxinas (Boyen et al., 2008; Jajere, 2019). Ademas,
también se han identificado diferentes islas de patogenicidad en Sa/monella (SPI), es decir,
agrupaciones de genes dentro del cromosoma bacteriano que codifican diversos factores de
virulencia con diferentes funciones en la patogénesis y en la virulencia de las infecciones por
Salmonella (Jajere, 2019). Por ejemplo, los genes SPI-1 tienen un papel crucial en la invasion y
colonizaciéon del intestino porcino y en la induccidn del flujo de neutrdfilos en la luz intestinal
(Boyen et al., 2006). La funcidn de los genes de SPI-2 estd relacionada con la habilidad de
Salmonella para sobrevivir dentro de los macréfagos (Cirillo et al., 1998).

Adhesion a células M Invasion directa Captura luminal por
y traslocacion de célula epitelial células dendriticas
Bacteria Sa/monella
{

Célula M /Ceiula epitelial

\\ o y
Macréfago— gy ' Entrada de Salmonella
. por el borde basolateral
Reclutamiento | 8 | detacélula epitelial
de vesiculas LS
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&y
de bacterias
Diseminacion sistémica
K
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8 0® 8 IL-18
* Supervivencia y crecimiento de * Apoptosis del macréfago ® )
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Figura 8. Infeccion por Salmonella. Las tres rutas principales de invasion de la mucosa intestinal por
Salmonella: adhesién y traslocacién a través de células M, invasion directa de las células del epitelio
intestinal y captura por células dentriticas. Fuente: Sansonetti, 2004.
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La respuesta inmune, incluyendo la llegada de neutréfilos a la luz intestinal y la
produccién de citoquinas como la IL-8, también forman parte de la primera linea de defensa
contra la infeccidon por Salmonella (Boyen et al., 2008). La presencia de numeros altos de
neutréfilos permite que los cerdos hagan frente a la infeccion (Foster et al., 2003), aunque
también pueden provocar patologia intestinal. Sin embargo, una respuesta inmune
insuficiente suele dar lugar a la colonizacion y replicacion de Salmonella (Boyen et al., 2008).
Tras la infeccidn, Salmonella puede permanecer en las tonsilas, en los intestinos (ileon, ciegoy
colon) y en los linfonodos mesentéricos, en la mayoria de los casos (y dependiendo del
serotipo) sin signos clinicos en cerdos portadores (Wood, Pospischil y Rose, 1989; Boyen et al.,
2008). Debido a situaciones de estrés, como por ejemplo el ayuno (Verbrugghe et al., 2011) y
el transporte (Callegari et al., 2015), estos animales portadores infectados subclinicamente
pueden pasar a ser excretores activos.

3.4. Sintomatologia

La manifestacién clinica de las infecciones por Salmonella en cerdos es muy variable.
Existen una serie de factores determinantes, incluyendo la dosis infectiva, el serotipo y la
respuesta inmune de los cerdos infectados, que pueden influenciar la manifestacion clinica
(Rostagno y Callaway, 2012). Aunque, en general, los principales serotipos asociados a
sintomatologia son S. Choleraesuis y S. Typhimurium.

Los serotipos particularmente adaptados al hospedador, como S. Choleraesuis en el
caso del cerdo, suelen dan lugar a enfermedad sistémica severa, a menudo fatal (Boyen et al.,
2008). La infeccidn por S. Choleraesuis se asocia a una presentacion clinica septicémica que
cursa con fiebre, temperaturas superiores a los 41,7 °C, inapetencia, letargia, cianosis en la
parte distal de las extremidades, respiracion superficial y tos humeda. Estos signos clinicos
aparecen a las 24-36 horas tras la infeccidon, mientras que la diarrea, por lo general, no se
presenta hasta 4-5 dias después (Reed, Olander y Thaker, 1986). Suele afectar a cerdos de
entre los 2 y 4 meses de edad, con una morbilidad variable, en torno al 10%, y una mortalidad
muy alta (Reed, Olander y Thaker, 1986; Wilcock y Schawrtz, 1992). Puede causar brotes
clinicos graves en las explotaciones porcinas, muchas veces acompafiados de una elevada tasa
de mortalidad en cerdos de cebo. S. Choleraesuis se ha notificado solo ocasionalmente en
Europa pero es mucho mdas comun en Asia y América. En Espafia, el aislamiento de S.
Choleraesuis en explotaciones porcinas es escaso y poco comun, aunque se ha descrito en
jabalies (Gil-Molino et al., 2019), en cerdo ibérico (Gil-Molino et al., 2020), en cerdos criados
en extensivo (Hernandez et al., 2013) y, en algunos casos, en cerdos comerciales (Mateu et al.,
2002).

Las infecciones por serotipos de Salmonella no especificos de hospedador son
generalmente subclinicas, aunque también pueden dar lugar a enfermedad entérica y
enfermedad sistémica fatal (Boyen et al., 2008). S. Typhimurium es el serotipo que mas
frecuentemente se asocia con las denominadas formas entéricas de salmonelosis. El principal
signo clinico inicial es una diarrea acuosa verde-amarillenta, que se manifiesta a las 48h de la
infeccidn. Esta suele acompanarse de signos sistémicos como fiebre, letargia e inapetencia.
Generalmente, afecta a animales de entre 6 y 8 semanas y se resuelve al cabo de 7-10 dias
(Fedorka-Cray et al., 1994). Las muertes agudas suelen atribuirse a septicemia y endotoxemia,
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mientras que la diarrea puede resultar en mortalidad debido a la deshidratacion unos dias
después de la infeccidn. En general, la mortalidad es baja, pero la morbilidad puede ser muy
elevada (Wilcock y Schawrtz, 1992). La mayoria de los cerdos se recuperan completamente,
aunque algunos de ellos pueden quedar debilitados de forma crénica y los cerdos recuperados
pueden permanecer como portadores subclinicos (Gray y Fedorka-Cray, 1996; Griffith et al.,
2019). Ademas, las infecciones por Salmonella pueden reducir la ganancia de peso de los
cerdos (Boyen et al., 2009; Farzan y Friendship, 2010; de Ridder et al., 2014).

En Espana, hasta el momento, la mayoria de las infecciones por Salmonella son
subclinicas. Los pocos casos en los que se observan signos clinicos suelen estar asociados a S.
Typhimurium (Betancory Yim, 2012).

3.5. Epidemiologia

La mayoria de los estudios sobre la epidemiologia de la infeccidon por Salmonella en
cerdos se han centrado en la fase de cebo, puesto que son estos animales los que finalmente
estdn destinados a consumo humano. Sin embargo, aunque la infeccién por Salmonella en los
cebaderos podria deberse a causas externas, también podria tener su origen en las fases de
produccién previas, como podrian ser las cerdas reproductoras, el periodo de lactacion o la
fase de transicién, que han sido menos estudiadas.

Salmonella en cerdas reproductoras

En general, la prevalencia de salmonelosis en cerdas reproductoras es alta. En Europa
el 28,7% de las explotaciones de madres son positivas a Salmonella, siendo muy superior en
Espaia (64%; EFSA, 2009). En Alemania, uno de los principales productores porcinos europeos,
se ha observado que la presencia de Salmonella en las explotaciones también es habitual, con
un 23,2% de muestras positivas a Salmonella a partir de hisopos de botas, un 6% de muestras
fecales positivas y un 68,7% (punto de corte 15% DO) y 40% (punto de corte 40% DO) de
muestras de suero positivas en cerdas reproductoras (Hollmann et al., 2022).

En otras areas geograficas como Estados Unidos, se han detectado prevalencias de
excrecion altas, de entre el 50% y el 61% en cerdas sacrificadas (Bearson, 2022), y de infeccidn
de entre el 5% y el 37% a partir de muestras de nddulos linfaticos inguinales superficiales
(Bessire et al., 2018). Estos ultimos niveles de infeccion realtivamente bajos podrian estar
asociados al tipo de muestra utilizada, dado que es mas frecuente detectar Salmonella en
nddulos linfaticos mesentéricos que en nddulos linfaticos inguinales (Hurd et al., 2001). Otros
estudios han mostrado una seroprevalencia del 95% en cerdas, con un 21% de ellas excretando
el patdgeno en las heces durante el periodo previo al parto (Bearson et al., 2014). También se
ha observado que incluso en casos de elevada seroprevalencia, la prevalencia de excreciéon
puede ser baja (Lynch et al., 2017). De hecho, la observacién de bajas prevalencias de
excrecion es relativamente comun en cerdas reproductoras (Funk et al., 2001; Kranker et al.,
2003; Rowe et al., 2003; Nollet et al., 2005b), probablemente debido al patron de excrecidn
intermitente en infecciones subclinicas en animales adultos (Funk et al., 2001). Este patrdn
podria variar en funcién de las diferentes etapas del ciclo productivo. En algunos estudios se
ha observado un aumento en la excrecion de Salmonella en el lltimo periodo de gestacion
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(Funk et al., 2001), mientras que en otros ocurria tras el destete (Nollet et al., 2005b; Nollet et
al., 2005c) o incluso en el momento del parto (Lynch et al., 2017).

La presencia habitual de altas tasas de infeccion de Salmonella en explotaciones de
cerdas reproductoras podria estar relacionada con el hecho de que el control de la infeccién en
estos animales no ha sido un tema de particular interés. Sin embargo, las cerdas juegan un
papel fundamental en el mantenimiento de la infeccién en las explotaciones, aumentando la
probabilidad de exposicién a la bacteria (EFSA, 2009). Las cerdas parecen actuar como fuente
de infeccién para los lechones (Casanova-Higes et al., 2019). El estrés asociado al parto
favoreceria la reactivacion de la excrecién de Salmonella, permitiendo que los lechones se
infectasen al entrar en contacto con las heces de las madres en las salas de maternidad (Hein y
Allrich, 1992). Sin embargo, la relacidn entre el estado epidemioldgico de las cerdas y el de los
lechones no parece estar del todo clara y requiere una mayor investigacion (Hollmann et al.,
2022).

La introduccién y mantenimiento de cerdas de reposicién portadoras de Salmonella
puede ser también un factor de riesgo en explotaciones consideradas libres de Salmonella
(Dahl, 2011), y en explotaciones ya contaminadas en las que se podrian introducir de este
modo nuevos serotipos (Davies, Funk y Morgan-Morrow, 2000; Penmetchsa et al., 2009; Schut
etal., 2019).

En general, estos datos sugieren que Salmonella circula en muchas granjas de cerdas
reproductoras, por lo que una proporcion importante de ellas acaban infectadas,
constituyendo un riesgo potencial para la contaminacién del ambiente de la explotaciéon con
Salmonella y, en consecuencia, la posterior infeccidén de los lechones.

Salmonella en lechones en la fase de lactacion

Existe una importante falta de informacidn sobre la epidemiologia de la infeccion por
Salmonella en las fases productivas previas al cebo, como la lactacién y la transicidn, a pesar
de que ambas pueden influenciar la dindmica de infeccién durante el periodo de cebo (Wales,
Cook y Davies, 2011).

Durante la lactacion, el calostro ingerido por los lechones durante las primeras horas
tras el parto les proporciona energia e inmunidad materna que les ayudara a enfrentarse a los
patdgenos que puedan estar presentes en el ambiente en sus primeros dias de vida (Rooke y
Bland, 2002). Se ha sugerido que esta inmunidad adquirida podria proteger de la infeccién por
Salmonella en los lechones (Parada et al., 2013; Schut et al., 2019). Se desconoce la duracién
exacta y la efectividad de la inmunidad materna, pero se le atribuye un papel importante en el
control de la diseminacidon de la infeccidén. Sin embargo, existen pocos estudios sobre la
prevalencia de infeccién por Salmonella en lechones durante la fase de lactacién (Wales, Cook
y Davies, 2011), probablemente debido a la dificultad que supone sacrificar a animales de esta
edad para el adecuado estudio de la infeccidn.

En general, los trabajos relacionados con la prevalencia de Salmonella a estas edades
se han centrado en la prevalencia de excrecidon a partir de muestras fecales obtenidas
mediante hisopos rectales, observandose una prevalencia de excrecién inferior al 10% en la
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mayoria de los casos (Funk et al., 2001; Barber et al., 2002; Beloeil et al., 2003; Roesler et al.,
2005; Schut et al., 2019), e incluso inferior al 5% (Lynch et al., 2018). Sin embargo, la pequefa
muestra de heces obtenida a partir de hisopos rectales podria dar lugar a una infraestimacion
de la prevalencia real, puesto que la sensibilidad de la bacteriologia a partir de muestras de
heces esta directamente relacionada con la cantidad de heces utilizada para su analisis (Hurd,
Stabel y Carlson, 1999; Funk, Davies y Nichols, 2000; Sangvatanakul, 2007). Por otro lado, la
ausencia de excrecién no garantiza la ausencia de infeccidon puesto que la excrecién de
Salmonella en cerdos suele ser intermitente (Nielsen et al., 1995; Beloeil et al., 2003; Scherer
et al., 2008; Pires, Funk y Bolin, 2013).

En este sentido, en un estudio reciente llevado a cabo en lechones recién destetados
sacrificados para su consumo se observé que la prevalencia de infeccién por Salmonella en
linfonodos mesentéricos y la prevalencia de Salmonella en contenido intestinal era alta
(aproximadamente del 36% en ambos casos), lo que sugiere que los lechones podrian jugar un
rol activo en el mantenimiento de la infeccidn en las subsiguientes etapas de la produccion
porcina (Casanova-Higes et al., 2019).

Salmonella en lechones en fase de transicion

La etapa de transicién es el periodo comprendido entre el destete a las 3 0 4 semanas
de vida de los lechones y hasta las 10 semanas de edad, aproximadamente, justo antes de
entrar al cebadero. Es una fase productiva critica en la que los lechones son susceptibles a
diversas infecciones entéricas. Una de las consecuencias del destete es la modificacién de la
microbiota intestinal de los lechones, caracterizada por una reduccién significativa en el
numero de lactobacilos (Konstantinov et al., 2006), debido principalmente al cambio repentino
de ambiente (Gresse et al., 2017) y de dieta, que pasa de ser mayoritariamente liquida (leche
de las cerdas) durante la lactacidn a una dieta sdlida (pienso pre-starter) al comienzo de la
transiciéon. Estos cambios, junto con la caida de anticuerpos maternales (Bianchi et al., 1995),
que son la Unica defensa inmune a esta edad, y el estrés ligado a la separacion del lechdn de su
madre y a la mezcla con nuevos lechones, predispone a los animales recién destetados a
infecciones por bacterias Gram negativas como Escherichia coli o Salmonella (Callaway et al.,
2006).

Mientras que la infeccién por E. coli ha sido ampliamente estudiada y confirmada
como un patégeno entérico prevalente a esta edad (Weber et al., 2017), la prevalencia de
infeccidn por Salmonella apenas ha sido estudiada. Sin embargo, se acepta que los lechones
tras el destete serian los mas afectados clinicamente si se infectasen por Salmonella (Bonardi,
2017). Ambas bacterias presentan una estrecha relacién y son susceptibles a la misma clase de
antibiodticos, por lo que los tratamientos contra la colibacilosis podrian enmascarar las
infecciones por Salmonella a esta edad. Hasta hace poco, el uso de antibidéticos como
profilacticos, principalmente aminoglicésidos y polimixinas, como la colistina, junto con el
Oxido de zinc era una practica comun en los sistemas de produccidn porcina intensivos,
particularmente durante el periodo de transicién (EMA, 2014; EMA, 2016). En Espafia, la
colistina se ha administrado en periodos de hasta 15 dias como tratamiento antibidtico en el
pienso durante afos, debido a su alta eficacia contra bacterias Gram negativas (Quesada et al.,
2015). Probablemente por ello, hasta ahora en la etapa de transicién no eran comunes los
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problemas relacionados con Salmonella. Sin embargo, el alarmante aumento de resistencias
antimicrobianas ha provocado que las autoridades sanitarias hayan puesto en marcha una
serie de regulaciones en la UE limitando e incluso prohibiendo su uso. Por un lado, la
prohibicién del uso de colistina como profilactico y reduccion a 7 dias mdaximo de
administracion en granja (EMA, 2016). Y, por otro, los Reglamentos CE 1334/2003 y 1095/2016
gue establecen que el éxido de zinc sélo podra utilizarse en dosis no medicinales, con un limite
legal maximo de 150 ppm (bajas dosis como aditivo en pienso) de zinc en pienso completo
(Bonetti et al., 2021) a partir de Junio 2022. Estas nuevas regulaciones podrian favorecer un
incremento en la incidencia de salmonelosis en transicion, por lo que a partir de ahora el
panorama podria ser diferente.

En el estudio de Casanova-Higes et al. (2019), se observd que la prevalencia de
Salmonella en lechones lactantes procedentes de maternidades seropositivas era alta,
confirmando que lechones de 4 semanas de edad aparentemente sanos pueden actuar como
portadores de la infeccidn al menos hasta el destete. Teniendo en cuenta la alta proporcién de
lechones infectados por Salmonella al destete, es probable que la transicién también presente
altas tasas de infeccidn. Por ello, parece logico pensar que, durante los ultimos afios, se ha
pasado por alto la infeccion por Salmonella en el periodo de transicion debido a los
tratamientos antibidticos preventivos.

Sin embargo, apenas se han llevado a cabo estudios de campo que determinen la
prevalencia de Salmonella durante la etapa de transicidn, aunque se han identificado
infecciones activas de Salmonella en explotaciones de transicién porcinas (Lafoz del Rio et al.,
2020; Nair et al., 2020). Realizar estudios de campo adecuados para estimar la prevalencia de
infeccion por Salmonella en cerdos de transicion resulta caro puesto que requeririan del
sacrificio poco ético de un elevado nimero de animales jovenes.

Salmonella en cerdos de cebo

La fase de engorde o de cebo ha sido la mds estudiada en cuanto a la dindmica de
infeccidn por Salmonella, junto con el sacrificio, puesto que se trata del ultimo eslabdn de la
cadena productiva previo a la comercializacién de la carne de cerdo. La prevalencia de
infeccidn observada es variable segun estudios, pero en general se podria decir que es medio-
alta (24,6% Davies et al., 1997; 23% van der Wolf et al., 1999; 53% Kranker et al., 2003; 66,7%
Rajic et al., 2005; 46% Farzan et al., 2008; 31% Vico et al., 2011; 20,8% Pires, Funk y Bolin,
2013; 91% Nair et al., 2018). En muchos de estos estudios se describen los factores de riesgo
asociados a la infeccidn como son la deficiente limpieza y desinfecciéon entre lotes, la
contaminacion del pienso y del agua, el estado sanitario de los animales, la contaminacion
cruzada por botas y utensilios contaminados, la densidad animal, la presencia de vectores
como roedores, la contaminacion durante el transporte al matadero, etc.

En general, al inicio de la etapa de cebo se observan bajos niveles tanto de infeccion
como de excrecion de Salmonella, probablemente debido al uso de antimicrobianos durante la
fase de transicidn (Fraile, 2016; Li, 2017). Mas adelante, a partir del segundo tercio de la fase
de cebo, los niveles de infeccién tienden a aumentar, posiblemente debido a la excrecidn
intermitente de la bacteria por los cerdos portadores subclinicos. Esta excrecidn intermitente
se ve favorecida en momentos de estrés (cambios ambientales, reagrupacién, ayuno), que

41



provocarian la reactivacién de la excrecidon de la bacteria hasta entonces acantonada en los
nddulos linfaticos mesentéricos (Nielsen et al., 1995; Rostagno, Hurd y McKean, 2009; Pires et
al., 2013). Asi, se alcanzaria un mayor nimero de animales infectados al final del cebo, en el
momento previo al transporte para su sacrificio en matadero (Schut et al., 2019). El ayuno
previo al sacrificio, el transporte al matadero, la reagrupacién con otros animales y la
estabulacién en un nuevo ambiente como son los corrales de la sala de espera del matadero,
son factores estresantes que pueden reactivar la excrecién de grandes cantidades de la
bacteria por parte de los animales portadores, favoreciendo la rapida infeccién de animales
sanos no infectados hasta ese momento (Beloeil et al., 2004; Argiiello et al., 2013a). Esta
excrecion que ocurre en la entrada al matadero actia como uno de los principales factores de
riesgo de contaminacidon ambiental del matadero y, por consiguiente, de las canales destinadas
a consumo humano.

3.6. Cerdos como portadores de Salmonella resistente a antibiéticos

Ademads del problema que supone el hecho de que un cerdo sea portador de
Salmonella y por lo tanto una potencial fuente de infeccidon gastrointestinal en humanos,
existe también el problema de que estas bacterias actiuen como fuente de resistencia a los
antibidticos. La emergencia y diseminacion de cepas de Salmonella resistentes a antibidticos es
un problema creciente en salud publica (FAO, 2015; Gargano et al., 2021; Mthembu, Zishiriy
El Zowalaty, 2021; Algarni et al., 2022). Aunque generalmente el tratamiento de la
salmonelosis humana no requiere terapia antimicrobiana debido a la naturaleza autolimitante
de la infeccidon, en el caso de personas inmunodeprimidas, ancianos o nifios, asi como en el
caso de enfermedad sistémica, puede resultar esencial (Ruiz et al., 2004). Asimismo, los casos
de salmonelosis causados por cepas resistentes podrian ser mas graves que aquellos causados
por bacterias sensibles e incluso la duracion de la enfermedad podria ser mayor (Lee et al.,
1994; Travers y Barza, 2002; Varma et al., 2005).

Actualmente, es frecuente aislar cepas de Salmonella resistentes a varios antibidticos e
incluso cepas multirresistentes (Franco et al., 2015; Long et al., 2022; Luo et al., 2023), siendo
algunas de ellas especialmente patdgenas. Un claro ejemplo de ello es el clon S. Typhimurium
DT104 (Wall et al., 1994) surgido en Reino Unido a comienzos de 1980 y caracterizado por un
perfil especifico de resistencia que incluye la ampicilina, el cloranfenicol o florfenicol, la
estreptomicina, el sulfametoxazol y la tetraciclina. Este perfil de resistencia parece estar
genéticamente codificado en el cromosoma de la bacteria ligado a varios integrones ya
identificados (Briggs y Fratamico, 1999) y se ha relacionado con aislados de origen porcino
(Hampton et al., 1995). Ademas, este clon estd ampliamente diseminado entre el ser humano
y otros animales (Esaki et al.,, 2004) y se caracteriza por causar, generalmente, una
enfermedad grave.

Este mismo perfil de multirresistencia se ha observado también en aislados de otros
serotipos, lo que podria estar relacionado con una transmision horizontal de la resistencia. En
particular, la variante monofasica de S. Typhimurium, también relacionada con reservorios
porcinos (EFSA y ECDC, 2023), presenta habitualmente el fenotipo de multirresistencia tipico
de S. Typhimurium, al que se le ha sumado resistencia a la gentamicina y apramicina,
sugiriendo que estas resistencias podrian ser una caracteristica intrinseca de esta variante

42



monofasica (Guerra et al., 2000; de la Torre et al., 2003) que le habria ayudado a generar una
ventaja evolutiva sobre otros serotipos.

Asimismo, se han descrito patrones de resistencia comunes a otros serotipos como S.
Rissen, S. Derby, S. Wein, S. Kapemba o S. Panama (Gebreyes et al., 2000; Porrero et al., 2002;
Gebreyes y Thakur, 2005), y también patrones de resistencia especificos de serotipo
(Carramifiana et al., 2004; Schroeter, Hoog y Helmuth, 2004). En los ultimos afios, se ha
detectado resistencia a fluoroquinolonas y cefalosporinas de tercera generacion, antibidticos
de eleccidn para el tratamiento de salmonelosis sistémicas (Jiang et al., 2014; Pietsch et al.,
2021; Yin et al., 2022; Cuypers et al., 2018; Sevilla et al., 2021), asi como a colistina, un
antibiotico de ultimo recurso en medicina humana (Sevilla et al., 2021; Bertelloni et al., 2022).

La facilidad con la que Salmonella adquiere resistencia podria tener que ver con el
hecho de que muchos de los genes de resistencia de bacterias Gram negativas estdn
localizados en integrones. En este sentido, se ha demostrado la existencia de una relacién
significativa entre la multirresistencia y la presencia de integrones en aislados de la familia
Enterobacteriaceae. Las cepas multirresistentes en las que se detectan integrones tendrian
una mayor facilidad para adquirir genes de resistencia adicionales en comparacidn con cepas
del mismo patrén de resistencia, pero sin integrones, lo que sugiere que la presencia de
integrones facilitaria la adquisicién de otros genes de resistencia (Leverstein-van Hall et al.,
2003). En el caso concreto de Salmonella, son los integrones de clase 1 los que estan
ampliamente distribuidos entre los diferentes serotipos (Guerra et al., 2000, Randall et al.,
2004; White et al., 2003). Aunque la resistencia a los antibidticos suele manifestarse
principalmente debido a la presidn selectiva generada por el uso de estos medicamentos, se
ha registrado la presencia de resistencia a ciertos antimicrobianos incluso en ausencia de dicha
presion. Un estudio comparativo entre aislados de Salmonella obtenidos de explotaciones
porcinas convencionales y de explotaciones porcinas que no emplean antibidticos reveld que,
si bien la resistencia a antibidticos es mas frecuente en las explotaciones que hacen uso
rutinario de estos farmacos, también se pueden identificar aislados multirresistentes en
explotaciones libres de antibidticos (Gebreyes, Thakur y Morrow, 2006).

4. Técnicas de diagndstico y caracterizacion de Salmonella utilizadas

Dado que la manifestacion clinica de las infecciones de Salmonella puede parecerse a
otras enfermedades entéricas en el cerdo (por ejemplo, colibacilosis o disenteria porcina) y
que la coinfeccién con otros patdgenos puede complicar el diagndstico, la deteccion de
Salmonella es necesaria para establecer un diagndstico final. Ademas, en el caso del cerdo las
infecciones suelen ser subclinicas y la excrecién de Salmonella por animales infectados
presenta un patrdn intermitente (Gray y Fedorka, 1996; Pires, Funk y Bolin, 2013), por lo que
su deteccién es complicada y en algunos casos es necesario combinar diferentes tipos de
analisis.
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4.1. Bacteriologia

Salmonella se puede detectar a partir de diferentes tipos de muestra, incluyendo
heces, contenido intestinal, fluidos orales, tonsilas, linfonodos mesentéricos, hisopos de
canales y ambientales, asi como muestras de pienso y agua. Se han descrito numerosos
métodos para la deteccion y confirmacidn de Salmonella y su posterior caracterizacion.

La Organizacion Internacional de Normalizacidn (ISO, por sus siglas en inglés), junto
con el Comité Europeo de Normalizacidon (CEN, por sus siglas en francés) desarrollé normas
internacionales para la deteccion de Salmonella a partir de diferentes tipos de muestras. Estos
protocolos permiten la comparacidn de resultados entre diferentes laboratorios. En general,
para todos los tipos de muestras, el procedimiento de aislamiento consiste en las siguientes
etapas: 1) pre-enriquecimiento no selectivo, 2) enriquecimiento selectivo, 3) plaqueo en medio
selectivo, 4) confirmacién bioquimica de colonias sospechosas y 5) caracterizacién fenotipica o
genotipica del aislado (Figura 9). Las muestras utilizadas para la deteccion de Salmonella en la
presente tesis han sido muestras fecales y contenido intestinal de colon.

La norma 1SO 6579:2002/Amd 1:2007 Anexo D, fue especificamente desarrollada para
la deteccién de Salmonella spp. en heces animales y muestras ambientales de produccién
primaria. En 2017 se publicé la norma ISO 6579-1:2017, una nueva norma internacional que
incorporaba la anterior norma 1SO 6579:2002/Amd 1:2007 con algunas modificaciones que se
consideran menores (por ejemplo, se ha extendido el rango de temperaturas de incubacion, se
permite la eleccion entre caldo o agar semisdlido de Rappaport-Vassiliadis, dos pruebas
bioquimicas de confirmacién se han convertido en opcionales, etc.). Esta versién actualizada
de la norma es la que se ha utilizado para la deteccién y aislamiento de Salmonella en la
presente tesis.

El cultivo directo sin enriquecimiento selectivo o no selectivo, puede ser util en el caso
de enfermedad clinica. En ese caso, el animal puede excretar Salmonella en grandes
cantidades, por encima de 10°-10” UFC/g de heces (Griffith et al., 2019). En caso de animales
portadores infectados subclinicamente y de muestras ambientales, el nimero de bacterias de
Salmonella viables puede ser demasiado bajo para ser detectado sin pre-enriquecimiento no
selectivo. El pre-enriquecimiento no selectivo también ayuda a la recuperacion de bacterias
dafiadas. Posteriormente y dado que las bacterias de Salmonella suelen estar acompafiadas
por un numero considerablemente mayor de otras especies bacterianas, tanto en heces como
en muestras ambientales, es necesario el enriquecimiento selectivo para poder llegar a
aislarla.

En la primera etapa del aislamiento de Salmonella, el agua de peptona tamponada
(BPW, por sus siglas en inglés) es el caldo de cultivo de pre-enriquecimiento no selectivo de
eleccidén. Se diluyen las muestras en proporcion 1:10 en BPW y se mezclan hasta que quedan
disueltas de forma homogénea.

Para la segunda etapa de enriquecimiento selectivo, existen diferentes caldos de
cultivo disponibles como, por ejemplo, el caldo de Rappaport-Vassiliadis con soja (RVS) y el
caldo Muller-Kauffmann tetrationato con novobiocina, y medios de cultivo semisélidos como
el medio semisdlido modificado de Rappaport-Vassiliadis (MSRV) y el medio semisélido de
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diagnéstico de Salmonella (DIASALM). En la norma ISO 6597-1:2017 se recomienda el uso de
placas de MSRV con novobiocina (10 mg/L) para fines cientificos. MSRV es el medio que
presenta una mayor tasa de deteccidon de Salmonella en muestras de cerdos contaminadas de
forma natural (de Busser et al., 2013b).

Tras el enriquecimiento selectivo, se pica con el asa de siembra en el margen de la
zona de migracién tipica de las placas de MSRV y se siembra en dos medios de cultivo sélidos
diferentes. Segun la citada norma, se utiliza el medio agar xilosa lisina desoxicolato (XLD) y un
segundo medio complementario que puede ser el agar verde brillante (BGA, por sus siglas en
inglés), el agar bismuto sulfito o el agar cromogénico, por ejemplo. En las placas de agar XLD,
las colonias tipicas de Salmonella tienen el centro negro y una zona ligeramente transparente
de color rojizo debido al cambio de color del indicador del medio.

En la siguiente etapa, se utilizan diferentes pruebas bioquimicas para la confirmacion
de las colonias de Salmonella sospechosas. Entre ellas, la prueba de la descarboxilacion de la
lisina, prueba de la ureasa, prueba del indol y el agar triple azlcar hierro (TSI, por sus siglas en
inglés). Una vez confirmada la colonia como positiva a Salmonella, puede ser caracterizada
posteriormente mediante diferentes pruebas fenotipicas (por ejemplo, el clasico serotipado
por aglutinacién) y genotipicas (por ejemplo, electroforesis en gel de campos pulsados o PCR).

La especificidad del cultivo bacteriolégico es del 100% (ISO, 2007), mientras que la
sensibilidad variard en funcién del tipo de muestra analizada (heces, calzas, linfonodos), de si
es una muestra individual o una mezcla de muestras (pool), de la cantidad/peso de muestra y
de la combinacién de medios de cultivo y de protocolos de cultivo utilizados (Wilkins et al.,
2010). La excrecion intermitente de Salmonella por cerdos infectados subclinicamente
también influye en los resultados obtenidos en muestras fecales individuales (Funk et al.,
2001; Pires, Funk y Bolin, 2013). Se estima que la sensibilidad del cultivo de heces es del 72%
(Wilkins et al., 2010). Ademas, el cultivo bacterioldgico es un proceso que consume mucho
tiempo ya que se tarda al menos 4 dias en obtener colonias sospechosas de Salmonella y
requiere de personal capacitado (Figura 9). Estos inconvenientes son especialmente
importantes en aquellos casos en los que es necesario un diagndstico rapido (por ejemplo, en
brotes clinicos) o cuando el nimero de muestras a procesas es elevado.
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s 1) PRE-ENRIQUECIMIENTO

Agua de peptona tamponada (BPW) 1:10

Incubacién 18 h+2ha37°C+1°C

mmed  2) ENRIQUECIMIENTO SELECTIVO

Medio semisélido de Rappaport Vassiliadis modificado (MSRV)

Incubacién 24 h+3ha41,5°C+1°C

mmd  3) AISLAMIENTO SELECTIVO
Medio XLD + Medio BGA

Incubacién 24 h+3ha37°C+1°C

mml  4) CONFIRMACION BIOQUIMICA

Indol, Lisina, Urea y TSI

Incubacién 24h+3ha37°C+1°C

= 5) CARACTERIZACION

Fenotipica, serotipica, genotipica

Figura 9. Esquema del cultivo bacteriolégico de Salmonella seguido en esta tesis de acuerdo con la
norma ISO 6579-1:2017.

4.2. Serologia

Una forma de diagnosticar Salmonella indirectamente es por medio de técnicas
seroldgicas. En cerdos, se pueden detectar anticuerpos especificos anti-Salmonella tanto en
suero procedente de muestras de sangre como en jugo muscular a partir del tejido muscular
del diafragma.

La toma de muestras de suero o carne en el matadero es mucho mas facil que la toma
de muestras de sangre en la explotacién y, ademas, evita el estrés de los animales. Sin
embargo, en numerosos estudios se han observado diferencias significativas entre los
resultados obtenidos en muestras de suero y de jugo muscular. La utilizacién de jugo muscular
generalmente da lugar a una subestimacion de la seroprevalencia, enfatizando la necesidad de
considerar e interpretar cuidadosamente los resultados obtenidos de analisis seroldgicos en
los programas de vigilancia segun el tipo de muestra utilizada (Wilhelm et al., 2007; Hiller et
al., 2011; Vico y Mainar-Jaime, et al., 2018).
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El ensayo mas cominmente utilizado es el basado en inmunoadsorcién ligado a
enzimas (ELISA, por sus siglas en inglés). Existen diferentes kits de ELISA comerciales
disponibles y adecuados para la deteccion de anticuerpos especificos anti-Salmonella tanto en
suero como en jugo muscular. Entre ellos, HerdCheck® Swine Salmonella (IDEXX Laboratories,
Westbrook, ME, EEUU), Salmotype®Pig Screen (Labor Diagnostik, Leipzig, Alemania) y
PrioCHECK® Salmonella (Prionics, Schlieren-Zurich, Suiza). En general se trata de ELISAs que
detectan anticuerpos contra el lipopolisacdrido de la membrana de Salmonella de los
serogrupos mas prevalentes, a saber, serogrupo B (que incluye serotipos como S. Typhimurium
y S. Derby), C1 (S. Choleraesuis, S. Infantis, etc.) y D (S. Enteritidis, S. Dublin, etc.). Sin embargo,
se han observado diferencias sustanciales entre los resultados para una misma muestra
cuando esta se analizaba con diferentes kits de ELISA, siendo HerdCheck® Swine Salmonella el
gue ha mostrado una mejor precision diagndstica, con una sensibilidad del 88% y una
especificidad del 74% (Vico et al., 2010). Por ello, el ELISA utilizado en esta tesis es este ultimo.

Los resultados del HerdCheck® Swine Salmonella se expresan en valores porcentuales
de densidad 6ptica (%DO) de la muestra, con respecto a sueros control positivo y negativo,
tras su lectura a una longitud de onda de 650 nm. La cantidad de anticuerpos presente en la
muestra es directamente proporcional a la intensidad de color leida por el espectrofotémetro.
Las instrucciones del fabricante proporcionan las siguientes férmulas para expresar los
resultados:

M/P = Media de la muestra — CNX DO% = M/P 100
B CPX — CNX °7 25

Donde M/P es el cociente de muestra positiva; CNX es la media del valor de los
controles negativos; y CPX es la media del valor de los controles negativos. Para obtener un
resultado comparable a esta escala %DO, se ha determinado experimentalmente un factor de
correlacién (2,5). Se divide el valor M/P por este factor para obtener un valor aproximado de
%DO.

El punto de corte utilizado para determinar si una muestra es considerada positiva
(mayor o igual que el valor del punto de corte) o negativa (menor que el punto de corte)
depende de las instrucciones del fabricante, del objetivo planteado v, si es el caso, de la
legislacién nacional de cada pais. Para el HerdCheck® Swine Salmonella, el punto de corte
cientifico recomendado para muestras individuales es M/P-ratio 20,25 o DO >10%, mientras
que, para cribados generales a gran escala, o para un control mas estricto, se han propuesto
diferentes valores de puntos de corte (M/P-ratio 21,00 o DO >40% y M/P-ratio =0,50 o DO
>20%, respectivamente) (Blaha y Kreienbrock, 2006).

La serologia se ha utilizado principalmente en los programas nacionales de control de
Salmonella para clasificar las explotaciones en categorias de riesgo. Por ejemplo, en los
programas de vigilancia de Paises Bajos y Alemania se utiliza un punto de corte de DO 240%
para cribados generales, mientras que en Dinamarca se utiliza un punto de corte mas estricto,
DO >20% (Correia-Gomes, Leonard y Graham, 2021).
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En comparacidn con el andlisis bacterioldgico, el andlisis seroldgico es rapido vy
relativamente econdmico. Ademas, dado que mide la respuesta del cerdo frente a infecciones
previas por Salmonella, es independiente del hecho de que el cerdo esté excretando o no la
bacteria en ese momento. Sin embargo, desde el punto de vista de la salud publica, la
presencia (excrecién) de bacterias vivas de Salmonella que pueden infectar a los cerdos,
contaminar el ambiente y resultar en la contaminacion cruzada de las canales, es mas
importante que la presencia de anticuerpos especificos anti-Salmonella y esta solo puede ser
confirmada mediante analisis bacteriolégicos.

Numerosos estudios han observado una correspondencia débil entre resultados
bacterioldgicos y seroldgicos en el cerdo, especialmente a nivel individual (Botteldoorn et al.,
2003; Funk, Harris y Davies, 2005; Nollet et al., 2005a; Farzan et al., 2007; Vico et al., 2010;
Methner et al., 2011; van Parys et al., 2013). Sin embargo, a nivel de grupo, se ha descrito una
mejor concordancia entre serologia y cultivo microbioldgico (Farzan et al., 2007).

4.3. PCR

La reaccion en cadena de la polimerasa (PCR, por sus siglas en inglés) puede utilizarse
tanto para el diagndstico rapido de Salmonella como para su posterior caracterizacion. Para
diagndstico rapido, la PCR convencional y la PCR a tiempo real son los métodos de eleccidn
(Bell et al., 2016). La alta especificidad y sensibilidad de la PCR, asi como el rapido resultado
obtenido, son las principales ventajas de la PCR. Sin embargo, se han identificado numerosas
desventajas dependiendo del protocolo utilizado. Entre ellas, la necesidad de enriquecimiento
para alcanzar el limite del umbral de deteccidon y la imposibilidad de diferenciar entre bacterias
vivas o muertas (Bell et al., 2016).

En este trabajo, se ha utilizado una PCR multiple (Soumet et al., 1999) para la
deteccion de Salmonella y la identificacidn de los serotipos S. Typhimurium y S. Enteritidis, los
de mayor importancia en salud publica. Esta PCR se llevd a cabo con tampdn Taq de PCR al 1X,
0,6 mM dNTP, 1,0 uM para cada cebador y 1 U de Taq polimerasa de ADN de Biotools
(volumen final de 25 pl). Los cebadores ST11 (5’- GCCAACCATTGCTAAATTGGCGCA-3’) y ST15
(5’- GGTAGAAATTCCCAGCGGGTACTGG-3’) amplifican un fragmento cromosémico
aleatoriamente clonado especifico de Salmonella, la pareja de cebadores S1 (5'-
GCCGTACACGAGCTTATAGA-3') y S4 (5’- ACCTACAGGGGCACAATAAC-3’) amplifican un gen
plasmidico especifico de virulencia de S. Enteritidis y los cebadores Flil5 (5'-
CGGTGTTGCCCAGGTTGGTAAT-3’) y Typ04 (5'- ACTGGTAAAGATGGCT-3’) amplifican el gen fliC
especifico de S. Typhimurium. Los pardmetros de amplificacion de esta PCR fueron los
siguientes: desnaturalizacion a 94 °C durante 4 min, seguida por 30 ciclos de 94 °C durante 20
s, 55 °C durante 1 min y 72 °C durante 20 s para la amplificacién, y una etapa final de 72 °C
durante 10 min para la extension.

Posteriormente, para diferenciar entre S. Typhimurium y su variante monofasica, se
utilizé una PCR duplex a partir de una colonia de cada cultivo positivo a S. Typhimurium
detectado con la PCR anterior. Esta PCR duplex permite la amplificacion simultdnea de un
fragmento entre los genes fljB y fljA y el gen flagelar de la fase 2 (fljB) (Tennant et al., 2010;
Barco et al., 2011). La PCR se llevd a cabo con tampdn Taq de PCR al 1X, 2,5 mM MgCl,, 0,6
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mM dNTP y 1 U de Taq polimerasa de ADN de Biotools (volumen final de 25 pl). La mezcla con
los cebadores contenia estos cebadores en una concentracién de 0,1 uM para FFLIB (5'-
CTGGCGACGATCTGTCGATG-3’) y RFLIA (5-GCGGTATACAGTGAATTCAC-3’) y a una
concentracion de 1,0 uM para sense-59 (5’-CAACAACAACCTGCAGCGTGTGCG-3’) y antisense-
83 (5’-GCCATATTTCAGCCTCTCGCCCG-3’). Los parametros de los ciclos de la PCR fueron los
siguientes: desnaturalizacion a 95 °C durante 2 min, seguida por 30 ciclos de 95 °C durante
30s, 64 °C durante 30 sy 72 °C durante 1,5 min para la amplificacién, y una etapa final de 72 °C
durante 10 min para la extension. Todas las secuencias utilizadas se muestran en la Tabla 3.

En ambos casos, los productos obtenidos de la PCR se separaron en geles de agarosa al
2% (p/Vv), se tifieron con GelGreen y se visualizaron utilizando un analizador de imagen de geles
(iBright 1500, Invitrogen, Termofischer, Singapur).

Tabla 3. Cebadores utilizados para la identificacion mediante PCR de Salmonella spp. (1), S. Enteritidis
(2), S. Typhimurium (3) y su variante monofasica (4).

Cebador Secuencia (5’ a 3’) Amplicon (pb) Referencia
ST11 (1) GCCAACCATTGCTAAATTGGCGCA
429
ST15 (1) GGTAGAAATTCCCAGCGGGTACTGG
S1(2) GCCGTACACGAGCTTATAGA
250 Soumet et al., 1999
S4 (2) ACCTACAGGGGCACAATAAC
Fli15 (3) CGGTGTTGCCCAGGTTGGTAAT
620
Typ04 (3) ACTGGTAAAGATGGCT
FFLIB (3) CTGGCGACGATCTGTCGATG
250 0 1000
RFLIA (3) GCGGTATACAGTGAATTCAC Tennant et al., 2010
sense-59 (4) CAACAACAACCTGCAGCGTGTGCG Barco et al., 2011
1389

antisense-83 (4) GCCATATTTCAGCCTCTCGCCCG

4.4. Electroforesis en gel de campo pulsado (PFGE)

La electroforesis en gel de campo pulsado (PFGE) es un analisis genotipico que se
utiliza como método de caracterizacion bacteriana y que esta basado en la digestiéon del ADN
con una o varias enzimas de restriccidn, lo que permite cortarlo en fragmentos mas pequefios.
En esta tesis la enzima utilizada fue Xbal. Estos fragmentos de ADN se separan a lo largo de un
gel de agarosa en un campo eléctrico que cambia de direccion periédicamente y se visualizan
como bandas. Los patrones de bandas generados para cada bacteria se pueden analizar en un
software bioinformatico y ser comparados entre ellos o con una base de datos de referencia
(PulseNet) que almacena alrededor de 350.000 patrones de PFGE diferentes (Ferrari et al.,
2017).
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El andlisis por PFGE es considerado la técnica “gold standard” para el genotipado de
Salmonella (Wattiau, Boland y Bertrand, 2011; Ferrari et al., 2017), a pesar de que tiene
algunas limitaciones como el hecho de proporcionar informacién menos detallada que la
secuenciaciéon masiva (WGS, por sus siglas en inglés), la duracién del procedimiento y la
limitada capacidad de discriminacién de cepas estrechamente relacionadas como S.
Typhimurium y sus variantes monofasicas y los fagotipos DT104 y DT104b.

5. Estrategias de control de Salmonella

El aumento que se estd produciendo a nivel mundial en los niveles de resistencia a los
antibidticos y su impacto en salud publica, asi como las recientes normativas europeas que
limitan el uso de antimicrobianos como profilacticos, como es el caso de la colistina
(EMEA/V/A/106), o el éxido de zinc (Decisidon de Ejecucion C (2017) 4529), instan a buscar
alternativas para el control de bacterias zoondticas como Salmonella.

Las principales estrategias de control de Salmonella estudiadas han sido las
relacionadas con la mejora de los niveles de higiene y bioseguridad en las explotaciones
consideradas de alto riesgo, y con el uso de acidos organicos como aditivos en la alimentacion
o agua de bebida. Ademds, otras estrategias que se plantean son el uso de probidticos,
prebidticos y bacteriéfagos. Por ultimo, también se ha propuesto la vacunacion con resultados
esperanzadores en algunos casos. Sin embargo, esta Ultima no seria compatible con los planes
nacionales de control desarrollados por algunos paises por su incompatibilidad con el uso de la
serologia como herramienta diagndstica.

5.1. Higiene y bioseguridad

La bioseguridad en produccidon porcina se define como la proteccién del ganado
porcino frente a la introduccién y posterior propagacidn de agentes infecciosos (Amass y Clark,
1999). La bioseguridad externa tiene como finalidad la prevencidon de la entrada de patégenos
en la explotacion y la bioseguridad interna tiene como obijetivo la reduccién de la propagacion
de los patégenos dentro de un rebafio (Laanen et al., 2013).

Los principales factores de riesgo para las infecciones de Salmonella en porcino,
incluyendo aquellos relacionados con la bioseguridad, la higiene, el manejo y la alimentacidn,
se han evaluado y revisado en numerosos articulos e informes cientificos (Berends et al., 1996;
Bahnson et al., 2006; Beloeil et al., 2007; Rostagno y Callaway, 2012; Gotter et al., 2012;
Correia-Gomes et al., 2013; Parada et al., 2017; Sanchez-Rodriguez et al., 2018; Vico et al.,
2020; Alarcén et al., 2021). Entre todos ellos, por un lado estarian los factores que favorecen la
introduccion y transmisién de la infeccidén en la explotacién, por ejemplo, a través de fomites
contaminados como vehiculos, botas y ropa (Beloeil et al., 2007; Andrés et al., 2015), o por la
presencia de animales ajenos a la explotacion como aves silvestres y roedores que pueden
actuar como vectores del patégeno (Daniels, Hutchings y Greig, 2003; Andrés et al., 2013;
Andrés-Barranco et al., 2014) y, por otro lado, factores que favorecen el mantenimiento de la
infeccidon una vez ya introducida, como pueden ser una limpieza y desinfeccidon deficientes
(Dahl et al., 1997; Martelli et al., 2017; Walia et al., 2017).
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Teniendo en cuenta que la infeccidn de los cerdos por Salmonella puede tener un
origen multiple (Swanenburg et al., 2001a; Barber et al., 2002; Vieira-Pinto, Tenreiro y Martins,
2006; Rostagno y Callaway, 2012; Campos et al., 2019), la bioseguridad frente a Salmonella
resulta compleja, y para obtener unos buenos resultados se hace necesaria la aplicacién
continuada de medidas preventivas a lo largo de todas las fases del ciclo productivo. Esto
supone un trabajo activo y constante por parte de los ganaderos que ademas suele conllevar
un elevado coste econdmico (Alban et al., 2005; Andrés et al., 2015).

Sin embargo, la identificaciéon de los factores de riesgo presentes en una explotacién
puede ayudar a entender cudles pueden tener un mayor peso en el riesgo de Salmonella y
determinar qué medidas de control son mas factibles y efectivas a nivel de explotacién para
reducir su prevalencia (Mainar-Jaime e Igudcel-Soteras, 2011; Smith et al., 2023). Ademas, los
rebafios pueden asi clasificarse segun las practicas de bioseguridad e higiene presentes
(Biocheck.UGent scoring system; https://biocheckgent.com/en), lo que podria utilizarse como
una herramienta para la vigilancia de Salmonella basada en riesgos (Baptista et al., 2010). La
realizacion de encuestas de bioseguridad de forma periddica también puede ser una
herramienta econdmicamente rentable para valorar el riesgo de salmonelosis en la
explotacién y detectar los posibles fallos de bioseguridad en la misma.

5.2 Acidos organicos

Los acidos orgdnicos pueden presentar actividad bacteriostdtica y bactericida. Tienen
la capacidad de promover un ambiente intestinal favorable para la microbiota intestinal
beneficiosa y al mismo tiempo presentan actividad antimicrobiana frente a bacterias
patdgenas, lo que los ha convertido en una potencial estrategia de control (Tugnoli et al.,
2020). Extracelularmente, son capaces de reducir el pH, creando un ambiente hostil para
bacterias patdgenas y reforzando la barrera gastrica con la proliferacién de bacterias acido-
lacticas productoras de bacteriocinas que compiten con Salmonella por nutrientes y
receptores (de Lange et al., 2010). Ademas, son acidos débiles que en su estado no disociado
(en ambientes de bajo pH), son capaces de atravesar las membranas bacterianas y alcanzar el
citoplasma bacteriano cercano al pH neutro donde se disocian y liberan protones y aniones de
acido organico. Todo ello resulta en la disrupcion del pH intracelular bacteriano y de los
procesos metabdlicos vitales de la célula, como la sintesis de proteinas y de ADN, y en posibles
efectos toxicos directos (Wales, Allen y Davies, 2010) (Figura 10).
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Figura 10. Mecanismo de accion antibacteriana de los acidos organicos.

Este efecto se produce principalmente en el estdmago y en los tramos anteriores del intestino
delgado dado que los acidos orgdnicos se absorben precisamente en estos primeros tramos
del intestino, dificultando su llegada a las zonas mas distales del yeyuno, ileon y ciego (Creus-
Gibert, Andrés-Barranco y Mainar-Jaime, 2014). Este hecho supone una limitacién, puesto que
no alcanza los tramos posteriores donde principalmente se encuentra Salmonella. Por ello, se
han desarrollado técnicas como la microencapsulacion y la esterificacion para permitir que el
acido pueda llegar y actuar en los tramos posteriores del intestino (van Immerseel et al., 2005;
Rossi et al., 2010; Tugnoli et al., 2020).

El efecto antibacteriano de los acidos orgdnicos depende de la especie bacteriana
diana, del tipo de acido organico, de la concentracion y de la forma fisica del producto
administrado (Boyen et al., 2008). En ocasiones, la composicién del producto aplicado puede
consistir en la mezcla de diferentes agentes del mismo grupo quimico o incluso de uno
diferente para conseguir un efecto sinérgico o combinado (Wales, Allen y Davies, 2010).

Estos acidos organicos pueden aplicarse como aditivos alimentarios tanto en el pienso
como en el agua de bebida. La ventaja que supone utilizarlos como suplemento en el agua de
bebida en comparacién con el pienso, es que se trata de una forma mas flexible de tratar a los
animales (van der Wolf et al., 2001). Ademas, se puede incluso aplicar durante el ayuno hasta
el transporte al matadero e, incluso, en la sala de espera del matadero (Casanova-Higes et al.,
2018). Sin embargo, hay que tener en cuenta que los acidos organicos en su forma libre son
corrosivos y la cantidad necesaria de algunos de ellos para alcanzar un efecto bactericida
implica la disminucion del pH del agua de bebida a niveles inferiores a la palatabilidad (por
debajo de pH 3,5 para cerdos). Asi, su aplicacién en forma de sales, ésteres, o su
microencapsulacién, permiten la administracion de una mayor cantidad de acido sin modificar
el pH, el olor, o la palatabilidad del agua (van der Wolf et al., 2001; Cantini, 2015).
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Junto con la amplia variedad de acidos organicos disponibles (acido acético, acido
lactico, acido férmico, acido butirico, acido propidnico, etc.) que tienen la capacidad de reducir
el pH del tracto gastrointestinal de los cerdos, existe una gran diversidad de protocolos y dosis
utilizadas, lo que podria explicar la variabilidad observada en los resultados de eficacia en los
estudios de campo publicados (Papenbrock et al., 2005; O’Connor et al., 2008; de Busser et al.,
2009; Martin-Peldez et al., 2010; Wales, Allen y Davies, 2010; Calveyra et al., 2012; Argliello et
al., 2013b; Wilhelm et al., 2012; Walia et al., 2016; Lynch et al., 2017; Walia et al., 2017), asi
como la controversia existente sobre su utilizacidn practica como estrategia de control.

Aunque los acidos orgdnicos pueden resultar eficaces, existe la preocupacién de que el
uso excesivo o inadecuado de estos compuestos pudiera contribuir al desarrollo de resistencia
bacteriana (Helmy et al., 2023; Rebelo et al., 2023).

5.3. Probidticos

Los probidticos son microorganismos vivos que, cuando se administran en cantidades
adecuadas, pueden conferir beneficios para la salud (Hill et al., 2014). Entre los beneficios mas
destacables se encontrarian el hecho de propiciar el crecimiento de bacterias beneficiosas,
disminuir el crecimiento de bacterias patégenas como Salmonella, mejorar la salud
gastrointestinal, fortalecer la regulacidon y la respuesta inmune, asi como la integridad vy
morfologia de la barrera epitelial del intestino delgado, y aumentar la capacidad de digerir y
fermentar nutrientes (Cho, Zhao y Kim, 2011; Patil et al., 2015; Liu et al., 2018).

En lo que respecta al control de agentes patdgenos, los probidticos pueden modificar
la composicidon de la microbiota intestinal de los cerdos, creando un entorno menos favorable
para su crecimiento a través de la competencia por nutrientes y espacio, asi como por la
produccién de sustancias antimicrobianas. Ademads, también se ha sugerido que los probidticos
utilizados como aditivos en produccidn porcina podrian mejorar la utilizacién del pienso, la
ganancia media diaria, la ingesta diaria promedio de alimento y el indice de conversion
(Zimmermann et al.,, 2016; Liao y Nyachoti, 2017). Entre las bacterias estudiadas como
probidticos para cerdos se incluyen varias especies del género Lactobacillus como L. murinus,
L. salivarius o L. pentosus, varias especies del género Bacillus como B. licheniformis o B. subtilis,
o también Enterococcus faecium y Clostrodium butyricum.

Los efectos observados sobre la infeccidon de Salmonella en cerdos tras suplementar el
pienso con probidticos son contradictorios. En algunos casos, se ha observado una mejoria
clinica y microbioldgica (Casey et al., 2007), o una reduccién en la colonizacién y excrecion de
Salmonella (Barba-Vidal et al., 2017a; Barba-Vidal et al., 2017b). Sin embargo, otros autores no
han observado ningun efecto en la prevalencia de Salmonella en las heces, en el tracto
gastrointestinal o en los linfonodos intestinales (Walsh et al., 2012). En general, los probidticos
se suelen administrar tanto a través del pienso como en el agua de bebida (Walsh et al., 2012).
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5.4. Prebidticos

Los prebidticos son sustancias no digeribles que estimulan selectivamente el
crecimiento y la actividad de microorganismos beneficiosos en el tracto gastrointestinal, como
las bacterias probidticas (Gibson y Roberfroid, 1995). Los prebidticos son selectivamente
utilizados por las bacterias beneficiosas del intestino del hospedador, lo que promueve su
crecimiento y actividad, y también pueden participar en la defensa frente a agentes patégenos
y modular la microbiota intestinal (Gibson et al., 2017).

Asi, los prebidticos pueden estimular el crecimiento de bacterias beneficiosas como
Lactobacillus y Bifidobacterium, que compiten con Salmonella y previenen su colonizacién en
el intestino. Al mejorar la salud intestinal y promover una microbiota equilibrada, los
prebidticos pueden fortalecer la respuesta inmunolégica de los cerdos, lo que los hace mas
resistentes a las infecciones por Salmonella y otras enfermedades. La administracion de
prebidticos ha demostrado en algunos estudios reducir la colonizacidon de Salmonella en el
tracto gastrointestinal de los cerdos (Andrés-Barranco et al., 2015; Tran, Everaert y Bindelle,
2018), lo que disminuye la probabilidad de excrecién de la bacteria en las heces. En algunos
casos, se han investigado combinaciones de prebidticos con probidticos o acidos orgdnicos
para potenciar sus efectos en el control de Salmonella (Markowiak y Slizewska, 2018).

5.5. Aceites esenciales

Los aceites esenciales son compuestos naturales volatiles extraidos a partir de plantas
qgue poseen propiedades antimicrobianas, antiinflamatorias y antioxidantes y que, ademas, son
capaces de potenciar la palatabilidad del pienso y de mejorar la salud intestinal (Omonijo et
al., 2018).

Varios estudios han demostrado que ciertos aceites esenciales como el aceite de
orégano, el aceite de canela, el aceite de tomillo y el aceite de eucalipto pueden inhibir in vitro
el crecimiento Salmonella (Si et al., 2006; Gémez-Garcia et al., 2020; Gavriil et al., 2021;
Mariotti et al., 2022) y otras enterobacterias (Pefialver et al., 2005). Aungue sus mecanismos
de accidén no estan muy claros, al parecer podrian afectar a las bacterias patégenas dafiando su
membrana celular, inhibiendo la sintesis de proteinas o interfiriendo en su metabolismo (Burt,
2004; Guillin et al., 2023; Rochin-Medina et al., 2023).

En algunos casos se han aplicado en produccién animal con resultados prometedores,
observandose un mayor efecto bactericida cuando se utilizan en combinaciéon con &acidos
organicos (Wales, Allen y Davies, 2010).
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5.6. Bacteriofagos

Los bacteridfagos son virus que infectan y lisan especies o cepas de bacterias
especificas (Hudson et al., 2005). Su uso para el control de Salmonella en cerdos es una
estrategia que se estd investigando como una alternativa a los antibidticos y a otros métodos
convencionales de control de enfermedades. Aunque en la UE su uso todavia no estd
permitido, en la industria alimentaria la aplicacion de bacteriéfagos ha ido ganando interés
para el control de patdgenos que se pueden transmitir a través de los alimentos como, por
ejemplo, E. coli, Salmonella, Listeria o Campylobacter (Jamal et al., 2019), o reducir el
crecimiento de otros microorganismos que aceleran su deterioro (Artawinata et al., 2023).

Los bacteriéfagos podrian potencialmente eliminar y controlar Salmonella en la
produccién primaria, en alimentos procesados como aditivo alimentario antimicrobiano y en
las instalaciones de procesado de alimentos como agente biodesinfectante (Petsong vy
Vongkamjan, 2015). Se ha observado que la aplicacion de bacteriofagos en la superficie de la
canal puede evitar la contaminacién del producto (Hooton, Atterbury y Connerton, 2011).

En animales vivos, los bacteriéfagos se administran via oral a través del agua de bebida
o del pienso. Su uso presenta algunas ventajas en comparacion con los antibiéticos, como la
especificidad, es decir, la capacidad de atacar solo a las bacterias objetivo sin afectar a otras
bacterias beneficiosas en el intestino del cerdo. Ademds, se ha observado que pueden
contribuir a reducir la resistencia a los antibiéticos (Yoichi et al., 2004). En varios estudios se ha
observado que algunos bacteriéfagos pueden reducir los niveles de colonizacién y excrecién de
Salmonella en cerdos (Wall et al., 2010; Callaway et al., 2011; Seo et al., 2018) y que la
aplicacion de un cdctel de bacteridfagos es mas efectiva que el uso de un solo bacteriéfago
para controlar la enfermedad bacteriana en cerdos (Sulakvelidze, Alavidze y Morris, 2001).
Entre sus principales limitaciones estaria la necesidad de identificar bacteriéfagos especificos
para cada cepa de Salmonella (Skurnik, Pajunen y Kiljunen, 2007; Loc-Carrillo y Abedon, 2011).

Aunque el uso de bacteriéfagos para el control de Salmonella es prometedor, se sigue
investigando para determinar su eficacia en diferentes situaciones y condiciones de manejo.

5.7. Vacunacion

La vacunacidn podria ser otra estrategia complementaria a las anteriores para el
control de la infeccién por Salmonella en ganado porcino. El principal objetivo en este caso
seria prevenir la salmonelosis clinica y disminuir la excrecidn, aumentando al mismo tiempo el
umbral de infeccidn en aquellos cerdos susceptibles no infectados (Haesebrouck et al., 2004;
Meeusen et al., 2007; Boyen et al., 2008; Argliello et al., 2013c; Wales y Davies, 2017).

La vacunacién se podria utilizar como estrategia de control en las diferentes etapas de
produccién. En primer lugar, la vacunacion de cerdas reproductoras antes del parto permitiria,
ademads de inmunizar a las madres, reforzar la inmunidad pasiva de los lechones a través del
calostro (Roesler et al., 2006; Wales, Cook y Davies, 2011; Ruggeri et al., 2015).
Posteriormente, la vacunacién de los lechones en lactacién o al momento del destete podria
reducir la transmisién de la infeccién a fases posteriores como la transicion y el cebo. Y, por
ultimo, la vacunacion de los cerdos en la fase de engorde se podria utilizar con el objetivo de
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reducir los niveles de excrecidon de Salmonella en los cerdos a su llegada a matadero (Argiello
etal., 2013c).

En estudios previos se ha observado que, en general, la vacunacidn puede ser efectiva
para el control de los sintomas clinicos asociados a los serotipos mas patdgenos para el cerdo,
es decir, S. Choleraesuis y S. Typhimurium (Kramer et al., 1992; Maes et al., 2001; Schwarz et
al., 2011; van der Wolf et al., 2021). Sin embargo, los resultados no han sido tan evidentes
cuando el propdsito ha sido evitar la excrecion de Salmonella en animales que llegan al
matadero. En salud publica, hay mas serotipos a controlar y la ausencia o baja proteccion
cruzada entre serotipos supone un problema para su control mediante la vacunacién (Wales y
Davies, 2017).

Dado que existen mas de 2.500 serotipos de Salmonella y que todos ellos son
potencialmente zoondticos, los esfuerzos se han centrado principalmente en el desarrollo de
vacunas que permitan controlar la excrecidon de S. Typhimurium y su variante monofasica (de
la Cruz et al., 2017), ya que son los dos serotipos mas notificados asociados al consumo de
carne de cerdo (EFSA y ECDC, 2023).

Los efectos de vacunas atenuadas e inactivadas frente a infecciones por S.
Typhimurium en cerdos se han revisado en varios estudios, en condiciones experimentales y
de campo. Se han investigado diversas vacunas, experimentales o disponibles comercialmente,
utilizando diferentes protocolos, dosis, vias de administracién y grupos de edad. La
heterogeneidad de estos estudios podria explicar en parte que los resultados hayan sido
variables (de la Cruz et al.,, 2017; Wales y Davis, 2017), aunque mayoritariamente se haya
observado un efecto beneficioso de la vacunacién. Smith et al. (2018) observaron que la
aplicacion sistemdtica de una vacuna viva a las madres tenia un impacto significativo en la
reduccion de la prevalencia de S. Typhimurium en explotaciones de ciclo cerrado. Esta
disminucién se detectd en todas las etapas de produccion, destacando una notable reduccion
en los cerdos destinados a matadero. Ademads, se registr6 una disminucion en la
contaminacidon ambiental por Salmonella, aunque se indicaba que la erradicacién completa del
agente no se lograba sin la implementacion de medidas de control complementarias. En otro
estudio (de la Cruz et al., 2017), se llevd a cabo un exhaustivo analisis mediante técnicas de
metaanadlisis de numerosas investigaciones sobre vacunacién frente a S. Typhimurium y S.
Choleraesuis, concluyendo que la mayoria de los estudios sobre vacunacion reportan un efecto
beneficioso, aunque variable. Este beneficio se observa independientemente del tipo de
vacuna (viva o inactivada) y del protocolo utilizado para la vacunacién, la dosis y la edad del
individuo. Segun este estudio, la vacunacion resulté en una reduccion global del 28,6%
(1C95%=22,4-34,7) en el nimero de muestras (principalmente heces) con resultados de cultivo
positivo.

En algunos paises de la UE, la Unica vacuna comercial disponible para cerdos es una
vacuna atenuada frente a S. Typhimurium (Salmoporc©, Ceva Santé Animale, Libourne,
Francia). Esta vacuna parece mostrar resultados prometedores en explotaciones con clinica de
Salmonella asociada a S. Typhimurium o mST (Davies et al., 2016; Smith et al., 2018), asi como
en explotaciones con infecciones subclinicas de S. Typhimurium (Lindner et al., 2007; de Ridder
etal., 2014).
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Una limitacién de la vacunacién es su interferencia con los programas nacionales de
control realizados en algunos paises (ver mas abajo) y que estan basados en la caracterizacion
seroldgica de las explotaciones (Bearson et al., 2017; Wales y Davies, 2017). Para evitarlo, seria
necesario el desarrollo de vacunas DIVA que permitieran diferenciar animales infectados de
animales vacunados. Aunqgue se han disefiado y evaluado con éxito, a nivel experimental, una
serie de vacunas DIVA frente a S. Typhimurium (Selke et al., 2007; Leyman et al., 2011;
Bearson et al., 2017), estas todavia no estan disponibles a nivel comercial.

Otra desventaja de las vacunas vivas en el marco de los programas de control seria la
posible persistencia de cepas vacunales atenuadas hasta el sacrificio, lo que ademas de
suponer un riesgo para la salud publica, puesto que la patogenicidad de cepas vacunales
atenuadas en humanos no ha sido investigada, haria necesaria la utilizacién de pruebas extra
para distinguir las cepas de campo de las cepas vacunales atenuadas (de Ridder et al., 2014).

La conclusion general que se puede extraer es que la estrategia de vacunacion contra
Salmonella en ganado porcino deberia adoptar un enfoque diferente al utilizado en avicultura,
ya que no logra alcanzar los mismos niveles de reduccién de prevalencia y no parece que
pueda permitir la erradicacién de la infeccidn. Por ello, deberia considerarse una herramienta
complementaria a las estrategias mencionadas anteriormente.

6. Planes Nacionales de Control de Salmonella en porcino

La amplia difusion de Salmonella en el ganado porcino, su caracter zoondtico, vy el
riesgo adicional para la salud publica por la presencia de salmonelas resistentes a los
antimicrobianos, ha hecho que algunos paises se hayan planteado la aplicaciéon de Programas
Nacionales de Control (PNC), al igual que se hizo anteriormente en el sector avicola. Sin
embargo, a diferencia de lo ocurrido en avicultura, hasta la fecha, son pocos los paises de la UE
que han instaurado y mantenido PNC contra la salmonelosis porcina. Aunque, en un principio,
tras la Regulacion EC No. 2160/2003, se tenian que haber iniciado programas de control de
Salmonella a nivel de explotacion en todos los paises miembros de la UE, en la mayoria no
llegaron a implementarse, probablemente debido a que no se consideraron econdmicamente
rentables (FCC Consortium, 2010).

El primer PNC de Salmonella en cerdos en Europa se puso en marcha en Suecia en los
afios sesenta (Wierup, 2006) tras un brote grave de origen alimentario en 1953 (Lundbeck,
Plazikowski y Silverstolpe, 1995). A Suecia le siguieron otros paises nérdicos como Noruega,
Finlandia y Dinamarca en 1995 (Mousing et al., 1997; Maijala y Peltola, 2005; Jore et al., 2007).
Todos ellos excepto el danés, se centraron en la erradicacidon y se basaron en los analisis
bacterioldgicos. Dinamarca desarrollé su propio PNC basado tanto en analisis bacterioldgicos
como seroldgicos y se centrd en el control de Salmonella. En todos estos casos, se partia de
una prevalencia inicial baja a nivel de explotacidn y se exigia aplicar medidas estrictas en caso
de hallazgo de Salmonella. Estas medidas incluian la aplicacién de penalizaciones econdmicas.
Se observaron resultados positivos en la reduccién global de la prevalencia de Salmonella en
las canales de cerdos, aunque a un coste muy alto (FCC Consortium, 2010).
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Tras el éxito de los planes de accién de los paises escandinavos y junto con la aparicién
de la Regulacién EC. No. 2160/2003, surgieron nuevos PNC en otros paises europeos: en
Alemania y en Reino Unido en 2002 (Osterkorn et al., 2001; BPEX, 2002; Snary et al., 2010), en
Irlanda en 2003 (Statutory Instrument No. 165/2002), en Paises Bajos en 2005 (Hanssen,
Swanenburg y Maassen, 2007) y en Bélgica en 2007 (Méroc et al., 2012). En general, estos
programas eran similares al PNC danés, centrandose en el control, pero se basaron
fundamentalmente en analisis serolégicos de un nimero relativamente pequefio de cerdos
por lote sacrificado (Tabla 4). Como resultado, las explotaciones se categorizaban en tres
grupos de riesgo diferentes: riesgo bajo (l), riesgo medio (Il) y riesgo alto (lll). Los lotes
pertenecientes a la categoria lll tenian que poner en marcha actividades especificas en la
explotacién dirigidas a reducir su exposicion a Salmonella y, en consecuencia, su
seroprevalencia de Salmonella. Aunque, en general, no se aplicaban penalizaciones, en algunos
paises se ofrecian incentivos a los ganaderos como, por ejemplo, la certificacion mediante
sellos de calidad de la carne de cerdo. Algunos de ellos son el Qualitét und Sicherheit (QS) en
Alemania, el British Quality Assured Pork (BQAP) en el Reino Unido, el Bord Bia Quality
Assurance Scheme en Irlanda y el 1KB Nederland Varkens en Paises Bajos.

A pesar de estos esfuerzos, no hay evidencias cientificas que demuestren que haya
habido un cambio significativo en la reduccidn de la infeccidon de Salmonella en cerdos ni en el
nuimero de casos humanos asociados al consumo de cerdos, manteniéndose estable la
seroprevalencia global de Salmonella en cerdos en la casi totalidad de estos paises no
escandinavos (Correia-Gomes, Leonard y Graham, 2021). Unicamente Alemania ha notificado
recientemente algunos resultados positivos tras mds de 20 afios desde la implementacién de
su PNC (Andnimo, 2021). Mientras tanto, el Reino Unido suspendid su programa de vigilancia
serolégica en 2012 (Andnimo, 2012), al igual que en Bélgica, donde el asesoramiento
veterinario sobre el control de la salmonelosis porcina se ha mantenido (Anénimo, 2015).

A continuacién, se describen brevemente los diferentes PNC de Sa/monella en ganado
porcino que se han llegado a implementar en algin momento en paises de la UE, con algunos
detalles de los mismos en Tabla 4.

6.1. Suecia

Como se ha indicado, Suecia fue el primer pais en el que se instauré un PNC frente a
Salmonella. La estrategia de control sueca consiste en prevenir la contaminacién por
Salmonella en cualquier punto de la cadena alimentaria e incluye todos los serotipos de
Salmonella (Lewerin et al., 2011; Sundstréom et al., 2014). El objetivo es asegurar que cualquier
producto alimentario de origen animal es libre de Salmonella (definida como prevalencia
inferior al 0,1% en la canal) y que todas las explotaciones son libres de Salmonella, siendo
todos los serotipos indetectables en la explotacién. El programa de control es obligatorio v,
ademads, las explotaciones pueden pertenecer a un programa preventivo de caracter
voluntario.

En caso de que una explotacion resulte positiva, se prohibe el movimiento de los
animales, se procede a una despoblacién parcial del rebafio y a un control del pienso de los
animales, se revisa el manejo de los purines y se procede a la limpieza y desinfeccidn. Se
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vuelve a examinar para asegurar que Salmonella ya no es detectable y existe una
compensacién del 50-70% para cubrir los gastos del ganadero en funcién de si pertenece o no
al programa de control preventivo voluntario (Sundstréom et al., 2014).

En matadero, se analizan los linfonodos y las canales, se retiran los productos positivos
y se les aplica un tratamiento por calor o se destruyen. Ademads, se aplican estrictos protocolos
de limpieza y desinfeccion y se toman muestras ambientales para comprobar el estado de las
instalaciones. El programa de control incluye la vigilancia de piensos. En caso de que el pienso
resulte positivo, se trata con dcidos organicos y se limpia y desinfecta la linea de produccion.

6.2. Noruega

En Noruega, el plan nacional de vigilancia y control de Salmonella se implementé en
1995, con un programa similar al de Suecia y Finlandia (Jore et al., 2007; Heier et al., 2015). El
PNC noruego es de cardcter obligatorio y consiste en el examen de muestras fecales y
linfonodos de los animales y de hisopos de las canales de carne fresca. El nimero de muestras
se calcula para detectar al menos una muestra positiva de Salmonella si la prevalencia
esperada en la poblacidn es de un 0,1%.

La deteccion de Salmonella es de notificacion obligatoria independientemente del
serotipo, asi como la implementacién de medidas para eliminar la infeccién y prevenir la
transmisién y contaminacién de productos alimentarios. El objetivo es asegurar que los
animales productores de alimentos y los alimentos de origen animal sean libres de Salmonella
con una prevalencia objetivo en las canales inferior al 0,1%.

6.3. Finlandia

En Finlandia, empezaron a aplicarse las primeras medidas para el control de
Salmonella en los afos 60. En 1995 puso en marcha su PNC de Salmonella en produccién de
carne y huevos. Es de caracter obligatorio y cubre todos los serotipos de Salmonella (Maijala et
al., 2005). Incluye actuaciones en produccion primaria, mataderos y plantas de procesamiento
de carne, asi como en medidas de control de productos y animales importados (MMMEEOQ,
2000). El objetivo es mantener la prevalencia nacional de Salmonella en carne por debajo del
1% y la prevalencia de muestras de Salmonella positivas en mataderos o plantas de procesado
por debajo del 5%. Los costes del programa los cubre la industria y las autoridades
competentes son Unicamente responsables de la inspeccidn y supervision, el estudio de casos
sospechosos de Salmonella y la notificacion oficial de los resultados (Maijala y Peltola, 2002).
Se incluye la toma de muestras fecales de verracos para inseminacién artificial, en
explotaciones nucleo y explotaciones multiplicadoras, asi como de casos sospechosos de
salmonelosis (Maijala et al., 2005). Ademas, también se afadid al programa la toma de
muestras ambientales de los rebafios sospechosos.

En caso de detectar Salmonella en una explotacién, matadero o planta de procesado,
se aplican una serie de medidas legales que incluyen investigaciones epidemioldgicas,
restricciones en la venta o compra de animales y en la utilizaciéon de productos contaminados
por Salmonella, asi como procedimientos de desinfeccion y medidas logisticas especiales en el
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matadero. Estas restricciones se derogan una vez que se ha confirmado que ya no hay
Salmonella en la explotacién (MMMEEO, 2000; Maijala et al., 2005).

6.4. Dinamarca

En 1993 hubo en Dinamarca un brote de Sa/lmonella asociado al consumo de cerdo que
provocd mas de mil casos humanos. A partir de entonces, se implementd un programa de
control de Salmonella en todas las etapas de la cadena productiva.

En el caso del pienso, todos los componentes han de ser libres de Salmonella. En caso
de detectar cualquier serotipo de Salmonella, la limpieza y desinfeccidén del equipamiento y las
instalaciones es obligatoria. Las inspecciones en las plantas de procesado de piensos tienen
lugar de 2 a 4 veces al afio (Hald et al., 2012). Sin embargo, aproximadamente la mitad de las
explotaciones utilizan pienso casero mezclado y estos ingredientes pueden estar
contaminados.

En explotaciones nucleo y multiplicadoras se toman muestras de sangre mensuales en
cerdas de 4 a 7 meses de edad para serologia y se calcula un indice de Salmonella para cada
lote basado en los resultados seroldgicos ponderados de los ultimos tres meses (1:3:6)
(Andnimo, 2019). La notificacion del estatus de Salmonella es obligatoria para todas las
explotaciones que venden cerdos. Si el indice de Salmonella excede un determinado umbral
(>4,9) se requiere la toma de muestras fecales en los corrales para su investigacion. Las
explotaciones con indices muy superiores (>10) pagan una penalizacion por cada cerdo
vendido (Andnimo, 2019). Los lotes de cerdas positivos a S. Typhimurium, S. Infantis, S. Derby y
S. Cholerasuis se consideran positivos los 5 afos siguientes puesto que se asume que son
serotipos persistentes y durante ese periodo no se toman mdas muestras (Anénimo, 2019).

Los cerdos que van a matadero estan sujetos a andlisis seroldgicos de jugo muscular.
En general, se toman entre 60-100 muestras por rebafo y afio recogidas mensualmente
(excluyendo las explotaciones que sacrifican menos de 200 cerdos al afio). Las explotaciones se
categorizan en tres niveles diferentes en funcion de la proporcidon de muestras seropositivas
durante los tres meses previos con una ponderacidn mayor asignada al mes mas reciente
(1:1:3) (SEGES, 2020). Para lotes que no han tenido ninguna muestra positiva en los 3 meses
previos el tamafio de muestra se reduce a una muestra al mes.

Cuando el nivel de Salmonella de una explotacion cambia del Nivel 1 (bajo) al 2
(medio) o al 3 (alto), se toman muestras de heces para bacteriologia. Se incentiva que los
propietarios de explotaciones en los niveles 2 y 3 tomen medidas para la reduccién de
Salmonella. Ademas, los pagos por el matadero se reducen un 2% y un 4%, respectivamente.
Los cerdos que pertenecen al Nivel 3 solo pueden ser sacrificados en determinados mataderos
bajo precauciones especiales de higiene. Las canales procedentes de animales de Nivel 3 se
analizan bacterioldgicamente y si el nivel de contaminacion excede el umbral en todas las
canales de ese mismo lote se procede a su tratamiento por calor y otras medidas de procesado
gue reduzcan el riesgo.

Todos los mataderos llevan a cabo andlisis bacterioldgicos rutinarios de las canales. Los
mataderos que exceden el nivel de Salmonella predeterminado en la monitorizacién rutinaria
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de las canales estan obligados a investigar las causas y a reducir la contaminacién a un nivel
aceptable. Ademas, se toman de media unas 25 muestras cecales aleatorias para vigilancia
bacterioldgica de la distribucion de los serotipos y las resistencias antimicrobianas. El objetivo
del plan actual es conseguir una prevalencia en canales inferior o igual al 1%.

6.5. Alemania

En Alemania, el programa nacional de control y vigilancia de Salmonella se inicié en
2002 por el Sistema Aleman de Garantia de Calidad para la cadena alimentaria (QS-System;
http://www.g-s.de/en/) (Merle et al., 2011; QS, 2024). En sus inicios, era un programa de
control no gubernamental de caracter voluntario que certificaba a las explotaciones
participantes en el programa y a sus productos. A partir del afio 2007, el programa pasé a ser
obligatorio para toda la industria porcina del pais.

En el PNC aleman, se categoriza el riesgo de las explotaciones de cebo en funcién del
porcentaje de muestras seropositivas durante el Gltimo afio. En cada explotacion productora
de mds de 200 cerdos al afio se deben tomar 60 muestras de sangre o de jugo muscular al afio,
gue se analizan en laboratorios acreditados utilizando las pruebas de ELISA aprobadas. Las
explotaciones se clasifican en tres categorias de riesgo en funcién del porcentaje de
seropositividad anual (punto de corte %DO >40): categoria | de riesgo bajo (seroprevalencia
<20%), categoria |l de riesgo medio (20-40%) y categoria lll de riesgo alto (>40%). La
clasificacidn se actualiza trimestralmente en funcién de los datos de los Ultimos 12 meses. Las
explotaciones que no cumplen con los muestreos pierden temporalmente su certificacién QS
hasta que se verifique una categorizacion valida. Las explotaciones de categoria Ill son objeto
de investigaciones bacterioldgicas y epidemiolégicas y deben de tomar medidas especificas en
la explotacion para la reduccion de Salmonella como la optimizacién de la bioseguridad o la
acidificacion del pienso o el agua de bebida. Las explotaciones de categoria Il deben
comprobar anualmente su manejo e higiene mediante una lista de verificacion para identificar
las debilidades relacionadas con la entrada y diseminaciéon de Salmonella. Si se observa un
aumento del riesgo, se han de tomar medidas inmediatas para la reduccién de Salmonella.

En los mataderos, se lleva a cabo un sacrificio logistico que consiste en el sacrificio de
los cerdos de categoria | previamente a los de categoria Il y lll. Ademas, algunos mataderos
penalizan econédmicamente a los cerdos pertenecientes a explotaciones de categoria lll.

6.6. Paises Bajos

En los Paises Bajos, el programa de control de Salmonella comenzd a ser obligatorio en
2005 para todas las explotaciones porcinas productoras de cerdos de cebo. En el PNC
neerlandés, cada 4 meses se toman 12 muestras de sangre para analisis de anticuerpos frente
a Salmonella. Las muestras se analizan mediante una prueba de ELISA. El punto de corte y los
grupos de categorizacion son los mismos que en Alemania. Existen dos sistemas de garantia de
calidad, el aleman (QS) y uno propio (1KB) que desde 2013 utilizan este sistema, cubriendo
aproximadamente el 95% de las explotaciones porcinas, aunque sus resultados no estdn
disponibles publicamente (van der Wolf, 2017).
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Dentro del programa de vigilancia no hay medidas obligatorias a aplicar en
explotaciones de Categoria Il o Ill. La presién para mejorar su estatus la ejercen los mataderos
alemanes, donde se sacrifica un nimero importante de cerdos neerlandeses.

6.7. Bélgica

En Bélgica, el plan de accion nacional frente a Salmonella (SAP, por sus siglas en inglés)
se implementd en 2005 y desde entonces ha sufrido numerosas modificaciones (Anénimo,
2015). Inicialmente se aplicé en explotaciones con mas de 30 cerdos de cebo y la evaluacién se
basaba en la presencia de anticuerpos especificos frente a Salmonella en muestras de sangre
del programa de control de Aujeszky.

De 2005 a 2013, el veterinario de la explotacién debia tomar aleatoriamente 12
muestras de sangre procedentes de animales de diferentes categorias de peso cada 4 meses
(Méroc et al., 2012). De 2013 a 2015, el tamafo muestral se redujo a 12 muestras por
explotacién al afio (Peeters, 2019). Desde 2007, las explotaciones se han clasificado en funcién
de su perfil seroldgico (valores medios del ratio S/P de la explotaciéon de los ultimos 3
muestreos). En un inicio, el gobierno belga decidié que Unicamente el 10% de las explotaciones
de mayor riesgo podian entrar en el programa de vigilancia para mantener un nimero
manejable de explotaciones que tuviesen que implementar medidas de control (Laevens y
Mintiens, 2005). Estas explotaciones debian implementar un plan de accién contra Salmonella
especifico. Si la explotacion se mantenia como explotacion de riesgo después de los 3
muestreos posteriores, se establecia un nuevo plan de accién a través de veterinarios oficiales
con recomendaciones no vinculantes dirigidas a los factores de riesgo de infeccién por
Salmonella. Estas explotaciones no se enfrentaban a consecuencias legales ni econdmicas,
aunque a partir de 2008 el estatus de Salmonella tenia que ser notificado al matadero en el
documento de Informacién de la Cadena Alimentaria. Esto permitia a los mataderos aplicar
una serie de medidas, como el sacrifico logistico o por separado, e incluso penalizaciones. La
explotacién perdia su estatus de alto riesgo en cuanto reducia su ratio S/P medio (< 0,6).

A pesar de que el plan fue obligatorio a partir de 2007, no se observé un cambio
significativo de la seroprevalencia de la poblacién porcina belga y a partir de 2015 pasé a ser
un programa voluntario mantenido Unicamente por algunos sellos de calidad.

6.8. Reino Unido

En Reino Unido, se implementd en 2002 un plan de accidn de zoonosis (ZAP, por sus
siglas en inglés) incluyendo un programa de vigilancia y control de Salmonella para garantizar
la calidad de los mataderos en Gran Bretafia que se extendié a Irlanda del Norte en 2003 (Hill
et al., 2008). EI ZAP exigia que se tomasen al menos 15 muestras de jugo muscular al momento
del sacrificio procedentes de todas las explotaciones cada 3 meses y se estimaba la
seroprevalencia de la explotacién. Como en otros programas, se asignaban tres niveles de
riesgo: nivel 1 si la seroprevalencia era inferior al 50%, nivel 2 si la seroprevalencia era entre el
50 y el 75% vy nivel 3 si la seroprevalencia era igual o superior al 75%. A las explotaciones de
nivel 2 y 3 se les exigia adoptar un plan de accion para reducir su seroprevalencia. Las
explotaciones de nivel 3 podian perder su estatus de garantia e incluso aceptar precios mas
bajos por sus productos en caso de mantener ese nivel por mas de 11 meses.
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En 2008, el ZAP fue sustituido por el Programa Nacional de Control de Zoonosis (ZNCP,
por sus siglas en inglés) para Salmonella en cerdos. El ZNCP exigia a todos los productores
adoptar un plan de accién frente a Salmonella. La seroprevalencia se estimaba utilizando la
media anual incluyendo los resultados positivos y sospechosos, y reduciendo el punto de corte
de la prueba con respecto al usado en el plan anterior (Snary et al., 2010). El programa de
analisis serolégico se suspendidé en 2012 tras 10 aios de aplicaciéon del programa sin observar
una mejora significativa en la seroprevalencia (Simons et al., 2017).

6.9. Irlanda

En Irlanda, en 2002 se implementé un PNC de Salmonella (NSCP, por sus siglas en
inglés) con el objetivo de monitorizar y controlar la prevalencia de Salmonella en cerdos al
sacrificio (Regulacion SI No. 165/2002 Abattoirs Act 1966: Veterinary Examination Amendment
Regulations). Las explotaciones se clasificaban en tres categorias diferentes en funcidn de la
seroprevalencia media ponderada de los ultimos 3 muestreos serolégicos realizados cada 4
meses (24 muestras). A las explotaciones de categoria 3 se les exigia implementar planes de
control de Salmonella a nivel de explotacidn. En caso de que la seroprevalencia fuese mayor al
50% en los 3 muestreos previos, se pretendia que esa explotacién perdiese su estatus de
garantia de calidad, sin embargo, esta medida no se ha llegado a implementar. Las
explotaciones clasificadas como de alto riesgo se separaban y sacrificaban al final del dia y las
cabezas y visceras eran descartadas después de su tratamiento con calor.

En 2010, se revisd y modificé el NSCP irlandés (SI No. 521/2009 y 522/2009) y se
establecié un nuevo muestreo (6 muestras/mes) estimando la seroprevalencia en funcion de
los resultados de los ultimos 3 meses y dando mas peso al ultimo mes (ponderacién 1:1:3). Las
explotaciones con una prevalencia >50% se clasifican como de alto riesgo y se les exige tomar
medidas de control. Se mantiene el requisito de sacrificar a los cerdos procedentes de
explotaciones de alto riesgo al final del dia, pero el requisito de desechar la carne de la cabeza
y las visceras si no se tratan con calor se ha limitado a cerdos procedentes de explotaciones
con valores superiores al 70%. La posibilidad de perder el estatus de garantia de calidad se
limita a aquellas que exceden de forma continuada el punto de corte del 70% de
seroprevalencia. El actual NSCP esta en revision por el programa de Sanidad Animal de Irlanda.

6.10. Estonia

En Estonia, en 2013 se implementd un programa de control de Salmonella basado en
serotipos (S. Enteritidis, S. Typhimurium, S. Hadar, S. Infantis, S. Virchow, S. Choleraesuis, S.
Derby y S. Newport), implicando tanto a las explotaciones porcinas como a los mataderos y a
las plantas de procesado (STE, 2021; VTA, 2019). La autoridad competente se encarga de los
muestreos. Cada afio se examina un quinto de las explotaciones porcinas. Las explotaciones
seleccionadas son las que han resultado positivas a Salmonella los aifos precedentes (en
muestreos de explotacion o de matadero) ademas de nuevas explotaciones no analizadas
previamente. El nUmero de muestras depende del tamafio de la explotacidon. En general son
muestras fecales en forma de pool (cebos) o individuales (reproductoras). El esquema de
muestreo asegura que explotaciones con una prevalencia de infeccion del 20% sean
detectadas.
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Solo se aplican restricciones en caso de que la explotacidn sea positiva a alguno de los
serotipos de Salmonella incluidos en la lista. Algunas de las medidas de intervencidn aplicadas
en las explotaciones positivas a Salmonella son las siguientes: separacién de los animales
positivos y negativos, restriccion en el movimiento de animales y personas, limpieza y
desinfeccién, manejo de los purines que destruya Salmonella y transporte de los animales
positivos a Salmonella para sacrificio en condiciones y restricciones especiales. En caso de
animales clinicamente enfermos se puede aplicar tratamiento médico si se considera
necesario. Las restricciones a la explotacion se retiran cuando dos muestras fecales
individuales o muestras fecales en forma de pool tomadas mensualmente obtienen un
resultado negativo. Ademds, los mataderos estonios normalmente pagan precios mas bajos
por la carne procedente de explotaciones positivas a Salmonella. En caso de que el problema
sea recurrente estas empresas pueden rescindir el contrato con el ganadero (Bonardi et al.,
2021).

6.11. Espaiia

En Espafa no existe un plan especifico de control de Salmonella en ganado porcino en
las explotaciones. Sélo se lleva a cabo la monitorizacién oficial de canales porcinas siguiendo la
normativa europea (Directiva 2003/99/CE sobre la vigilancia de las zoonosis y los agentes
zoondticos) cuyos resultados son notificados a la EFSA y publicados por la agencia.

En 2016, las asociaciones catalanas de produccidon porcina Innovacc, Fecic, Asfac y
Porcat implantaron un sistema voluntario de certificacién para explotaciones y mataderos
porcinos dentro del Programa de control de Salmonella en Porcino (PSP) (Andnimo, 2015). La
monitorizacién del estatus de Salmonella se llevaba a cabo mediante serologia y auditorias
para comprobar el grado de cumplimiento de los requisitos de bioseguridad en la explotacidn.
Sin embargo, no existe informacién disponible acerca de los resultados obtenidos ni de la
continuidad de este programa.

En resumen, y tal como se ha indicado, en la mayoria de los paises no escandinavos,
los planes de control de Salmonella no han tenido el éxito esperado. Estos planes solo han
funcionado en paises pequefios, con condiciones climaticas y situacion de partida mas
favorable, por lo general censos de animales no muy elevados y con mucha inversidn
econdmica. De hecho, investigadores de alguno de estos paises han reconocido que
probablemente no repetirian la experiencia, dado el alto coste de la misma (Dahl, 2023) Por
ello, es necesario explorar posibles alternativas de control que se ajusten mejor a las
caracteristicas de nuestro pais y permitan la reduccién de los casos de Salmonella en personas
atribuibles al consumo de carne de cerdo.
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Tabla 4. Planes Nacionales de Control implementados en la Unién Europea.

N2 muestras/ LETEEY
Caracter Objetivo Monitorizacion . Penalizaciones del
frecuencia
programa
Obligatorio N N/D
Suecia (parte Erradicacion Bacteriologia Cebo anual, Si Positivo
voluntario) cerdas bianual
Lechones 2-6
meses: pool
heces corrales
Obligatorio . (méx. 20)
L, . , Si <3 corrales, , .
Noruega (parte Erradicacion Bacteriologia Si Positivo
voluntario) hecels cerdas
(max. 59).
Matadero: 3000
NL/afio (1-555/
matadero)
Matadero:
Obligatorio Cebo:3000 NLy
Finlandia (parte Erradicacién Bacteriologia canales/afio Si Positivo
voluntario) Cerdas: 3000 NL
y canales/afio
Cerdas:
10 sueros/mes
Dinamarca Obligatorio Vigilanciay Bacteriolo,gia ¥ Cerdos Si Positivo
control serologia matadero:
60-100 JM
/lote/ afio
1/5 granjas
Cebo: pool
muestras fecales
Estonia N/D Vigilanciay Bacteriologia Reproductores: Si N/D
control muestras fecales
individuales
Matadero: NLy
canales
60 muestras
sangre/JM/lote/
. . . Vigilancia y , afio Positivo
Alemania Obligatorio Serologia (10-30 muestras No (tras 20
control . o
si <200 cerdos afos)
sacrificados
/lote/afio)
. Obligatorio . .
Rel.no (mataderos Vigilanciay Serologia 15 sueros/lote/ No Abandono
Unido control 3 meses
QA)
Irlanda Obligatorio Vigilanciay Serologia 6 sueros No N/D
control /lote/mes
Paises Obligatorio Vigilancia y , 12 sueros 0 JM
Bajos (cebo) control serologia /lote/4 meses No N/D
Voluntario Vigilancia y 12 sueros
Bélgica (desde Serologia N No Abandono
2015) control /lote/afio

JM: muestras de jugo muscular; NL: muestras de nédulos linfaticos.
N/D: informacién no disponible.
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JUSTIFICACION Y OBJETIVOS
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Espaiia ocupa el primer lugar en produccién porcina en la UE con un 23% del total de
carne producida y mas del 27% (34,1 millones de cerdos) del censo comunitario (134,4
millones de cerdos) (Eurostat, 2022). A nivel mundial, Espafia es la tercera potencia productora
de carne de cerdo después de Chinay EE.UU.

La salmonelosis en el ganado porcino sigue siendo hoy en dia una de las principales
fuentes de infeccién por Salmonella en las personas, principalmente a través del consumo de
carne y productos carnicos derivados del cerdo contaminados por esta bacteria. Por ello se
hace necesario el control de esta infeccidon a lo largo de la cadena de produccidn porcina
(explotaciones, mataderos y mercados). Esta situacién podria ser particularmente grave en
Espafa donde se observan un gran porcentaje de infecciones por S. Typhimurium y su variante
monofasica, ambos serotipos muy relacionados con el cerdo. Ademas, Espaiia ya fue seialada
como uno de los paises lideres en salmonelosis porcina en la UE.

Como se ha visto, deberian de tenerse en cuenta todas las etapas del ciclo de
produccién porcina (madres, lactacion, transicidon, cebo) a la hora de intentar reducir el
potencial riesgo de transmision y mantenimiento de Salmonella en las explotaciones. Sin
embargo, todavia existen lagunas en el conocimiento sobre la epidemiologia de la infeccidon
gue pueden complicar su control. La transicién es una fase productiva escasamente estudiada
y con pocos datos que permitan entender su importancia en la dindmica de la salmonelosis
porcina. Controlando las infecciones de Salmonella en la explotacion, el nimero de cerdos
infectados con Salmonella que llegarian al matadero deberia reducirse, resultando en una
disminucién del riesgo de contaminacidn de las canales en el momento del sacrificio.

No existe una medida de control Unica que permita reducir la salmonelosis de las
explotaciones porcinas. Cada vez es mas evidente que la complejidad de este problema exige
el desarrollo de diferentes medidas que se complementen. En este sentido, el uso de acidos
organicos en el pienso o el agua de bebida parece ser una de las estrategias mas
prometedoras, pues no interfiere con ninguna otra actividad de la explotacion y complementa
perfectamente a otras medidas que se puedan implantar. Adema3s, tendria efectos positivos a
otros niveles (microbiota, indices de conversion, etc.).

Algunos paises tomaron la decision de iniciar PNC frente a la salmonelosis porcina en
las explotaciones. Espafia hizo un vago intento a través de las asociaciones de productores
catalanas. Sin embargo, la mayoria de estos PNC se han demostrado ineficaces. La falta de
eficacia y el alto coste del control de la salmonelosis porcina, especialmente en paises con un
gran censo porcino (FCC Consortium, 2010; Gavin et al., 2018), sugieren la necesidad de
revisarlos. Dado que en la UE la salmonelosis porcina es un problema de salud publica y no un
problema de sanidad animal, seria aconsejable plantear nuevos enfoques que pudieran mitigar
sobre todo el primero.

En Espafa, un gran nimero de cerdos infectados asintomaticamente con Salmonella
(EFSA, 2011) llegan diariamente a los mataderos. Estos animales son propensos a excretar
grandes cantidades de Salmonella (Rostagno, Eicher y Lay, 2010) y se convierten en una
importante fuente de contaminacién ambiental, que es probablemente el principal origen de
la contaminacién de las canales (Arguello et al., 2013a; Swart et al., 2016; Marin et al., 2020).
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Siendo el principal objetivo de un PNC reducir la incidencia de salmonelosis humana,
centrarse en encontrar la forma de minimizar la contaminacién por Salmonella del matadero
podria ser, a corto plazo, mdas rentable econédmicamente que intentar controlar la infeccién
dentro de las explotaciones porcinas.

Asi, el presente trabajo de tesis se ha centrado en profundizar en el conocimiento de la
dindmica de infeccidn por Salmonella en cerdos y en proponer alternativas a los actuales PNC.
El objetivo general era proporcionar evidencias cientificas que pudieran utilizarse para
optimizar el control de Salmonella en la interfaz granja-matadero. De este modo, este trabajo
es un complemento a estudios previos llevados a cabo por el equipo investigador en la misma
linea.

Los objetivos especificos fueron los siguientes:

1. Profundizar en la epidemiologia de la salmonelosis porcina y conocer la situacion
sanitaria de los animales que entran a la fase de transicidon. Teniendo en cuenta el
nuevo contexto de reduccion de antibiéticos y éxido de zinc, evaluar la prevalencia de
infeccion de Salmonella en ausencia de antibidticos al inicio del periodo de transicion
en una poblacion de lechones procedentes de explotaciones seropositivas a
Salmonella. Determinar si la infeccién por Salmonella en las unidades de transicion
podria alcanzar fases de produccién posteriores como las unidades de cebo vy, por lo
tanto, llegar a contaminar el matadero y las canales.

2. Evaluar los cambios en la microbiota intestinal de cerdos de cebo sanos tras utilizar
durante un periodo prolongado (toda la fase de cebo) como aditivo en el pienso una
formula de butirato de sodio protegido, un acido organico utilizado habitualmente
como tratamiento para el control de Salmonella. Valorar si los efectos observados en
la microbiota podrian ser beneficiosos para la salud del animal.

3. Determinar si la serologia y otras caracteristicas de una explotacién o de su ambiente
(contaminacién de Salmonella en los corrales, nivel de bioseguridad de la explotacién,
estacién del afio, etc.) pueden ser utilizados como predictores de excrecion de
Salmonella en el matadero. Predecir el riesgo de excrecidn de Salmonella de un lote
determinado de cerdos a su llegada al matadero podria ayudar a prevenir la
contaminacidn posterior de las canales mediante la implementacidén de estrategias de
control a nivel de explotacién y matadero.

4. Evaluar la eficacia de la administracion en el agua de bebida de la granja de un acido
férmico esterificado durante los dias previos al sacrificio como estrategia para reducir
el nimero de cerdos excretores de Salmonella que llegan al matadero, asi como la
carga de Salmonella en el tracto gastrointestinal de los mismos. Este enfoque podria
utilizarse como complemento a otras medidas de control en la interfaz granja-
matadero.

70



5. Evaluar si la adicién de un acido férmico esterificado en el agua de bebida en la sala
de espera del matadero podria ser util para reducir la proporcidn de cerdos excretores
de Salmonella, de modo que pudiese incluirse como una estrategia de mitigacién
adicional a nivel de matadero.

6. Con todo ello, proponer una estrategia global de control de Salmonella diferente y
alternativa a las planteadas hasta la actualidad, con un enfoque integrado granja-
matadero a partir de la prediccion del riesgo de excrecién de Salmonella en cerdos que
llegan a matadero e incluyendo la implementacién de medidas tanto a nivel de
explotacién como de matadero.

Los estudios conducentes a conseguir estos objetivos también ayudaron a actualizar
nuestro conocimiento sobre la situacion de prevalencia de infeccién por Salmonella en un drea
con una alta densidad de poblacién porcina.
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Abstract: Few studies have focused on assessing Salmonella infection in the nursery and its role in
further pig production periods. Mesenteric lymph nodes, intestinal content, and meat juice from 389
6-week-old male piglets intended for human consumption from five breeding farms and 191 pooled
floor fecal samples from gilt development units (GDU) from the same farms were analyzed to
estimate and characterize (by pulsed-field gel electrophoresis and antimicrobial resistance analyses)
Salmonella infection. The prevalence of infection and shedding among piglets was 36.5% and 37.3%,
respectively, shedding being significantly associated with infection (Odds Ratio = 12.7; CI 7.3-22.0).
Salmonella Rissen; S. 4,[5],12:i:-; and S. Derby were the most common serotypes. A low level of
Salmonella-specific maternal antibodies at the beginning of the nursery period suggested it was a
period of high risk of infection. Resistance to 3rd- and 4th-generation cephalosporins was detected
in piglet isolates although the piglets never received antibiotics, indicating they could be vectors
of antimicrobial resistance. The same Salmonella clones were detected in piglet and GDU isolates,
suggesting that infected piglets play a significant role in the infection of gilts and consequently of
finishing pigs in the case of production farms. The control of Salmonella infection in nursery piglets
may decrease the risk of abattoir and carcass contamination.

Keywords: nursery piglets; prevalence; Salmonella; swine; shedding; PFGE; zoonoses

1. Introduction

Salmonella infection is quite common in pigs in the European Union [1]. It usually
courses asymptomatically, but infected pigs may shed the bacterium through their feces,
making them a major risk factor for carcass contamination at slaughter [2]. Since the
presence of Salmonella during the growing—finishing phase is directly related to carcass
contamination at abattoirs, main mitigation measures have been usually directed toward
this production period [3-6]. However, few studies have focused on the periods previous
to this one, such as the nursery, although active Salmonella infections have been identified
in pig nurseries [7].

The so-called nursery is a period that comprises the time from weaning at 34 weeks
of age to approximately 10 weeks of age (just before entering the growing unit). This is
a critical production phase in which piglets are very susceptible to a variety of enteric
infections. A common consequence of weaning is the modification of the piglets’ intestinal
microbiota, characterized by a significant reduction in the number of lactobacilli [8], mostly
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due to sudden changes in their diet, which goes from mostly liquid (sow milk) during
lactation to a solid-based diet (prestarter feed) at the beginning of the nursery, and envi-
ronment [9]. These changes, along with the decay of maternal antibodies [10], the only
immune protection at this age, and the usual animal stress linked to the piglet’s separation
from its dam and its commingling with new piglets, make weaned piglets highly prone to
Gram-negative bacterial infections, such as Escherichia coli and Salmonella spp. [11].

While E. coli infection has been widely studied and is confirmed as a prevalent enteric
pathogen at this age [12], the prevalence of Salmonella infection has been barely stud-
ied. However, it is accepted that weaning- or post-weaning-age pigs would be among
the most clinically affected had they become infected by Salmonella [2]. Both are closely
related bacteria that are susceptible to the same class of antibiotics, so the treatments
against colibacillosis may be hindering Salmonella infections at this age. Indeed, until re-
cently, the use of antimicrobials as prophylactics, mostly aminoglycosides and polymyxins
(colistin), was a common practice in intensive pig husbandry systems, particularly during
the nursery period [13,14]. In Spain, colistin was commonly administered, for as long as
15 days, as an in-feed antimicrobial for years, due to its high efficacy against Gram-negative
bacteria [15].

In a recent study, we observed that Salmonella prevalence in suckling piglets from
seropositive breeding farms was high, confirming that apparently healthy 4-week-old (wo)
piglets may act as carriers of infection at least until weaning [16]. Considering the likely
high proportion of Salmonella-infected piglets at weaning, it is likely that the nursery will
be heavily infected by this pathogen as well. Therefore, it seems logical to think that during
the past few years, Salmonella infection has been overlooked during the nursery period due
to preventive antimicrobial treatments.

The alarming increase in antimicrobial resistance triggered the European health au-
thorities to set up new European Union regulations on the use of colistin in veterinary
medicine, and since 2015, colistin has been banned for use as a prophylactic [14]. These new
regulations may favor an increasing incidence of salmonellosis in the nursery. However,
to the best of the authors” knowledge, no field studies on Salmonella prevalence during
the nursery period have been carried out so far. Thus, in this study, we first assess the
prevalence of Salmonella infection at the beginning of the nursery period, i.e., two weeks
after weaning, in a piglet population that came from a group of Salmonella-seropositive
breeding farms. Further, we characterize by pulsed-field gel electrophoresis (PFGE) and
antimicrobial susceptibility analyses the Salmonella isolates obtained and compare them to
those isolated from gilt development units (GDU) from the same herds. Results from this
study may help to shed some light on the role that Salmonella infection in nursery piglets
may play in subsequent production periods, such as growing/finishing, and therefore in
abattoir and carcass contamination.

2. Results
2.1. Salmonella Isolation, Serotyping, and Serology in Piglets

A total of 389 weaned piglets were sampled from Salmonella-seropositive breeding
farms (an average of 78 piglets per farm). Piglets were sampled in all seasons (35.7% in
winter, 23.4% in spring, 22.4% in summer, and 18.5% in autumn). Table 1 shows the distri-
bution of the sampling by farm and the corresponding prevalence of infection (Salmonella-
positive in mesenteric lymph nodes) and shedding (Salmonella-positive in intestinal content).
The prevalence of infection varied significantly between farms, ranging from 17.5% (farm E)
t0 59.2% (farm D), with an average of 36.5% (95% CI 31.9-41.4). The prevalence of shedding
piglets also varied significantly between farms, with a similar mean value (37.3%; 95% CI
32.6-42.2).
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Table 1. Results for Salmonella isolation * from intestinal content (IC) and mesenteric lymph nodes
(MLN) in 6-week-old nursery piglets.

Farm No. of Piglets No. .o.f o N(.".Of o No. of .I.C- ar(l)d
MLN-Positive (%) IC-Positive (%) MLN-Positive (%) **
A 96 39 (40.6) 47 (48.9) 31 (56.4)
B 75 34 (45.3) 26 (34.7) 20 (50.0)
C 89 26 (29.2) 34 (38.2) 22 (57.9)
D 49 29 (59.2) 22 (44.9) 20 (64.5)
E 80 14 (17.5) 16 (20.0) 11 (57.9)
Total 389 142 (36.5) 145 (37.3) 104 (56.8)

* International Organization for Standardization (ISO) 6579:2002/A1:2007. ** Percentage estimated from positive
(either IC or MLN) piglets.

A median of 14.4 g (95% CI 13.96-15.00) of MLN was collected. No significant dif-
ference was observed between the weight of MLN-positive and MLN-negative samples
(median of 15.0 and 14.1 g, respectively; p = 0.31).

All Salmonella isolates (145 from IC samples and 142 from MLN samples) were
serotyped. The distribution of Salmonella serotypes by farm and type of sample is shown
in Table 2. Salmonella Rissen was the most frequent serotype (42.8%) recovered from IC
samples, followed by the monophasic variant of S. Typhimurium (S. 4,[5],12:i:-) (40.0%),
and S. Derby (4.8%). A similar distribution of serotypes was observed in MLN-positive
samples, with S. 4,[5],12:i:- (40.8%) and S. Rissen (31.0%) being the most prevalent, followed
by S. Brandenburg (10.6%). Salmonella 4,[5],12:i:- was the only serotype present in all farms.

Table 2. Distribution of Salmonella serotypes in 6-week-old nursery piglets and in gilt development units (GDU) among the

5 farms.
Piglet Isolates No. of Piglets with GDU Isolates
Farm MLN the Same Serotype
Serotype No. (%) Serotype No. (%) in MLN-IC Serotype No. (%)
Rissen 25 (53.2) Rissen 19 (48.7) 17 Rissen 11 (78.6)
4,[5],12:1:- 15 (31.9) 4,[5],12:1:- 17 (43.6) 9 Anatum 2 (14.3)
A Derby 4 (8.5) Brandenburg 1(2.6) 4,[5],12:i:- 1(7.1)
Kapemba 2 (4.3) Goldcoast 1(2.6)
Typhimurium 1(2.1) London 1(2.6)
Rissen 12 (46.2) Rissen 8 (23.5) 5 Rissen 4 (66.6)
4,[5],12:1:- 5(19.2) 4,[5],12:1:- 8 (23.5) 3 Brandenburg 1(16.7)
B Goldcoast 5(19.2) Goldcoast 3(8.8) 3 4,[5],12:i:- 1(16.7)
Brandenburg 3(11.5) Brandenburg 13 (38.2) 3
Derby 1(3.8) Derby 2(5.9) 1
Rissen 23 (67.6) Rissen 13 (50) 12 Rissen 10 (83.3)
4,[5],12::- 7 (20.6) 4,[5],12::- 6(23.1) 2 Derby 2 (16.7)
C Derby 2 (5.9) Derby 5(19.2) 1
Anatum 1(2.9) Anatum 1(3.8) 1
Kedougou 1(2.9) Typhimurium 1(3.8)
4,[5],12:1:- 19 (86.3) 4,[5],12:1:- 18 (62.1) 15 Derby 7 (70.0)
D Goldcoast 1(4.5) Goldcoast 9 (31.0) 1 Rissen 3 (30.0)
Brandenburg 1(4.5) Brandenburg 1(3.4) 1
Ohio 1(4.5) Ohio 1(3.4) 1
4,[5],12:1:- 12 (75.0) 4,[5],12:1:- 9 (64.3) 8 Rissen 8 (88.9)
E Rissen 2 (12.5) Rissen 4 (28.6) 2 4,[5],12:i:- 1(11.1)
Anatum 1(6.3) Anatum 1(7.1) 1
Agona 1(6.3)
Total 145 142 86 51
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Salmonella was not detected in 206 (52.9%) of the sampled piglets, while positive results
in both MLN and IC samples were obtained for 104 (26.7%) of them. The same serotype
was detected in 86 (82.7%) of the animals with positive MLN and IC cultures (Table 2).
A significant association between the isolation of Salmonella in MLN and IC samples was
observed: an MLN-positive piglet had around 12 times higher odds of shedding Salmonella
than an MLN-negative piglet (OR = 12.7; C1 7.3-22.0; p < 0.001) once the season and farm
effects were accounted for (Table 3).

Table 3. Association between Salmonella shedding and Salmonella infection in 6-week-old nursery piglets by mixed logistic

regression analysis *.

No. of Piglets

No. (%) of IC-Positive Piglets Logistic Regression Parameters

OR 95% CI (OR) p
MLN
Negative ! 247 41 (16.6) 1 - -
Positive 142 104 (73.2) 12.71 7.33-22.05 <0.001
Season
Winter ! 139 33 (23.7) 1 - -
Spring 91 26 (28.6) 1.17 0.55-2.51 0.672
Summer 87 56 (64.4) 2.69 1.31-5.55 0.007
Autumn 72 30 (41.7) 2.53 1.22-5.26 0.013

* Farm used as grouping factor. ! Reference category. IC: intestinal content; MLN: mesenteric lymph nodes; OR: odds ratio.

Regarding serological results, the median optical density percentage (OD%) value for
the 389 sampled animals was 4.7 (95% CI 3.0-6.0). No significant differences were observed
between MLN-negative and MLN-positive piglets (median of 4.8 and 4.7, respectively;
p=0.5). No significant differences were observed either in OD% values between IC-
negative and IC-positive piglets (median of 5.2 and 4.0, respectively; p = 0.1).

2.2. Salmonella Isolation, Serotyping, and Serology in Gilt Development Units (GDU)

A total of 191 pooled floor fecal samples from 5 GDU were collected. Salmonella was
isolated from 51 of them (26.7%; 95% CI 20.9-33.4), but the proportion of positive samples
in the growing units varied among farms, ranging from 17.5% to 43.8% (Table 4). The most
frequent serotype was S. Rissen (70.6%), which was present in all farms (A, B, C, D, and E),
followed by S. Derby (17.6%; farms C and D) and S. 4,[5],12:i:- (5.9%; farms A, B, and E).
In all the farms, except farm D, the serotypes found in the GDU were also detected in the
nursery piglets (Table 2). Thus, the same serotypes, i.e., S. 4,[5],12:i:- and S. Rissen in farm
A; S.4,[5],12:1:-, S. Rissen, and S. Brandenburg in farm B; S. Rissen and S. Derby in farm C;
and S. 4,[5],12:i:- and S. Rissen in farm E, were observed in piglets and floor samples from
gilt units (Table 2).

Four hundred and twenty-one gilt serum samples were available from four farms (A, B,
C, and E; Table 4). The mean seroprevalence was 24.2% (95% CI 20.4-28.5). Among gilt
units, seroprevalence varied slightly (from a minimum of 19.3% in farm E to a maximum
of 31.9% in farm A).

Table 4. Results for Salmonella isolation * in floor fecal samples from gilt development units and Salmonella seroprevalence

** in gilts from the 5 farms.

Farm

No. of Floor Fecal

No. of Positive Floor Fecal No. of Serum No. of Seropositive

Samples Samples (%) * Samples Samples (%) **
A 32 14 (43.8) 91 29 (31.9)
B 24 6 (25.0) 90 25 (27.8)
C 32 12 (37.5) 90 19 (21.1)
D 57 10 (17.5) NA -
E 46 9 (19.6) 150 29 (19.3)
Total 191 51 (26.7) 421 102 (24.2)

*ISO 6579:2002/A1:2007. ** Considering a cutoff value of OD% > 40% (Herdcheck Swine Salmonella ELISA test, IDEXX Laboratories, USA);

NA: not available.
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2.3. Pulsed-Field Gel Electrophoresis (PFGE)

PFGE analysis was performed when the same Salmonella serotype was detected in
piglets and floor fecal samples from gilt units from the same farm. Thus, a total of
37 Salmonella isolates from IC-positive piglets (15 from farm A, 9 from farms B and C,
and 4 from farm E) and 17 from the GDU (5 from farm A, 2 from farm B, 6 from farm C,
and 4 from farm E) were submitted for PFGE analysis. Isolates of S. Brandenburg from the
gilt unit of farm B were not available.

PFGE analysis of these 54 Salmonella isolates showed 12 different Xbal patterns
(based on a similarity cutoff of >90%) (Figure 1). Observed PFGE clusters matched well
with serotypes and antimicrobial resistance (AMR) profiles. When analyzed by serotype,
six main clusters were observed for S. 4,[5],12:i:-, four for S. Rissen, and two for S. Derby.

PFGE
e a 8 g Cluster Sample ID Farm ID Serotype AMR profile Source Date
' 1 46 A 45},12:- ACST piglet 2012-06-19
_{ 1 61 E 4,[5],12::- ACST gilt unit 2015-08-22
1 22 A 4[5]12:- ACST piglet 2013-01-15
1 31 A 4,[5],12:- AST piglet 2013-05-28
1 25 A 4[5],12::- AST piglet 2013-01-22
1 f: A 4[5, 12:i- AST gilt unit 2013-05-28
1 27 B 4,[5),12:i- ACST piglet 2013-01-22
1 2 B 4[5],12:- csT gilt unit 2013-01-31
2 59 E 4[5),12:0- AST piglet 2016-02-04
3 19 A 4,[5},12:i- ACST piglet 2012-12-11
4 57 c 4[5),12:i- ACST piglet 2012-09-18
— 4 53 A 4[5),12:0:- ACST piglet 2012-09-18
5 55 B 4[5]12:0 ACST piglet 2012-09-18
5 16 8 4,(5),12:i- ACST piglet 2012-09-25
5 13 A 4,[5],12::- ACST piglet 2012-09-25
6 35 E 4[5),12:i- ACS piglet 2015-10-29
— 7 9 E Rissen cscf gilt unit 2015-11-04
7 1 c Rissen ACSSuT gilt unit 2016-05-30
| 7 10 E Rissen ACSSuT gilt unit 2016-02-29
7 60 E Rissen ACSSuT gilt unit 2015-03-23
7 36 E Rissen ACSSuT piglet 2015-03-19
7 5 A Rissen ACST gilt unit 2013-02-05
8 32 A Rissen ACSSuT piglet 2013-05-28
{ 8 30 8 Rissen ACST piglet 2013-03-20
8 28 A Rissen ACSTCf piglet 2013-03-20
8 42 A Rissen ACSSuT gilt unit 2012-09-25
W 8 34 B Rissen ACSSuT piglet 2013-05-28
8 12 A Rissen ACSSuT piglet 2012-09-25
— 8 47 A Rissen ACST piglet 2012-07-17
8 17 (o3 Rissen ACSSuTCf piglet 2012-09-25
8 48 c Rissen ACSSuTCfNa piglet 2012-07-17
8 23 B Rissen CSSuT piglet 2013-01-15
—8 20 B Rissen ACSSuT piglet 2012-12-11
— 8 52 A Rissen ACST piglet 2012.09-18
8 58 E Rissen csT pigiet 2015-10-29
— 8 56 Cc Rissen ACSSuT piglet 2012-09-18
8 38 Cc Rissen ACSSuUT gilt unit 2012-05-09
8 45 A Rissen ACST piglet 2012-05-29
8 39 A Rissen csT gilt unit 2012-05-15
8 40 B Rissen CST gilt unit 2012-05-31
2 51 c Rissen ACSSuTCINa piglet 2012-09-11
9 49 A Rissen ACSSuTCfNa piglet 2012-09-11
— 9 50 B Rissen ACSSuTCfNa piglet 2012-09-11
9 24 c Rissen ACST piget 2013-01-15
9 29 B Rissen csT piglet 2013-03-20
9 8 C Rissen ACSSuT gilt unit 2013-06-05
9 14 A Rissen ACSSuT piglet 2012-09-25
9 6 A Rissen ACSSu gilt unit 2013-05-28
— 9 M c Rissen ACST gilt unit 2012-09-19
10 1 c Rissen ACSSuTCfNa gilt unit 2013-01-23
1 43 (o Derby cs piglet 2012:04-17
1 37 c Derby cs gilt unit 2012-05-09
1 44 c Derby ACSSuT piglet 2012-04-17
12 18 (o] Derby ACSSuT piglet 2012-09-25

Figure 1. Dendrogram showing the main Xbal pulsed-field gel electrophoresis (PFGE) patterns
(>90% homology) for 54 Salmonella strains isolated from piglets” intestinal content and GDU from
4 farms (A, B, C, and E). A, aminopenicillins; C, phenicols; S, aminoglycosides; Su, sulfonamides; T,
tetracyclines; Na, quinolones; Cf, 3rd- or 4th-generation cephalosporins.
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Salmonella isolates from the GDU were grouped into six different PFGE patterns,
and within five of them isolates from piglets from the corresponding farm were included
(patterns 1, 7, 8, 9, and 11; Figure 1). Overall, 75.7% of the piglet isolates analyzed were
included within these five clusters. At least one genetic relationship between Salmonella
isolates from piglet fecal samples and floor fecal samples from the corresponding GDU
was detected in all four farms.

In the case of isolates from piglets, genetically similar serotypes were detected on several
occasions within the same farm and sometimes more than 150 days apart (i.e., S. 4,[5],12:i:-
and S. Rissen in farm A, S. Rissen in farm B, and S. Rissen and S. Derby in farm C).

When looking at pairs of homologous Salmonella isolates coming from piglets and
GDU, isolates of five of these pairs were collected within a short (<1 month) period of time,
namely one S. Rissen pair from farm A, one S. 4,[5],12:i:- from farm B, one S. Rissen and
one S. Derby from farm C, and one S. Rissen from farm E. In another five pairs, the piglet
isolates were collected far before (>150 days before) the gilt samples (one S. Rissen from
farm A, one S. 4,[5],12:i:- from farm B, one S. Rissen and one S. Derby from farm C, and one
S. Rissen from farm E). In two more (one S. Rissen from farm B and one from farm C),
the piglet isolates were collected far after gilt samples had been obtained (Figure 1).

2.4. Antimicrobial Resistance

All 54 isolates submitted to PFGE were also tested for AMR against 17 antimicrobial
agents, as described below. All but two S. Derby displayed multidrug resistance (MDR),
both isolated from farm C (Table 5). A total of 11 multi-AMR profiles were detected,
the most common being ACST (n = 17 31.5%) and ACSSuT (n = 15, 27.8%), both of them
mostly associated with S. Rissen and detected in all the farms (Figure 1). The most com-
mon phenotypic resistance was against florfenicol (92.6%), tetracycline (90.7%), ampicillin
(83.3%), and trimethoprim-sulfamethoxazole (42.6%).

Table 5. Antimicrobial resistance (AMR) patterns found in the 54 Salmonella isolates from 6-week-old
nursery piglets and gilt development units.

AMR Family Pattern *  No. of Strains Serotypes Involved (No. of Strains) Farm
ACS 1 4,[5],12:1:- E
ACSSu 1 Rissen A
ACSSuT 15 Rissen (13), Derby (2) A,B,C E
ACSSuTCf 1 Rissen C
ACSSuTCfNa 5 Rissen A,B,C
ACST 17 4,[5],12:i:- (10), Rissen (7) A,B,CE
ACSTCf 1 Rissen A
AST 4 4,[5],12:1:- AE
CS 2 Derby C
CSCf 1 Rissen E
CSSuT 1 Rissen B
CST 5 Rissen (4), 4,[5],12:i:- (1) A,B,E

* A, aminopenicillins; C, phenicols; S, aminoglycosides; Su, sulfonamides; T, tetracyclines; Na, quinolones; Cf,
3rd- or 4th-generation cephalosporins.

Regarding resistance to antimicrobials of critical importance for humans, no AMR
against carbapenems (imipenem) or polymyxins (colistin) was detected in any of the isolates
analyzed. However, AMR against cephalosporins of 3rd (ceftiofur) and 4th (cefquinome)
generations was detected in 13.0% (7/54) and 5.6% (3/54) of the isolates, respectively. All of
them were S. Rissen.

3. Discussion

To properly assess the true prevalence of Salmonella infection in nursery units at a pig
farm is quite challenging and expensive, as it requires the killing of a large number of young
animals (between 4 and 10 weeks of age) that are usually intended for other purposes,
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i.e., either for slaughter at market age (5-6 months old) or as replacement animals. For this
study, piglets came from five breeding farms where female weaned piglets were raised as re-
stocking gilts for other pig production farms, while male piglets were fattened up to 7-9 kg
live weight and then slaughtered for human consumption. These male piglets were weaned
when they were 4 wo and fed for two more weeks, until slaughtering. This management
allowed us to analyze MLN, IC, and meat juice samples in order to obtain a good assessment
of the true Salmonella incidence status of these piglets. In addition, these piglets came from
Salmonella-seropositive breeding herds [16] and had not been treated with antibiotics,
as they were to be slaughtered. Thus, this approach could somewhat reflect what may be
happening in nursery piglets from Salmonella-seropositive production herds.

The overall percentage of Salmonella-infected (MLN-positive) piglets was 36.5% (95% CI
31.9-41.4) but was variable across pig farms (from 17.5% to 59.2%). A similar proportion of
piglets (37.3%; 95% CI 32.6—42.2) could be considered Salmonella shedders as the bacterium
was found in their IC (Table 1). Few field studies have been carried out on Salmonella
prevalence at this stage, and when performed through the sampling of live piglets, results
suggested active infection but the recovery levels of fecal Salmonella were usually much
lower [7,17]. Two major issues would help to understand the differences between this and
previous studies. First, we analyzed 25 g of fecal content, the amount required according
to the ISO 6579:2002/ A1:2007 standard and significantly larger than that collected through
swabbing. Second, this study only included piglets from breeding farms with high levels
of Salmonella seropositivity. A good match was also found between animal infection and
shedding at this age, with the odds of shedding Salmonella being more than 12 times higher
for an MLN-positive piglet compared to an MLN-negative one (Table 3). This relationship
was further supported by the detection of the same Salmonella serotype on MLN and IC
in most (82.7%) of the piglets that had been positive in both types of samples. Shedding
the bacterium through feces is the main mechanism of transmission of Salmonella and
is common when animals are infected for the first time or when infected animals suffer
episodes of stress, such as commingling or transport [11]. Given the age of these piglets,
they had probably been infected very recently, besides suffering such stress factors as
they had been sent to slaughter. In addition, an unknown number of new infections may
have also occurred during transport and/or lairage [18,19]. Altogether, this would help
to explain the high level of shedding among these piglets. From these results, it can be
derived that most of the post-weaning pigs that become infected with Salmonella are also
asymptomatic, and in contrast to what was expected [2], it appears that when compared
to older piglets, they would not be more clinically affected. Thus, salmonellosis may be
easily overlooked during the nursery period as well, regardless of the use of antimicrobials.
In any case, this high prevalence of infection and shedding was not a surprising result,
since similar findings were observed in a previous study on weaned (4-wo) pigs from the
same farms [16].

No differences were found regarding serological OD% values between infected and
non-infected piglets (median OD% of 4.7 and 4.8, respectively), these values being similar
to those found in piglets of the same age in other studies [20]. However, on average,
OD% values were much lower than those found in the previous study on 4-wo piglets from
the same farms (15.9%; [16]), evidencing the likely significant decay of maternally derived
IgGs against Salmonella within the two weeks after weaning [7]. It seems that the beginning
of the nursery may be a period of high susceptibility to the infection and that measures to
prevent exposure to Salmonella should be encouraged at this time.

One of the aims of this study was to determine whether Salmonella infection from
nursery units will be able to reach further production phases, that is, the growing units.
For that purpose, floor fecal samples from the GDU, from each of corresponding breeding
farms under study, were collected in order to detect Salmonella. All the gilt units were
Salmonella positive, with an overall proportion of positive samples of 26.7% (Table 4).
This figure would be within the expected range of Salmonella-positive fecal samples for
growing/finishing pig units in Spain [1,21] but probably underestimates the true proportion
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of positive samples, given the relative low sensitivity of the bacteriological culture when
performed on fecal samples from asymptomatic animals [5].

The main serotypes detected in these gilt units were S. Rissen, followed by S. Derby and
S. 4,[5],12:i:-. The three of them were also the most common serotypes detected in the
piglets, suggesting that these serotypes were circulating between both production peri-
ods even when the GDU were located kilometers away from their corresponding nurs-
eries (i.e., farm E). To further confirm this hypothesis, PFGE analysis was performed on
Salmonella isolates when the same serotype was found in piglets and gilt units from a
given farm. PFGE analysis showed that most of the Salmonella isolates from piglets were
grouped with gilt isolates, indicating a high level of genetic similarity (>90%) between
them. Despite the small number of isolates analyzed, this match was found at least once
in all four farms where these isolates were recovered and it was detected for the three
serotypes, supporting the maintenance of Salmonella infection between the nursery and the
growing unit and the role that piglets may play in it.

Within a given nursery unit, the same clone of Salmonella could be detected for a long
period of time (>150 days apart) involving different batches of piglets. Besides, no particular
temporal pattern of infection between piglets and gilt units was detected either (a given
Salmonella isolate could be found at the same time or first in nursery piglets and later in
the gilt units, or vice versa). These results suggested that cross-contamination between
units within farms and/or a lack of proper pen hygiene are major issues in these farms,
highlighting the difficulties of eliminating Salmonella from the farm environment despite
high internal hygiene and biosecurity standards. These results would also help to explain,
in part, the origin of the Salmonella infection in the GDU and the further Salmonella infection
in sow herds [22].

It is worth noting that S. Derby appears as one of the most frequent serotypes found
in breeding farms (~30%) [23] and is commonly found throughout the pig production
pyramid, which would support the hypothesis that this serotype is easily transmitted
by the transfer of animals between units or herds [24]. With regard to S. Rissen and
S. 4,[5],12:i:-, both were also reported in the European survey mentioned above and both
have experienced a worldwide expansion in the past few decades [25,26]. In a recent
report from the Spanish Ministry of Agriculture, Fish and Food, the monophasic variants
of S. Typhimurium and S. Rissen were the most prevalent serotypes found in a national
survey carried out on slaughtered pigs in 2019 (35.4% and 23.8%, respectively), followed
by S. Derby (13.1%) [27]. Both S. Derby and S. 4,[5],12:i:- are among the main pig-related
serotypes associated with human salmonellosis in the EU in the past few years [28-32],
while S. Rissen is considered a significant cause of foodborne salmonellosis in Asia and
southern European countries [26,33]. To the best of the authors” knowledge, there are no
reports so far on the main Salmonella serotypes associated with contamination of piglet meat
or showing possible links between consumption of piglet meat and human salmonellosis.
However, considering these results, health authorities should be aware of the potential risk
of contamination of piglet carcasses due to the arrival of infected piglets at the abattoir.

Ninety-eight percent of the Salmonella isolates displayed multidrug-resistant pheno-
types, with most of them showing resistance profiles commonly reported in Salmonella
(ACSSu, ACSSuT, ACST, etc.). No AMR was found against antibiotic classes considered of
critical importance for humans, such as carbapenems and polymyxins [34], but a signifi-
cant proportion of isolates (12.9%) presented resistance to 3rd-generation cephalosporins
and even to cefquinome (5.5%), a 4th-generation cephalosporin. This type of resistance,
detected only in S. Rissen isolates, was much more prevalent than that reported in pigs
for the EU (1.1%) [35]. The worldwide emergence of resistance to extended-spectrum
cephalosporins in non-typhoidal Salmonella is already a matter of concern [36], particularly
when harbored by Salmonella serotypes of potential zoonotic character [37]. In this case,
most of the resistant isolates (75%) were found in piglets intended for human consumption.
Thus, they could be considered potential vectors for the transmission of this resistance to
humans, although they never received antibiotics.
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In summary, nursery pigs can become subclinically infected and act as active carriers
of Salmonella in a farm, as the same Salmonella clones were observed in piglets and in
the GDU. This finding suggests that piglets play a significant role in the infection of
finishing pigs in production farms as well. Therefore, Salmonella infection in nursery piglets
should be considered a potential risk factor for abattoir contamination, and the control of
Salmonella infection at this stage may help to decrease the risk of carcass contamination.
Considering that a significant source of Salmonella for nursery pens would be the sows [16],
sows would then be a significant source of Salmonella infection for gilts and finishing
pigs [38,39]. Indeed, a recent risk assessment model adapted specifically for Spain showed
that sow prevalence is a strong indicator of slaughter pig prevalence [40]. Our results
support theirs. Defining proper strategies that prevent Salmonella shedding from sows
should be a major goal in any production/breeding pig farm. Factors that could be related
to Salmonella infection/shedding in sows (i.e., dry/pellet feed, inefficient disinfection
protocols, type of floor, etc.) [39,41,42] should then be avoided. The implementation of
feed strategies (organic acids, essential oils, prebiotics, etc.) to reduce somehow the level
of infection and shedding in the farms [43,44], or even the vaccination of sows [45,46],
may also be advisable. These strategies could be implemented directly in nursery piglets as
well [47,48]. In addition, minimizing the use of antibiotics in production/breeding farms
would appear as another goal to prevent further spread of AMR to fattening pigs and
gilts [26] and may reduce Salmonella shedding as well [49].

4. Materials and Methods
4.1. Farm Selection

The study was carried out on five multiplier /supplier swine breeding farms (herd size
between 700 and 940 sows) from the northeast part of Spain (A, B, C, D, and E), where half
of the Spanish pig census is concentrated. Farms A, B, and C belonged to one company and
D and E to a different one. All these farms had shown Salmonella seroprevalence >50%,
and Salmonella was detected, on average, in 22% of the sow fecal samples analyzed from
them [16]. The farms were chosen due to the farmers” and corresponding veterinarians’
willingness to participate in the study. The sampling was carried out in two periods,
between January 2012 and May 2013 (farms A, B, and C) and between February 2015 and
February 2016 (farms D and E).

These breeding farms keep female weaned piglets as re-stocking gilts for other pig pro-
duction farms. However, male weaned piglets are usually sent to slaughter for meat, either
at weaning age (4 wo) or after a period of two weeks in the nursery (6 wo). The samples
analyzed in this study belonged to 6-wo male piglets.

4.2. Collection of Samples

Piglet samplings were obtained at the abattoir. On a given day, whole intestinal
packages from a certain number of animals from a given batch from a farm were collected
directly at the slaughter line. There was no routine sampling schedule as the number of
available piglets and sampling times were dependent upon both piglet availability from any
of the five selected farms and abattoir readiness for collaboration that day. The intestinal
packages were then submitted to the laboratory for immediate processing. The maximum-
possible amount of mesenteric lymph nodes (MLN) and a minimum of 25 g of intestinal
content (IC) were collected for bacteriological analysis. A piece of the diaphragm muscle
was also collected for serological analysis.

During the period of piglet sampling, and every 3—4 months, floor fecal samples were
also collected by farm veterinarians from GDU from the corresponding farms. In addition,
serum samples from a representative number of these gilts were available for that period
from the official eradication campaign against Aujeszky’s disease. Fecal and serum samples
were useful in identifying circulating Salmonella serotypes during the growing period and
assessing the serological status of the growing gilts, respectively.
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4.3. Bacteriology

Detection of Salmonella isolates in both IC and MLN samples was performed according
to the ISO 6579:2002/ A1:2007 standard. Briefly, fresh MLN samples were first defatted,
weighed, and externally decontaminated by dipping them into absolute alcohol and further
flaming them. Afterward, the samples were homogenized in buffered peptone water
(BPW; Panreac Quiimica SAU, Castellar del Vallés, Spain) in 1:10 dilution and incubated
for 18 £ 2 h at 37 & 1 °C. Thereafter, three drops (33 uL each) of incubated BPW were
inoculated into a modified semisolid Rappaport Vassiliadis medium (MSRV; Oxoid Ltd.,
Hants, UK), and plates were incubated for 24 & 3 h at 41.5 & 1 °C (negative samples were
re-incubated for an additional 24 h). Ten microliters of the presumptive Salmonella growth
(detected by the halo generated in MSRYV after 24 or 48 h) was transferred to two selec-
tive media (xylosine lysine deoxycholate (XLD) and brilliant green (BG) agars) (Panreac
Quiimica SAU, Castellar del Vallés, Spain). One suspected colony per plate from each
Salmonella-positive MLN and IC sample was confirmed biochemically (triple sugar iron
(TSI) agar, urea agar, L-lysine decarboxylation medium, and indole reaction) (Panreac
Quiimica SAU, Castellar del Vallés, Spain) and further serotyped (sera obtained from
the Statens Serum Institut, Copenhagen, Denmark) at the National Reference Labora-
tory for Animal Salmonellosis in Madrid, Spain, following the White-Kauffmann-Le
Minor scheme [50].

4.4. Pulsed-Field Gel Electrophoresis Analysis

To assess the genetic relationship between the Salmonella strains shed by piglets and
Salmonella contamination in the GDU, PFGE analysis was performed (CHEF-DR® III System,
BIO-RAD, Madrid, Spain) on Salmonella isolates according to the pulse net protocol [51].
This technique is broadly recognized as a sensitive method for the molecular fingerprinting
of Salmonella serotypes and is very useful for tracing the spread of this bacterium through
the different pig production phases [24].

Only isolates from piglets’ fecal samples and floor fecal samples from the gilt unit
from the same farm that showed the same serotype were analyzed. If several isolates
met this criterion, then a maximum of two piglet isolates and two gilt isolates per batch
were analyzed.

PFGE pattern analysis was performed with the BBONUMERICS software (version 6;
Applied Maths, Sint-Martens-Latem, Belgium) using Dice’s coefficient and the unweighted
pair group method with arithmetic averages (UPGMA dendrogram type) with a position
tolerance of 1.5% and optimization of 2.0%.

4.5. Antimicrobial Agent Susceptibility

AMR tests were also performed on isolates submitted for PFGE analysis in order to
further characterize them. Susceptibility to aminopenicillins (A; ampicillin, amoxicillin-
clavulanic acid), phenicols (C; florfenicol), aminoglycosides (S; gentamicin, neomycin),
sulphonamides and dihydrofolate reductase inhibitors (Su; trimethoprim-sulfamethoxazole),
tetracyclins (T; tetracycline), cephalosporins (Cf; cephalexin, cefalotin, cefoperazone, ceftio-
fur, cefquinome), polymyxins (Po; colistin), carbapenems (Cm; imipenem), and quinolones
(Na; flumequine, enrofloxacin, marbofloxacin) was assessed by the VITEK-2 automated
system with VITEK GN96 cards (BioMérieux, Marcy-l’Etoile, France). The minimum in-
hibitory concentration (MIC) was obtained for each Salmonella strain and further classified
as resistant, intermediate, or susceptible according to the Clinical and Laboratory Standard
Institute recommendations [52]. An isolate displaying phenotypic resistance to at least
three antimicrobial classes was considered multidrug resistant [53].

For assessing colistin resistance, MICs were determined by the broth microdilution
method according to the ISO 20776-1:2006 standard. An epidemiological cutoff (ECOFF)
value of > 2 mg/L was used for considering microbiological resistance according to the
recommendations of the European Committee on Antimicrobial Susceptibility Testing [54].
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Escherichia coli ATCC 25922 and E. coli B131290T (kindly provided by Dr. Gonzalez-Zorn’s
lab) were used as quality negative and positive control strains.

4.6. Serology

For the detection of specific antibodies (IgG) against Salmonella spp., meat juice (M])
from piglets’ diaphragm muscle was used. MJ] samples were obtained after freezing and
further thawing a portion of the muscle. For gilts, blood serum samples were collected.
Both piglet MJ and gilt serum samples were kept at —20 °C until their use. The Herdcheck
Swine Salmonella ELISA test (IDEXX Laboratories, Westbrook, ME, USA) was used follow-
ing the manufacturer’s instructions. This test targets the main swine Salmonella serogroups
(B, C1, and D). For piglets, results were presented as OD% values. In the case of gilts,
and given the expected low specificity of the ELISA test used [55,56], a cutoff value of
OD% > 40 was deemed to classify a gilt as seropositive.

4.7. Statistical Analysis

Prevalence of Salmonella infection and shedding among piglets and their correspond-
ing 95% confidence intervals (95% CI) were estimated. Since the weight of MLN samples
may differ among piglets and therefore may influence bacteriological results, the median
MLN sample weight was compared between Salmonella-positive and Salmonella-negative
piglets by means of the Mann—-Whitney test for independent samples to detect potential
bias. The relationship between piglet shedding and infection was assessed by mixed
logistic regression after adjusting by season and considering farm as a grouping factor
(gllamm module in STATA software). ELISA OD% values between Salmonella-infected and
non-infected piglets were compared using the Kruskal-Wallis test. The software STATA
(STATA/IC 12.1. Stata-Corp. LP, College Station, TX, USA) was used for statistical analyses.
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Simple Summary: The addition of protected sodium butyrate to the diet of fattening pigs during
the whole fattening period (=90 days) at a dose of 3 kg per ton of feed, did not modify the overall
richness of microbiota composition of the pigs at slaughter, but may have caused some significant
changes in specific taxa that could be associated with better gut health parameters. In any case, these
results should be taken with caution, as the role of a given taxon on the pig’s gut health is influenced
by numerous variables such as age, diet, environment, treatments, other taxa present, infections, or
even the physiological status of the animal.

Abstract: The study assessed changes in the gut microbiota of pigs after dietary supplementation
with protected sodium butyrate (PSB) during the growing-fattening period (/290 days). One gram
of colon content from 18 pigs (9 from the treatment group -TG- and 9 from the control group -CG-)
was collected. Bacterial DNA was extracted and 16S rRNA high-throughput amplicon sequencing
used to assess microbiota changes between groups. The groups shared 75.4% of the 4697 operational
taxonomic units identified. No differences in alpha diversity were found, but significant differences
for some specific taxa were detected between groups. The low-represented phylum Deinococcuis-
Thermus, which is associated with the production of carotenoids with antioxidant, anti-apoptotic,
and anti-inflammatory properties, was increased in the TG (p = 0.032). Prevotellaceae, Lachnospiraceae,
Peptostreptococcaceae, Peptococcaceae, and Terrisporobacter were increased in the TG. Members of these
families have the ability to ferment complex dietary polysaccharides and produce larger amounts
of short chain fatty acids. Regarding species, only Clostridium butyricum was increased in the TG
(p = 0.048). Clostridium butyricum is well-known as probiotic in humans, but it has also been associated
with overall positive gut effects (increased villus height, improved body weight, reduction of diarrhea,
etc.) in weanling pigs. Although the use of PSB did not modify the overall richness of microbiota
composition of these slaughter pigs, it may have increased specific taxa associated with better gut
health parameters.

Keywords: pig; microbiota; intestinal microbiome; sodium butyrate; organic acid

1. Introduction

The study and implications of gut microbiota on pig health has been the objective of
many recent studies, and an overall correlation between microbiota and health has been
observed [1-3]. Gut microbiota is involved in many physiological functions, one of the most
important being the digestion of nutrients. Commensal bacteria split long carbohydrate
chains into short chain fatty acids (SCFA), such as acetic, propionic, and butyric acid, and
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these SCFA are used by the epithelium cells to produce energy [4]. In addition, intestinal
bacteria may also play an essential role in disease prevention through the maintenance
of the appropriate structure of the intestinal wall and by exerting some regulation of the
immune function [3]. Thus, the loss of the gut microbial ecosystem diversity has shown
to be related to an increase of the risk of gastrointestinal diarrhea and some immune-
mediated diseases in post-weaning pigs [5], and even to functional implications on brain
development and behavior [6]. Therefore, animal health and welfare could be improved by
selection, nutrition, and management processes that take into account the role of the gut
microbiota [7].

The intestinal microbiota is a non-static, complex structure that can be easily altered by
many factors [8]. Animal factors such as age, health status, diet, breed, or the environment
where the animal lives are responsible for changes in the gut microbiota. It also varies
in each section of the intestine and, consequently, in the sampling location, being these
differences either qualitative or quantitative [9]. Most of the commensal and beneficial
bacteria belong to the Firmicutes and Bacteroidetes phyla, which are the predominant bacteria
in healthy pigs (85% to 90% of the population). Other important but less frequent phyla
are Proteobacteria, which includes the Enterobacteriaceae family, Actinobacteria, Spirochaetes,
and Verrucomicrobia.

Among the major genera within these two main phyla would be Clostridium, Lactobacil-
lus, Lactococcus, Streptococcus, Blautia, Ruminococcus, Roseburia, and Enterococcus (Firmicutes),
and Bacteroides and Prevotella (Bacteroidetes), suggesting a core microbiota for healthy com-
mercial swine [9,10]. Relative increases in the proportion of Bacteroidetes (genus Prevotella),
Firmicutes (genera Veillonela, Enterococcus), Proteobacteria (E. coli, Campylobacter spp.) have
been associated with diarrhea in the first weeks of piglets’ life [11-15]. In other recent study
were the genera Escherichia and Shigella the core component of diarrheic microbiota, while
Prevotella was characteristic of non-diarrheic microbiota of piglets [16]. These variable re-
sults show the difficulties in understanding the complex microbial relationships occurring
within the intestinal tract.

Organic acids (OA) are being used as an alternative to antibiotics in pigs for the control
of digestive disorders caused by enteric pathogens such as Salmonella or enterotoxigenic
E. coli. Several effects have been associated with the administration of OA that would
promote intestinal health. For instance, OA, such as butyric acid, are the preferred energy
substrate for colon cells, promoting their normal proliferation and differentiation [17]. It
also stimulates mucus production and intestinal secretions with the subsequent benefit
in intestinal health, and acts as a powerful inhibitor of the intestinal inflammation and of
the development of tumors [18]. OA seem also to modulate the immune response of the
animals [19].

However, medium chain fatty acids, such as lauric acid or sodium heptanoate, and
short chain fatty acids, such as formic or butyric acid, may also positively modify micro-
biota composition [20-22]. There are two major mechanisms by which they influence the
intestinal microbiota, namely, (i) by reducing the pH of the intestinal environment; and
(ii) by penetrating the pathogenic bacterial cell and altering its physiological homeosta-
sis [23]. A reduction of the intestinal pH leads to the modification of the microbial com-
position as it selects for commensal acid-resistant microbes, such as lactic acid bacteria.
Besides, enteric pathogens are usually sensitive to a low pH, and in some cases (butyric), it
helps to down-regulate some invasion genes of Salmonella. In addition, OA would enter
the pathogenic bacteria cell in their non-dissociated form and decrease the intracellular pH
when dissociating, thus disrupting DNA synthesis [24,25]. Altogether reducing the overall
proportion of pathogenic bacteria [26].

Most of the studies on the effects of OA on the modification of the intestinal microbiota
in swine have been carried out in young pigs, i.e., suckling and/or weaned piglets, and
after administration of OA for a limited period of time. However, few studies have focused
on older pigs or after long treatments. Thus, the aim of this study was to assess changes in
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the gut microbiota of healthy fattening pigs after dietary supplementation with a formula
of protected sodium butyrate (PSB) during the whole growing-fattening period.

2. Materials and Methods
2.1. Animals, Treatment and Sample Collection

Selected pigs (a mixed breed of Landrace -25%-, Large White -25%-, and Pietrain -50%-)
were raised in a small commercial fattening unit (=100 pigs in 8 pens; 12-14 pigs/pen).
During the fattening period, the animals were fed with three different diets (starting,
fattening and finishing) free of antibiotics (Table S1). Drinkable water and feed were
offered ad libitum for all the pigs. Animals were raised following European animal welfare
regulations for pig farms (COUNCIL DIRECTIVE 2001/88/EC of 23 October 2001).

A feed additive (GUSTOR BP70, Norel S.A., Madrid, Spain) was administered to
animals from 4 randomly selected pens (treatment group -TG-) along the whole period.
This feed additive is a form of sodium butyrate (70%), part of which was protected with
vegetable fat (hydrogenated palm stearin, 30%) in order to be able to reach the distal part
of the intestinal tract, according to manufacturer. The remaining 4 pens were fed with the
same diets without the additive (control group -CG-).

Piglets entered into the growing-fattening unit at 10 weeks of age and remained
there until slaughter, that is, when they reached an average live weight of 100 &+ 10 kg
(6 months old). The treatment began 15 days after pigs entering into the fattening unit
and a dose of 3 kg of the protected sodium butyrate (PSB) per ton of feed was used for the
whole period, and for each of the three different diets that were administered. At slaughter,
intestinal content from the colon of 18 randomly selected pigs (9 from the TG and 9 from
the CG) was collected for laboratory analysis.

2.2. Bacterial DNA Extraction

One gram of colon content was collected and immediately frozen at —80 °C until
processed. Bacterial DNA was extracted from frozen samples using a QlAamp Fast DNA
Stool Mini Kit (Qiagen, Hilden, Germany) and following the manufacturer’s instructions.
Fecal samples were mixed with 1 mL InhibitEX buffer in SK38 tubes and processed by using
the Precellys® 24 homogenizer for 2 x 30 s at 6500 rpm and 10 s delay between cycles. Lysis
was completed at 95 °C for 5 min. Finally, DNA was eluted in 40 pL elution ATE buffer.
Once DNA was extracted, DNA concentrations were measured with Qubit® 4.0 fluorometer
(Invitrogen) and dsDNA HS (high sensitivity) Assay Kit (Invitrogen). DNA purity was
assessed by measuring the A260/A280 with NanoDrop® ND-1000 Spectrophotometer
V3.0.1 (Thermo Scientific, Waltham, MA, USA) and monitored on 1% agarose gels.

2.3. Library Preparation

Depending to the concentration, DNA was diluted to 1 ng/uL using sterile water. 16S
rRNA gene of V3-V4 region was amplified using specific primers (515F-806R) [27] with a
barcode. PCR reactions were carried out with Phusion® High-Fidelity PCR Master Mix
(New England Biolabs). 1X loading buffer (contained SYBR green) was mixed with PCR
products and amplicons were detected by electrophoresis on 2% agarose gel. Samples
with a bright main band between 400—450 bp were chosen for further experiments. PCR
products were mixed in equidensity ratios. Then, the mixture of PCR products was purified
with Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany).

2.4. 16S rRNA Gene Sequencing

Sequencing libraries were generated using NEBNex Ultra DNA Library Pre® Kit for
Ilumina, following manufacturer’s recommendations and index codes were added. The
library quality was assessed on the Qubit® 2.0 Fluorometer (Thermo Scientific) and Agilent
Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina MiSeq platform
at Novogene (Tianjin, China), and 250 bp paired-end reads were generated. Output data
were stored in FASTQ format.
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2.5. Bioinformatics and Statistical Analysis

Paired-end reads were assigned to samples based on their unique barcode and trun-
cated by cutting off the barcode and primer sequence. These reads were merged using
FLASH [28]. Quality filtering on the raw tags was performed under specific filtering
conditions to obtain high-quality clean sequences [29] according to the QIIME 1.7.0 quality-
controlled process [30]. The UPARSE software was used to pick up operational taxonomic
units (OTUs) at 97% similarity [31]. For each OTU, the representative sequence was as-
signed to a taxonomic annotation by using the mothur program and SILVA SSU rRNA
database [32,33].

Alpha diversity was used to measure within-groups microbial diversity (CG and TG).
Simpson, Shannon, ACE, and Chaol indexes were calculated with QIIME (Version 1.7.0)
and displayed with R software (Version 2.15.3). The differences in the alpha diversity
indexes between groups were analyzed by t-test, Wilcox, and Tukey tests (p < 0.05).

In order to estimate the dissimilarities between groups (beta diversity), both weighted
and unweighted Unifrac were calculated by QIIME 1.7.0. Analysis of similarities (ANOSIM)
and permutational multivariate analysis of variance (Adonis) were conducted using the
vegan R package [34]. Differences in the weighted and unweighted Unifrac between the
treatment and control groups were analyzed by t-test, Wilcox, and Tukey tests (p < 0.05).

Statistical analyses were performed to determine those taxa whose abundance varied
significantly (p < 0.05) among groups. A t-test was carried out at various taxon ranks,
including phylum, family, genus, and species. In addition, the microbial community differ-
ences between TG and CG diets were analyzed by the linear discriminant analysis (LDA)
effect size (LEfSe) [35]. LEfSe method was used to identify the most differentially abundant
taxa between the two groups, which would help to reveal potential microbial biomarkers.

3. Results
3.1. Sequencing Metrics

After quality control and chimera removal, the minimum and maximum of high-
quality sequences in the samples were 101,778 and 191,444, being the average 157,755 se-
quences. The maximum percentage of chimeric sequences found in the samples was 17.8%,
indicating a good performance of the sequencing.

The total number of OTUs identified was 4697, from which 3542 OTUs (75.4%) were
shared by the CG and TG groups. Each sample had, on average, 2389 OTUs (range:
1928-2875). The rarefaction curves (not presented) showed asymptotic tendency indicating
that sequencing depth was adequate for characterizing the pig gut microbiota in the
present study.

3.2. General Description of Bacterial Communities

The gut microbiome dataset from the TG and CG was composed by more than 35 phyla,
with four of them comprising almost 95% of all the bacteria (Firmicutes -62.0%-, Bacteroidetes
-25.3%-, Proteobacteria -3.7%-, and Spirochaetes -3.2%-).

When comparing the abundance of the different taxa between the TG and the CG, a
somewhat more abundant bacterium from the Firmicutes and Verrucomicrobia phyla were
found in the TG compared to the CG, while those from the Bacteroidetes and Spirochaetes
phyla were more abundant in the CG. However, no large differences were observed between
groups at this level, neither at order and class levels. Major differences were found mostly
when comparing families and genera (Figure 1).

The relative differences between the CG and TG for the 35 most common genera
are presented in a heat map (Figure 2). There was a visible clustering of pigs according
to treatment. The abundance of genera Clostridium, Terrisporobacter, Alloprevotella, and
Prevotella increased mainly in TG, while it tended to decrease in CG. In contrast, the
abundance of genera Ruminococcus and Streptococcus increased mainly in CG and decreased
in TG.
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in the control (CG) and treatment (TG) group.
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Figure 2. Heat map of relative differences of the 35 most common genera in the fecal samples of pigs fed a normal diet (CG)
and a diet supplemented with protected sodium butyrate (TG). A value of —4 represents the disappearance of a particular
genus, while a +4 value indicates that it increased from the initial value of 0.
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3.3. Alpha Diversity

In Table 1 the Shannon, Simpson, ACE, and Chaol indexes are shown for both groups.
A high microbial diversity was observed for both groups as indicated by the Shannon
and Simpson indexes, which were not significantly different between groups (Simpson
index was close to 1 for both groups, and the Shannon index around 7). Neither significant
differences were found in the Chao nor ACE indexes between both groups.

Table 1. Effects of dietary protected sodium butyrate supplementation on the microbial alpha
diversity in the colon content of growing-finishing pigs.

Control Group Treatment Group
Index Mean SD * Mean SD p-Value
Shannon 7.033 0.313 7.305 0.288 0.07
Simpson 0.968 0.014 0.975 0.0068 0.2
ACE 2549 369.23 2649 277.75 0.5
Chaol 2488 374.39 2582 289.37 0.5

* SD: Standard deviation.

3.4. Beta Diversity

No statistically significant differences in the weighted and unweighted Unifrac analy-
ses between the TG and the CG were found, but both the analysis of similarities (ANOSIM)
and the permutational multivariate analysis of variance (Adonis) showed significant com-
munity differences between the CG and the TG (ANOSIM: R = 0.013, p = 0.042; Adonis:
R? = 0.11; p = 0.04). In Table 2 are shown the specific taxa that were significantly prevalent
within each group when compared to the other according to t-test analysis.

Table 2. t-test analysis of variation between groups. Differentially abundant taxa from fecal samples between the control
(CG) and treatment (TG) group. Only the taxa that were significantly different between groups are listed.

) Taxon CG TG p-Value
Taxonomic Level Mean SD Mean SD

Phylum Deinococcus-Thermus 45x107° 2.8 x 1077 8.8 x 1078 4.6 x 1077 0.032

Family Ruminococcaceae 0.194 0.023 0.159 0.024 0.006
Bacteroidales S24-7 group 0.127 0.066 0.064 0.037 0.027
Prevotellaceae 0.075 0.051 0.114 0.039 0.047
Lachnospiraceae 0.063 0.012 0.077 0.013 0.035
Peptostreptococcaceae 0.030 0.014 0.055 0.023 0.015
Peptococcaceae 0.001 0.3 x 1078 0.002 04 x 1073 0.026

Genus Terrisporobacter 0.026 0.012 0.049 0.020 0.012
Ruminococcaceae UCG-002 0.050 0.015 0.032 0.011 0.012
Alloprevotella 0.006 0.003 0.014 0.009 0.030
Ruminococcaceae
NK4A214 group 0.021 0.003 0.015 0.003 0.003
Lachnospiraceae
XPB1014 group 0.012 0.004 0.018 0.004 0.016
Turicibacter 0.005 0.002 0.008 0.002 0.033
Parabacteroides 0.001 0.001 0.003 0.002 0.036
Eubacterium nodatum group 0.001 0.3 x 1073 0.002 0.001 0.027
Blautia 0.002 0.001 0.003 0.001 0.042
Oscillospira 0.004 0.001 0.003 0.001 0.016

Species Clostridium butyricum 0.003 0.001 0.005 0.003 0.048

According to the LEfSe analysis, the relative abundance of Prevotellaceae and Pep-
tostreptococcaceae in the TG was significantly higher than in the CG, while the relative
abundance of Ruminococcaceae and Bacteroidales S-24 group was significantly lower. The
LEfSe cladogram as a result of the TG and CG is shown in Figure 3.
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Figure 3. On the left side of the graph, differentially abundant microbial clades according to linear discriminant analysis
effect size (LEfSe). On the right side, significant clades and their associated linear discriminant analysis (LDA) score for the

control group (CG) and the treatment (TG) group are shown.

4. Discussion

Most studies focused on the impact that the use of PSB may have on the pig gut
microbiota have been usually performed on young piglets (mostly from birth to post-
weaning) treated for a short period of time [36-39]. There is only a single recent study
on the effect of dietary sodium butyrate in a population of growing-finishing pigs, after
being treated for a long period (69 days) [40]. However, in contrast to our study, the
samples were collected from the caecum. Factors such as animals” age, basal diet, as
well as time of treatment or the site of sampling, have a major influence on microbiota
composition [1,9,23,41-43]. Thus, this study can be considered unique as it was performed
on growing-finishing pigs, the treatment was administered for a long period (>90 days)
and samples were collected from the colon.

No significant differences in overall microbial diversity were detected between the CG
and the TG. A high diversity was observed in both groups, as indicated by a Simpson index
close to 1 and a Shannon index around 7, both being similar for the CG and TG (p > 0.05).
These alpha diversity indexes suggested a similar evenness of this OTUs distribution. Chao
and ACE indexes were also similar for both groups, meaning no differences in microbiota
richness between the CG and the TG. Indeed, the CG and the TG shared more than 75% of
the OTUs identified. It is interesting to note that the high alpha diversity values observed
for both groups in our study were similar to those found in sows [1], suggesting an adult
and therefore more stable microbiota composition [44], which would likely preclude finding
major overall differences in biodiversity. Although in one previous study it was found a
reduction of the microbiota diversity after sodium butyrate supplementation, it may have
been related to the use of a reduced dose of two antibiotics, colistin and kitasamycin, along
with the organic acid [40], as both antibiotics likely had some impact on specific microbial
populations [41].

Therefore, the potential effects of PSB on fattening pigs should be then investigated
at lower levels, i.e., specific taxa. The most abundant phyla found in both the CG and the
TG were Firmicutes and Bacteroidetes, followed by Proteobacteria, in agreement with the core
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microbiota of the swine gut reported in previous studies [9,10]. Beta diversity measures
showed a significant microbial community difference between both groups as indicated by
results from the ANOSIM and Adonis, but the magnitude of these differences would not be
large, as suggested by the corresponding R and R? values (ANOSIM: R = 0.013, p = 0.042;
Adonis: R? = 0.11; p = 0.04). However, both the t-test and the LEfSe analyses detected
specific taxa that differed from one group to the other. Thus, at the phylum level, we only
found an increase of bacteria from the low-represented phylum Deinococcus-Thermus in
the TG compared to the CG (p = 0.032; Table 2). This phylum is composed of the highly
radioresistant order Deinococcales and the thermophilic order Thermales. Bacteria from this
phylum are highly resistant to extreme stress through the production of carotenoids [45],
which are known to have antioxidant, anti-apoptotic, and anti-inflammatory properties [46].
Thus, increasing numbers of these bacteria might favor a healthier gastrointestinal tract.

At a family level, members of the Prevotellaceae, Lachnospiraceae, Peptostreptococcaceae,
Peptococcaceae, and Terrisporobacter families were increased in the TG (Table 2; Figures 2 and 3).
The first one being Gram-negative bacteria belonging to the order Bacteroidales while the
others were Gram-positive Clostridiales. In contrast, Ruminococcaceae and the Bacteroidales
524-7 group were more abundant in the CG.

Prevotella has been described as the most abundant bacterium in the pig, although its
relative abundance tends to decrease from weaning (25-50% of the bacteria) to finishing
(10%) [47]. More than twenty species have been described within the genus Prevotella
in the pig gastrointestinal tract, some of which were clearly more abundant in the pigs
from the TG (Figure 2). Previous studies had already observed that members of the family
Prevotellaceae were promoted when sodium butyrate was supplemented [21], suggesting
that the dietary use of butyric acid would enhance their abundance.

Studies on the Prevotella genus have found contradictory results with regard to its
relationship with pig feed efficiency and growth performance, maturation of mucosal
immunity or interactions with other commensal bacteria. In general, Prevotella has been
associated positively with feed efficiency and growth performance [48,49], likely due
to their ability to ferment complex dietary polysaccharides, which would make larger
amounts of energy available for the pig [50]. Moreover, Prevotella and Ruminococcus have
been previously described as predominant and exclusive genera associated to two main
enterotypes: the enterotype A in which it would predominate Prevotella and Mitsuakella;
and enterotype B, with Ruminococcus and Treponema. Better growth traits have been found
in those pigs with Prevotella predominant gut microbiota [48]. Interestingly, in our study, a
significant reduction of the abundance of Ruminococcaceae was observed in the TG, but was
increased in CG, supporting this co-exclusion effect. Since zootechnical parameters could
not be measured in this study, the potential positive link between Prevotella predominant
gut microbiota and favorable pig performance could not be studied.

Prevotelln may also contribute to the maturation of mucosa immunity through the
production of acetate, which is further used by other microbial species to produce butyrate.
These SCFAs would participate in the communication between the microbiota and the gut
immune system and help to maintain the anti/pro-inflammatory balance [51]. It appears
that a gut environment with higher levels of butyric would favor the presence of this
genus. In any case, most of these studies were performed on piglets and cannot be directly
extrapolated to fattening pigs like the ones used in our study, as piglets are likely more
prone to microbiota changes than older pigs with a more mature microbiota [42].

Lachnospiraceae, Peptostreptococcaceae, Peptococcaceae, and Terrisporobacter are a group of
bacteria characterized by producing SCFA after degradation of indigestible plant-derived
polysaccharides (i.e., cellulose and hemicellulose components). Within this group, Lach-
nospiraceae may be one of the most studied, with some members of this family showing
strong hydrolyzing activities, being butyrate producers and acetate consumers, especially
at a mildly acidic pH. Other Lachnospiraceae species and strains, however, produce formate,
lactate, or H, in addition to butyrate [52]. Studies on human microbiota have associated
an increase of some of these genera (i.e., Blautia, which was also found increased in the
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TG in this study) and the production of butyrate with the control of gut inflammatory
processes, atherosclerosis, and maturation of the immune system [53]. Members of this
family have been also considered opportunistic pathogens associated with human disease,
mostly with metabolic disease (i.e., obesity), irritable bowel syndrome [52], or even with
high-fat diets [54-56], but these relationships may be irrelevant in a pig production context.

Less studied have been Peptostreptococcaceae and Terrisporobacter. The former appeared
to be more prevalent in healthy than in disease animals. They have been inversely related
to dysfunction of the intestinal barrier in rats [57], and positively associated with improved
barrier ileal function in moderate protein diets in finishing pigs [58], thus suggesting
they help to maintain gut homeostasis. Regarding Terrisporobacter, its abundance has
been correlated with body weight, triglyceride, and worse serum lipid profile in elder
women [59], thus being considered a potential obesity-promoting bacteria that may also
affect sows [60], but it is unknown the relevance it may have on slaughter pigs.

Among the species taxon, only Clostridium butyricum was significantly increased in
the TG (Table 2). It seems that the acidic environment generated by the PSB delivered to
the distal part of the intestinal would have favored the presence of this bacterium. The
positive effects of C. butyricum are well-known, and it has been used as a probiotic in
cases of Clostridioides difficile infection or inflammatory bowel disease in humans [61,62]. It
generates large amounts of butyrate through the fermentation of undigested dietary fibers
and, as discussed before, this SCFA is associated with several beneficial effects, such as the
improvement of the gastrointestinal barrier function, the modulation of intestinal immune
homeostasis, or the reduction of inflammation [5,19].

In studies where C. butyricum was included in the diet of weanling piglets, diverse
positive effects such as increased villus height and crypt depth, improved body weight,
average daily gain and feed conversion rate were observed [38,63-65]. It also reduced the
diarrhea rate [38,63-65]. Thus, the significantly higher abundance of this bacterium in the
TG would suggest an overall better gut health condition in these slaughter pigs, although
extrapolation of results from weanling piglets to adult pigs should be done with caution.

DNA-based studies have allowed detection of other uncultured microorganisms such
as the Bacteroidales group 524-7 commonly found in homoeothermic animals and that
appeared increased in the CG in this study (Table 2 and Figure 3). Although some murine
studies have found fluctuations in its abundance in mice with different physiological
conditions, its role on health is far from been determined [66]. More studies will be
required to understand the role of these gut microorganisms.

5. Conclusions

The addition of PSB during the whole growing and fattening period at a dose of 3 kg
per ton of feed did not significantly modify the overall richness of microbiota composition
of pigs at slaughter, but significant changes in some specific taxa were detected. According
to previous studies, most of the changes observed would be likely associated with better
gut health parameters. An increase in the abundance of SCFA-producing strict anaerobes
was detected (Clostridium and Prevotella) that may also help to reduce the presence of enteric
pathogens. In any case, it should be noted that the role that a given taxon may have on
gut health is likely influenced by the interactions of numerous variables, such as age, diet,
environment, treatments, the presence of other taxa, infections or even the physiological
status of the animal. Therefore, direct comparisons between studies are difficult.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/anil11072137/s1, Table S1: Ingredients and nutrient contents of the basal diets.
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Salmonellosis continues to be a major cause of foodborne outbreaks worldwide,
and pigs are one of the main sources of human infection. Salmonella pork
contamination is a major concern for abattoirs and is related to the presence of
Salmonella in pigs’ feces at slaughter. Being able to predict the risk of Salmonella
shedding in pigs arriving at the slaughterhouse could help mitigate abattoir
and carcass contamination. For this purpose, 30 batches of 50 pigs each were
selected from 30 different fattening units. The pigs were tagged and bled for
the detection of antibodies against Salmonella approximately one month before
slaughter. Pooled floor fecal samples were also collected from 10 pens per unit
for Salmonella detection, and a questionnaire on biosecurity was administered
to each farm. At the abattoir, colon content was collected from each tagged
pig for the Salmonella shedding assessment. A predictive model for Salmonella
shedding at slaughter was built with two-third of the pigs by employing random-
effects logistic regression analysis, with Salmonella shedding as the dependent
variable and pig serology and other farm/environmental characteristics as the
independent variables. The model included farm as the grouping factor. Data
from the remaining one-third of the pigs were used for model validation. Out
of 1,500 pigs initially selected, 1,341 were identified at the abattoir and analyzed.
Salmonella was detected in 13 (43.3%; 95%CI| = 27.4-60.8) of the fattening units.
The mean batch seroprevalence (cut-off OD% >40) among the fattening units was
31.7% (95%Cl = 21.8-41.0), and a total of 316 pigs (23.6%; 95%Cl = 21.4-25.9)
shed Salmonella at slaughter. The model predicted reasonably well (Area under
the curve = 0.76; P < 0.05) whether a pig would shed Salmonella at slaughter,
with estimates of sensitivity and specificity at 71.6% and 73.6%, respectively.
Serology, the percentage of Salmonella-positive pens on the farm, and the internal
biosecurity score were significantly associated (P < 0.05) with Salmonella shedding
at the abattoir, and several scenarios were observed by the model. The study
highlighted that although serology may be helpful for identifying batches of pigs
at risk of shedding Salmonella upon their arrival at the abattoir, it may not be
necessary in some scenarios.
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1. Introduction

Salmonellosis remains one of the most frequent foodborne
zoonoses in the EU, with 60,050 human cases (15.7/100,000
inhabitants) in 2021. In the last year, S. Enteritidis, S. Typhimurium,
and the monophasic variant of S. Typhimurium (mST) were among
the most reported serovars, with the latter two mainly associated
with contaminated pork (EFSA and ECDC, 2022).

In contrast to the fowl industry, to date, few EU countries
have established National Control Programs (NCPs) against pig
salmonellosis. On-farm Salmonella control programs in fattening
swine were expected to be initiated in all EU after Regulation EC
No. 2160/2003. However, most EU countries did not implement
them, likely because they were not considered cost-effective
(Anonymous, 2011).

The first comprehensive Salmonella NCP for pigs in Europe
was established in Sweden in the 60s (Wierup, 2006) after a
major food-borne outbreak in 1953 (Lundbeck et al, 1955),
which was followed later by Norway, Finland, and Denmark in
1995 (Mousing et al., 1997; Maijala et al., 2005; Lyngstad et al.,
2007). All but Denmark’s were focused on eradication and had
bacteriological analyses as the keystone. Denmark developed its
own NCP based on both bacteriological and serological analyses,
and its focus was mainly on Salmonella control. In all cases, the
farm-level prevalence was initially low, and strict measures were
enforced when Salmonella was found. These measures included the
application of economic penalties. Positive results were observed in
reducing the overall Salmonella prevalence in pig carcasses but at a
high cost (Anonymous, 2011).

After the success of the Scandinavian action plans and
along with EU regulation, new NCPs followed suit in other
European countries: Germany and United Kingdom in 2002
(Osterkorn et al., 2001; BPEX, 2002; Snary et al., 2010), Ireland
in 2003 (Statutory Instrument No. 165/2002), the Netherlands
in 2005 (Hanssen et al, 2007), and Belgium in 2007 (Méroc
et al, 2012). In general, these programs were similar to the
Danish NCP, focusing on control, but they were based mostly
on serological analysis of a relatively small number of pigs per
batch slaughtered. Thus, pig herds were categorized into three
different risk groups: low-risk (I), medium-risk (II), and high-
risk herds (IIT). Category III herds had to undertake farm-
specific activities aimed at reducing their Salmonella exposure
and, accordingly, their Salmonella seroprevalence. Although no
penalties were generally applied, incentives were offered to farmers
in some countries, such as to be included in pork quality assurance
schemes, particularly, the Qualitdt und Sicherheit (QS) in Germany,
the British Quality Assured Pork (BQAP) in the UK, the Bord
Bia Quality Assurance Scheme in Ireland, and the IKB Nederland
Varkens in The Netherlands.

Despite these efforts, there is no evidence in the scientific
literature of any significant change in swine Salmonella infection
reduction in pigs or in human cases related to pork consumption,
and the overall Salmonella seroprevalence remains stable in pigs
in many of these non-Scandinavian countries (Correia-Gomes
et al, 2021). Only Germany recently reported some positive
results after more than 20 years since the implementation of its
program (Anonymous, 2021). Meanwhile, the United Kingdom
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suspended its serological monitoring in 2012 (Anonymous, 2012),
and Belgium, which also suspended its serological monitoring,
only has maintained veterinary advice on the control of pig
salmonellosis (Anonymous, 2015).

The overall lack of efficacy and the high cost of the on-farm
control of pig salmonellosis, especially for countries with large pig
census (Anonymous, 2011; Gavin et al., 2018), suggest the need
to revisit these NCPs. Since in the EU, pig salmonellosis is by far
a public health problem, not a pig health problem, a change in
the programs’ main objective would be advisable. Asymptomatic
Salmonella-infected pigs commonly arrive at the abattoir for
slaughter [European Food Safety Authority (EFSA), 2011], and
they are particularly prone to Salmonella shedding (Rostagno et al.,
2010). Thus, live pigs, through their feces, are a major source of
abattoir environmental Salmonella contamination, likely being the
main source of carcass contamination and, consequently, pork and
related products (Argiiello et al., 2013a; Swart et al., 2016; Marin
et al., 2020). Thus, the main objective of a NCP aimed at reducing
the incidence of human salmonellosis may be to focus on finding
ways to minimize Salmonella contamination in abattoirs, which in
the short term, could be more cost-effective than trying to stop the
infection within pig farms. Being able to predict the likelihood that
a pig will shed Salmonella upon its arrival at the abattoir may be the
first step to reaching this objective.

Casanova-Higes et al. (2017) observed that pigs shedding
Salmonella at slaughter seroconverted earlier during the fattening
period than non-shedder pigs. A subsequent study showed that on-
farm serology could, to some extent, help predict the probability
of a pig shedding Salmonella at slaughter, thus allowing for the
prompt implementation of on-farm and slaughter interventions
to reduce the likelihood of abattoir environmental contamination
with Salmonella (Mainar-Jaime et al., 2018). However, since these
studies were carried out on a small number of pig batches
from a single Salmonella-positive farm and with no additional
information, their results should be confirmed further.

Thus, the main objective of this study was to assess whether
serology and other farm and/or environmental characteristics
(Salmonella pen contamination, farm biosecurity, season, etc.)
could be used as predictors of Salmonella shedding at the abattoir.
By predicting the risk of Salmonella shedding for a given batch
of pigs upon their arrival at the abattoir, subsequent carcass
contamination could be prevented by implementing both on-farm
and abattoir control strategies.

2. Materials and methods

2.1. Animal selection and sampling

Between December 2019 and March 2022, 30 batches of 50
pigs each (a total of 1,500 pigs) from 30 different fattening units
(average size 21,000 pigs/unit) were chosen for this study. Farms
were selected based on farmers’ willingness to collaborate and the
availability of veterinary services.

The 50 animals from each fattening unit were selected
approximately 3-4 weeks before slaughter, as suggested in a
previous study (Mainar-Jaime et al., 2018). They were chosen from
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different pens along the fattening units (from 1 to 3 pigs/pen)
among the first pigs of the unit to be sent for slaughter (the
heaviest ones). At that moment, pigs were ear-tagged, and their
blood samples were taken for the detection of specific antibodies
against Salmonella. In addition, pooled floor fecal (FF) samples
were collected from 10 pens distributed at different points of the
fattening unit (corners, middle areas, and right and left to aisles)
for the detection of Salmonella on the farm.

The selected pigs were loaded onto a clean and disinfected
truck along with other pigs from the same fattening unit (up to
approximately 200 pigs/truck); thus, they were not mixed with
pigs from other different units. Transport to slaughter usually
occurred on Monday mornings, but they were not necessarily
the first batches to be slaughtered that day. In general, farms
were not more than 2h away from the abattoir (mean distance
farm to abattoir: 33km; 95%CI = 25.4-40.5). At the abattoir,
pigs were kept in a clean pen without mixing them with pigs
of other origins. Slaughtering was performed within the first two
hours after arrival. All the procedures followed the usual abattoir
routine, and no specific changes were made for this study. Tagged
animals were identified at the slaughter line, and after evisceration,
a minimum of 25 g of intestinal (colon) content (IC) was collected
from the gastrointestinal package of each of these pigs for assessing
their Salmonella shedding status. After collection, all samples were
transported directly to the laboratory for immediate processing.

2.2. Farm biosecurity questionnaire

A questionnaire on the different aspects of farm biosecurity
was filled in by the veterinarian responsible for each farm included
in the study. This questionnaire was based on that available
through Biocheck. Gent BV, Belgium (https://biocheckgent.com/
en). Briefly, it consisted of a risk-based scoring system and
retrieved information on external and internal farm biosecurity.
Regarding external biosecurity, the factors considered were the
purchase of animals, transport of animals, removal of manure
and dead animals, feed, water and equipment supply, personnel
and visitors, vermin and bird control, and environmental region.
Regarding internal biosecurity, the factors considered were disease
management, fattening unit management, measures between
compartments and the use of equipment, and cleaning and
disinfection. For each category, a score between 0 for the worst
scenario and 100 for the best biosecurity level was obtained. A final
score on the overall farm biosecurity level, which was computed as
the average of external and internal biosecurity scores, could then
be calculated. These results could be further compared to national
score averages.

2.3. Serological analysis

Sera were analyzed by an indirect enzyme-linked
immunosorbent assay (ELISA) for the presence of specific
antibodies against Salmonella (Herdcheck Swine Salmonella test,
IDEXX Laboratories, Westbrook, ME, USA). This test is designed

to detect antibodies to the LPS Salmonella B, C1, and D serogroups
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(O-antigens 1, 4, 5, 6, 7, and 12), which are the most common
serotypes isolated in pigs. Individual results were presented as
optical density percentages (OD%) as compared to the control
sera. For farm seroprevalence estimates, a high cut-off value
(OD% >40) was used to deem a pig as seropositive. Given the
limited test’s sensitivity and specificity on field samples (73% and
95%, respectively; Mainar-Jaime et al., 2008), high OD% values
allowed for the minimization of the number of false-positive
individual results.

2.4. Salmonella isolation and identification
of the main serotypes

Salmonella identification from FF and IC samples was carried
out following the standard ISO 6579-1:2017 method. A colony
from each Salmonella-positive culture was selected for PCR
identification of the two major serotypes of concern in the pig
industry, i.e., S. Typhimurium and the mST. These two serotypes
are the second and third most prevalent in human cases, and a
high proportion of them are related to pig sources (EFSA and
ECDC, 2022). For that purpose, a duplex PCR that simultaneously
amplifies a fragment between the genes fIjB and fljA and the phase-
2 flagellar gene (fIjB) was used (Tennant et al., 2010; Barco et al.,
2011).

2.5. Pulsed-field gel electrophoresis

Cross-contamination may occur during transport and lairage
(Argtiello et al., 2013a). Therefore, to confirm the spread of isolates
from the farm to the slaughter, the genetic relationship between
the Salmonella strains shed by pigs at slaughter (IC samples) and
those isolated from farm FF samples was assessed by performing
PFGE analysis (Ribot et al., 2006). PFGE analysis was performed
on isolates identified as S. Typhimurium or mST.

Only isolates from FF samples and IC samples from the same
farm that showed the same serotype were analyzed. If several
isolates met this criterion, then a maximum of three pig isolates and
three FF isolates per farm were analyzed. PFGE pattern analysis was
performed using the BIONUMERICS software (version 6; Applied
Maths, Sint-Martens-Latem, Belgium) with Dice’s coefficient and
the unweighted pair group method with arithmetic averages
(UPGMA dendrogram type), employing a position tolerance of
2.0% and optimization of 2.0%. Fragments less than 30 kb long were
not included in the final analysis as they are produced by plasmid
DNA (Kariuki et al., 2000; Peters et al., 2003; Cooke et al., 2008).

2.6. Statistical analyses and Salmonella
shedding predictive model development

Estimates of on-farm Salmonella seroprevalence, pen
prevalence, and prevalence of Salmonella shedding at slaughter
with their corresponding 95% confidence intervals (95%CI) were

calculated for the fattening units.
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To create the predictive model for Salmonella shedding
at slaughter, a random-effects logistic regression analysis was
conducted, with Salmonella-shedding pigs at the abattoir (yes/no)
as the dependent variable. Serology (OD% values), internal,
external, and total biosecurity, percentage of Salmonella-positive
pens in the farm (three categories: no positive pens, less than 20%
of positive pens, >30% of positive pens), and other farm and/or
environmental characteristics that may be related to Salmonella
infection, such as the season of sampling (spring, summer, autumn,
and winter), the distance (in km) and time (in minutes) of transport
from the farm to the abattoir, and the time elapsed between farm
and abattoir samplings (in days) were the independent variables.
The presence of S. Typhimurium/mST in the farm (yes/no) was
also included in the model as Salmonella shedding, and immune
response could be related to these serotypes (Ivanek et al., 2012).
Since animals were grouped within farms, the farm was considered
a random (grouping) variable to account for the correlation
between individual pigs coming from the same farm (i.e., intraclass
correlation, ICC). Two-thirds of the study population, which
was defined as the total number of pigs for which all required
information was obtained, were randomly selected to run the main
model. The remaining third of the pigs were used for model
validation (reproducibility).

Receiver operating characteristic (ROC) curves were built
from potential logistic models, and the area under the curve
(AUC) was used as a method for selecting the best predictive
model (Greiner et al., 2000). Final estimates of the probability
of shedding Salmonella were calculated for each pig from the
selected logistic regression equation, and different scenarios were
identified according to the different levels of the variables included
in the model. Furthermore, a cut-off value was selected, based on
Pythagoras’ theorem-based method, which is a new approach based
on the smallest sum of squares of 1-sensitivity and 1-specificity,
to assess the diagnostic accuracy of the prediction when sensitivity
(Se) and specificity (Sp) were valued equally. The cut-point chosen
by this method always selects the one closest to the top-left corner
of the ROC curve, regardless of its shape (Froud and Abel, 2014).

Statistical analyses were performed using the STATA software
(STATA/IC 12.1. StataCorp. LP, College Station, TX, USA) and
MedCalc® statistical software version 20.215 (MedCalc Software
Ltd, Ostend, Belgium).

3. Results

3.1. Farm biosecurity and Salmonella
contamination at the farm

The 30 selected farms presented a mean overall biosecurity
score of 73.31% (ranging from 51% to 84%) (Figure 1). The mean
internal biosecurity score for these farms was 67.80% (min.: 40%,
max.: 82%), while their mean external biosecurity score was 78.98%
(min.: 62%, max.: 89%).

Salmonella was detected in 13 (43.3%; 95%CI = 27.4-60.8)
of the fattening units sampled, with a mean pen prevalence
of 36.9% (95%CI = 22.6-51.2) in the Salmonella-positive units.
S. Typhimurium was present in six (46.2%), the mST in eight
(61.5%), and other serotypes in only two (15.4%) of the pig units.
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Seven (53.8%) of the Salmonella-positive units showed >30% of
positive pens.

Salmonella was recovered from 48 out of 300 pooled FF samples
(16%; 95%CI = 12.3-20.6) analyzed. Among the positive FF
samples, S. Typhimurium was isolated in 21 samples (43.7%; 95%CI
= 30.7-57.7), and the mST was isolated in 20 samples (41.7%,
95%CI = 28.9-55.7). Salmonella isolates belonging to serotypes
other than these two were found in only seven FF samples (14.6%;
95%CI = 7.3-27.2).

3.2. Salmonella farm seroprevalence

Out of the 1,500 pigs initially ear-tagged at the farm, a total
of 1,341 (89.4%) were further identified at slaughter, and IC
samples were collected (an average of 44.7 pigs/fattening unit;
95%CI = 42.6-46.8). Serological analyses were performed on
these 1,341 pigs. The mean seroprevalence (cut-off value OD%
>40) among the 30 units was 31.7% (95%CI = 21.8-41.0), but it
differed significantly among farms, ranging from a minimum of
2.3% to a maximum of 87.0%. Only six of these farms showed
seroprevalences below 10%. The distribution of the seroprevalence
among pig farms is shown in Figure 2.

3.3. Prevalence of Salmonella shedding at
the slaughterhouse

A total of 316 pigs (23.6%; 95%CI = 21.4-25.9) were shedding
Salmonella at slaughter. The prevalence of shedding differed
significantly among farm batches, ranging from 0% to a maximum
of 79.4%. All pigs were Salmonella negative only in three of these
batches. The distribution of Salmonella shedding prevalence among
pig batches is shown in Figure 2.

The major serotype identified was the mST, which was isolated
in 151 pigs (47.8%; 95%CI = 42.3-53.3). S. Typhimurium was
isolated in 71 pigs (22.5%; 95%CI = 18.2-27.4). Serotypes other
than S. Typhimurium and the mST were identified in 94 pigs
(29.7%; 95%CI = 25.0-35.0).

3.4. PFGE

Since S. Typhimurium and the mST were the two major
serotypes involved (isolated in >80% PFF samples and 70%
IC samples), PFGE analysis was performed on these Salmonella
serotypes but only when the same Salmonella serotype was detected
in both FF and IC samples from the same fattening unit. A total
of 20 Salmonella isolates from FF samples and 26 isolates from IC
samples from nine Salmonella-positive units were submitted for
PFGE analysis.

PFGE analysis showed 11 different Xbal patterns (based on a
similarity cut-off of >90%) (Figure 3). The observed PFGE clusters
matched well with the serotypes. Four main clusters were observed
for S. Typhimurium (clusters IV, V, VI, and XI), including only
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Individual overall biosecurity scores for the 30 pig farms included in the study and the mean value (solid black line) of all farms.
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three farms, and seven for mST (clusters I, II, III, VII, VIIL, IX,
and X).

Salmonella isolates from FF samples were grouped into four
different PFGE patterns (I, V, VI, and XI). Clusters VI and XI
were composed only of isolates from FF samples. Within the
other two clusters (clusters I and V), isolates from IC samples
obtained from pigs from the corresponding fattening unit were also
included. Overall, 65.4% of the IC isolates analyzed were included
within these two clusters. At least one genetic relationship between
Salmonella isolates from IC and FF samples was detected in 77.7%
of the pig units.

3.5. Salmonella shedding prediction model
development and validation

Two-thirds (885 animals) of the 1,341 pigs were randomly
selected for building the predictive model. The results of the
random-effects logistic regression analysis showed three variables
related to Salmonella shedding at the abattoir, namely, serology
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(included as the logarithm of OD% values), the percentage of
Salmonella-positive pens in the farm (used as a categorical variable
based on percentiles: no positive pens; low percentage of positive
pens, <20%; and high percentage of positive pens, >20%), and
the internal biosecurity score (also used as a categorical variable
based on percentiles: low score, <64%; medium score, from 64
to 77%; and high score, >77%) (Table 1). The random-effects
logistic regression analysis indicated a significant clustering effect
of “Farm” (ICC = 0.33; P < 0.001).

Individual serology was positively related to Salmonella
shedding at the abattoir as increasing OD% values increased the
odds of shedding (OR = 1.75; 95%CI = 1.06-2.87). Pigs from
fattening units in which Salmonella was isolated from 10 to 20%
of the pens had approximately five times higher odds of shedding
Salmonella at the abattoir than pigs from units where Salmonella
was not isolated from any pen (OR = 5.46; 95%CI = 1.19-
24.95). These odds were even higher when Salmonella was detected
in >30% of the pens in the unit (OR = 8.18; 95%CI = 2.07-
32.33; P < 0.01). Regarding farm biosecurity, medium and high
internal biosecurity scores significantly decreased the odds of a
pig shedding Salmonella when compared to low biosecurity scores
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FIGURE 3
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slaughtered pigs’ intestinal content (IC) and pen floor fecal (FF) samples from 9 fattening units.
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TABLE 1 Results of the random-effects logistic regression analysis* for
predicting Salmonella shedding at the abattoir.

Odds P-value  95% CI(OR)

ratio (OR)
Serology (LogOD%) ‘ 1.74 ‘ 0.028 ‘ 1.06-2.87
% Salmonella-positive pens
0° 1 - B
10-20 5.46 0.029 1.19-24.95
>30 8.18 0.003 2.07-32.33
Internal biosecurity score
<64%° 1 - -
64-77% 0.25 0.043 0.07-0.96
>77% 0.20 0.050 0.04-0.99
Constant 0.11 0.005 0.03-0.52

*Farm regarded as a grouping (random) variable.
?Reference category. Intraclass correlation coefficient (ICC): 0.33 (95%CI = 0.19-0.50).

100

80

60

40

W AU, scee = 0.757: P < 0,001

B Auc.u. =0.768: P <0001

FIGURE 4

Receiver operating characteristic curves (ROC) and the
corresponding areas under the curve (AUC) for the estimated (blue)
model and the validation model (purple).

(OR = 0.25; 95%CI = 0.07-0.96 and OR = 0.20; 95%CI = 0.04-
0.99, respectively).

The prediction model built with these three factors showed a
good ability to predict whether an animal will shed Salmonella at
the abattoir. The AUC (0.76) was significantly different from that
for a non-discriminatory model (Figure 4). The best cut-off value
for maximizing Se (i.e., its ability to correctly identify an animal
that will be shedding Salmonella after its arrival to the abattoir) and
Sp (i.e., its ability to correctly identify an animal that will not shed
Salmonella at the abattoir) was 25.9%. The associated diagnostic Se
and Sp for that cut-off value were 71.6% and 73.6%, respectively
(Table 2).

The model was rerun using data from the one-third left of the
pig population (N = 456) for validation purposes. The comparison
between the predictive and the validation models showed non-
significant differences (Table 2 and Figure 4).
shows the predicted probability of shedding
Salmonella at the abattoir according to serological values (ELISA

Figure 5

OD%) after considering the proportion of Salmonella-positive
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TABLE 2 Prediction parameters for the estimated model and the
validation model.

Estimated model Validation model

AUC 0.757 0.768
95% CI (AUC) 0.728-0.785 0.727-0.806
Pythagoras cut-off* 25.88 26.47
Sensitivity 71.56 70.41
95% CI (sensitivity) 65.1-77.4 60.3-79.2
Specificity 73.61 74.58
95% CI (specificity) 70.1-76.9 69.7-79.0

AUC, Area under the curve.
*Estimated as the smallest sum of squares of 1-sensitivity and 1-specificity (Froud and Abel,
2014).

pens in the fattening units and their internal biosecurity scores. In
two scenarios, serology would not add significant information for
considering whether a pig would shed Salmonella at the abattoir: in
the case of farms with high or medium internal biosecurity with no
Salmonella-positive pens or in the case of farms with low internal
biosecurity with at least one Salmonella-positive pen.

4. Discussion

In this study, a total of 1,341 pigs from 30 farms that were
willing to participate and were located in Northeast Spain, the
largest pig production region in Spain (MAGRAMA, 2021), were
selected. Even though pig salmonellosis is considered a public
health concern, Salmonella contamination was detected in 43.3%
of the farms, a figure comparable to that reported in 2003-2004
in a similar study on the entire country (Garcia-Feliz et al., 2007).
More concerning, the proportion of pigs shedding Salmonella at
the abattoir was also high (23.6%), with some pig batches reaching
up to 80% and with zoonotic S. Typhimurium and the mST being
the predominant serotypes. These pigs are likely major sources
of carcass contamination (Argiiello et al, 2013a; Marin et al,
2020), and finding ways to prevent this shedding should be of
utmost importance.

As indicated by the random-effects logistic model, the
proportion of pigs shedding Salmonella at the abattoir was strongly
related to the presence of Salmonella in the fattening unit from
which pigs came (Table 1). This relationship was supported to
some extent by the identification through PFGE analyses of genetic
matches between Salmonella isolates from pen FF and pig IC
samples in most of the analyzed batches (Figure 3), despite the
possibility of cross-contamination during transport or lairage
(Argiiello et al., 2013a). These findings emphasized the role that
Salmonella farm contamination plays in Salmonella shedding at
slaughter and suggested that Salmonella control should begin at the
farm (de Busser et al., 2013).

A thorough biosecurity questionnaire was carried out on
all the pig farms to describe their overall biosecurity level
On average, they presented good biosecurity levels. The mean
biosecurity score for these farms was 73%, which appears to be
somewhat higher than the Spanish national average (68%, from 275
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FIGURE 5
Probability of Salmonella shedding at the abattoir as a function of serology (ELISA OD% values), farm internal biosecurity (BIO: high, medium, and
low), and the percentage of Salmonella-positive pens in the farm (%Salm: 0%, 10-20% and >30%).

questionnaires) and even higher than the national average for other
big European pig-producer countries such as Germany (64%; 180
questionnaires), The Netherlands (69%; 198 questionnaires), Italy
(71%; 353 questionnaires), or Ireland (72%; 486 questionnaires).
However, the score was lower than that in Belgium (75%; 10,068
questionnaires) (as checked at biocheck.ugent.be on 31 January
2023). However, despite this good level of overall biosecurity,
serological results suggested that Salmonella was circulating within
most farms, highlighting the difficulties in controlling it at the
farm level. On average, 32.9% of the pigs presented high ELISA
OD% values (>40%). Based on these results, one-third of the farms
would be classified within the high-seroprevalence category (>40%
seroprevalence), and another one-third would be classified within
the medium category (between 20% and 40% seroprevalence),
according to the main NCPs. Only six farms showed seroprevalence
levels below 10%. These results might also explain to some extent
the high proportion of pigs shedding Salmonella at the abattoir,
as a significant positive but weak association was observed in the
logistic model between pig serology and Salmonella shedding at
slaughter (Table 1). Pigs with much higher ELISA OD% values
would have somewhat higher odds of shedding Salmonella at
slaughter (Kranker et al., 2003; Serensen et al., 2004; Korsak et al.,
2006; Mainar-Jaime et al., 2018).

In this study, neither the overall nor the external biosecurity
scores were related to the reduction of Salmonella shedding at
the abattoir (Table 1). Although the biosecurity level of farms
is, in general, considered to be beneficial to reducing bacterial
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transmission, it appears that biosecurity cannot reduce Salmonella
prevalence by itself (Alarcon et al., 2021; Youssef et al., 2021). The
implementation of efficient on-farm Salmonella control measures
will depend on farmers perception of the disease and their
motivation to maintain them on an ongoing basis (Fraser et al.,
2010; Marier et al., 2016). However, pig salmonellosis is usually
asymptomatic, that is, of low concern for farmers and swine
production veterinarians.

The predictive model built with these three factors, i.e.,
serology, farm internal biosecurity, and Salmonella pen prevalence,
showed an acceptable ability to predict whether an animal will shed
Salmonella at the abattoir. Thus, according to the model, a pig
with a predicted probability of shedding Salmonella greater than
26% would have a 71.6% probability of being a true shedder. If the
predicted probability was <26%, the animal would have a 73.6%
probability of being a true non-shedder. Therefore, estimating the
proportion of animals with a model probability higher than 26%
in a given batch of pigs intended for slaughter would allow for the
assessment of the overall risk of shedding for that batch. Once the
potential risk of Salmonella shedding has been assessed 3-4 weeks
before slaughter, stakeholders could act according to the results
obtained. At the farm level, control measures could be implemented
to minimize the likelihood of Salmonella shedding at slaughter.
For instance, the addition of organic acids in food/water could
help reduce shedding (de Busser et al., 2009; Argiiello et al., 2013b;
Lynch et al., 2017; Bernad-Roche et al., results to be published).
Additionally, the abattoir, being aware of the risk, could implement
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mitigation measures such as logistic slaughter (Swanenburg et al.,
2001; Hotes et al, 2011) or even the addition of organic acids
to the water at lairage (Bernad-Roche et al.,, 2022), to attempt to
reduce the risk of Salmonella shedding. These interventions will
only be required on those batches of pigs that present probabilities
of Salmonella shedding above an established threshold.

It is interesting to note that in farms with high or medium
internal biosecurity scores (i.e., scores >64%) and where no
Salmonella-positive pens were detected, no animals could be
considered shedders at slaughter (i.e., with predicted probability
>26%), regardless of the ELISA OD% values (Figure 5). Likewise,
serology would be unnecessary in the case of farms with low
internal biosecurity when at least one pen is positive for Salmonella,
as all pigs would show high predicted probabilities of shedding
the bacterium at slaughter. In this second scenario, the likelihood
of a pig becoming infected will be high, since Salmonella should
be able to circulate easily among pens in farms with low internal
biosecurity (Baptista et al., 2010).

These results emphasized the importance of internal
biosecurity in the transmission of Salmonella within the farm.
The internal biosecurity questionnaire included factors such as
disease management (i.e., vaccination and treatment protocols and
frequency of health status assessment), fattening unit management
(i.e., all-in/all-out system and pig mix and density), measures
between compartments and the use of equipment (i.e., foot baths,
cleaning and disinfection after equipment usage, workflow from
younger to older pigs, and sharing equipment with other farms),
and cleaning and disinfection (i.e., after every production cycle,
protocols, and drying after cleaning and disinfection). Cleaning
and disinfection along with feed, water, and bedding are considered
by experts some of the most important biosecurity measures to
control Salmonella in indoor settings (De Lucia and Ostanello,
20205 Galipé et al., 2023). However, more research is required to
determine with more certainty the most-effective measures from
the human health perspective (Youssef et al., 2021).

In contrast to the two previous scenarios, in the case of
any of the other situations (i.e., acceptable internal biosecurity
with the presence of Salmonella-positive pens or low internal
biosecurity and no Salmonella-positive pens), serology would add
useful information to the decision of whether a pig should be
considered of risk for Salmonella shedding at the abattoir. As
an example, pigs with ELISA values >30% would be associated
with abattoir Salmonella shedding if they belong to farms with
medium internal biosecurity, along with the presence of Salmonella
in 10-20% of the pens. If they belong to a similar farm but
with high internal biosecurity, the pigs of risk would be those
showing much higher ELISA values (close to 80%). ELISA values
would also help interpret the possible shedding status of a pig
from a low internal biosecurity farm when no Salmonella-positive
pens are detected (Figure 5). Therefore, considering the different
scenarios that are possible according to the model, the simplest
way to proceed with the estimation of the risk of Salmonella
shedding at slaughter would be to start with an assessment of
the farms’ internal biosecurity and the Salmonella pen prevalence.
Depending on the results, additional serological analyses should
be carried out on a representative sample of the pigs from
the batch.
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Although many studies have shown the lack of reliability of
indirect ELISA tests for ascertaining the individual Salmonella
status of a pig, either infection or shedding (Nollet et al., 2005;
Farzan et al., 2007; Gradassi et al., 2015), they could be of relative
value when used on groups of pigs (Serensen et al., 2004; Korsak
et al., 2006; Farzan et al., 2007). In this study, a significant but low
correlation was observed between the Salmonella seroprevalence of
a given batch and the proportion of shedding pigs at the abattoir
for that batch (Figure 2), when no other factors were taken into
account. This simple approach might not be sufficient for accurately
predicting Salmonella shedding at the abattoir.

It appears that the value of serology for predicting shedding
depends on the context in which it is used. Similar to the results
of a previous study (Mainar-Jaime et al., 2018), the model in this
study indicated that higher individual OD% values were related
to higher odds of Salmonella shedding at slaughter. This was
likely due to the presence of stressful factors such as the transport
and waiting (lairage) times that pigs went through, which would
favor the shedding among the infected pigs (Duggan et al., 2010;
Simons et al.,, 2016). In addition, other factors, such as the internal
biosecurity of the farm and the presence of Salmonella in the farm,
would also play a significant role in interpreting ELISA values in
this context. Thus, these results might help explain, at least in
part, the difficulties that many NCPs face in properly assessing
the Salmonella status of pig farms, as many of them are based
exclusively on serological results usually obtained from a small
and hardly representative number of animals, without considering
other factors (Mainar-Jaime et al., 2018; Correia-Gomes et al.,
2021).

5. Conclusion

This study highlighted the importance of the context in which
serology is used for pig salmonellosis control. Using it 3-4 weeks
prior to sending the pigs to slaughter might be helpful for
identifying batches of pigs at risk of shedding Salmonella upon
their arrival at the abattoir. In some cases, being aware of the
farm’s internal biosecurity level and performing a bacteriological
sampling of a representative number of pens might be sufficient
for estimating the risk of Salmonella shedding for a given batch
of pigs ready for slaughter. In others, serology would be required
for a more accurate interpretation of the results, but in both
situations, an acceptable level of knowledge about the risk of
Salmonella shedding for a given batch of slaughter pigs could
be achieved. Reducing the likelihood of Salmonella shedding at
this stage would be an important step for reducing Salmonella
carcass contamination.

An additional advantage of this approach is that Salmonella
control would not initially rely on the farmer’s work but on the
farm’s data collection, as farmer’s engagement seems to be one of
the main obstacles NCPs face, especially when dealing with animal
infections of no clinical concern (Fraser et al., 2010; Marier et al.,
2016; Alarcon et al.,, 2021). Moreover, this approach would also
allow for a combined farm/abattoir strategy that would likely have
cumulative benefits (Swart et al., 2016), as it would make both
abattoirs and farmers aware of the risk of the pigs coming to the
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slaughter. Thus, a more precise characterization of the Salmonella
status of pig farms would be obtained from routine sampling, with
the collection of proper representative samples, which would also
help encourage a good attitude among farmers toward Salmonella
control in the short/medium term.
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Simple Summary: Salmonellosis is a public health concern, and Salmonella-shedding pigs at the
abattoir are one of the main sources of human infection. In this study, an esterified formic acid
was applied as an on-farm treatment at a dose of 10 kg of product per 1000 L of water five days
before slaughter. It was found that it could significantly reduce the proportion of Salmonella-shedding
pigs arriving at the slaughterhouse and the Salmonella loads in the guts of the shedder pigs. These
promising results suggest that this esterified formic acid could be used in farm drinking water a few
days before slaughter as a complementary mitigation strategy for Salmonella control.

Abstract: The presence of Salmonella in pig feces is a major source of abattoir and carcass contam-
ination, and one of the main sources of human salmonellosis. This study assessed whether using
a form of esterified formic acid (30% formic acid) in drinking water (10 kg/1000 L) 5 days before
slaughter could be a helpful strategy to mitigate this public health issue. Thus, 240 pigs from three
Salmonella-positive commercial fattening farms were selected. From each farm, 40 pigs were allo-
cated to a control group (CG) and 40 to a treatment group (TG). At the abattoir, fecal samples from
both groups were collected for Salmonella detection (ISO 6579-1:2017) and quantification (ISO/TS
6579-2:2012). Salmonella was present in 35% (95% IC = 29.24-41.23) of the samples collected. The
prevalence was significantly higher in the CG than in the TG (50% vs. 20%; p < 0.001). In all farms,
the TG showed a lower percentage of shedders than the CG. A random-effects logistic model showed
that the odds of shedding Salmonella were 5.63 times higher (95% CI = 2.92-10.8) for the CG than for
the TG. Thus, the proportion of pigs shedding Salmonella that was prevented in the TG due to the
use of this form of organic acid was 82.2%. In addition, a Chi-squared analysis for trends showed
that the higher the Salmonella count, the higher the odds of the sample belonging to the CG. These
results suggest that adding this type of acid to drinking water 5 days before slaughter could reduce
the proportion of Salmonella-shedding pigs and the Salmonella loads in the guts of shedder pigs.

Keywords: Salmonella; pigs; formic acid; water; control; microbial load; slaughter

1. Introduction

Salmonella infection is a major cause of foodborne outbreaks in the European Union and
the second most frequently reported zoonosis in humans [1]. Although most Salmonella-
infected pigs may not display any symptoms, they act as carriers of the infection, and
contaminated pork and product thereof are among the most common sources of human
infection [1].
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Pork usually becomes contaminated at the abattoir, and the primary source of the
contamination of abattoirs is the presence of Salmonella in the feces of slaughter pigs [2,3].
The proportion of slaughter pigs showing high loads of Salmonella in the cecal content
appears to be directly related to the number of contaminated carcasses in the abattoir [4].
Therefore, reducing the number of pigs shedding Salmonella, and /or their intestinal loads
of these bacteria, at the time they arrive to the abattoir can be foreseen as an important
step to reduce overall abattoir environmental contamination and the proportion of contam-
inated carcasses.

Most shedding pigs become infected when still on the farm; thus, different approaches
have been suggested to reduce the transmission of Salmonella infection within farms. For
instance, enhancing farm biosecurity and improving cleaning and disinfection are consid-
ered some of the most important measures to control Salmonella in indoor settings [5,6].
However, proper levels of biosecurity will not necessarily reduce farm Salmonella preva-
lence [7-9], likely because its routine implementation and maintenance depend upon the
farmers’ perception of the problem [10,11], and pig salmonellosis is considered of low
concern for pig producers.

Vaccination has also been proposed for on-farm Salmonella control, and there are some
commercially available vaccines against Salmonella infection in pigs [12]. Results from
vaccine studies suggest that they may help to somehow reduce Salmonella shedding from
specific serotypes [13], but cross-protection against different serotypes is unlikely [12].
Since pigs may be infected by many of them [14], vaccination alone may not be enough.

Another general on-farm strategy against Salmonella is the administration of organic
acids (OAs) through feed or water. However, their efficacy against Salmonella has been
found to be very variable, with a number of studies showing some positive results [15-24]
but others not observing any effect [25-27]. This variability may be attributed to several
factors, such as the type, form, dose, and duration of the treatment applied; the pig’s
age [28]; or even infections occurring during transport or lairage in the slaughterhouse [29].

The efficacy of OAs is based on their presence, in appropriate amounts, along the
gastrointestinal tract, particularly in its distal parts (the cecum and large intestine), where
Salmonella is more commonly found [30-32]. Lowering the pH in both the extra- and
intra-cellular environment is the main mechanism by which OAs prevent Salmonella
viability [33,34]. However, as mentioned before, most fattening pigs usually become in-
fected with Salmonella while on the farm and, to a lesser extent, during transport or
lairage [35,36]. After infection, pigs may shed large amounts of bacteria for a few days,
after which Salmonella may remain silent within tonsils and lymph nodes, with no shedding
until after a stressful situation occurs, such as the transport to the abattoir or while pigs
are held in lairage [37-39]. Since a 12-18 h fasting is usually required before slaughtering,
any in-feed treatment may not be effective to control Salmonella shedding when pigs arrive
at the abattoir, as not enough OA is left within the intestine. In-feed treatments may then
help to reduce the level of shedding while pigs are on the farm, but they may not prevent
shedding during transport or at the slaughter of pigs already infected on the farm [21].

On the contrary, administering OA through farm water may have the advantage that
pigs would have access to OA even during fasting, thus receiving the treatment until the
moment that they are loaded onto the truck. Thus, depending upon the duration of the
transport, treatment through drinking water could prolong the presence of OA in the
gastrointestinal tract almost until the time of slaughter. However, as noted earlier, the
effectiveness of OA treatment in this way may also vary depending on various factors. To
optimize the effectiveness of OA treatment through water, researchers have investigated
different types, forms, and doses of OA. Short- and medium-chain fatty acid glycerides
combined with glycerol present an amphipathic structure that makes them soluble in water
while maintaining their in vitro and in vivo efficacy against Gram-negative bacteria [40].
In addition, due to their glyceride form, these OAs are odorless and non-corrosive.

A previous study suggested that the esterified form of formic acid could be effective
in decreasing the prevalence of pigs shedding Salmonella at slaughter when administered in
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drinking water during lairage at the abattoir. Although the treatment was applied overnight
and for only a few hours before slaughter, a significant reduction in the prevalence of
shedders in the TG was observed (16.4%; [41]). This finding suggests that on-farm water
treatment for a longer time with this esterified OA could be a useful strategy to decrease
the prevalence of Salmonella shedding at slaughter. Thus, this research aimed to investigate
the efficacy of this OA when administered in drinking water a few days before slaughter as
a potential strategy for reducing the number of pigs shedding Salmonella at slaughter and
the Salmonella loads in the gastrointestinal tract of fattening pigs.

2. Materials and Methods
2.1. Experimental Design and Farm Sampling

Three replicates of a field trial were carried out between May and November 2022 on
three different commercial pig farms located in the NE of Spain. Each farm was composed
of different fattening units (average size of 1000 animals/fattening unit), two of which
were selected for this study. One was assigned as the treatment group (TG) and the other
as the control group (CG). Within each farm, the selection of the two fattening units to be
included was based on the following criteria: (i) animals came from the same sow herd
and had a similar age (less than a one-week difference) and (ii) both fattening units were
Salmonella-positive. Within a farm, the TG was always assigned to the fattening unit with
the highest seroprevalence.

To confirm the presence of Salmonella in the fattening units and to assess their Salmonella
status before starting the trial, pooled floor fecal samples (PFFs) from 10 representative
pens and 30 individual blood samples from pigs distributed along the fattening unit
(1 pig per pen) were collected in each unit approximately one month before slaughter.

2.2. Product Used

A formic acid (30% formic acid) esterified in the form of mono-, di-, and tri-glyceride
with glycerol (MOLI-M C1, Molimen SL, Barcelona, Spain) was selected for the treatment
group. It was applied at a dose of 10 kg of product per 1000 L of farm drinking water (EMEC
AMS PLUS dosing pump, EMEC, Fitchburg, MA, US). This dose of product (10 g/kg) was
below the maximum threshold value of 12 g/kg formic acid approved for the use in pigs in
the European Union [42]. The treatment began 5 days before slaughter. Pigs fasted for an
average of 18 h before being transported to the abattoir, but the treatment in the drinking
water supply was continued until the moment that they were loaded onto the truck.

2.3. Slaughter Sampling

Animals from each group (CG and TG) were slaughtered separately, always beginning
with the CG on one day and the TG one or two days later. The farms were less than 2 h from
the abattoir, and all animals were transported on the day of slaughter. At the slaughter line,
individual gastrointestinal tracts were collected from 40 pigs from each group. They were
selected among all the pigs sent for slaughter in that batch (around 200 pigs), following a
systematic sampling (one every three—four pigs) and avoiding any pig showing intestinal
rupture during evisceration. Intestinal (colon) content (IC) samples were further collected
and submitted to the laboratory for immediate processing.

2.4. Isolation and Quantification of Salmonella

Salmonella isolation from the PFF and IC samples was carried out according to the
standard ISO 6579-1:2017 method [43]. The quantification of Salmonella was performed
on 10 IC samples selected randomly per group and per trial (except for farm 1, where
only 9 were analyzed due to 1 being inadvertently forgotten) following the miniaturized
Most Probable Number (MPN) enumeration method (ISO/TS 6579-2:2012 [44]). Briefly,
in a 4 x 3-well microtiter plate, 2.5 mL of the initial 1:10 buffered peptone water (BPW)
suspension used for isolation was transferred to each of the three wells of the first column.
Then, 500 puL from each well was transferred and mixed with 2 mL of BPW in the wells
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from the second column. Dilutions were performed in the same way in the third and
fourth columns making a total of 4 dilutions (1:10, 1:50, 1:250, 1:1250) for each sample
to be analyzed. Each sample was analyzed in triplicate. Dilutions were incubated at
37°C +1°C for 18 h 4+ 2 h. Then, 20 uL of each BPW dilution was transferred onto MRSV
plates and incubated at 41.5 °C 4= 1 °C for 24 h + 3 h for selective enrichment. Negative
wells after 24 h were further incubated for up to 48 h. Suspect wells of (at least) the highest
dilution(s) were plated out on selective isolation medium XLD at 37 °C £1°Cfor24 h
=+ 3 h. From each plate, a characteristic colony was biochemically tested (indole reaction,
urea and triple sugar iron agar tests, and L-lysine decarboxylation) (Panreac Quimica SAU,
Castellar del Vallés, Spain) for definitive confirmation. The MPN characteristic number was
obtained by counting the number of positive wells in the 4 dilution x 3 repetition system
used. Then, MPN was generated using the MPN calculation program version 6 [45]. The
results are expressed as MPN per mL or g. The detection limit of the mini-MSRV method is
approximately 1 CFU/g.

2.5. Serological Analysis

The Herdcheck Swine Salmonella ELISA test (IDEXX Laboratories, Westbrook, ME,
USA) was employed according to the manufacturer’s guidelines to detect specific antibodies
(IgG) directed against Salmonella. For seroprevalence estimates, and due to the test’s limited
sensitivity and specificity on field samples (73% and 95%, respectively; [46]), a cut-off value
of OD% > 40 was used to deem a pig seropositive.

2.6. Statistical Analyses

To assess the efficacy of the treatment in each trial, Fischer’s exact test was used to
compare the prevalence of Salmonella shedding at slaughter between the CG and the TG.
Further, a random-effects logistic regression analysis, considering the results from all the
trials together, was carried out to obtain an overall estimate of the effect of the treatment
on the prevalence of Salmonella shedding at slaughter. For this purpose, the presence of
Salmonella in the IC samples was considered as the dependent variable and the treatment
as the independent one. The farm was considered as the random (grouping) variable to
account for the likely correlation among individuals within the same farm. The Odds
Ratio (OR) between the CG and TG and its corresponding 95% confidence interval (95% CI)
were estimated, and from these, an estimate of the proportion of pigs that may have been
prevented from shedding because of the use of the OA, that is, the attributable fraction
(AF), was calculated as OR-1/0R [47].

The Most Probable Number results were categorized into four groups: (1) ND, not
detected (below the limit of detection); (2) between 0.02 and 20.00 CFU/g; (3) between
21 and 200; and (4) exceeding the limits for counting (o). A Chi-square analysis for linear
trends was applied to compare the MPN categories between the CG and TG for all the trials
together. These statistical analyses were performed using STATA software (STATA/IC 12.1.
Stata-Corp. LP, College Station, TX, USA).

3. Results
3.1. Farm Salmonella Status Prior to the Trial

One month before starting the trials, the Salmonella status of all the farms was assessed,
and the fattening units were selected. In all of the units included in this study, Salmonella
was detected, with all presenting 10% of pens positive for Salmonella (Table 1). With regard
to the serological results, the farms’ overall seroprevalences (considering the two selected
fattening units) were 21.6% in farm 1, 38.3% in farm 2, and 48.3% in farm 3. In two farms
(1 and 2), no significant differences in seroprevalence were found between the two selected
fattening units. In farm 3, however, in one of the units, the seroprevalence was significantly
higher than that of the other one (63.3% vs. 33.3%) (Table 1).
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Table 1. Bacteriological and serological results for Salmonella prevalence at the farms prior to trial for
the control (CG) and treatment (TG) groups.

Farm Group No. Seroprevalence (%) p-Value No. Pen Prevalence (%) p-Value 1
CG 30 16.67 10 10
! TG 30 26.70 053 10 10 !
CG 30 30.00 10 10
2 e 30 46.67 029 10 10 !
CG 30 33.33 10 10
3 TG 30 63.33 0.04 10 10 !
1 Fischer’s exact test, two-tailed.
3.2. Salmonella Shedding at Slaughter
In farm 1, a high proportion of Salmonella shedders was observed in both groups,
but this proportion was significantly higher in the CG than in the TG (65% vs. 27.5%,
respectively; p = 0.0015) (Table 2). The odds of Salmonella shedding in the CG were almost
5 times higher than in the TG (OR = 4.9; 95% CI = 1.9-12.7). The MPN results showed
higher counts of Salmonella in the CG than in the TG. Salmonella was not detected in 88.9%
(eight out of nine) of the samples from the TG or in 55.6% (five out of nine) of the samples
from the CG, while there was one sample exceeding the limits for counting in both groups
(Table 3).
Table 2. Bacteriological results for Salmonella isolation from fecal samples at slaughter for the control
(CG) and treatment (TG) groups.
Farm Group N No. Salmonella-Positive Samples (%) p-Value !
CG 40 26 (65.0)
1 TG 40 11 (27.5) 0.0015
CG 40 5 (12.5)
B TG 40 0(0.0) 0.0547
CG 40 29 (72.5)
3 TG 40 13 (32.5) 0.0007
CG 120 60 (50.0)
Total TG 120 24 (20.0) <0.001
1 Fisher’s exact test, two-tailed.
Table 3. Prevalence and concentration of Salmonella (MPN/g) in fecal samples at slaughter for the
control (CG) and treatment (TG) groups using the MPN method.
No. Samples in Salmonella MPN/g Ranges (%)
Farm Group N No. Salmonella-Positive Samples (%)
ND! 0.02-20 21-200 002
. CG 9 4 (44.9) 5 (55.6) 3(33.3) 0 (0.0) 1(11.1)
TG 9 1(11.1) 8 (88.9) 0(0.0) 0(0.0) 1(11.1)
) CG 10 1(10.0) 9 (90.0) 1(10.0) 0(0.0) 0(0.0)
TG 10 0 (0.0) 10 (100.0) 0 (0.0) 0 (0.0) 0 (0.0)
3 CG 10 6 (60.0) 4 (40.0) 1(10.0) 2 (20.0) 3 (30.0)
TG 10 3 (30.0) 7 (70.0) 3 (30.0) 0(0.0) 0(0.0)
Total CG 29 11 (37.9) 18 (62.1) 5(17.2) 2(6.9) 4(13.8)
ota TG 29 4(13.8) 25 (86.2) 3(10.3) 0 (0.0) 1(3.4)

1 ND: not detected, below the limit of detection (<1 CFU/ g)- 2 0 exceeding the limit for counting.

In farm 2, an overall low Salmonella-shedding prevalence was observed. Salmonella was
not detected in the TG, while the CG showed few pigs shedding Salmonella (0% vs. 12.5%;
p = 0.055) (Table 2). Regarding the MPN results, in the CG, only one positive Salmonella
sample was detected, with low counts (3.8 MPN/g). No Salmonella-positive samples were
detected in the TG (Table 3).
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In farm 3, a high Salmonella-shedding prevalence was observed in both groups. More
shedder pigs were found in the CG than in the TG (72.5% vs. 32.5%, respectively; p = 0.0007)
(Table 2). The odds of Salmonella shedding in the control group were more than 5 times
higher than in the TG (OR = 5.5; 95% CI = 2.1-14.3). The MPN results showed higher counts
of Salmonella in the CG than in the TG. Salmonella was not detected in 77.8% (seven out of
nine) of the samples from the TG or in 44.4% (four out of nine) of the samples from the CG.
There were no samples exceeding the limits for counting in the TG, while there were three
samples in the CG.

3.3. Overall Results for the Three Farms

In 84 out of the 240 IC samples collected, Salmonella was present (35%; 95% IC = 29.24-41.23),
and the prevalence was significantly higher in the CG than in the TG (50% vs. 20%;
p < 0.001).

An overall significant reduction in the proportion of Salmonella shedders was observed
in the TG after adjusting for the effect of the farm. The odds of shedding Salmonella at
slaughter were almost 6 times higher for the CG than for the TG (Table 4). Thus, the
proportion of pigs shedding Salmonella that had been prevented due to the use of this OA
in the TG (the AF) was 82.2%.

Table 4. Results of the random-effects logistic regression analysis * to predict Salmonella shedding at
the abattoir.

Coefficient () Std Error (3) Odds Ratio (OR) 95% CI (OR) p-Value
Group
Control 1 - _
Treatment 1.73 0.33 5.63 2.92-10.8 <0.001
Constant —1.86 0.84 0.15 0.29-080 0.026
* Farm considered as grouping (random) variable. Intraclass correlation coefficient (ICC): 0.36 (95% CI = 0.09-0.76).
From the 58 samples recovered for the MPN analysis, Salmonella was detected (>1 CFU/g)
in 15 of them (51.7%). Out of these 15, 11 (73.3%) belonged to the CG and 4 (13.8%) to the
TG (p = 0.069). In addition, 13.8% (4/29) of the samples from the CG and 3.4% (1/29) of
the samples from the TG were above the limit of counting. In general, and despite the low
number of samples analyzed, a significant linear trend was observed: the higher the MPN
count, the higher the odds of the sample belonging to the CG (Table 5).
Table 5. Results for the analysis for linear trends in proportions for the control (CG) and treatment
(TG) groups according to Most Probable Number (MPN) results.
MPN Category CG (%) TG (%) OR* 95% CI (OR) P
Not detected 18 (62.1) 25 (86.2) 1 - -
0.02-20.00 CFU/g 5(17.2) 3(10.3) 2.32 0.47-11.3 0.28
21-c0c CFU/g* 6 (20.7) 1(3.5) 8.33 0.80-8.62 0.03

Chi-squared for linear trend = 5.11 p = 0.023. * MNP categories “21-200 CFU/g” and “oco CFU/g” were merged for
the sake of the calculation (to avoid zeros).

4. Discussion

Three pig farms were selected based on serological and bacteriological evidence
indicating that Salmonella was present. The mean serological values before the trial for these
farms (21.6% in farm 1; 38.3% in farm 2; and 48.3% in farm 3) were within levels that would
classify them within a category of risk, according to some national control programs [48-51].
In addition, the bacteriological study of the pens showed that Salmonella was present in
the three farms, and this factor, along with medium-high levels of seroprevalence, has
been directly related to Salmonella shedding at slaughter [9]. Thus, under this scenario,
a considerable proportion of pigs were expected to shed Salmonella at slaughter. Indeed,
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35% of the pigs in this study shed Salmonella, with this figure being even higher than
that found in a previous large-scale study carried out in the same region (23.6%; [9]).
Finding fattening pig farms with significant levels of seroprevalence and Salmonella in the
pens is quite common in Spain [9,52]. Considering the risk that this situation poses for
the contamination of carcasses at slaughterhouses [2,3], and the difficulties (and lack of
cost-effectiveness) of the strategies in reducing the overall level of Salmonella infection at
farms [53,54], the search for new and affordable on-farm interventions that mitigate this
problem seems unavoidable.

OAs in the form of salts, and in particular formic acid, have been commonly used
in livestock production to promote growth, improve feed conversion, and reduce the
prevalence of specific bacterial infections [42,55,56]. Their application in esterified form
is less known, but in recent years, there has been increasing interest in the potential
of esterified acids to reduce the shedding of Salmonella in pigs [41,57]. Their enhanced
antimicrobial effects against Gram-negative pathogens would arise from their diminished
pH sensitivity and increased resistance to enzymatic breakdown compared to other acidic
formulations. This would lead to their efficacy being observed throughout the entire
gastrointestinal tract [58].

Ref. [41] showed that this esterified form of formic acid was somewhat effective when
administrated for a short period of time (an average of 14 h); thus, it was expected that
using the same dose (10 L/1000 L of drinking water) but increasing the time of exposure
(5 days) would improve its effect.

When analyzing the results by farm, a common trend was observed; that is, on all
the farms, the TG showed a lower percentage of shedders than the CG, which could be
considered an indication of the positive effect of this treatment on the control of Salmonella
shedding. On two of the farms (1 and 3), the reductions achieved were around 40% when
compared to the CG (Table 2), but on farm 2, the differences were not so obvious, with a
reduction of just 12.5%. However, the latter was likely a consequence of the low overall
proportion of shedders from this farm. Although this farm presented a high seroprevalence
when tested prior to the beginning of the trial, different unregistered factors could help to
explain this situation, i.e., those associated with lower levels of pig stress.

An analysis of the raw data suggested an overall reduction in shedding of about
30% (20% in the TG vs. 50% in the CG). However, because of the likely differences that
could be found among pig farms, a statistical analysis accounting for the grouping effect
of the farm was considered. According to the results of the random-effects logistic model,
pigs from the CG had 5.63 (95% CI = 2.92-10.8) higher odds of shedding Salmonella at
slaughter than pigs from the TG. This result indicates that the efficacy of this treatment to
reduce the proportion of pigs shedding Salmonella may reach up to 82.2%. These figures
are much higher than those obtained in the previous study carried out by Bernad-Roche
etal. (OR =2.8; AF = 64.3%), indicating that an increased time of exposure to the OA had a
larger beneficial effect.

The amount of Salmonella shedding is also another parameter that should be influenced
by the treatment, as OA would kill many salmonellae in the gut. Therefore, a lower number
of them would be expected in animals from the TG. The Most Probable Number (MPN)
enumeration method was used to determine whether this OA had some effect on the
number of bacteria shed. This method is time-consuming and requires the analysis of the
sample to be started before knowing whether it is Salmonella-positive. For that reason, only
10 random samples per group were considered (except for farm 1, where only 9 were used).

As expected, and despite the limited number of samples analyzed, the number of
negative ones (below the level of detection for the MPN analysis) was higher in the TG than
in the CG (86.2% vs. 62.1%, respectively; p = 0.069). But also, among the positive samples,
the load of Salmonella was lower in the TG. Only one sample exceeded the limits for counting
(00), and the other three samples were within the lower MPN category (0.02-20 CFU/g). By
contrast, in the CG, most of the positive samples (6 out of 11) had counts above 21 CFU/g.
As shown in the analysis for trends, higher MPN counts were more likely to belong to
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the CG (Table 5). These results support the effectiveness of this treatment to reduce the
load of Salmonella in the pig’s gut. Since there appears to be a positive association between
high cecal Salmonella loads in pigs and carcass contamination [4], the use of this esterified
form of formic acid should be considered as a potential alternative to decrease the risk of
Salmonella carcass contamination at slaughter.

In a previous study, it was shown that the risk, for a batch of fattening pigs, of shed-
ding Salmonella at slaughter could be predicted before the pigs were sent to slaughter [9].
Therefore, this product could be applied in the drinking water of the farm, five days prior
to slaughter, for batches of pigs identified as at risk of shedding Salmonella. It could also be
included in the drinking water of the abattoir, helping to reduce the probability of shedding
even more [41]. However, further studies applying different treatment protocols should be
conducted to try to reduce treatment time or product dose in order to minimize the cost
associated with this strategy.

5. Conclusions

On Salmonella-positive farms, the administration to fattening pigs of this esterified
formic acid through water, five days prior to slaughter, decreased the proportion of pigs
shedding Salmonella at slaughter and the loads of Salmonella in the guts of pigs still shedding.
Thus, this intervention may likely help to reduce abattoir and carcass contamination. These
findings highlight the potential of esterified formic acid as an on-farm strategy for Salmonella
control in pig production, being a feasible mitigation measure to be applied as a complement
to other measures in the farm-slaughterhouse interface.
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Simple Summary: Salmonella excretion at slaughter is considered a source of carcass contamination
and human infections. To assess this potential risk, a survey on Salmonella shedding at slaughter in
1068 pigs from 24 farms was carried out. Almost one-third of these farms (27.3%) shed Salmonella.
The monophasic variant of Salmonella Typhimurium, an emerging serotype of zoonotic importance,
was the most frequent (46.9%). Antimicrobial resistance in Salmonella isolates was common, but
resistance against antimicrobials of critical importance for humans was low, with the exception of
tigecycline, a new tetracycline-derivative antimicrobial used to treat severe infections caused by
extensively drug-resistant bacteria that is not used in food-producing animals. An abattoir-based
strategy for the control of Salmonella shedding, consisting of the addition of formic acid esterified in
the form of glycerides in drinking water while waiting for slaughter, was able to significantly reduce
the proportion of pigs shedding Salmonella. It appears this strategy can contribute to mitigating the
burden of abattoir environmental contamination.

Abstract: Pigs shedding Salmonella at slaughter are considered a source of carcass contamination
and human infection. To assess this potential risk, the proportion of Salmonella shedders that arrive
for slaughter was evaluated in a population of 1068 pigs from 24 farms. Shedding was present in
27.3% of the pigs, and the monophasic variant of Salmonella Typhimurium, an emerging zoonotic
serotype, was the most prevalent (46.9%). Antimicrobial resistance (AMR) in Salmonella isolates was
common, but few isolates showed AMR to antimicrobials of critical importance for humans such
as third-generation cephalosporins (5%), colistin (0%), or carbapenems (0%). However, AMR to
tigecycline was moderately high (15%). The efficacy of an esterified formic acid in the lairage drinking
water (3 kg formic acid /1000 L) was also assessed as a potential abattoir-based strategy to reduce
Salmonella shedding. It was able to reduce the proportion of shedders (60.7% in the control group
(CG) vs. 44.3% in the treatment group (TG); p < 0.01). After considering clustering and confounding
factors, the odds of shedding Salmonella in the CG were 2.75 (95% CI = 1.80—4.21) times higher than
those of the TG, suggesting a potential efficacy of reduction in shedding as high as 63.6%. This
strategy may contribute to mitigating the burden of abattoir environmental contamination.

Keywords: Salmonella; shedding; swine; abattoir; formic acid; drinking water

1. Introduction

Despite the efforts carried out by public health and veterinary authorities throughout
Europe, salmonellosis continues to be one of the most important foodborne zoonotic
diseases in the European Union (EU). In 2020, the three most-reported Salmonella serovars
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in human cases in the EU were S. Enteritidis, S. Typhimurium, and the monophasic variant
of 5. Typhimurium, the latter two being significantly related to pig sources [1]. In contrast
to poultry and egg production, few European countries have established national control
programs against salmonellosis in pig production, and those who tried have failed in
improving the overall Salmonella status in their pig herds [2].

Salmonella is widespread among pigs [3]. An average of 33.3% of herds tested positive
for Salmonella in 2008 in the EU according to a baseline study [4]. Since the bacteriological
analysis of pig fecal samples lacks sensitivity, these results may be underestimating the true
herd prevalence of infection [5]. Thus, in a context where a high proportion of pig herds are
infected with Salmonella, it is expected that a large number of pigs will arrive to the abattoir
already infected, as shown in previous surveys [4,6,7].

Although most Salmonella-infected fattening pigs remain asymptomatic while at farms,
stressful situations such as the transport to the abattoir or the time at lairage can increase
the load of Salmonella in feces in those previously infected pigs [8], and also increase the
susceptibility to infection of the healthy ones [9]. There is evidence that on-farm Salmonella
status has a significant influence on Salmonella shedding at slaughter [10,11].

Despite this expected high prevalence of Salmonella infection in slaughter pigs, no
studies have focused on the proportion of pigs shedding Salmonella when they arrive for
slaughter, although some have assessed the presence of the bacterium in cecal content.
A study in Northern Ireland in 2002 identified Salmonella spp. in 31.4% of cecal content
samples analyzed [12]. More recent studies carried out in the United Kingdom in 2013
and 2019 reported the presence of Salmonella in 30.5% and 32% of this type of sample,
respectively [13,14]. The presence of Salmonella in cecal content would favor the presence of
Salmonella in the distal part of the intestinal tract (colon), that is, it would favor its shedding,
and further high levels of environmental contamination in the lairage area, both increasing
the likelihood of carcass contamination [15,16]. Indeed, a positive correlation between high
Salmonella cecal loads and carcass contamination has been observed [17]. Thus, to keep the
proportion of Salmonella-contaminated carcasses low, strict slaughter hygiene practices, i.e.,
thorough cleaning and disinfection of facilities along with careful eviscerations, need to
be intensified. In addition, activities aimed at reducing the Salmonella burden in the guts
(shedding) of fattening pigs once they reach the abattoir should also help to further reduce
the proportion of contaminated carcasses.

After transport, pigs usually arrive at the abattoir thirsty, creating the need for drinking
water. This condition may be an opportunity for enhancing the ingestion of water treated
with esterified organic acids (OAs) before entering the slaughter line. Short and medium
chain fatty acids combined with glycerol have enhanced antimicrobial activity against
Gram-negative bacteria both in vitro and in vivo [18]. In addition, the esterification of
these acids has shown additional advantages as they are less pH-dependent and less
susceptible to enzymatic breakdown, allowing them to act along the whole gastrointestinal
tract [19]. In addition, due to its glyceride form, the OAs used in this way are odorless
and non-corrosive, and their amphipathic structure make them soluble in water without
changing their pH, thus avoiding any off-flavors in the water that would prevent the pigs
from drinking it. Therefore, they may be of help in reducing the gastrointestinal burden
of Gram-negative bacteria such as Salmonella, provided the proper dosage is given and
enough time is considered for the OAs to take effect.

Thus, two studies with two main objectives were designed. In the first study, the
prevalence of Salmonella shedding, namely, the proportion of pigs showing Salmonella in
their feces at slaughter, in a population of pig herds from a region considered to have a high
prevalence of pig salmonellosis, was estimated. Furthermore, the patterns of antimicrobial
resistance (AMR) against antibiotics of importance for humans of the Salmonella strains
isolated from these pigs were described. Thus, a picture of the risk potentially faced by
abattoirs could be obtained. In the second study, it was assessed whether the addition of an
esterified formic acid to the abattoir drinking water during lairage may be useful to reduce
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the proportion of pigs shedding Salmonella, so that it can be included as an additional
abattoir-based Salmonella mitigation strategy.

2. Materials and Methods
2.1. Study 1 Prevalence Survey and Salmonella Characterization
2.1.1. Herd and Animal Selection and Sample Collection

Between December 2019 and November 2021, a convenience sampling of 24 fattening
pig units (1000-2000 pigs/unit) was carried out in the Northeast region of Spain. Farms
were selected based on the farmer’s willingness to collaborate in a larger project to assess
new strategies for the control of pig salmonellosis. From each farm, a total of 50 animals
from the first batch of pigs to be sent to slaughter (the heaviest pigs) from a given fattening
unit were ear tagged 3-4 weeks before leaving the farm. They were selected from different
pens among the fattening units. Once in the abattoir, they were identified in the slaughter
line and, after evisceration, the gastrointestinal tract was individually collected and a
minimum of 25 g of colon content was taken from each of these pigs for Salmonella isolation.
Samples were then transported to the laboratory for immediate processing.

Additional information on the biosecurity level of each of these farms was also avail-
able as it had been previously obtained through a questionnaire (Biocheck.UGent scoring
system; https:/ /biocheckgent.com/sites/default/files /2020-02 /Pigs_EN_1.pdf (accessed
on 6 June 2022)) that had been filled in by the responsible veterinarians of the farms. Thus,
a standardized summary measure of farm biosecurity, that is, “Total biosecurity score”, was
available for comparison purposes. Detailed information regarding this summary measure
can be found elsewhere (https://biocheckgent.com/en/features (accessed on 6 June 2022)).

2.1.2. Salmonella Isolation, Serotyping and Antimicrobial Susceptibility Testing

Intestinal content (IC) samples obtained from the distal colon of individual pigs at
the evisceration line were processed and cultured for Salmonella isolation following the
standard ISO 6579:2002/Amd 1:2007 method. Briefly, 25 g of IC colon was mixed with
225 mL of buffered peptone water (BPW ISO, Oxoid Ltd., Basingstoke, Hants, UK) and
incubated at 37 & 2 °C for 18 = 2 h for non-selective pre-enrichment. Following incubation,
100 pL divided into three drops of approximately 33 puL was spotted onto a Modified
Semisolid Rappaport-Vassiliadis agar (MSRYV, Oxoid Ltd., Basingstoke, Hants, UK) plate
and incubated at 41.5 £ 1 °C for 2448 h for selective enrichment. If migration zones
were present on the MSRV plates, a loopful of the edge migration zones was transferred
onto xylose lysine desoxycholate (X.L.D. medium, Oxoid Ltd., Basingstoke, Hants, UK)
and brilliant green (BGA modified, Oxoid Ltd., Basingstoke, Hants, UK) agar plates for
selective culture. Suspected colonies were confirmed phenotypically based on the bio-
chemical reactions using tryptone soya broth (Oxoid Ltd., Basingstoke, Hants, UK), lysine
descarboxylase broth (BD DifcoTM, Detroit, MI, USA), urea broth (BD DifcoTM, Detroit,
MI, USA), and triple sugar iron agar (Sigma-Aldrich, St. Louis, MO, USA).

A colony from each Salmonella-positive culture was then selected for identification
of the two major serotypes of concern in the pig industry, namely, S. Typhimurium and
the monophasic variant of S. Typhimurium. For that purpose, a duplex PCR that allows
simultaneous amplification of a fragment between the genes fIjB and fljA and the phase-
2 flagellar gene (fljB) was used [20,21]. The PCR was performed in 1X PCR buffer Taq,
2.5 mM MgCl,, 0.6 mM dNTPs, and 1 U Taq Biotools DNA polymerase (final volume
of 25 pL). The primers mix contained primers at a concentration of 0.1 uM for FFLIB
(5’-CTGGCGACGATCTGTCGATG-3') and RFLIA (5'-GCGGTATACAGTGAATTCAC-3')
and at a concentration of 1.0 uM for sense-59 (5'-CAACAACAACCTGCAGCGTGTGCQG)
and antisense-83 (5'-GCCATATTTCAGCCTCTCGCCCG-3'). The cycling parameters in-
volved denaturation at 95 °C for 2 min, followed by 30 cycles of 95 °C for 30 s, 64 °C for
30 s and 72 °C for 1.5 min for amplification, and a final step of 72 °C for 10 min. PCR
products were separated on 2% (w/v) agarose gels, stained with GelGreen and visualized
using a gel image system (iBright 1500, Invitrogen, Termofischer, Singapore). Thus, each
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Salmonella-positive sample was classified as S. Typhimurium, the monophasic variant of
S. Typhimurium, or Salmonella serotypes different from these two (“other”).

A selection of at least one strain of each Salmonella serotype isolated from each sam-
pled pig herd was tested for antimicrobial resistance (AMR) to further characterize them.
Antimicrobial agents were chosen among those considered of critical importance for hu-
mans following the Commission Implementing Decision (EU) 2020/1729. The minimum
inhibitory concentration (MIC) to penicillins (A; ampicillin, amoxicillin-clavulanic acid,
piperacillin-tazobactam), aminoglycosides (S; amikacin, gentamicin), sulphonamides and
dihydrofolate reductase inhibitors (Su; trimethoprim-sulfamethoxazole), tetracyclines (T;
tigecycline), cephalosporins (Cf; 2nd generation: cefuroxime, cefoxitin; 3rd generation: cefo-
taxime, ceftazidime; 4th generation: cefepime), carbapenems (Cm; ertapenem, imipenem),
and quinolones (Na; nalidixic acid, ciprofloxacin) was assessed by the VITEK-2 automated
system with the VITEK AST-N243 cards (BioMérieux, Marcy-1'Etoile, France). Salmonella
strains were further classified as resistant or susceptible according to the recommendations
of the European Committee on Antimicrobial Susceptibility Testing [22]. Colistin resistance
was also assessed and, in this case, MICs were determined by the broth microdilution
method according to the ISO 20776-1:2006 standard. An epidemiological cutoff (ECOFF)
value of >2 mg/L was used for considering microbiological resistance according to the
recommendations of EUCAST. Escherichia coli ATCC 25922 was used as quality control
strain. An isolate displaying phenotypic resistance to at least three antimicrobial classes
was considered multidrug resistant (MDR) [23].

2.2. Study 2 Assessment of the Efficacy of Esterified Formic Acid in Abattoir Drinking Water
2.2.1. Farm and Animal Selection and Sample Collection

Pig farms that had been identified as Salmonella-seropositive through previous routine
analyses by the abattoir were chosen for this study. All of them were in the vicinity of
the abattoir (average distance of 33.5 km). From each farm, pigs arrived at the abattoir in
batches of approximately 200 animals (i.e., the truck load capacity). As they were unloaded,
40 were allocated to a clean lairage pen where a four-trough drinking system connected
to a 1000 L water container had been set up for the treated water (treatment group, TG).
The remainder of the pigs from the truck were allocated to 3—4 clean regular pens with
untreated drinking water (control group, CG). Within a batch, all the pigs were of the same
age and similar weight, and had been housed within the same fattening unit. In addition,
the cleaning of the lairage pens was carried out in a similar way for all of them. All the
pigs arrived at the abattoir during the evening of a given day and remained there until
slaughter the next morning, a median time of 14.5 h (minimum 10 h, maximum 17.5 h) of
lairage. A proxy of the total water consumed by each TG was estimated from the water left
in the container after pigs left the pen.

Collection of samples from the 40 pigs from the TG and from another 40 from the
CG was performed after evisceration, as indicated in Section 2.1.1. This number of pigs
per group was a trade-off between our research team’s capacity to process the samples on
the same day of collection and the statistical power to detect a difference of 25 percentage
points between the proportion of shedders in the control group (estimate of shedding of
30-35% according to previous studies on infection prevalence) and the treatment group.

Trials were carried out in spring time (3), summer (1), and autumn (3), depending on
abattoir availability.

2.2.2. Organic Acids

A formic acid (30% formic acid) esterified in the form of mono-, di- and triglyceride
with glycerol (MOLI-M C1, Molimen SL, Barcelona, Spain) was selected for this study.
Mono-, di- and triglycerides of fatty acids are within the catalogue of feed materials
approved by the European Commission (Commission Regulation (EU) No 68/2013 of
16 January 2013 on the Catalogue of feed materials).
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Given the expected short period of time during which pigs would be exposed to the
treated water, a higher inclusion dose (10 kg product/1000 L of water) than that usually
used at the farm (3.5 kg product/1000 L of water) was considered for this study. This dose
was still much below the maximum value of 12 g/kg formic acid approved for the use in
pigs in the European Union (EU) [24].

2.2.3. Salmonella Isolation

Isolation of Salmonella from IC samples was performed as indicated above. No further
characterization was carried out.

2.3. Statistical Analyses

For the survey, estimates of prevalence of Salmonella shedding at slaughter with its
corresponding 95% confidence intervals (95% CI) were calculated overall and for each
individual pig herd. Differences among seasons were also assessed.

Overall levels of antimicrobial resistance among the three groups of serotypes con-
sidered (S. Typhimurium, the monophasic variant of S. Typhimurium, and “other”) were
compared using the summary measure for antimicrobial resistance used by Poppe et al. [25].
This measure was expressed as the percentage of the average resistance to the 18 antimicro-
bial agents to which resistance of the isolates was tested, and was calculated as:

(TotResist) /17

PR =
TotIsolates

where PR means percent resistance; TotResist is the sum of all measures of resistance for a
given set of isolates to any of the 18 antimicrobial agents in the test panel; and Totlsolates is
the total number of isolates examined. In addition, the proportion of MDR isolates within
each serotype group were estimated and compared by chi-squared test.

With regard to the assessment of the efficacy of the esterified formic acid, in a first
step, for each trial, the prevalence of Salmonella shedding was compared between the CG
and the TG by the Fisher’s exact test. Afterward, a random-effects logistic regression
analysis considering results from all the trials was performed to obtain an overall estimate
of the effect of the treatment on the prevalence of Salmonella shedding. In this analysis the
presence of Salmonella in the colon content was the dependent variable and “Treatment”
the independent variable. “Trial” was considered as a random variable to account for
correlation between individuals within the same trial (i.e., intra class correlation, ICC), and
the qualitative variables “Season” (spring, summer or autumn) and “Time spent at lairage”
(with two categories based on the median value; <15 h vs. >15 h) were considered as
potential confounding factors and forced into the model. The odds of Salmonella shedding
in the CG were compared to those in the TG through estimation of the Odds Ratio (OR)
and its corresponding 95% CL

From this adjusted OR, an estimate of the attributable fraction, that is, the proportion of
shedding pigs in the CG that was due to the absence of treatment or, that is, the proportion
of pigs that may have been prevented from shedding through the use of this OA during
the lairage, could be estimated as OR-1/OR [26].

In addition, to assess whether the estimated water consumption per pig in the TG was
associated with the proportion of Salmonella shedders, the mean water consumption per pig
in each TG was calculated from the water left in the container. Further, the median of the
mean water consumption per pig was obtained and the proportions of Salmonella shedders
among pigs drinking below and above the median were compared by a chi-squared test.
OR and its 95% confidence interval were also estimated.

The software STATA (STATA/IC 12.1. Stata-Corp. LP, College Station, TX, USA) was
used for statistical analyses.
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3. Results
3.1. Study 1 Prevalence Survey and Salmonella Characterization
3.1.1. Prevalence of Salmonella Shedding

A total of 1068 pigs of the 1200 initially ear tagged at the farm were identified at the
slaughterhouse. Therefore, an average 44.5 pigs were analyzed per herd for the presence of
Salmonella (Table 1). The pigs were slaughtered in two different large-scale abattoirs (292 in
slaughter A and 776 in B).

Table 1. Prevalence of Salmonella shedding and major serotypes found in slaughter pigs from 24 farms.

Farm ID N No. + (%) Serotypes Involved (No. of Strains)
1 43 0 (0.00) -
2 46 19 (41.30) S. Typhimurium (3), mST (16)
3 45 1(2.22) other (1)
4 49 9 (18.37) S. Typhimurium (1), mST (8)
5 46 35 (76.09) S. Typhimurium (20), mST (5), other (10)
6 48 7 (56.25) S. Typhimurium (7), mST (18), other (2)
7 25 8 (72.00) other (18)
8 48 3 (68.75) S. Typhimurium (11), mST (5), other (17)
9 46 15 (32.61) S. Typhimurium (1), mST (7), other (7)
10 45 9 (86.67) S. Typhimurium (4), mST (34), other (1)
11 50 4 (8.00) mST (2), other (2)
12 51 1 (1.96) S. Typhimurium (1)
13 44 8 (18.18) mST (8)
14 48 9 (18.75) other (9)
15 48 7 (14.58) mST (7)
16 47 5 (11.36) other (5)
17 46 4 (8.70) other (4)
18 39 1(2.56) other (1)
19 34 27 (79.41) mST (25), other (2)
20 46 1(2.17) other (1)
21 44 2 (4.55) S. Typhimurium (1), other (1)
22 44 19 (43.18) S. Typhimurium (3), mST (2), other (14)
23 44 0 (0.00) -
24 42 8 (19.05) S. Typhimurium (3), other (5)
All 1068 292 (27.34) S. Typhimurium (55), mST (137), other (100)

mST: monophasic variant of S. Typhimurium; “other”: serotypes other than S. Typhimurium and its monopha-
sic variant.

Twenty-two farms (91.7%; 22 of 24) had at least one Salmonella-positive pig. Salmonella
was recovered from 292 pigs (27.3%; 95% CI = 24.8-30.1). The major serotype identified
was the monophasic variant of S. Typhimurium, which was isolated in fecal samples from
137 pigs (46.9%; 95% CI = 41.3-52.6) and was detected in 54.5% (12/22) of the pig herds.
Salmonella Typhimurium was identified only in 55 pigs (18.8%; 95% CI = 14.8-23.7), but well
distributed among herds (50%). One hundred isolates belonged to “other” serotypes and
were present in 72.7% of the herds. Only seven herds were infected with serotypes other
than S. Typhimurium or its monophasic variant. Overall, the mean Salmonella prevalence
in these positive herds was 29.8%. Salmonella prevalence was significantly different among
seasons (p < 0.001), with 44.2% of the positive samples in winter, 28.4% in spring, 14.3% in
summer, and 19.8% in autumn.

3.1.2. Antimicrobial Susceptibility Testing

A selection of 80 isolates (20 of S. Typhimurium, 28 of the monophasic variant of
S. Typhimurium, and 32 of “other” serotypes) representing the different serotypes detected
in each farm were tested for antimicrobial resistance (AMR) against the 17 antimicrobial
agents described above (Table 2).
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Table 2. Occurrence of resistance to critically important antimicrobials in Salmonella isolates from pigs.

No. “Other”

reductase inhibitors

Antimicrobial Class Antlmlcr(;blal No. ST (%) No. mST (%) Serotypes (%) Farm ID
Agent n =20 n=28
n=232
2,4,5,6,8,9,10,11,12,13,
i AMP 14 (70.0) 26 (92.9) 19 (59.4) 15, 1617, 19, 20, 21, 22, 24
ericriins AMC 0 (0.0) 3(10.7) 3(9.4) 11,13
TZP 0 (0.0) 2(7.1) 0 (0.0) 11
CXM 1(5.0) 1(3.6) 3(9.4) 13,22
FOX 0(0.0) 0(0.0) 0 (0.0) -
Cephalosporins CTX 0 (0.0) 1(3.6) 3094) 13,22
CAZ 0 (0.0) 0 (0.0) 3(9.4) 22
FEP 0 (0.0) 0 (0.0) 0(0.0) -
ETP 0 (0.0) 0 (0.0) 0 (0.0) -
Carbapenems IPM 0 (0.0) 0(0.0) 0 (0.0) -
Polymyxins CST 0(0.0) 0 (0.0 0(0.0) -
. . AMK 0(0.0) 0 (0.0) 0 (0.0) -
Aminoglycosides GEN 0 (0.0) 3(10.7) 2 (6.3) 8,11,13
Tetracyclines TGC 4 (20.0) 4(14.3) 4 (12.5) 2,11,16,17,22
8,9,11,12,13,
Quinolones NAL 2 (10.0) 7(250) 7(219) 16,19, 20, 22,24
CIP 0(0.0) 0 (0.0) 1(3.1) 16
Sulphonamides dihydrofolate SXT 2 (10.0) 3(10.7) 11 (34.4) 8,9,11,12,13,16,17,19

ST: Salmonella Typhimurium; mST: monophasic variant of S. Typhimurium. * Ampicillin (AMP), amoxicillin-
clavulanic acid (AMC), piperacillin-tazobactam (TZP), cefuroxime (CXM), cefoxitin (FOX), cefotaxime (CTX),
ceftazidime (CAZ), cefepime (FEP), ertapenem (ETP), imipenem (IPM), colistin (CST), amikacin (AMK), gentamicin
(GEN), tigecycline (TGC), nalidixic acid (NAL), ciprofloxacin (CIP), trimethoprim-sulfamethoxazole (SXT).

Resistance to ampicillin was the most common (73.8%) AMR observed in Salmonella
isolates, varying from very high levels (59.4%) in “other” serotypes to extremely high
(70-92.9%) in S. Typhimurium and its monophasic variant. Resistance to trimethoprim-
sulfamethoxazole and nalidixic acid was observed at moderate levels (=20%) but was well
distributed among herds (36.4% and 45.4%, respectively) and involving all serotypes. Much
lower resistance was detected against the aminoglycosides, with no resistance observed
against amikacin and only 6.2% of the isolates were resistant to gentamicin.

Resistance to tigecycline was present in 15.0% of the isolates, and distributed among
all serotypes. However, resistance was low against cephalosporins of the third gener-
ation (5% for cefotaxime, and 3.8% for ceftazidime) and ciprofloxacin (1.2%), and was
null against carbapenems (imipenem and ertapenem) or polymyxins (colistin). Although
resistance to tigecycline was present in five (22.7%) of the herds, resistance to third-
generation cephalosporins was detected in only two (9%) of them, and mostly affected
“other” serotypes.

Overall, MDR was observed in 11 (13.8%) of the isolates. Among these isolates, 54.5%
were “other” serotypes, 27.3% belonged to the monophasic variant of S. Typhimurium and
18.2% to S. Typhimurium, although no significant differences were observed between the
proportion of MDR isolates among group of serotypes (p = 0.56).

In five (45.4%) of these MDR isolates, resistance to tigecycline was present. No
combined resistance to both ciprofloxacin and cefotaxime was observed.

Complete susceptibility was detected in 25% of Salmonella isolates with the highest
proportion in “other” serotypes (37.5%), followed by S. Typhimurium (30.0%). Only two
(7.1%) isolates of monophasic variant of S. Typhimurium were pansusceptible.

Regarding AMR profiles, 12 different patterns were detected, the most common being
resistance against aminopenicillins (n = 24; 30%), followed by aminopenicillins-quinolones
(n = 8; 10%) and aminopenicillins-sulfonamides (1 = 6; 7.5%). ASSuNa, ATCf, ASuTNa,
ASSuCf, and ASuNa profiles were detected in 5%, 3.8%, 2.5%, 1.3% and 1.3% of the
isolates, respectively.



Animals 2022, 12, 1620

8 of 16

%

100

g 3

s
d

g 5 2 3

=
o

0

* %k

*
cG
I -t
3 4 5 6 7

Percent resistance among isolates of the monophasic variant of S. typhimurium was
10.7%, somewhat higher than that for S. Typhimurium (6.8%) but similar to that of “other”
serotypes (10.3%).

3.2. Study 2 Assessment of the Efficacy of Esterified Formic Acid in Abattoir Drinking Water

A total of seven trials (on seven different pig herds) were performed. Mean prevalence
of Salmonella shedding was variable among trials, ranging from 18.8% in trial 3 to 90% in
trial 2. Results for each group in each trial are shown in Figure 1. In general, Salmonella
shedding levels were always lower in the TG compared to the CG and, at the trial level, in
three of them these differences were statistically significant.

% 5Salmonella shedding

*ok ok ok

%k

) TOTAL
Trial

Figure 1. Proportion of Salmonella shedding at slaughter in the seven trials and globally. Significant
differences between the control (CG) and the treated group (TG) are indicated (** p < 0.05; *** p < 0.01;
Fisher’s exact test).

The proportion of Salmonella shedders in those pigs that consumed an amount of
treated water below the median (0.9 L/pig) was significantly higher than that when water
consumption was above the median. The odds of shedding Salmonella in those pigs was up
to 4.56 times higher than that in the group that drank >0.9 L of treated water (Table 3).

Table 3. Number of pigs shedding Salmonella and estimated water consumption per pig.

Estimated Water Consumption Per Pig

<09L >09L*
No. (%) No. (%) Total
. Yes 96 (76.8) 29 (23.2) 125
Salmonella shedding No 66 (42.0) 91 (58.0) 157

OR =4.56 (95% CI: 2.70-7.69; p < 0.0001)

* Categories based on the median of the estimated mean water consumption per pig.

Overall, in 60.7% (170/280) of the pigs from the CG, Salmonella was found in feces.
This percentage decreased to 44.3% (125/282) in the TG (p < 0.01). The random-effects
logistic regression analysis indicated a significant clustering effect of “Trial” (ICC: 0.302;
p < 0.001). According to the model, Salmonella shedding significantly decreased with
the treatment after adjusting by season and lairage time (Table 4). The adjusted odds of
shedding Salmonella in the CG were 2.75 (95% CI = 1.80-4.21) times higher than those in the
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TG. Thus, the estimated proportion of shedders that may have been prevented due to the
use of this esterified formic acid in this population may be as high as 63.6%.

Table 4. Results of the random-effects logistic regression analysis to assess the relationship between
water treatment with the esterified formic acid and Salmonella shedding after adjusting by season and
time at lairage.

Logistic Regression Parameters

Variable N No. + (%) B SE (B) 4 OR 95% CI OR
Group
Treatment ! 282 125 (44.3) 1
Control 280 170 (60.7) 1.01 0.21 <0.001 2.75 1.80-4.21
Season
Spring ! 240 156 (65) 1
Summer 80 31 (38.7) —-3.32 2.06 0.107 0.036 0.0006-2.05
Autumn 242 108 (44.6) —2.45 1.42 0.085 0.086 0.005-1.39
Lairage
time
<15h 320 171 (53.4)
>15h 242 124 (51.2) 1.94 1.50 0.195 7.01 0.36-132

1 Reference categories. Trial (random variable): variance 1.422; intra class correlation (ICC): 0.30 (95% CI:
0.12-0.56).

4. Discussion

Pig salmonellosis is mostly a public health issue as pigs may become a major source
of infection for humans [1]. Although its transmission by direct contact with infected
pigs is possible, the main route of transmission is through the consumption of Salmonella-
contaminated pork products. Contamination of pork products usually occurs during the
processing of the carcass at slaughter. According to the relevant authorities, the proportion
of contaminated pig carcasses in Spain in 2019 and 2020, a country with some of the highest
levels of pig salmonellosis, was as high as 17.6% and 14.3%, respectively [1,27]. Trying
to get a better insight into the reasons why this is occurring thus appears necessary. In
addition, most European national control programs aiming at reducing the prevalence of
Salmonella at the farm level, as a first step to reduce its prevalence at the slaughter level,
have failed [2,28]. Therefore, abattoir strategies that may help to mitigate this problem
must be sought while more efficient farm control programs are developed.

Previous studies have estimated the proportion of Salmonella-infected pigs that reach
the abattoir [4,7], but no one has assessed how many of these arrive shedding the bacterium,
which would directly relate to abattoir contamination. According to the results from the
present study, more than 90% of the herds sent pigs that shed Salmonella at slaughter, and
27.3% of the slaughtered pigs showed Salmonella in their feces. Although some pigs may
have become infected during transport or even during lairage [29], from the abattoirs” point
of view, almost one-third of the pigs arriving could be considered a potential source for
carcass contamination.

Since the survey was based on a convenience sampling, these results cannot be consid-
ered representative of a given pig farm population and were likely subject to selection bias.
We checked data available on the farm biosecurity level to assess whether this issue may
explain the high levels of shedding found. On average, the farms included in this study
presented reasonable levels of biosecurity, that is, a “Total biosecurity score” of 72% (of
100%, which would mean perfect farm biosecurity), ranging from a minimum of 51% to a
maximum of 86% (data available upon request). This average was above many national
averages (63% for German pig farms; 65% for Italian; 67% for Spanish; 69% for Dutch)
and similar to those from Irish or Belgian farms (72% and 74%, respectively) (checked
at https:/ /biocheck.ugent.be/en/worldwide on 12 April 2022). Although much caution
should be considered with such comparisons, as there was no knowledge on the origin and
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representativeness of the farms included in the cited web page, this comparison provides a
glimpse into the ranking of our farms, and suggests that the high proportion of pigs shed-
ding Salmonella observed in this study should not be related to a selection bias associated
with farms of low biosecurity levels. Neither should it be attributed to the quality of the
abattoirs involved, since both were new modern slaughterhouses with up-to-date robotized
meat processing techniques and high levels of hygiene.

These results agree with those of a recent study carried out in another Spanish region,
where 71.4% of batches of slaughter pigs (pooled fecal samples) were contaminated upon
arrival [30]. In general, these results support the idea that the situation remains stable
and no improvement has been observed since the last EFSA baseline study performed
more than 10 years ago. Considering the expected prevalence of Salmonella infection in the
country according to that study (=30%; [4]), and the proportion of shedding pigs observed
at slaughter in this one (27%), it appears that a relationship between field infection and
shedding at abattoir can be assumed.

The most prevalent serotype detected in feces was the monophasic variant of S. Ty-
phimurium, a serotype of high public health importance, and present in 47% of the pigs
shedding Salmonella; this far exceeded not only S. Typhimurium (18.8%), but also the sum of
the rest of the “other” serotypes (34%). This represents a significant jump in the prevalence
of the monophasic variant of S. Typhimurium with respect to previous studies in the same
or neighboring areas, when its prevalence was as low as 12% [7,31], and confirms the
worldwide upward trend of this serotype [1,30,32-37].

This rise in the prevalence of the monophasic variant of S. Typhimurium appears to be
related with some evolutionary advantage, in part likely associated with the accumulation
of mobile resistance elements, which in turn would have contributed to its monophasic
phenotype [38,39]. In fact, the monophasic variant of S. Typhimurium has been usually
characterized by displaying AMR to ampicillin, streptomycin, sulphonamides, and tetra-
cycline (ASSuT) [7,40-42]. Subsequently, it has also been related to resistance to critical
antimicrobials for humans, such as third-generation cephalosporins, fosfomycin, and col-
istin [43-45], which has raised concerns about the limitation of antimicrobial therapeutic
options. In this study, we used a summary measure for AMR, the so-called percentage
resistance (PR) [25], to determine whether there were differences in overall AMR against
the 17 antimicrobial agents tested among the three groups of serotypes considered. A some-
what higher PR was observed for the monophasic variant of S. Typhimurium isolates
(10.7%) when compared to S. Typhimurium (6.8%), but this was similar to that for all the
“other” serotypes together (10.3%). In any case, this level of AMR among the monophasic
variant of S. Typhimurium isolates seemed not to be associated with a higher proportion
of MDR isolates, nor with resistance to antimicrobials of critical importance for humans,
since no isolate showed AMR against carbapenems or colistin, and just one showed it to
third-generation cephalosporins.

Carbapenems are not used in animals and no resistance against this antimicrobial class
has been observed in Salmonella isolates from pigs in the EU in recent years [46]. Resistance
to colistin has been usually low in Spain, even when this drug was used massively in the
pig sector [44,47]. The application of the Spanish Plan against Antibiotic Resistance in 2015,
and the subsequent reduction in colistin consumption by more than 95% [48], may have
contributed to an overall reduction in the detection of the mcr-1 gene [49,50], explaining
the absence of phenotypic resistance against colistin in these isolates. Regarding AMR to
third-generation cephalosporins, this was found in 5% of the Salmonella isolates. Although
this level was still higher than the European average of 0.5% [51], it appears constant with
regard to previous years [47,52], and was circumscribed to only two farms, suggesting its
presence may have been triggered by the occasional use of this class of antimicrobials (e.g.,
ceftiofur) in these farms [52].

In general, the observed levels of resistance against the antimicrobials tested in this
group of isolates was similar to that described in the last report from EFSA and ECDC
regarding antimicrobial resistance in zoonotic and indicator bacteria from humans, animals,
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and food in 2018-19 [51], with the exception of two antibiotics, namely, ciprofloxacin and
tigecycline. Resistance to ciprofloxacin, a first-line antimicrobial agent for the treatment of
non-typhoidal Salmonella in humans, was observed at lower levels (1.2%) than those noticed
in pigs in the EU (10.3%; [46]), and at much lower levels than those recently observed in
Italy (60.7%; [53]). This type of resistance in Salmonella has been related to fluoroquinolone
consumption in food-producing animals [54,55]; thus this reduction may be related to a
decreasing trend in its use, as the last European Surveillance of Veterinary Antimicrobial
Consumption (ESVAC) report on sales of veterinary antimicrobial agents suggests [56].

On the contrary, resistance to tigecycline, a tetracycline-derivative antibiotic used to
treat severe infections caused by extensively drug-resistant bacteria [57], was moderately
high (15%), well spread (in five different herds), and much higher than that shown in
the European data (1.5%; [46]). Resistance to this drug has been recently associated to
highly transferable plasmid-mediated genes detected in bacteria from human and animals,
including pigs [58,59], which may explain its spread within the swine sector despite the
fact that tigecycline is not used in veterinary medicine. Considering that five (41.7%) of the
tigecycline-resistant isolates showed MDR, co-selection for resistance to this antimicrobial
through exposure to other antimicrobials may also have been possible.

A farm-to-consumption quantitative microbiological risk assessment (QMRA) already
suggested that a large proportion of cases of human salmonellosis would derive from
slaughter pigs with a high concentration of Salmonella in their feces [60], which likely occurs
due to the lack of efficient Salmonella control measures at the farm level [2]. Therefore, the
implementation of control steps at the abattoir to minimize the transfer of Salmonella to the
surface of pig carcasses appears compulsory, particularly since EU legislation forbids the
treatment of carcasses with antimicrobial agents (Regulation EC 853/2004). Strict hygiene
measures along with the reduction in Salmonella shedders are the only measures foreseen
to reduce abattoir contamination, the former being more effective depending upon the
reduction that can be reached on the latter.

Thus, the present study also aimed at assessing whether the addition of an esterified
formic acid to the lairage drinking water can help to reduce the overall proportion of
pigs shedding Salmonella while waiting for slaughter. The net amount of formic acid used
(3 g/kg) was significantly below the maximum dose of formic acid considered safe for
growing pigs (18 g/kg feed; [61]). Using this dose, a significant overall reduction in the
number of shedders in the TG was observed when the seven trials were taken together
(44% in the TG vs. 60.7% in the CG), with a decreasing trend in all the trials; however, only
in three of them was this drop was statistically significant.

When OAs or their salts have been applied at the farm level, their efficacy for the
control of pig salmonellosis has been variable. Although some studies have shown a
reduction in Salmonella excretion [62-65], or seroprevalence [63,66-72], others did not find
any effect at all [73-75]. It is well known that the antimicrobial effect of OAs depends
upon factors such as the type and combination of OA, the concentration used, the time and
period of administration, and the age of the animals. In general, however, long periods
of treatment seem to be required before any positive effect is detected [71]. In this study,
however, overnight drinking (between 10 and 17 h of exposure to the treated water) was
enough to detect a significant beneficial effect. Reasons for this finding may be related
to the type of formulation used, that is, formic acid esterified in the form of glycerides.
Esterified acids appear to have an increased and thorough antimicrobial activity along the
whole intestinal tract compared to the original OAs or their salts [18,19]. In addition, it
did not modify the water taste despite the dose considered. Since the main mechanism
of action of esterified fatty acids relates to a membrane-destabilizing activity that causes
increased cell permeability and lysis after contact with the bacterium [76], it is also possible
that its effect could begin within the oral cavity.

The lack of a significant reduction in Salmonella shedding in some of the trials may be
related to other factors such as the amount of water consumed by the pigs or the length
of the lairage time. Although it was not possible to accurately measure individual water
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consumption, a proxy of that was estimated based on water left in the container for each
treated group. It was found that the chances for shedding Salmonella increased significantly
when pigs in these groups had drunk less than 0.9 L of treated water (OR = 4.56; 95% CI:
2.70-7.69). Finding strategies that favor the consumption of treated water at lairage (i.e.,
increasing the number of drinking troughs) may help to increase the efficacy of this strategy.

Similarly, prolonged lairage times appear to favor the risk of Salmonella shedding
and, therefore, environmental contamination [77]. In this study, all batches of pigs were
kept overnight and for a minimum of 10 h to favor the consumption of water, which
may also contribute to somewhat neutralizing the positive effect of the treatment applied.
Considering the apparent beneficial effect of this esterified formic acid, beginning the water
treatment at the farm, a few days before the slaughter, would likely avoid the need for long
periods of lairage.

The product tested allowed a raw reduction of around 16% in the proportion of
Salmonella shedding pigs, compared to a CG without the treatment. This drop may seem
small, but it happened in a context of high prevalence of shedding (>60% in the CG) and
after a few hours of treatment. Other strategies, such as vaccination, have shown efficacies
that were only slightly higher, i.e., 20-30% [78,79]. Interestingly, when other variables were
taken into account (clustering and confounding variables), the OR of shedding for the CG
vs. the TG was much higher than that when no adjustment was considered (2.75 vs. 1.94).
Therefore, the proportion of pigs that may have been prevented from shedding due to
the use of this esterified formic acid in the TG, given the conditions of the study, may be
as high as 63.6%. Thus, this strategy can potentially contribute to reduce the burden of
Salmonella contamination in the slaughter premises and therefore be used as a complement
within more comprehensive Salmonella control programs that include both on-farm and
abattoir-based strategies.

5. Conclusions

A high proportion of pigs (18%) still arrives at the abattoir shedding important
zoonotic Salmonella serotypes (mostly S. Typhimurium and its monophasic variant). In addi-
tion, in some cases, the salmonellae detected display AMR against antimicrobials of critical
importance for humans. Although, in general, the AMR to these classes of antimicrobial
was low, the levels of AMR against tigecycline, an antimicrobial not used in food-producing
animals, were of concern. These shedding pigs contribute to the abattoir environmental
contamination and are a further potential source for human infections. Slaughter strategies
such as the use of formic acid esterified in the form of glycerides in the drinking water may
help to reduce the burden of environmental contamination through the reduction in the
proportion of shedding pigs prior to slaughter, but further research on the efficacy of this
product is needed.
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La salmonelosis porcina es, fundamentalmente, un problema de salud publica y el
cerdo es una de las principales fuentes de infeccidn para las personas (EFSA y ECDC, 2023).
Aunque la transmisién de Salmonella por contacto directo con los cerdos es posible, suele ser
poco habitual, siendo la principal ruta de transmisién el consumo de carne de cerdo y sus
productos derivados contaminados con Salmonella. Esta contaminacién suele ocurrir durante
el procesamiento de las canales en el momento del sacrificio en el matadero (Berends et al.,
1997; Arglello et al., 2013a).

El origen de la contaminacion en el matadero tiene lugar principalmente con la llegada
de cerdos infectados que pueden excretar Salmonella por las heces (Massacci et al., 2020). En
el caso concreto de Espaia, hasta un tercio de los animales que llegan al matadero estan
infectados por Salmonella (EFSA, 2011; Vico et al., 2011). Aunque la excrecion de la bacteria
ocurre fundamentalmente tras la primera infeccidon del animal (Scherer et al., 2008), lo que
suele suceder mayoritariamente en la explotacién, situaciones de estrés como pueden ser el
transporte al matadero o la estabulacidn previa al sacrificio pueden actuar como
desencadenantes de nuevos periodos de excrecidn en los animales infectados. Esto permite la
eliminacién de grandes cantidades de Salmonella (10°-10® UFC/g de heces) (Pires, Funk y Bolin
2013) en el entorno del matadero (Smid et al., 2014). El nivel de contaminacidon asi generado
es dificil de eliminar a pesar de las medidas rutinarias de higiene y desinfeccion llevadas a
cabo. Ademas, existen ciertos puntos criticos en la cadena de sacrificio que, si no estan bien
controlados, pueden favorecer la contaminacion final de las canales (escaldado, soflamado,
desnucado, extraccién del cular, evisceracion, oreo y enfriamiento) (Swanenburg et al., 2001a).

Parece evidente que el origen de la contaminacién de las canales estaria asi
directamente relacionado con la prevalencia de infeccion en las explotaciones. En Espafia, la
proporcién de canales porcinas positivas a Salmonella suele ser mas alta que la media europea
(EFSA y ECDC, 2020-2023). De hecho, tanto los resultados de estudios previos (Mejia et al.,
2006; Garcia-Feliz et al., 2007; EFSA, 2011; Vico et al., 2011, Argliello et al., 2012; Teng et al.,
2020), como los observados en los trabajos que conforman esta tesis, muestran que la
prevalencia de excrecidon y contaminacién de las explotaciones de nuestro pais sigue siendo
muy alta.

Controlar la infeccién y transmision de Salmonella en las explotaciones ha demostrado
ser dificil debido a las caracteristicas inherentes a este patégeno (resistencia ambiental,
capacidad de infectar a diferentes especies animales, desarrollo de resistencias a los
antimicrobianos, etc.) y requiere de un conocimiento profundo de la epidemiologia de la
infeccidn. Sin embargo, la salmonelosis porcina se ha estudiado mayoritariamente en cerdos
de cebo y en cerdos sacrificados (Davies et al., 1997; van der Wolf et al., 1999; Kranker et al.,
2003; Rajic et al., 2005; Farzan et al., 2008; Pires, Funk y Bolin, 2013; Nair et al., 2018). La
informacidn acerca de lo que ocurre en otras etapas previas de produccién (cerdos adultos,
maternidad) es mucho mas escasa, y practicamente no existe si nos referimos a la fase
transicion, un periodo que podria ser determinante para el mantenimiento y la transmision de
Salmonella a fases posteriores.

Por ello, en la Publicacion | el objetivo principal fue determinar la prevalencia de
infeccion de Salmonella en lechones al inicio de la transicion y caracterizar los aislados para
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compararlos con los de las cerdas reproductoras del mismo rebafio. Para este estudio, se
seleccionaron lechones macho procedentes de granjas de abuelas seropositivas a Salmonella
cuyo destino era el sacrifico para consumo humano. Estos lechones, tras el destete (a las 4
semanas de vida) eran alimentados dos semanas mas hasta alcanzar un peso de sacrificio de
entre 7 y 9 kg. El hecho de que estos animales no hubiesen sido tratados con antibidticos
resultaba de especial interés puesto que reflejaba lo que podria acabar ocurriendo al principio
de la fase de transicién en rebafos de produccion seropositivos una vez eliminado el uso de
antimicrobianos.

El porcentaje de animales infectados por Salmonella (deteccién en nddulos linfaticos
mesentéricos) entre los lechones de transicidon analizados fue del 36,5%, siendo el porcentaje
de lechones excretores muy similar (37,3%). Cabe destacar que, a pesar de ser lechones con un
sistema inmunitario todavia en desarrollo y muy posiblemente primo infectados, la infeccién
cursé de forma subclinica. Por lo tanto, la infeccidn podria ser pasada por alto facilmente
durante la fase de transicidn y estos animales estarian actuando como portadores activos de
Salmonella en la granja.

Con el fin de demostrar esta hipdtesis, se compararon los aislados de Salmonella
obtenidos de estos lechones con aquellos obtenidos a partir de muestras fecales procedentes
del suelo de las naves de las cerdas de reposicion. Los principales serotipos aislados en estas
naves (S. Rissen, S. Derbi y S. 4,[5],12:i-) también fueron los mas comunes en los lechones, en
algunos casos incluso presentando el mismo perfil de PFGE en ambas naves, sugiriendo que
estos serotipos circulaban entre ambos periodos de produccidn, incluso cuando las naves de
las cerdas de reposicién se encontraban a kilémetros de distancia de su correspondiente nave
de transicidn. Estos hallazgos confirmarian que los lechones también juegan un rol importante
en la infeccidn de los cerdos de cebo en las explotaciones de produccién. Por ello, la infeccion
de Salmonella en lechones de transicidon deberia considerarse un potencial factor de riesgo de
contaminacion del matadero. El control de Salmonella en esta etapa podria ayudar a disminuir
el riesgo de contaminacion de las canales (Nair et al., 2020).

Si tenemos en cuenta que una de las principales fuentes de Salmonella para los
corrales de transicién serian las madres (Casanova-Higes et al., 2019), estas también serian el
principal origen de la infeccidon por Salmonella en las cerdas de reposicidn y en los cerdos de
cebo (Nollet et al., 2005b; EFSA, 2011). En este sentido, un modelo de evaluacién de riesgos
adaptado especificamente para Espaia mostrd que la prevalencia de Salmonella en cerdas era
un indicador de la prevalencia de Salmonella en cerdos de abasto (APHA et al., 2020). Por ello,
definir las estrategias adecuadas para prevenir la excrecion de Salmonella en las madres
deberia ser uno de los principales objetivos en cualquier estructura de produccion porcina.

Entre las estrategias utilizadas para el control de Salmonella en ganado porcino, una de
las mas estudiadas es el uso de acidos organicos (Berge y Wierup, 2012; Suiryanrayna y
Ramana, 2015). Dentro de los acidos orgdnicos, el butirato de sodio ha sido ampliamente
utilizado como aditivo alimentario y se ha observado que puede tener resultados beneficiosos
en la reduccién de la infeccion y excrecidn de Salmonella, ademas de mejorar los pardmetros
productivos (Walia et al., 2016; Lynch et al., 2017). Sin embargo, apenas existen estudios que
se centren en el impacto que este acido organico puede tener en la microbiota intestinal de los
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cerdos que van a matadero ni tampoco sobre los efectos que esos cambios en la microbiota
podrian tener en la salud del animal.

Asi, en la Publicacidn Il se estudié el efecto que tenia sobre la microbiota del colon de
cerdos de cebo la administraciéon de una forma de butirato de sodio protegido (GUSTOR BP70,
Norel S.A., Madrid, Espafia) durante todo el periodo de cebo (>90 dias). Para ello, se compard
la microbiota intestinal de un grupo de 9 animales a los que se administré el dcido en el pienso
(GT) con un grupo de animales similar que consumid el mismo pienso sin el acido (GC).

Aunque no se observé una modificacidn significativa en la riqueza y diversidad general
de la composicién microbiana entre los dos grupos, hecho probablemente relacionado con la
presencia de una flora microbiana mas estable debido a la edad en que se tomaron las
muestras (Le Sciellour et al. 2019), si que se detectaron cambios significativos en algunos
taxones especificos.

Entre los mas destacados estaria el incremento del género Prevotella en el GT respecto
al GC. En general, este género se ha asociado positivamente con unos mejores indices de
conversion y de crecimiento (Ramayo-Caldas et al., 2016; Yang et al., 2018), posiblemente
debido a su habilidad para fermentar polisacaridos complejos presentes en la dieta que
podrian proporcionar una mayor cantidad de energia disponible para el cerdo (Mach et al.,,
2015). Prevotella también contribuiria a la maduracién de la inmunidad de la mucosa a través
de la produccion de acetato que, posteriormente, podria ser utilizado por otras especies
microbianas para producir butirato. Estos acidos organicos de cadena corta participarian en la
comunicacion entre la microbiota y el sistema inmunitario intestinal y ayudarian a mantener el
equilibrio anti y pro inflamatorio (Ratajczak et al., 2019).

A nivel de especie, destacd el incremento significativo de Clostridium butyricum en el
GT. Los efectos positivos de C. butyricum son conocidos e incluso se ha utilizado como
probiético en casos de infeccion por Clostridioides difficile o de enfermedad intestinal
inflamatoria en medicina humana (Kanai, Mikami y Hayashi, 2015; Chiu et al., 2021). C.
butyricum genera grandes cantidades de butirato a través de la fermentacion de fibra
alimentaria no digerida y, ademds, este acido organico de cadena corta se ha asociado con
numerosos efectos beneficiosos para la salud como la mejora de la funcién de la barrera
gastrointestinal, la modulaciéon de la homeostasis inmunitaria intestinal o la reduccién de la
inflamacidn (Fouhse, Zijlstra y Willing, 2016; Yang et al., 2019). Ademads, también se ha
observado que la invasién de las células epiteliales por Salmonella disminuye tras la exposicion
al butirato puesto que este regula negativamente la expresion de genes de invasion localizados
en la isla SPI1 (Gantois et al., 2006). En estudios donde se administré C. butyricum en la dieta
de lechones destetados se observé un aumento en la altura de las vellosidades y en la
profundidad de las criptas intestinales, una mejora en el peso corporal, en la ganancia media
diaria y en el indice de conversion, asi como una reduccién de las diarreas (Chen et al., 2018;
Wang et al., 2019; Casas et al., 2020; Han et al., 2020).

Por ultimo, también se observaron incrementos entre los miembros de las familias
Lachnospiraceae, Peptostreptococcaceae, Peptococcaceae y Terrisporobacter. Se trata de un
grupo de bacterias caracterizadas por producir acidos grasos de cadena corta (butirato,
formiato, lactato o H,) tras la degradacidn de polisacaridos no digeribles (Stackebrandt, 2014).
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En salud humana, algunos de los géneros pertenecientes a estas familias se han relacionado
con el control de procesos inflamatorios intestinales, aterosclerosis y maduracion del sistema
inmunolégico (Vacca et al., 2020).

En resumen, aunque la adicidon de esta forma de butirato de sodio protegido a la dosis
de 3 kg/t de pienso durante todo el periodo de cebo no modificd significativamente la riqueza
global de la composicién de la microbiota de los cerdos en el momento del sacrificio, provocd
cambios significativos en la abundancia de algunos taxones que estarian asociados con unos
mejores parametros de salud intestinal.

Determinar el papel que juegan los lechones de transicion en la dinamica de infeccién
de Salmonella y conocer qué efectos puede tener en la microbiota de los cerdos la adicion de
un acido organico como el butirato de sodio utilizado frecuentemente contra Salmonella, se
consideran aspectos de interés para el control de la salmonelosis porcina de los que apenas se
disponia informacién. En cualquier caso, el control de la salmonelosis en las explotaciones
porcinas no resulta facil.

Teniendo en cuenta la alta prevalencia de Salmonella en las explotaciones porcinas
(EFSA, 2009; Teng et al., 2020), y que el origen de la contaminacién de las canales esta
asociado principalmente con la llegada de animales excretores de Salmonella al matadero
(Beloeil et al., 2004; Argliello et al., 2013a; Swart et al., 2016), otro de los objetivos de esta
tesis fue el desarrollo de un nuevo enfoque mas integral para el control de la infecciéon que
incluyera actuaciones conjuntas tanto en la explotacién como en el matadero. La finalidad en
este caso no era tanto reducir la infeccién en las explotaciones, sino mads bien poner el foco en
la reduccién del riesgo de contaminacidn de las canales.

Para ello, en primer lugar, se evalud si era posible predecir la probabilidad de
excrecion de Salmonella de los cerdos que llegan a matadero. Este aspecto podria resultar
clave para cualquier programa nacional de control de Salmonella, pues la estimacién del riesgo
de excrecién de Salmonella de un lote de cerdos 3 6 4 semanas antes de ir a matadero,
permitiria disefiar medidas de control eficaces previas al sacrificio tanto en la granja como en
el matadero. Asi, el principal objetivo de la Publicacidn lll fue identificar un modelo predictivo
qgue permitiera determinar qué factores relacionados con el lote de cerdos a sacrificar y con la
explotacién de origen podrian ser utilizados como predictores de excrecion de Salmonella en
matadero.

Para este estudio se seleccionaron 30 lotes de 50 cerdos cada uno (un total de 1500
cerdos) procedentes de 30 explotaciones de cebo diferentes (tamafio medio=1000
cerdos/explotacién) localizadas en el noreste de Espafia, la region de mayor produccién
porcina del pais. Para crear el modelo de prediccidon de la excrecién de Salmonella en el
momento del sacrificio, se realizé un andlisis de regresion logistica de efectos aleatorios.
Inicialmente, el modelo incluyé como variables a estudiar los resultados serolégicos
individuales de cada cerdo analizado, los valores de bioseguridad (interna, externa y total) de
la explotacidén, el porcentaje de corrales positivos a Salmonella en la explotacidn, asi como
otras caracteristicas que pudieran estar relacionadas con la infeccion (la estacion de muestreo,
la distancia y el tiempo de transporte de la granja al matadero, el tiempo transcurrido entre los
muestreos en granja y en matadero y la presencia de S. Typhimurium/mST en la explotacidn).
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El modelo predictivo final se construyd con tres variables, a saber, resultados
seroldgicos, nivel de bioseguridad interna de la explotacién y prevalencia corrales positivos a
Salmonella en la nave. Los resultados confirmaron que la excrecién de Salmonella en el
matadero estaba fuertemente relacionada con la presencia de Salmonella en los corrales de la
explotacién. Esta relacion se apoyaba ademas en la identificacidon posterior mediante andlisis
de PFGE de coincidencias genéticas entre los aislados procedentes de muestras fecales del
suelo de los corrales y los procedentes de contenido intestinal de los cerdos sacrificados, a
pesar de la posibilidad de contaminacidn cruzada durante el transporte o la espera (Arglello et
al., 2013a). Estos hallazgos resaltan el papel que tiene la presencia de Salmonella en la granja
en la contaminacidn posterior del matadero y confirman que el control de Salmonella deberia
empezar en la granja (de Busser et al., 2013a).

El nivel de bioseguridad de las explotaciones incluidas en el estudio, aunque variable,
fue en general relativamente alto al compararlo con el de explotaciones de otros paises. A
pesar de ello, los resultados serolégicos sugerian que Salmonella estaba circulando en la
mayoria de ellas, poniendo de relieve las dificultades para su control a nivel de granja. De
acuerdo con la serologia, y siguiendo los criterios de los principales PNC europeos, un tercio de
las explotaciones se clasificaria en la categoria de alta seroprevalencia (seroprevalencia 240%)
y otro tercio en la categoria seroprevalencia media (entre el 20 y el 40%). Estos altos niveles de
seroprevalencia explicarian, al menos en parte, la alta proporcién de cerdos excretores de
Salmonella al sacrificio, tal como sugeria el modelo logistico, que detectd una asociacién
positiva significativa, aunque moderada, entre la serologia de los cerdos y la excrecién de
Salmonella en el momento del sacrificio. Los cerdos con valores mucho mds altos de ELISA
tendrian una probabilidad algo mayor de excretar Salmonella al sacrificio (Kranker et al., 2003;
Sgrensen et al., 2004; Korsak et al., 2006; Mainar-Jaime et al., 2018).

En general, el modelo mostré una capacidad aceptable a la hora de predecir si un
animal excretaria Salmonella en el matadero. Asi, segin el modelo, un cerdo con una
probabilidad estimada de excrecidn de Salmonella superior al 26% tendria una probabilidad
del 71,6% de excretar Salmonella. Si la probabilidad estimada por el modelo fuese <26%, el
animal tendria una probabilidad del 73,6% de no excretar la bacteria. Por lo tanto, evaluar la
proporcién de animales que presentan una probabilidad de excrecién superior al 26% en un
determinado lote de cerdos a sacrificar permitiria estimar el riesgo global de excrecién para
ese lote. Una vez determinado ese riesgo tres o cuatro semanas antes del sacrificio,
productores y mataderos podrian actuar en consecuencia. Por ejemplo, a nivel de granja, se
podrian implementar medidas de control para minimizar la probabilidad de excrecién de
Salmonella en matadero. La adicién de acidos orgdanicos en el pienso o en el agua de bebida
podria reducir la excrecion (de Busser et al., 2009; Arglello et al., 2013b; Lynch et al., 2017)
(Publicacion 1V). Asimismo, el matadero, siendo consciente del riesgo, podria implementar
medidas de mitigacién como el sacrificio logistico (Swanenburg et al., 2001b; Hotes, Traulsen y
Krieter, 2011; Arglello et al., 2013a), o incluso la adicién de acidos orgdnicos en el agua de
bebida de la sala de espera para conseguir reducir el riesgo de excrecidon de Salmonella
(Publicacion V). Estas intervenciones serian necesarias en el caso de que un lote de cerdos
presentase una probabilidad global de excrecién de Salmonella por encima de un determinado
umbral previamente establecido.
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De los resultados del modelo resulta interesante destacar que en explotaciones con un
nivel medio o alto de bioseguridad interna (>64%) y en las que no se detectaba Salmonella en
los corrales, ningun animal podria considerarse excretor en matadero, independientemente de
su resultado seroldgico. Asimismo, la serologia seria innecesaria en el caso de explotaciones
con niveles bajos de bioseguridad interna y con al menos un corral positivo a Salmonella,
puesto que todos los cerdos presentarian una alta probabilidad de excretar la bacteria en el
matadero. Es evidente que, en este segundo escenario, la probabilidad de que un cerdo se
infectase seria alta, dado que Salmonella podria circular facilmente entre los corrales de
explotaciones con una baja bioseguridad interna (Baptista et al., 2010). Estos resultados
subrayan la importancia de la bioseguridad interna en la transmisién de Salmonella en las
explotaciones.

A diferencia de los dos escenarios anteriores, en el caso de cualquiera de las otras
situaciones posibles (bioseguridad interna aceptable con presencia de corrales positivos a
Salmonella o baja bioseguridad interna y ningln corral positivo a Salmonella), la serologia
podria afiadir informacién util a la hora de definir el riesgo de excrecién de Salmonella en el
matadero. Por ejemplo, cerdos con valores de %DO superiores al 30% se asociarian con
excrecion de Salmonella en el matadero si procediesen de explotaciones con una bioseguridad
interna media junto con la presencia de Salmonella en el 10-20% de los corrales. Si
perteneciesen a una granja similar con un nivel de bioseguridad interna alto, los cerdos de
mayor riesgo serian aquellos que mostrasen unos valores de %DO mucho mas elevados
(cercanos al 80%). Los resultados de ELISA también ayudarian a interpretar el posible riesgo de
excreciéon de cerdos procedentes de una explotacién con un nivel bajo de bioseguridad interna
cuando no se detectase Salmonella en ningln corral. Considerando los diferentes escenarios
posibles segin el modelo, el modo mas sencillo de proceder para estimar el riesgo de
excrecion de Salmonella en el matadero seria empezar con la evaluacion de la bioseguridad
interna de la explotacién y la prevalencia de Salmonella en los corrales. En funcién de los
resultados obtenidos, se podrian llevar a cabo andlisis serolégicos complementarios a partir de
una muestra representativa del lote de cerdos.

La correlacidn positiva observada en este estudio entre valores de ELISA en granja y
excrecion de Salmonella en el matadero probablemente se haya debido al tiempo transcurrido
entre el muestreo serolégico y el bacterioldgico y a la presencia entre ambos de una serie de
factores estresantes (transporte y la espera en matadero), que habrian favorecido la excrecion
en los cerdos infectados (Duggan et al., 2010; Simons et al., 2016). Los otros factores del
modelo, la bioseguridad interna de la explotacion y la presencia de Salmonella en la granja, tal
como hemos visto, también tendrian un papel significativo en la interpretacién de los valores
ELISA en este contexto. Estos resultados podrian explicar, en parte, las dificultades a las que
muchos PNC se enfrentan a la hora de determinar adecuadamente el estatus de Salmonella de
las explotaciones porcinas, puesto que muchos de ellos se basan exclusivamente en los
resultados seroldgicos de un pequefia y poco representativa muestra de animales, sin
considerar otros factores (Mainar-Jaime et al., 2018; Correia-Gomes, Leonard y Graham,
2021).

Asi, este estudio destaca la importancia del contexto en el que se utiliza la serologia
para el control de la salmonelosis porcina. Utilizarla 3 6 4 semanas antes de enviar a los cerdos
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al matadero podria ser util para identificar lotes de cerdos con riesgo de excrecidon de
Salmonella a su llegada. En algunos casos, disponer de informacién sobre el nivel de
bioseguridad interna de la explotacién de origen y sobre la presencia de Salmonella en la
explotacién podria ser suficiente para estimar el riesgo de excrecidon de Salmonella de un lote
de cerdos destinados a sacrificio. En otros casos, la serologia seria necesaria para una
interpretacion mas precisa de los resultados. Pero, en ambos casos, se podria alcanzar un nivel
aceptable de informacién sobre el riesgo de excrecidn de Salmonella en el matadero. Reducir
la probabilidad de excrecién de Salmonella en esta etapa supondria un paso importante para
reducir la contaminacidn de las canales con Salmonella.

Una ventaja adicional de este enfoque es que el control de Salmonella no recaeria
inicialmente en el trabajo del ganadero, sino en la recogida objetiva de datos sobre la
explotacién y sus animales. Este hecho resulta de especial interés dado que el compromiso de
los ganaderos parece ser uno de los principales obstdculos a los que se enfrentan los Planes
Nacionales de Control, especialmente cuando se trata de infecciones animales que no suponen
un problema clinico en las granjas (Fraser et al., 2010; Marier et al., 2016; Alarcén et al., 2021).
Ademas, este enfoque permitiria con el tiempo una caracterizacion mas precisa del estatus
sanitario de Salmonella en las explotaciones porcinas, lo que también ayudarian a fomentar
una mejor actitud de los ganaderos para el control de esta infeccién.

Ante la posibilidad de predecir la excrecion de Salmonella en el matadero con la
suficiente antelacidn, tanto las explotaciones porcinas como los mataderos podrian plantearse
implementar medidas concretas para minimizar la excrecion. Como ya se ha comentado
anteriormente, una de las medidas de control disponibles es la utilizacion de acidos orgdnicos
ya que su adicion en el pienso o en el agua de bebida podria ayudar a reducir la excrecién de
Salmonella (de Busser et al., 2009; Argiiello et al., 2013b; Lynch et al., 2017). Para los
siguientes dos estudios (Publicacion IV y Publicacion V), se seleccioné como acido orgdnico
una férmula de acido férmico esterificado (MOLI-M C1, Molimen SL, Barcelona, Espafia). Los
acidos grasos de cadena corta y de cadena media combinados con glicerol poseen una mayor
actividad antimicrobiana contra bacterias Gram-negativas tanto in vitro como in vivo (Cantini,
2015). Ademas, la esterificacion de estos acidos ha mostrado ventajas adicionales ya que son
menos dependientes del pH y menos susceptibles a la descomposicidon enzimatica, lo que les
permite actuar a lo largo de todo el tracto gastrointestinal (Gémez-Osorio et al., 2021).
Asimismo, debido a su forma de glicérido, los acidos organicos aplicados de este modo son
inodoros y no corrosivos y su estructura anfipatica los hace solubles en agua sin modificar el
pH, evitando sabores desagradables en el agua de bebida que podrian causar rechazo a los
cerdos y evitar su consumo.

Para el trabajo presentado en la Publicacién IV, se seleccionaron tres explotaciones
que presentaran al menos dos unidades de cebo (21000 animales/unidad) comparables
(cerdos de similar edad) y en las que hubiera evidencia bacteriolégica y seroldgica de la
circulacion de Salmonella a partir de muestreos representativos previos realizados 3-4
semanas antes. Igualmente, ambas unidades debian presentar un estatus de Salmonella inicial
similar en cuanto a niveles de seroprevalencia y presencia de corrales positivos.
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En las tres explotaciones se observaron valores de seroprevalencia (a partir de una
muestra representativa de 30 animales) medio-altos (entre 21% y 48%) antes del ensayo, lo
gue permitian clasificar a las explotaciones como de riesgo, de acuerdo con los criterios
seguidos por algunos PNC (Andnimo, 2002; Andnimo, 2007; van der Wolf, 2017; Andnimo,
2021). El estudio bacteriolégico de los corrales (10 por unidad) mostré que Salmonella estaba
presente en las tres explotaciones y de forma similar en todas las unidades. La presencia de
Salmonella en los corrales junto con los niveles medios y altos de seroprevalencia, se
relacionan con excreciéon de Salmonella en matadero (Publicacion Ill). Por ello, en este
escenario, se esperaba que una proporcién significativa de cerdos excretaran Sa/lmonella al
llegar al matadero.

A una de las unidades de cada explotacién se le administré el dcido organico en el agua
de bebida (10 kg/1000L) durante los ultimos 5 dias de cebo previos al sacrificio (Grupo
tratamiento, GT), dejando la otra sin tratamiento (Grupo control, GC). Al llegar al matadero se
obtuvieron muestras de contenido fecal de 40 animales de cada grupo para la deteccién y
recuento de Salmonella en heces.

Como se esperaba, la proporcion media de animales excretores en el matadero
procedentes de estas tres explotaciones fue alta (35%). Sin embargo, en todas las
explotaciones se observé un porcentaje significativamente inferior de excretores en el GT con
respecto al GC, lo que sugeria un efecto positivo de este tratamiento en el control de la
excrecién de Salmonella. El andlisis conjunto de los resultados de las tres explotacién mostré
que los cerdos del GC tenian 5,63 (IC95%=2,92-10,8) mas “probabilidad” de excretar
Salmonella en el momento del sacrificio que los cerdos del GC, lo que indicaba que la eficacia
de este tratamiento para reducir la proporcion de cerdos excretores de Salmonella en este
estudio alcanzé el 82,2%.

El efecto positivo del tratamiento se observé también al evaluar la carga intestinal de
Salmonella en animales de ambos grupos. De las 58 muestras (29 de cada grupo) utilizadas
para este objetivo se detectdé Salmonella (>1 UFC/g) en 15 de ellas (51%), de las cuales 11
(73,3%) pertenecian al GCy 4 (13,8%) al GT (P=0,069). En general, y a pesar del bajo nimero
de muestras analizadas, se observé una tendencia lineal significativa que sugeria que cuanto
mayor era el recuento de UFC mayor era la probabilidad de que la muestra perteneciera al GC.
Estos resultados corroboraban asi la eficacia de este tratamiento para reducir la carga de
Salmonella en el intestino del cerdo y por lo tanto su excrecion. Dado que se ha observado una
asociacion positiva entre alta concentracidn cecal de Salmonella en cerdos y contaminacion de
las canales (Pesciaroli et al., 2017), y se ha estimado que una gran proporcién de casos de
salmonelosis humana derivaria de cerdos de abasto con una alta concentracion de Salmonella
en sus heces (Snary et al., 2016), el uso de este acido férmico esterificado podria considerarse
como una posible opcién para disminuir el riesgo de contaminacién de Salmonella en las
canales en el matadero y su posterior transmision a las personas.

Llegado el momento, si el matadero es consciente del riesgo de excreciéon de un lote
de cerdos determinado, podria implementar medidas de mitigacion como el sacrificio logistico
(Swanenburg et al., 2001b; Hotes, Traulsen y Krieter, 2011), o incluso la adicién de acidos
organicos en el agua de bebida de la sala de espera para tratar de reducir el riesgo de
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excrecion de Salmonella. Asi, uno de los objetivos de la Publicacién V fue determinar si la
adicion de ese mismo acido formico esterificado a la misma dosis en el agua de bebida de la
sala de espera del matadero podia ayudar a reducir la proporcién global de cerdos excretores
de Salmonella. Para ello se llevaron a cabo siete réplicas de un mismo ensayo. El ensayo
consistio en destinar 40 animales de un camidn procedente de una explotacidon porcina
previamente identificada como seropositiva a Salmonella, a un corral de estabulacién limpio
en el que se administraba a través del agua el tratamiento con el acido organico (10 kg/1000L)
(GT). El resto de los cerdos del camién se distribuian en 3-4 corrales limpios con agua potable
no tratada (GC). Tras el sacrificio y evisceracién, se recogian muestras de contenido fecal del
colon de 40 cerdos del GT y de otros 40 del GC.

Los niveles de excrecion de Salmonella fueron siempre inferiores en el GT en
comparaciéon con el GC, observando una reduccidon global significativa del numero de
excretores en el GT (44%) con respecto al GC (60,7%), aunque solo en tres de los ensayos la
disminucién fue estadisticamente significativa. La falta de una reduccidn significativa de la
excrecion de Salmonella en algunos de los ensayos podria estar relacionada con otros factores,
como la cantidad de agua consumida por los cerdos o el tiempo de estabulacién. Asi, se
observé que la probabilidad de excretar Salmonella aumentaba significativamente cuando los
cerdos habian consumido menos de 0,9 L de agua tratada por individuo (OR=4,56; 1IC95%=2,70-
7,69), por lo que seria necesario encontrar estrategias que favorecieran el consumo de agua
tratada durante la estabulacidn (por ejemplo, aumentar el nimero de bebederos). Los tiempos
prolongados de estabulacién también podrian haber favorecido el riesgo de excrecion de
Salmonella (Bonardi et al., 2016). El hecho de que en este estudio todos los lotes de cerdos se
mantuvieran durante la noche y un minimo de 10 h para favorecer el consumo de agua podria
haber contribuido a neutralizar en cierta medida el efecto positivo del tratamiento aplicado.

En general, para observar efectos positivos de los tratamientos con acidos se considera
qgue son necesarios periodos de aplicacion relativamente largos (Casanova-Higes, Andrés-
Barranco y Mainar-Jaime, 2017). A pesar de ello, en este estudio la exposicion al agua tratada
durante el periodo de espera (entre 10 y 17 horas), generalmente durante la noche, fue
suficiente para detectar un efecto beneficioso, lo que podria tener que ver con las propiedades
de la esterificaciéon del acido, que incrementaria la actividad antimicrobiana a lo largo de todo
el tracto intestinal en comparacién con los acidos organicos originales o sus sales (Cantini,
2015; Gomez-Osorio et al., 2021).

El tratamiento permitiéd una reduccidn general en la proporcion de cerdos excretores
de Salmonella del 16% en el GT cuando se compard con el GC. Esta reduccién, que podria
parecer pequefia, ocurrié en un contexto de alta prevalencia de excrecién (>60% en el GC) y
tras pocas horas de tratamiento. Otras estrategias como la vacunacién han mostrado una
eficacia ligeramente superior, del 20-30% (de la Cruz et al., 2017; Cargnel et al., 2020). Es
interesante destacar sin embargo que, cuando el andlisis se ajusté con variables de
agrupamiento y confusidon (granja de origen, estacion del afio, tiempo de espera en los
corrales) la “probabilidad” de excrecién para los animales del GC con respecto al GC fue mucho
mayor que cuando no se tuvo en cuenta ningun ajuste (OR=2,75 vs. OR=1,94,
respectivamente), por lo que la eficacia final del tratamiento fue del 63,6% en este estudio.
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Por lo tanto, esta estrategia podria contribuir a reducir el problema de contaminacién
de Salmonella en las instalaciones del matadero y utilizarse como complemento de programas
de control de Salmonella integrales que incluyan estrategias tanto a nivel de granja como de
matadero. En este sentido, cabria esperar que la aplicacidn de este tipo de acido en el agua de
bebida en la explotacidn los dias previos al sacrificio junto con la aplicacién del mismo acido en
el agua de bebida de la sala de espera del matadero pudiera tener un efecto sinérgico,
aumentando asi su eficacia. Estas intervenciones serian requeridas Unicamente en los lotes de
cerdos identificados como de riesgo por el modelo presentado en la Publicacion lil.

Teniendo en cuenta los resultados de eficacia para el control de la excrecién de
Salmonella obtenidos tras la utilizaciéon de este acido organico, se podria plantear también su
uso en otras fases productivas como, por ejemplo, previo a la entrada de las madres en las
salas de maternidad. Tal como sugerimos en nuestro estudio, las cerdas son fuente de
propagacion de la infeccién en las explotaciones y su control a este nivel podria reducir
significativamente los niveles de infeccién en las fases posteriores de produccion (transicion,
cebo y hembras de reemplazo).

De acuerdo con nuestros hallazgos, se puede inferir que una estrategia basada en la
identificacion con suficiente antelacion a la fecha de sacrificio de lotes de cerdos con riesgo de
excretar de Salmonella, y en la aplicacion de medidas de mitigacién mediante el uso de acidos
organicos, preferiblemente del tipo utilizado en nuestros estudios, tanto en la granja como en
el matadero, podria ayudar a reducir la contaminacion por Salmonella en las canales porcinas y
el riesgo de transmisidn a las personas. La utilizacién de este tipo de acidos probablemente
podria aplicarse a otras etapas de la cadena de produccién porcina, contribuyendo de este
modo en el control de la infeccion en las explotaciones. Esta estrategia podria formar la base
de un Plan Nacional de Control alternativo a los ya implementados en otros paises europeos
que hasta ahora no han tenido éxito.
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Se observé una elevada prevalencia de infeccidn (36,5%) y de excrecion (37,3%) de
Salmonella al inicio de la fase de transicidon en lechones destinados a matadero,
indicando que los lechones a estas edades pueden infectarse subclinicamente y actuar
como portadores activos de Salmonella en la explotacion. De hecho, se observaron los
mismos serotipos de Salmonella en lechones de transicién y las cerdas de recria,
sugiriendo que estos lechones juegan un papel significativo en la transmisién de
Salmonella a las naves de cebo. Por ello, las estrategias destinadas a reducir la
infeccidn por Salmonella en lechones deberian contribuir significativamente a reducir
el riesgo de contaminacidn de los cebos.

La adicion de butirato de sodio protegido (BSP) durante todo el periodo de cebo a una
dosis de 3 kg por tonelada de pienso, aunque no modifico significativamente la riqueza
bacteriana, incrementé la abundancia de ciertos taxones especificos de la microbiota
intestinal de los cerdos. Las familias Prevotellaceae, Lachnospiraceae,
Peptostreptococcaceae y Peptococcaceae, junto con la especie Clostridium butyricum
aparecieron aumentadas tras el tratamiento con BSP. En general, estos grupos
bacterianos se asociaban con mejores indices productivos y parecian contribuir al
control de la inflamacidn. Clostridium butyricum ademas podria ayudar a reducir la
presencia de patégenos entéricos. La mayoria de los cambios observados se asociarian
asi con unos mejores parametros de salud intestinal.

En la actualidad sigue llegando a los mataderos espafioles una gran proporcion de
cerdos excretando Salmonella. Estos animales se consideran el principal origen de la
contaminacion del matadero y de las canales de cerdo por esta bacteria. Obtener
informacidn seroldgica de una muentra representativa de los cerdos a sacrificar, sobre
la presencia de Salmonella en una muestra representativa de las cuadras de la nave y
sobre el nivel de bioseguridad interna de la explotacidn, unas semanas antes del
sacrificio de los animales, podria servir para predecir de una forma aceptable si un
cerdo excretara Salmonella al llegar al matadero, lo que permitiria identificar lotes de
riesgo.

En algunos casos, disponer de informacion del nivel de bioseguridad interna de Ila
explotacién y muestrear un nimero representativo de corrales podria ser suficiente
para estimar el riesgo de excrecién de Salmonella en el matadero. En otros casos, la
serologia individual podria ser necesaria para obtener una interpretacion mads precisa
de los resultados. En ambos casos, se utilizan datos objetivos que evitan el sesgo que
podria suponer el depender de la informacién ofrecida por el ganadero.
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Este enfoque permitiria ademas caracterizar de una manera mas precisa el estatus de
Salmonella de una explotacion, lo que fomentaria una actitud positiva entre los
ganaderos de cara al control de Salmonella en el corto y medio plazo y plantear
medidas de bioseguridad e higiene mas efectivas.

En lotes de cerdos identificados como de riesgo, la administracion de acido férmico
esterificado en el agua de bebida, a una dosis de 10kg/1000L, durante los cinco dias
previos al sacrificio redujo la proporcion de cerdos excretores de Salmonella hasta en
un 82%. También redujo de forma significativa la carga de Salmonella en el intestino
de los cerdos que todavia eran excretores al momento del sacrificio. Asi, esta
intervencién podria ayudar a reducir la contaminacién por Salmonella de las canales y
del ambiente del matadero. Estos hallazgos destacan el potencial del acido féormico
esterificado como una estrategia a nivel de granja para el control de Salmonella,
siendo una medida de mitigacidon factible y aplicable como complemento a otras
medidas de control en la interfaz granja-matadero.

Esta forma de acido formico, aunque en menor medida, también se mostrd eficaz para
reducir la proporcion de animales excretores cuando se administré exclusivamente en
el agua de bebida de la sala de espera del matadero durante las horas previas al
sacrificio. En este caso, su eficacia se asocié con el volumen de agua ingerido por los
animales. Esta estrategia de control en el matadero podria ser complementaria al uso
de este mismo acido en la explotacién, lo que probablemente supondria un efecto
sinérgico que mejoraria la eficacia final.
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The prevalence of Salmonella infection (36.5%) and shedding (37.3%) among weaning
pigs was high at the beginning of the nursery period, suggesting that nursery pigs can
become subclinically infected and act as active carriers of Salmonella on the farm.
Furthermore, major Salmonella serotypes found in piglets were also found in gilts,
suggesting a likely transmission from nursery to the growing phase. Consequently, the
implementation of on-farm strategies to reduce Salmonella infection during the
lactation period could help to prevent further infections that could reach the growing
stage.

The addition of protected sodium butyrate (PSB) during the entire growing and
fattening period at a dose of 3 kg per ton of feed did not significantly modify the
overall richness of the microbiota composition of pigs at slaughter. However, the
abundance of certain specific taxa from the gut microbiota was increased. The
Prevotellaceae, Lachnospiraceae, Peptostreptococcaceae, and Peptococcaceae
families, as well as the species Clostridium butyricum were observed to be increased
following PSB treatment. In general, these bacterial groups have been associated with
enhanced performance parameters and the regulation of inflammation. Clostridium
butyricum may also contribute to the reduction of enteric pathogens. The majority of
the observed changes are likely to be associated with improved gut health parameters.

Currently, a considerable proportion of Salmonella-shedding pigs are delivered to
Spanish abattoirs. These animals are regarded as the primary source of Salmonella
slaughterhouse and carcass contamination. Obtaining serological information from a
representative sample of the pigs to be slaughtered, on the presence of Salmonella
from a representative sample of the pens, and on the internal biosecurity level of the
farm, a few weeks before slaughtering the animals, could be used to predict in an
acceptable way whether a pig will shed Salmonella on arrival to the slaughterhouse.
This would allow the identification of risk pig batches.

In some instances, being aware of the farm’s internal biosecurity level and performing
a bacteriological sampling of a representative number of pens may be sufficient for
estimating the risk of Salmonella shedding at slaughter. In other cases, however,
serological analysis may be required in order to provide a more accurate interpretation
of the results. In both cases, the objective data obtained will serve to avoid any
potential bias that might arise from relying on the information provided by the farmer.
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This approach would also allow a more accurate characterization of the Salmonella
status of a farm, which would also encourage a positive attitude among farmers
toward Salmonella control in the short/medium term and the implementation of more
effective biosecurity and hygiene measures.

In batches identified as at risk, the administration of esterified formic acid in the
drinking water, at a dose of 10 kg/1000 L during the five days before slaughter reduced
the proportion of pigs shedding Salmonella by up to 82%. This intervention also
reduced significantly the load of Salmonella in the gut of pigs that were still shedders
at the time of slaughter. Consequently, this intervention could assist in reducing the
contamination of the carcasses and the slaughterhouse environment with Salmonella.
These findings underscore the potential of esterified formic acid as a farm-level
strategy for the control of Salmonella, as a feasible mitigation measure that can be
employed in conjunction with other control measures at the farm-slaughterhouse
interface.

This form of formic acid, to a lesser extent, was shown to be effective in reducing the
proportion of Salmonella-shedding animals when administered exclusively in the
drinking water at the lairage zone of the abattoir the hours before slaughter. In this
case, its efficacy was correlated with the volume of water ingested by the animals. This
abattoir-based control strategy could be employed in conjunction with the
administration of the same organic acid at the farm level, which would likely result in a
synergistic effect that would enhance the overall effectiveness of the intervention.
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