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procesado de los alimentos de la Facultad de Veterinaria de la Universidad de Zaragoza 

(Instituto Agroalimentario de Aragón—IA2). La realización de la Tesis Doctoral ha sido posible 
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género Salmonella como modelo para el estudio de las relaciones existentes entre resistencia 

al estrés, patogenicidad y capacidad de crecimiento microbianas” y del Instituto de Estudios 

del Huevo, proyecto “Caracterización de la resistencia al estrés y a los tratamientos 

tecnológicos, de la capacidad de crecimiento y del potencial patógeno de Salmonella 

Heidelberg, Salmonella Kentucky, Salmonella Livingstone y Salmonella Mbandaka” que recibió 

el premio a la investigación de este instituto en 2018. 

Esta Tesis Doctoral está constituida por el compendio de 5 trabajos de investigación 

previamente publicados en diversas revistas científicas de carácter internacional, que se 

presentan a continuación en el orden de aparición: 

- Publicación I: Guillén, S., Nadal, L., Álvarez, I., Mañas, P., Cebrián, G., 2021. Impact of 

the resistance responses to stress conditions encountered in food and food processing 
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environments on the virulence and growth fitness of non-typhoidal Salmonellae. Foods 
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Relationship between growth ability, virulence, and resistance to food-processing 

related stresses in non-typhoidal Salmonellae. Int. J. Food Microbiol. 361, 109462. 

https://doi.org/10.1016/j.ijfoodmicro.2021.109462 

- Publicación IV: Guillén, S., Marcén, M., Álvarez, I., Mañas, P., Cebrián, G., 2021. 

Influence of the initial cell number on the growth fitness of Salmonella Enteritidis in 
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https://doi.org/10.3390/foods10071621 
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resistance of emerging poultry-associated Salmonella serovars. Int. J. Food Microbiol. 

335, 108884. https://doi.org/10.1016/j.ijfoodmicro.2020.108884 

Adicionalmente se prevé la publicación de otros cuatro trabajos a partir de los datos obtenidos 

en la misma, de entre los cuales el siguiente ya ha sido enviado para su publicación a la revista 

Food Microbiology: 

- Publicación VI: Guillén, S., Cebrián, G., 2022. Relationship between iron bioavailability 

and Salmonella fitness in raw and pasteurized liquid whole egg. Food Microbiol. (en 

revision). 
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RESUMEN 

Los microorganismos del género Salmonella constituyen a día de hoy la segunda zoonosis por 

consumo de alimentos con mayor número de casos confirmados en países occidentales. A 

pesar de ello, algunos aspectos de su fisiología todavía no son bien conocidos. Entre estos 

aspectos deficientemente estudiados se encuentra la relación existente entre sus mecanismos 

de resistencia al estrés, su patogenicidad y su capacidad de crecimiento/competición, lo que 

resulta especialmente alarmante ya que conocer estos fenómenos es imprescindible para 

poder diseñar mejores procesos de inactivación y/o planes de actuación a nivel de toda la 

cadena alimentaria.  

Por ello se definió como objetivo general de esta Tesis Doctoral el siguiente: “estudiar y 

cuantificar la variabilidad intra-específica en resistencia al estrés, capacidad de crecimiento y 

virulencia dentro del género Salmonella y determinar las relaciones existentes entre estas tres 

características fenotípicas con objeto de profundizar en el conocimiento de la fisiología de 

este microorganismo y de contribuir al desarrollo de modelos cuantitativos de análisis del 

riesgo más precisos”. Para alcanzar dicho objetivo y verificar estas hipótesis se plantearon los 

siguientes objetivos parciales: 1) Caracterizar la resistencia frente a diferentes estreses 

(incluyendo nuevas tecnologías de conservación de los alimentos y estreses ambientales) de 

diferentes cepas y serovariedades de Salmonella enterica; 2) Caracterizar la capacidad de 

crecimiento y la virulencia (capacidad de adhesión e invasión de cultivos celulares) de 

diferentes cepas y serovariedades de Salmonella enterica; 3) Estudiar la relación existente 

entre la resistencia al estrés, la capacidad de crecimiento, la virulencia y otros aspectos 

fenotípicos de las diferentes cepas y serovariedades de Salmonella enterica; 4) Validar en 

condiciones/matrices reales (huevos y ovoproductos) los resultados más relevantes; 5) 

Explorar los mecanismos moleculares responsables de las diferencias fenotípicas observadas 

y 6) Sentar las bases para la optimización de la evaluación cuantitativa del riesgo que 

representa el consumo de un grupo de productos en el que Salmonella es el patógeno de 

referencia: huevos y ovoproductos. 

Los resultados obtenidos en esta Tesis Doctoral indican que la variabilidad en resistencia al 

estrés y capacidad de crecimiento existente entre las 23 cepas de Salmonella estudiadas fue 
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baja, con una diferencia de menos de 3,3 veces en el valor 2D/µmax para todos los agentes y 

condiciones estudiadas (si se excluye del análisis la resistencia de S. Senftenberg 775W frente 

al calor) y que la variabilidad intra-serovariedad fue similar o mayor que la variabilidad inter-

serovar, a pesar de la mayor proximidad genética existente entre las cepas pertenecientes a 

una misma serovariedad. Además, se observó que, salvo en el caso de la resistencia a los PEAV 

y al medio osmótico, las cepas de Salmonella que mostraron la mayor resistencia frente a un 

agente/estrés no lo fueron frente a otros agentes/estreses y que una mayor resistencia al 

estrés no supuso un coste en términos de capacidad de crecimiento para las cepas de 

Salmonella estudiadas. Por otra parte, tampoco se observó ninguna relación entre la 

resistencia al estrés de las cepas y su virulencia. En relación a este punto, además, se 

comprobó que las cepas con una mayor capacidad de adhesión no fueron siempre las más 

invasivas. 

Del estudio de los mecanismos responsables de las diferencias en resistencia entre las cepas 

de Salmonella se desprende que RpoS parece desempeñar un papel esencial en la resistencia 

de Salmonella al estrés osmótico, los PEAV y los UV-C. Sin embargo, las diferencias en actividad 

RpoS existentes entre cepas no explicarían, al menos por sí solas, las diferencias en resistencia 

(frente a ningún agente) observadas entre las cepas de Salmonella aquí estudiadas. Un hecho 

especialmente relevante que se observó es que en tres de las cinco variantes resistentes 

aisladas/investigadas (obtenidas mediante la aplicación de ciclos sucesivos de un agente 

estresante y crecimiento) mostraron mutaciones en el gen hnr, un represor de RpoS, lo que 

sugiere que esto podría constituir una estrategia evolutiva conservada (entre el género 

Salmonella) de adquisición de resistencia. 

Por último, al estudiar la capacidad de crecimiento de Salmonella en huevo y ovoproductos se 

observó un fenómeno nunca antes descrito: que la dosis inicial y la historia térmica del huevo 

líquido entero y la clara determinan la velocidad de crecimiento de S. Enteritidis en estos 

ovoproductos, no ocurriendo esto en yema de huevo. Y siendo un fenómeno que estaría 

relacionado con la biodisponibilidad del hierro, esta sería mayor en productos pasteurizados 

y cuanto mayor fuera el número inicial de células. Estos resultados condujeron a que se hiciera 

una re-evaluación/determinación de la temperatura mínima de crecimiento de S. Enteritidis 

en estos productos, mediante la que se demostró que dicha temperatura mínima también 
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dependería de la dosis inicial y la historia térmica del huevo entero líquido y la clara, pero no 

en yema de huevo (manuscrito VIII). Por otra parte, se verificó que, para la mayoría de los 

agentes/tecnologías de conservación estudiados se observó una correlación significativa entre 

la resistencia determinada en medios de laboratorio y en matrices reales (alimentos y 

gallinaza). Finalmente, en un intento de demostrar la utilidad de los datos obtenidos en esta 

Tesis Doctoral para la mejora de las evaluaciones del riesgo y la toma de decisiones en la 

industria agroalimentaria se simularon distintos escenarios con objeto de determinar el riesgo 

relativo asociado a cuatro serovariedades emergentes en ganado aviar en comparación con S. 

Enteritidis, observándose que las primeras no supondrían un riesgo para la salud humana 

superior a S. Enteritidis, al menos en los escenarios estudiados/simulados en esta Tesis 

Doctoral.  

En resumen, los resultados obtenidos en esta Tesis Doctoral contribuyen a una mejor 

compresión de la fisiología de Salmonella y permiten estimar la variabilidad en resistencia, 

capacidad de crecimiento y virulencia, así como las relaciones existentes entre estas 

características fenotípicas, que existe a diferentes niveles dentro de este género. Todo ello 

permitirá, como ya se ha demostrado en esta misma Tesis, desarrollar herramientas más 

eficaces tanto para la toma de decisiones como para el control de este patógeno en la cadena 

agroalimentaria. 
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ABSTRACT 

Nowadays, salmonellosis is the second more common food-borne infection in developed 

countries. In spite of this fact, some aspects related to the physiology of this microorganism 

are still completely unknown. One of them is the relationship between its mechanisms of 

stress resistance, virulence and growth fitness. The lack of knowledge on this topic is especially 

worrying since understanding these relationships is essential for developing and/or improving 

current inactivation processes and for designing action plans covering/involving the whole 

food chain. 

Therefore, the main objective of this PhD thesis was to study and quantify the intra-specific 

variability in stress resistance, growth capacity and virulence within Salmonellae and to 

determine the relationships between these three phenotypic characteristics to deepen the 

understanding of the physiology of this microorganism and to contribute to the development 

of more accurate quantitative risk analysis models". 

The following partial objectives were set to achieve this objective and to verify these 

hypotheses: 1) To characterize the resistance to different agents (including environmental 

stresses and food preservation technologies) of different strains and serovars of Salmonella 

enterica; 2) To characterize the growth capacity and virulence (ability to adhere and invade 

cell cultures) of different strains and serovars of Salmonella enterica; 3) To study the 

relationship between stress resistance, growth capacity, virulence and other phenotypic 

aspects of different strains and serovars of Salmonella enterica; 4) To validate the most 

relevant results in real conditions/matrices (egg and eggs products); 5) To explore the 

mechanisms responsible for the phenotypic differences observed and 6) To lay the 

groundwork for the optimization of the quantitative risk assessment of the consumption of a 

group of products in which Salmonella is the reference pathogen: eggs and egg products. 

The results obtained in this PhD thesis indicate that low variability (less than 3.3-fold change 

in 2D/µmax values for all agents studied) in stress resistance and growth capacity was found 

among the 23 Salmonella strains studied (if S. Senftenberg 775W heat resistance is excluded 

from the analysis) and intra-serovar variability was comparable or higher than inter-serovar 

variability, despite the similar genetic backgrounds of strains belonging to the same serovar. 
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Moreover, it was observed that, except for resistance to PEF and osmotic stress, Salmonella 

strains that were the most resistant to given stress were not more resistant to other types of 

stress and the higher stress resistance of some strains/serovars did not impose a fitness cost 

to them. On the other hand, no relationship between stress resistance of strains/serovars and 

virulence was observed either. In addition, strains with a high adhesion ability were not always 

the most invasive ones. From the study of the mechanisms responsible for the differences in 

resistance among Salmonella strains, it appears RpoS seems to play a crucial role in the 

resistance of Salmonella to osmotic stress, PEF and UV-C. However, RpoS activity alone would 

not explain the differences in resistance observed among Salmonella strains to any of the 

stressing agents/food preservation technologies here studied. A particularly relevant fact 

observed is that three out of the five resistant variants isolated/investigated (obtained after 

repeated rounds of PEF treatment and outgrowth of survivors) showed mutations in hnr, a 

repressor of RpoS, suggesting that this could constitute a conserved evolutionary strategy 

(within Salmonellae) of resistance acquisition. 

Finally, a phenomenon never described before was observed when analyzing the growth 

capacity of Salmonella in egg and egg products: the initial dose and the thermal history of the 

whole liquid egg and egg white determine the growth fitness of S. Enteritidis in these egg 

products, whereas this does not occur in egg yolk. 

This phenomenon seems to be related to iron bioavailability, which would be higher in 

pasteurized products and when Salmonella cells were inoculated at a high initial dose. 

These results led to a re-evaluation/determination of the minimum growth temperature of S. 

Enteritidis in these products, which showed that this minimum growth temperature would 

also depend on the initial dose and the thermal history of the whole liquid egg and egg white, 

but not in egg yolk. On the other hand, it was verified that, for most of the agents/technologies 

studied, a significant correlation was observed between the resistance determined in 

laboratory media and real matrices (food and poultry manure). Finally, in an attempt to 

demonstrate the usefulness of the data obtained in this PhD thesis for the improvement of 

risk assessments and decision making in the agri-food industry, different scenarios were 

simulated to determine the relative risk associated with four emerging serovars in poultry, 
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compared to S. Enteritidis, and results obtained suggest that emerging poultry 

serovars/strains would not pose a higher risk for human health than Enteritidis serovar, at 

least in the scenarios studied/simulated within this this PhD thesis. 
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1. Enfermedades de transmisión alimentaria 

Según la Declaración Universal de los Derechos Humanos el acceso a alimentos seguros, 

suficientes y nutritivos es un derecho de toda persona (ONU: Asamblea General, 1948) y es 

esencial para una buena salud. Sin embargo, las enfermedades transmitidas por los alimentos 

son frecuentes en todo el mundo y se estima que 1 de cada 10 personas en el mundo presenta 

algún episodio de toxiinfección alimentaria al año (OMS, 2015). Así, en Europa se estima que 

las enfermedades transmitidas por los alimentos causan aproximadamente 23 millones de 

enfermos, y alrededor de 5.000 personas mueren a causa de ellas cada año. Ante tal problema 

de salud pública, los esfuerzos de los diferentes agentes involucrados se han centrado 

principalmente en estimar el número total de episodios de enfermedades transmitidas por los 

alimentos para asignar recursos y priorizar las intervenciones. En la figura 1 se muestran las 

enfermedades zoonóticas más comúnmente transmitidas por los alimentos (casos 

confirmados) en la Unión Europea (UE). Por orden de frecuencia en las notificaciones, las 

enfermedades con mayor número de casos confirmados en 2019 fueron la campilobacteriosis 

y la salmonelosis, seguido de las infecciones por Escherichia coli productora de toxina Shiga 
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(STEC), la yersiniosis y la listeriosis. Sin embargo, esto solo se corresponde a las enfermedades 

zoonóticas y a los casos confirmados y notificados, el número de toxiinfecciones alimentarias 

es mucho mayor debido a que sólo una pequeña proporción de las enfermedades se 

confirman mediante pruebas de laboratorio y se notifican a los organismos de salud pública 

(Scallan et al., 2011). La Autoridad Europea de Seguridad Alimentaria (EFSA) ha estimado que, 

en Europa, en concreto para las dos enfermedades con mayor número de casos, el coste de la 

campilobacteriosis es de unos 2.400 millones de euros y el coste de la salmonelosis más de 

3.000 millones de euros anuales, incluyendo la pérdida total de productividad asociada y el 

coste anual del tratamiento de estas enfermedades transmitidas por los alimentos en Europa 

(Havelaar, 2011). 

 

Figura 1. Casos notificados y tasas de notificación de zoonosis humanas confirmadas en la UE, 
2019. El número total de casos confirmados se indica entre paréntesis al final de cada barra. 
1Para la infección por el virus del Nilo Occidental se utilizó el número total de casos (EFSA, 
2021). 

Es más, a pesar de los esfuerzos realizados en el desarrollo de una legislación más estricta, a 

la concienciación del consumidor, la industria y las administraciones y a los enormes avances 

científicos y tecnológicos, en las últimas décadas estamos siendo testigos de un incremento 

en el número de enfermedades de transmisión alimentaria. En este sentido, los factores que 
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han facilitado este aumento o han contribuido o están contribuyendo a cambiar las tendencias 

en las enfermedades transmitidas por los alimentos se podrían clasificar en 4 grandes grupos 

de acuerdo a Skovgaard (2007) y Newell et al. (2010): 

1) Cambios sociales y demográficos. Rápido crecimiento de la población y cambio 

demográfico hacia una población envejecida.  

2) Cambios en los sistemas de detección de los patógenos, información y sistemas de 

vigilancia. 

3) Cambios en la cadena agroalimentaria. Estos cambios incluirían el cambio en las prácticas 

agrícolas, tecnologías emergentes en la producción y conservación de los alimentos, 

mejora de la logística y condiciones de transporte junto con el cambio de hábitos 

alimentarios. 

4) Continua adaptación microbiana. Un claro ejemplo de esto es la aparición de 

microorganismos resistentes a los fármacos. 

Con el aumento de la globalización, el comercio y los viajes, aumentan los riesgos para la 

seguridad alimentaria; los peligros transmitidos por los alimentos pueden propagarse 

fácilmente a países geográficamente distantes y afectar a la salud de las personas en 

numerosas regiones al mismo tiempo. De la misma forma, el envejecimiento progresivo de la 

población supone un incremento en el número de personas más susceptible a sufrir 

determinadas enfermedades debido, entre otras causas, a que disponen de un sistema 

inmunológico menos robusto y a su propensión a sufrir otras enfermedades, de forma crónica 

y/o simultánea, que pueden facilitar el desarrollo de enfermedades alimentarias, dificultar su 

tratamiento o agravar sus causas. 

 

Otro de los factores clave ha sido la vigilancia epidemiológica, esto incluye la mejora en los 

sistemas de detección e identificación de patógenos, años atrás la aparición de nuevo un 

patógeno se explicaba fácilmente por el simple hecho de que no se disponía de técnicas de 

cultivo para su detección. El avance en biología molecular y en métodos independientes de 

las técnicas de cultivo ha permitido mejorar los sistemas de detección conduciendo a un 
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incremento en el número de casos notificados. Además, aquí en España existe la Red Nacional 

de Vigilancia Epidemiológica (RENAVE) que proporciona la información necesaria para la 

vigilancia y el control de las enfermedades transmisibles en la población, integrando la 

notificación y la investigación epidemiológica de casos de enfermedades transmisibles, de 

brotes o de microorganismos. 

 

En cuanto a los cambios sociales y en la cadena alimentaria cabe señalar que, además de la 

intervención de más personas en la cadena alimentaria, la globalización es también un 

trampolín para la propagación de enfermedades zoonóticas, promoviendo la exposición a 

patógenos procedentes de otras partes del mundo, o provocando que nuevos patógenos 

emerjan por desplazamiento de sus entornos remotos, dándoles acceso a nuevos nichos 

ecológicos y nuevos hospedadores. Además, la trazabilidad de los alimentos se ha vuelto más 

compleja, y los ingredientes de muchos alimentos procesados y listos para el consumo pueden 

proceder de países con diferentes peligros y riesgos de transmisión alimentaria. La 

urbanización, los cambios en los hábitos de consumo y el cambio climático también afectan a 

la seguridad alimentaria. En relación a la cadena alimentaria es importante recordar que los 

alimentos pueden contaminarse a lo largo de las etapas de la cadena alimentaria comenzando 

por el medio ambiente y la producción primaria, pasando por la fabricación, la distribución y 

la venta al por menor y terminando con la manipulación y el consumo. Por lo tanto, si no se 

producen, procesan o manipulan adecuadamente pueden representar un riesgo para el 

consumidor. Por otra parte, patógenos ya existentes pueden aparecer y resurgir en la cadena 

alimentaria a consecuencia de la aplicación de nuevas tecnologías. Por ello, es importante 

conocer el impacto de los nuevos métodos de producción, así como de las nuevas tecnologías 

de procesado y conservación de alimentos, para determinar si, de alguna manera, esas 

prácticas pueden suponer la re-emergencia de antiguas amenazas. 

 

Y, finalmente, y en lo que respecta a la continua adaptación microbiana, es necesario señalar 

que los microorganismos no solo han tenido que desarrollar sistemas de resistencia que les 

permitan sobrevivir a las diferentes condiciones medioambientales a las que pueden 

enfrentarse y a los diferentes estreses a los que se pueden ver expuestos antes de ejercer su 
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efecto patógeno (por ejemplo: limitación de nutrientes y medio ácido en el estómago) (Abee 

y Wouters, 1999; Dodd y Aldsworth, 2002) sino que, además, aquellas bacterias responsables 

de las toxiinfecciones alimentarias han tenido que modificar sus mecanismos de virulencia 

para así adaptarse a los sistemas de defensa de sus hospedadores (Beceiro et al., 2013; 

Woolhouse et al., 2002), en un proceso co-evolutivo con estos últimos. 

2. Análisis de riesgos 

Una de las principales herramientas de las que dispone la ciencia y tecnología de los alimentos 

(y otras disciplinas relacionadas con la salud pública) para el control de los riesgos presentes 

y futuros y tanto los ya conocidos como los emergentes es la evaluación del riesgo. La 

evaluación del riesgo emergió ya hace unas décadas como una metodología eficiente para 

evaluar el impacto en la salud humana de una amplia variedad de riesgos ambientales, entre 

ellos los de los microorganismos patógenos vehiculados por los alimentos  (OMS/FAO, 2007). 

Además, esta metodología permite determinar el impacto sobre la salud humana que 

suponen diferentes intervenciones en la cadena alimentaria y resulta una herramienta 

extremadamente útil para la toma de decisiones y evaluación. Tanto es así que la evaluación 

del riesgo microbiano en alimentos es habitualmente utilizada, no sólo en el entorno científico 

sino también por las empresas productoras y comercializadoras de alimentos e incluso para el 

desarrollo de la legislación alimentaria actualmente en vigor. 

El análisis de riesgos es, según la Organización Mundial de la Salud, un proceso estructurado 

de toma de decisiones que se compone de 3 elementos estrechamente vinculados: gestión 

del riesgo (GR), evaluación del riesgo (ER) y comunicación del riesgo (CR). Y a su vez, la 

evaluación del riesgo es el resultado de la consecución de 4 etapas con base científica: la 

identificación del peligro (IP), la caracterización del peligro (CP), la evaluación de la exposición 

(EE) y la caracterización del riesgo (CR), donde el resultado de cada etapa es el punto de 

partida de la siguiente etapa (OMS/FAO, 2007). 

Inicialmente, la mayoría de estas evaluaciones eran de tipo cualitativo, usando información 

categórica y no numérica para las variables (riesgo alto o riesgo bajo) o semi-cuantitativo 

(probabilidad alta o baja de producir enfermedad). Sin embargo, conforme se han ido 
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acumulando datos científicos, y dada la mayor flexibilidad de los modelos cuantitativos, la 

tendencia actual es a trabajar con este último tipo de modelos, asignando valores numéricos 

a las variables. A su vez estos modelos pueden ser determinísticos, un único valor para las 

variables del modelo (la media aritmética es el valor puntual más frecuente) o probabilístico, 

a través del uso de distribuciones de probabilidad que describen la probabilidad asociada a 

cada valor (Lammerding y Fazil, 2000). 

El principal problema para el desarrollo de estos modelos cuantitativos es que es necesario 

subsanar algunas lagunas de conocimiento que todavía existen a día de hoy, para lo que son 

necesarios estudios específicos y que posean un adecuado diseño experimental, de tal forma 

que los datos obtenidos reflejen lo que realmente ocurriría en la cadena alimentaria. Los 

parámetros del modelo pueden depender de una amplia gama de factores implícitos (por 

ejemplo, cepa bacteriana), intrínsecos (tipo de medio) y extrínsecos (temperatura) de una 

manera que aún no se comprende del todo. Por lo tanto, deben estimarse utilizando datos 

experimentales y, dado que el error experimental es inevitable, sería relevante que se 

incluyera en el análisis los parámetros de variabilidad e incertidumbre ya que sus valores no 

pueden conocerse con absoluta certeza. En el contexto de la seguridad alimentaria, la 

variabilidad incluye fuentes inherentes de variación (por ejemplo, diferencias en la respuesta 

de células individuales o en la composición de los alimentos) y la incertidumbre abarcaría 

aquellas fuentes de variación que no se consideran en el sistema (por ejemplo, errores de 

medición o especificaciones incorrectas del modelo). Por estas razones, los modelos 

cuantitativos tienen ciertas limitaciones. En cualquier caso, a la vista de los esfuerzos actuales 

para cuantificar la variabilidad y la incertidumbre de las respuestas microbianas, es probable 

que los modelos “multinivel” ganen popularidad en los próximos años y sustituyan a los 

modelos de un solo nivel que ahora son tan relevantes para la microbiología predictiva. 
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3. Salmonella 

3.1. Taxonomía y nomenclatura 

El género Salmonella pertenece al Orden Enterobacteriales y a la Familia Enterobacteriaceae, 

y está estrechamente relacionado con otras enterobacterias como Escherichia coli, Shigella 

spp. y Citrobacter spp (Rogers et al., 2016). 

El género Salmonella está dividido por dos especies, Salmonella enterica y Salmonella bongori 

clasificadas a su vez en varias subespecies (Figura 2). Salmonella enterica se subdivide en seis 

subespecies: S. enterica subsp. enterica (I), S. enterica subsp. salamae (II), S. enterica subsp. 

arizonae (IIIa), S. enterica subsp. diarizonae (IIIb), S. enterica subsp. Houtenae (IV) y S. enterica 

subsp. indica (VI). A su vez, las subespecies de Salmonella enterica y la especie Salmonella 

bongori se dividen en variantes serológicas denominadas serovar, y a día de hoy, se han 

confirmado al menos 2.659, de las cuales 1.586 pertenecen a S. enterica subsp. enterica 

(Grimont y Weill, 2007; Issenhuth-Jeanjean et al., 2014). Estas serovariedades están definidas 

por la combinación de tres antígenos, el antígeno somático (O), el antígeno flagelar (H) y el 

antígeno capsular (K) (Grimont y Weill, 2007). 

 

Figura 2. Clasificación actual de los microorganismos del género Salmonella. 

3.2. Generalidades: morfología, características bioquímicas y requisitos nutritivos 

Salmonella se caracteriza por ser un grupo de bacterias Gram negativas, con forma de bacilos, 

anaerobias facultativas y no formadoras de esporos. La mayoría de las Salmonellas son 

móviles ya que poseen flagelos perítricos, y además poseen fimbrias que les permiten infectar 

Salmonella enterica

Salmonella bongori (V)

S. enterica subsp. enterica (I) 

Género Especie Subespecie

S. enterica subsp. salamae (II) 

S. enterica subsp. arizonae (IIIa) 

S. enterica subsp. diarizonae (IIIb) 

S. enterica subsp. houtenae (IV) 

S. enterica subsp. indica (VI) 

Salmonella spp.
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a una gran variedad de huéspedes tanto mamíferos como reptiles, aves o anfibios (Jajere, 

2019). 

La mayoría de las cepas de Salmonella producen sulfuro de hidrógeno, pero existen algunas 

serovariedades que no lo producen (por ejemplo, la mayoría de cepas de la serovariedad 

Paratyphi A y algunas cepas de la serovariedad Choleraesuis). Suelen utilizar el citrato como 

única fuente de carbono y utilizan la glucosa para la producción de ácido o ácido y gas 

mediante los procesos de oxidación y fermentación. Además, son catalasa positiva, oxidasa 

negativa, indol negativa y ureasa negativa, reducen el nitrato a nitrito y tienen un contenido 

de G+C del 39-59% (Popoff y Le Minor, 2015). 

Salmonella tienen unos requisitos nutricionales relativamente sencillos y pueden sobrevivir 

durante largos periodos de tiempo en los alimentos y en otros sustratos (Tabla 1). El 

crecimiento y la supervivencia de Salmonella spp. están influidos por una serie de factores 

como son la temperatura, el pH, la actividad de agua (aw) y la presencia de conservantes. Son 

bacterias capaces de sobrevivir/crecer en un amplio rango de temperatura, que va desde los 

7 a los 46,2 °C, siendo de 35 a 43 °C su rango óptimo (D´Aoust, 1989). En lo relacionado al pH, 

Salmonella es capaz de crecer desde pH 3,8 hasta pH 9,5, con un rango de pH óptimo para el 

crecimiento alrededor de 7,5. El pH mínimo al que puede crecer Salmonella depende de otros 

factores como la temperatura, la presencia de solutos o el tipo de ácido presente (ICMSF, 

1996). La actividad de agua tiene un efecto significativo en el crecimiento de Salmonella, es 

capaz de sobrevivir durante largos periodos en productos de baja humedad, siendo el límite 

inferior de crecimiento de 0,93 y la aw óptima de 0,99 (Podolak et al., 2010). 

Tabla 1. Condiciones de crecimiento de Salmonella (Adaptado de ICMSF., 1996) 

Condiciones Crecimiento 

Temperatura (óptima) 7 – 46,2 °C (35 - 43 °C) 

pH (óptimo) 3,8 – 9,5 (7,0 - 7,5) 

aw (óptima) 0,93 – 0,99 (0,99) 
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3.3. Relevancia de Salmonella en el entorno alimentario 

Como es bien sabido (y se ha indicado anteriormente), los microorganismos del género 

Salmonella son responsables de toxiinfecciones de origen alimentario. De hecho, en 2019 

Salmonella fue la causa más frecuente de brotes alimentarios de origen conocido en Europa. 

Se notificaron 926 brotes, un 17.9% del número total de brotes en la Unión Europea en 2019 

(EFSA, 2021). Además, como se ha comentado anteriormente, la salmonelosis fue la segunda 

causa de infección gastrointestinal en humanos, afectando a unas 88.000 personas, solo en 

España se confirmaron 5.103 casos de salmonelosis en 2019 (EFSA, 2021). La enfermedad se 

caracteriza por causar una gran variedad de síntomas: fiebre entérica, bacteriemia, 

enterocolitis, e infecciones focales. Las fuentes de contaminación de los productos 

alimentarios son diversas, además de una contaminación de manera directa o indirecta de los 

alimentos a través de los animales, también puede ocurrir a consecuencia de una 

contaminación cruzada entre comidas ya preparadas, debido a hábitos de higiene 

inadecuados por parte de los manipuladores de alimentos o ambientes con contaminación 

fecal, como sería el agua. Así, los alimentos que con mayor frecuencia se identificaron como 

responsables de los brotes de Salmonella de origen alimentario en la Unión Europea en 2019 

fueron los huevos y ovoproductos (37.0% de los brotes), seguido de los productos de 

panadería y pastelería (11,7%) y la carne de cerdo y derivados (9,8%). Otras categorías 

relevantes son las que incluyen los productos listos para el consumo o de composición mixta 

(8,7%).  No obstante, el rango de productos que pueden vehicular Salmonella es mucho más 

amplio incluyendo también otros productos de origen animal, vegetal, crustáceos o leche 

(Tabla 2)(EFSA, 2021). 

Adicionalmente hay que señalar que, aunque su incidencia es baja, de igual forma que para 

los zumos de manzana la FDA ha tomado como microorganismo de referencia E. coli O157 y 

exige que los procesos de pasteurización de este tipo de zumo deben inactivar al menos 5 

ciclos de este patógeno, Salmonella se considera el patógeno de referencia -el más relevante 

o de riesgo- para los zumos de cítricos (Danyluk et al., 2012).  
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Tabla 2. Distribución de los brotes de origen alimentario causados por Salmonella de fuerte 
evidencia, clasificados por alimentos, en la Unión Europea en 2019 (EFSA, 2021). 

Alimentos 
Número de brotes 

(%) 

Huevos y ovoproductos 37,0% 

Productos de panadería y pastelería  11,7% 

Carne de cerdo y derivados 9,8% 

Productos de composición mixta 8,7% 

Carne y derivados 5,7% 

Carne de pollo (Gallus gallus) y derivados 5,3% 

Desconocido 4,2% 

Carnes rojas o mixtas y derivados 3,4% 

Otras, carne de aves de corral mixtas o inespecíficas y 
derivados 

1,9% 

Dulces y chocolate 1,9% 

Vegetales y zumos y otros productos derivados 1,9% 

Crustáceos, mariscos, moluscos y derivados 1,5% 

Productos lácteos (distintos de los quesos) 1,5% 

Comidas tipo buffet 1,1% 

Quesos 1,1% 

Otros productos 1,1% 

Carne de vacuno y derivados 0,8% 

Frutas, bayas y zumos y otros productos derivados 0,8% 

Leche 0,4% 

Carne de ovino y derivados 0,4% 

TOTAL 100,0% 

 

Las principales fuentes de Salmonella son el tracto gastrointestinal de los seres humanos, los 

animales domésticos y salvajes, las aves y los roedores. Debido a ello, Salmonella está 

ampliamente extendida en el entorno natural, incluso en el suelo y en el agua, en los que 

puede sobrevivir durante largos periodos sirviendo estos como reservorio y ayudando a la 

transmisión entre huéspedes (Winfield y Groisman, 2003). Salmonella está principalmente 

adaptada al tracto intestinal de los vertebrados, a pesar de tener una elevada capacidad de 
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adaptación (o tal vez precisamente por ello) algunas serovariedades son específicas de un 

hospedador, por ejemplo, S. Typhi se limita estrictamente a los seres humanos y S. Gallinarum 

específicamente a las aves. Por el contrario, existe un gran número de serovariedades (mucho 

mayor que las anteriores) capaces de colonizar o infectar una amplia gama de huéspedes, 

siendo estas las que representan un riesgo desde el punto de vista de la microbiología de los 

alimentos (Jajere, 2019). 

En cuanto a las serovariedades responsables de la enterocolitis, aproximadamente unas 

2.000, hay que señalar que el responsable de más del 80 % de las toxiinfecciones, es un 

conjunto más pequeño, de aproximadamente 10-20 serovariedades; de las que destacan S. 

Enteritidis y S. Typhimurium (EFSA, 2021). Tan solo las tres serovariedades notificadas con 

mayor frecuencia, S. Enteritidis y S. Typhimurium (incluidas las variantes monofásicas), 

representaron más del 70% de los casos en humanos adquiridos en la Unión Europea en 2019 

(EFSA, 2021). S. Infantis fue la cuarta serovariedad más frecuentemente notificado en las 

infecciones humanas adquiridas en Europa y asociadas a viajes y las serovariedades S. Derby 

y S. Newport se notificaron casi en igual número, siendo la quinta y sexta serovariedad más 

frecuentemente notificados en 2019. Además, la tendencia para estas seis serovariedades se 

ha mantenido estable en los últimos 5 años entre 2015 y 2019 en la Unión Europea (Tabla 3). 

Tabla 3. Distribución de las 6 serovariedades de Salmonella que más frecuentemente 
causaron enfermedad alimentaria en 2019 -calculados a partir de los casos notificados de 
salmonelosis adquirida en la Unión Europea- (EFSA, 2021). 

Serovariedad  % 

Enteritidis 61,56 

Typhimurium 11,62 

Typhimurium monofásica 5,17 

Infantis 2,34 

Derby 0,76 

Newport 0,63 

Otros 17,93 

TOTAL 100,0% 
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En lo que respecta a la identificación de la serovariedad de los aislados de Salmonella entre 

las diferentes fuentes, S. Enteritidis se asoció principalmente con fuentes de pollos de engorde 

(el 67,8% de los aislados de S. Enteritidis procedían de manadas de pollos de engorde y de 

carne) y en segundo lugar con gallinas ponedoras (26,7%). S. Typhimurium se asoció 

principalmente con fuentes de cerdos, pollos de engorde y ponedoras, en un 42%, 34,8% y 

13,5%, respectivamente. S. Typhimurium monofásica se asoció principalmente con fuentes 

porcinas (72,1%) y en segundo lugar con pollos de engorde (17,1%). S. Infantis se relacionó 

principalmente con fuentes de pollos de engorde (93,1%). S. Derby se asoció principalmente 

con fuentes de cerdo (72%) y en segundo lugar con fuentes de pavo (19,8%). Para interpretar 

estos datos, es importante tener en cuenta que la distribución de los aislados serotipados 

entre las distintas fuentes es muy heterogénea en cuanto al número de aislados por especie 

(EFSA, 2021). 

A pesar de la relevancia de Salmonella en aves de corral, de las más de 2.500 serovariedades 

distintas de Salmonella que se han identificado, sólo un 10% de ellas se ha aislado alguna vez 

en aves de corral, y una proporción aún menor de serovariedades se encuentra habitualmente 

en las manadas de aves de corral. La distribución de las serovariedades de Salmonella 

procedentes de las aves de corral es variable desde el punto de vista geográfico y cambia con 

el tiempo, aunque varias serovariedades se detectan sistemáticamente con una alta incidencia 

en gran parte del mundo (Gast, 2007). Muchas de las serovariedades más prevalentes en el 

ser humano, como S. Typhimurium y S. Enteritidis, también son comunes en las aves de corral, 

lo que sugiere una posible conexión epidemiológica entre los reservorios avícolas y humanos 

de las Salmonellas, por lo que sería necesario estudiar este fenómeno en profundidad. 

3.4. Control de Salmonella en la cadena alimentaria: estado actual y perspectivas de futuro  

La relevancia actual de Salmonella, y principalmente de las serovariedades arriba indicadas es 

evidente y ya se ha discutido. Sin embargo, las razones de que, a pesar de los esfuerzos de la 

academia, las administraciones y la industria este patógeno alimentario sigue siendo una de 

las principales causas de enfermedad alimentaria no están del todo claras. Este último hecho 

es especialmente impactante a la vista de la cantidad y coste de las medidas implementadas, 

y que a buen seguro constituye el paquete de medidas más importante y/o ambicioso 
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desarrollado por el sector agroalimentario frente a un microorganismo patógeno. Estas 

incluyen (entre muchas otras):  

- La implementación de una legislación extremadamente exigente (la que más en Europa) en 

cuanto a los niveles de contaminación admisibles de este patógeno (que prácticamente afecta 

a todos los productos alimentarios puestos a disposición del consumidor). 

- El establecimiento de limitaciones en el uso de productos frescos –como el huevo- para 

determinados fines -productos no sometidos a tratamiento térmico en establecimientos de 

restauración colectiva-. 

- El desarrollo de planes de control y vigilancia exhaustivos, tanto a nivel de alimentos como 

de algunos de los sectores productivos más relevantes (avicultura). 

- Desarrollo de tratamientos tecnológicos específicos para su inactivación o el control de su 

crecimiento en determinados productos (ovoproductos o zumos de cítricos en EE.UU). 

- Desarrollo y administración de vacunas para avicultura y porcino. 

- Campañas de comunicación y formación de consumidores (repetidas casi anualmente en los 

periodos de mayor riesgo). 

La principal justificación de la necesidad de seguir profundizando en el conocimiento de la 

fisiología de este microorganismo y en el desarrollo de nuevas herramientas de control e 

inactivación del mismo es precisamente el limitado efecto que todo este conjunto de medidas 

ha tenido. Además, hay que indicar que al riesgo que ya suponía Salmonella per se, hay que 

añadir el riesgo asociado a la gran capacidad de adquisición de antibio-resistencias de este 

microorganismo, lo que hace todavía más necesario el desarrollo de las herramientas arriba 

indicadas. 

Finalmente, hay que señalar que si bien la mayoría de las serovariedades de Salmonella se 

pueden considerar como patógenos “persistentes” o “estables” dentro de la cadena 

agroalimentaria y que incluso ha habido algunas serovariedades cuyo impacto en dicha 

cadena (aunque no en la salud humana sino animal) se ha conseguido eliminar, hay otras 

serovariedades que a día de hoy se consideran emergentes (como por ejemplo S. Kentucky y 
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S. Livingstone en aves de corral) y que además no se puede descartar que, por alguna de las 

razones indicadas al principio de esta introducción, algunas serovariedades -sino todas- 

puedan re-emerger. 

A continuación, se describen y discuten en mayor profundidad algunas de las causas (en las 

que se centrará esta Tesis Doctoral) que podrían ayudar a explicar el por qué Salmonella 

continúa siendo un problema de seguridad alimentaria de primera magnitud o que podrían 

conducir a la emergencia de determinadas serovariedades y/o a la re-emergencia de otras. 

3.4.1. Cambios en la cadena agroalimentaria: impacto en el riesgo asociado a Salmonella 

Uno de los ejemplos más claros de cómo la intervención humana en la cadena agroalimentaria 

puede conducir a la emergencia de nuevos microorganismos o serovariedades es, 

precisamente el de Salmonella en la producción avícola. A principios del siglo XX las 

serovariedades Gallinarum y Pullorum estaban ampliamente distribuidas en las explotaciones 

avícolas, causando numerosas bajas en las mismas (Barrow y Freitas Neto, 2011). Por ello se 

pusieron en marcha campañas de saneamiento con objeto de erradicar estas dos 

serovariedades, lo que condujo a su casi completa desaparición hacia los años 60-70 (Bäumler 

et al., 2000). A día de hoy se cree que este fenómeno fue el que condujo a la emergencia de 

S. Enteritidis como principal serovariedad asociada a los huevos y ovoproductos, no obstante, 

las causas no están aún del todo claras. Una de las teorías más interesantes para explicar este 

fenómeno postula que esto podría haber sido debido a que inmediatamente tras la 

erradicación de las serovariedades Gallinarum y Pullorum se produjo un descenso en el nivel 

de inmunidad de grupo, escenario que aprovechó S. Enteritidis (que en un principio se 

asociaba principalmente a los roedores) para ocupar este nicho ecológico que había quedado 

vacío (Foley et al., 2011). A esto hay que añadir que estudios realizados mediante el uso de 

modelos matemáticos, sugieren que la presencia de S. Gallinarum sería capaz de excluir por 

competición a S. Enteritidis de las aves (Bäumler et al., 2000). Finalmente, varios autores 

también han indicado que los cambios en los sistemas productivos que ocurrieron a lo largo 

de las últimas décadas del siglo XX, como el aumento en la densidad de cría o la integración 

vertical, podrían haber contribuido también a la diseminación de S. Enteritidis (Velge et al., 

2005). En cualquier caso, este episodio constituye el primer episodio documentado de 
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sustitución de serovariedades dominantes de Salmonella en el sector aviar y una clara 

evidencia de que las intervenciones humanas tienen consecuencias que pueden no resultar 

beneficiosas en todos los sentidos, ya que S. Enteritidis representa un peligro para la salud 

humana mayor que Gallinarum o Pullorum. Sin embargo, esto no ha sido un hecho aislado, en 

los últimos años, la prevalencia de serovares como S. Kentucky y S. Heidelberg ha aumentado 

considerablemente (EFSA, 2021; Kaldhone et al., 2017). Así, en Estados Unidos S. Heidelberg 

sustituyó a S. Enteritidis como la serovariedad de aves de corral más frecuentemente aislado 

entre 1996 y 2006 y desde 2007 ha sido sustituido por S. Kentucky (Foley et al., 2011). Del 

mismo modo, en Europa, S. Mbandaka y S. Livingstone ya superan a S. Enteritidis en frecuencia 

de aislamiento en pollos de engorde y S. Kentucky es la tercera serovariedad más 

comúnmente encontrado en gallinas ponedoras, después de S. Enteritidis y S. Infantis (EFSA, 

2021). Todos estos datos indican que, en muchos países y entornos avícolas, estas 

serovariedades emergentes ya han suplantado a S. Typhimurium y S. Enteritidis como las 

serovariedades más relevantes asociados a la producción avícola, o al menos desde la 

perspectiva de la producción de alimentos y la salud animal. 

Por otra parte, la aplicación de nuevas tecnologías para la conservación de los alimentos, 

como los pulsos eléctricos de alto voltaje (PEAV), las altas presiones hidrostáticas (APH), los 

ultrasonidos (US) o la aplicación de luz ultravioleta (UV-C) es otro de los factores que podría 

contribuir al resurgimiento de patógenos ya existentes (como Salmonella) o la emergencia de 

nuevos (o de determinadas serovariedades).  

Es importante señalar que el objetivo de estas nuevas tecnologías no es simplemente imitar 

las tecnologías existentes, sino ser superiores en algún aspecto (económico, técnico, calidad 

de producto, seguridad alimentaria…). Los factores de los que depende la implementación 

definitiva de las nuevas tecnologías de conservación de los alimentos en la industria son de 

sobra conocidos. Entre ellos se encuentran factores del tipo económico (coste de 

equipamiento y operación), otros factores relacionados con el diseño de equipos y/u otros 

factores importantes como la percepción de estas tecnologías por parte de los consumidores. 

No obstante, a día de hoy y a pesar de la cantidad de literatura científica publicada, las dudas 

en relación a la capacidad de estas tecnologías para garantizar la producción de alimentos 
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seguros desde el punto de vista microbiológico siguen siendo el principal problema de cara a 

su implementación industrial (Howlett et al., 2003). 

Actualmente, existen algunos estudios en los que se compara la resistencia relativa de 

numerosas cepas y serovariedades de Salmonella frente a estas tecnologías que demuestran 

que aquellas cepas más resistentes frente al calor no lo son frente a otros agentes (Álvarez 

et al., 2003; Doyle y Mazzotta, 2000; Gayán et al., 2012; Lianou y Koutsoumanis, 2013; Sherry 

et al., 2004). Esto podría hacer que el riesgo de sufrir salmonelosis se incremente (o 

descienda) en algunos productos o que, por ejemplo, las serovariedades que actualmente 

representan un mayor riesgo para la salud del consumidor dejen de serlo y sean sustituidas 

por otras. Sin embargo, el número de estudios sobre la variabilidad de la resistencia dentro 

del género Salmonella siguen siendo escaso o limitado, y el principal problema es que o se 

incluye un número reducido de serovariedades/cepas o un pequeño número de agentes 

estresantes y/o tecnologías de conservación de alimentos. Además, dado que las condiciones 

experimentales (condiciones de cultivo, cepas, etc.) no son las mismas en la mayoría de los 

casos, la comparación posterior se hace difícil y/o carece de sentido. Por tanto, sería necesario 

llevar a cabo estudios que cuantifiquen la resistencia a estas nuevas tecnologías, incluyendo 

el potencial desarrollo de las respuestas adaptativas al estrés de las diferentes cepas y 

serovariedades de Salmonella, lo que ayudaría a determinar cuáles deberían ser las 

serovariedades o cepas diana en función de la tecnología y/o producto y facilitaría el diseño 

de procesos de inactivación y planes de actuación a lo largo de la cadena alimentaria más 

eficientes lo que, consecuentemente, contribuiría a la implementación definitiva de estas 

nuevas tecnologías en la industria agroalimentaria. 

3.4.2. Adaptación microbiana: la respuesta al estrés y su impacto en otros aspectos de la 

fisiología de Salmonella 

Como también se ha indicado anteriormente, las bacterias patógenas como Salmonella no 

solo han tenido que desarrollar sistemas de resistencia que les permitan sobrevivir a las 

diferentes condiciones medio ambientales, sino que también han tenido que modificar sus 

mecanismos de virulencia para así adaptarse a los sistemas de defensa de sus hospedadores. 

Aunque las diferencias entre los procesos evolutivos de desarrollo de resistencia al estrés y el 

de adaptación al hospedador son obvias, ambos tienen en común algunas características e 
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implican estructuras y moléculas comunes como la pared celular, las membranas y sus 

proteínas (porinas, bombas de eflujo, etc.). Además, desde un punto de vista biológico, ambos 

procesos son necesarios para que las bacterias sobrevivan en condiciones adversas, frente a 

agentes y estreses medioambientales y frente a los sistemas defensivos del hospedador. De 

hecho, se ha demostrado una relación estrecha entre la resistencia al estrés, la patogénesis y 

la complejidad de los sistemas de regulación microbianos. Es decir, la capacidad de 

patogénesis de los microorganismos depende en gran medida de su capacidad de resistir 

estreses una vez en el hospedador, y no sólo al estrés ácido del estómago, sino por ejemplo al 

estrés oxidativo (Felipe-lópez y Hensel, 2011). 

A pesar de todo ello, es sorprendente la escasez de investigaciones en las que se ha abordado 

el estudio del impacto de las respuestas de resistencia en otros procesos celulares, 

especialmente en la expresión de factores de virulencia y en la patogenicidad de las células 

microbianas. Una notable excepción es la abundancia de estudios que abordan la relación 

entre resistencia a los antibióticos y la virulencia/patogenicidad microbiana, excelentemente 

revisados por Beceiro et al. (2013). En este sentido es necesario indicar que, al igual que se ha 

descrito que la adquisición de resistencia frente a cada grupo de antibióticos (dada sus 

diferente estructura y dianas celulares) conduce a la aparición de cepas con características 

fenotípicas diferentes (y por tanto patogénicas), es más que previsible que los 

microorganismos desarrollen respuestas de resistencia a estreses diferentes como, por 

ejemplo, el calor y el medio ácido, y por consiguiente presenten una virulencia notablemente 

distinta.  

Es más, el desarrollo de resistencia al estrés podría afectar a otros aspectos de la fisiología 

microbiana. Así, se ha demostrado que el desarrollo de respuestas al estrés puede tener un 

coste en términos de capacidad de crecimiento en condiciones adversas y de competición 

frente a otros grupos microbianos. Esto se ha observado, por ejemplo, en Escherichia coli, 

microorganismo que tiene un alto grado de similitud (en términos genéticos y fisiológicos) con 

Salmonella. En este microorganismo la expresión/actividad del gen rpoS que codifica el factor 

sigma alternativo de fase estacionaria de la ARN polimerasa, o el desarrollo de algunas 

respuestas de resistencia frente a los antibióticos se han asociado con un coste en la capacidad 
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de crecimiento, observándose tasas de crecimiento menores (Andersson y Hughes, 2010; 

Zambrano et al., 1993).  

La relevancia de este fenómeno no debe infravalorarse dado que el desarrollo de respuestas 

de resistencia, con sus diferentes consecuencias, es un hecho que puede suceder en 

diferentes puntos de la cadena alimentaria, donde los microorganismos están expuesto a 

diferentes estreses ambientales o tecnologías de procesado. Asimismo, es conveniente 

recordar que desde la obtención del producto fresco hasta su procesado y entre esta etapa y 

su consumo siempre transcurre un cierto tiempo, donde la capacidad de crecimiento y 

competición también son aspectos muy relevantes desde el punto de vista de la seguridad 

alimentaria ya que determinarán, junto a la resistencia al estrés, el número de células viables 

que llegarán al intestino para ejercer su efecto patógeno.  

Considerando todo lo anterior y dada la relevancia sanitaria y económica de Salmonella, 

resulta evidente que son necesarios estudios sistemáticos y específicos acerca de la relación 

existente entre los mecanismos de resistencia microbianos frente a los diferentes agentes y 

tecnologías, así como otros aspectos de la fisiología celular como la capacidad de crecimiento 

y competición y en la expresión de factores de virulencia. Dado que contribuir a subsanar esta 

laguna de conocimiento es uno de los objetivos de esta Tesis Doctoral, en el manuscrito I se 

ha recopilado y resumido la información existente hasta la fecha acerca de los efectos que el 

desarrollo de respuestas de resistencia frente a las condiciones de estrés que los 

microorganismos se pueden encontrar a lo largo de la cadena de obtención y producción de 

los alimentos (incluyendo el estrés ácido, osmótico y oxidativo, la inanición, las atmósferas 

modificadas, los detergentes y desinfectantes, la refrigeración, el calor y las tecnologías no 

térmicas) tendría sobre los diferentes aspectos de la fisiología de las Salmonellas no tifoideas, 

con especial énfasis en la virulencia y la aptitud para el crecimiento. O, dicho de otra forma, 

se ha tratado de hacer un resumen acerca de la relación entre resistencia al estrés, virulencia 

y capacidad de crecimiento en Salmonella.  
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3.5. Evaluación del riesgo de Salmonella 

Son numerosas las evaluaciones del riesgo realizadas y publicadas sobre este microorganismo. 

De hecho, se podría considerar que es probablemente el riesgo microbiano transmitido por lo 

alimentos en el que más trabajo se ha realizado en este sentido. Así, se han llevado a cabo  

numerosas evaluaciones cuantitativas del riesgo microbiológico para Salmonella tanto en 

huevos (Coleman et al., 2005; Hope et al., 2002; OMS/FAO, 2002; USDA-FSIS, 1998; Whiting y 

Buchanan, 1997), como en carne pollo (Akil y Ahmad, 2019; Lammerding, 2006; OMS/FAO, 

2002; Oscar, 2004) o carne de cerdo (Giovannini et al., 2004; Gonzales-Barron et al., 2012; Hill 

et al., 2010). No obstante, la cantidad de aspectos que todavía se desconocen acerca de su 

fisiología y que son necesarios para mejorar las evaluaciones del riesgo actuales excede en 

mucho a los aspectos conocidos.  

Así, como se ha comentado antes, un grupo de tan sólo 10-20 serovariedades es el 

responsable de más del 80% de las toxiinfecciones causadas por Salmonella. Las causas de 

este fenómeno han sido parcialmente exploradas, aunque no del todo identificadas. Los 

principales enfoques en los que se ha centrado la comunidad científica para explicar este 

fenómeno son, por una parte, los estudios epidemiológicos y de prevalencia en animales y en 

las diferentes matrices alimentarias (EFSA, 2021), y por otro, estudios enfocados a determinar 

la causa de la especificidad de hospedador de las distintas cepas y en los mecanismos de 

contaminación de los productos alimentarios, como por ejemplo los diferentes mecanismos 

entre cepas para la contaminación de los huevos (Foley et al., 2013; Sabbagh et al., 2010).  

Estos enfoques/estudios permitirían explicar, por ejemplo, las causas de la elevada incidencia 

de Typhimurium y Enteritidis, serovariedades no específicas de hospedador, y en el caso de 

Enteritidis se ha demostrado una contaminación directa de los huevos por vía transovárica 

(Martelli y Davies, 2012). Sin embargo, esto no explicaría por qué algunas serovariedades que 

se aíslan con frecuencia en gallinas y pollos, como S. Mbandaka o S. Livingstone (Bellido-Blasco 

et al., 2006; EFSA, 2021) apenas tienen incidencia en humanos, pese a no ser serovariedades 

específicas de aves.  
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Una de las hipótesis de esta Tesis Doctoral es que esto podría ser debido a las diferencias que 

existen en la resistencia al estrés entre las diferentes serovariedades o su capacidad de 

crecimiento/competición, aspectos que todavía no han sido estudiados en profundidad o que 

no se les ha prestado la atención necesaria. Así, si bien es cierto que existen numerosos 

estudios acerca de la resistencia de Salmonella a diferentes agentes de inactivación como los 

tratamientos térmicos convencionales, el medio ácido o el estrés osmótico (Doyle y Mazzotta, 

2000; Sherry et al., 2004), las diferentes condiciones de ensayo o diseños experimentales no 

adecuados para este fin, incluyendo la limitación en el número de serovariedades estudiadas, 

una inadecuada elección de las mismas o por centrarse en otros objetivos, no permiten sacar 

conclusiones a este respecto. Por ello es necesario llevar a cabo estudios específicamente 

diseñados para determinar con precisión la variabilidad intra-específica en resistencia, 

también en capacidad de crecimiento y competición, dentro del género Salmonella, estudios 

que, de ser posible, deberían realizarse en aquellos medios y condiciones que mejor reflejen 

las condiciones reales a los que se enfrentan las células de Salmonella en la cadena alimentaria 

y en tracto gastrointestinal. Por ello, y como se detallará más adelante, el estudio de la 

variabilidad intra-específica en resistencia al estrés, capacidad de crecimiento y virulencia, es 

otro de los principales objetivos de esta Tesis Doctoral.  

Un ejemplo claro de los efectos que estas lagunas de conocimiento tienen en la toma de 

decisiones en la industria agroalimentaria es el caso de los criterios microbiológicos que la 

Unión Europea impone a un gran número de productos alimenticios en relación a Salmonella. 

Así, dada la falta de información disponible a día de hoy en relación a muchos aspectos de la 

fisiología de Salmonella y tomando como base el conocido principio de precaución o cautela 

de la Comisión Europea (Comisión Europea, 2000) que se aplica de forma general dentro de 

la legislación alimentaria europea (Reglamento (CE) n° 178/2002, 2002) entre los criterios 

microbiológicos del Reglamento (CE) no 2073/2005 (2005) de la Comisión Europea se 

estableció que Salmonella spp. debería estar ausente (ausencia en 25 gramos, salvo algunas 

excepciones para las que se aplicaba 10 gramos) en un elevado número de productos 

alimenticios incluyendo carnes, productos lácteos y de la pesca, algunos productos vegetales 

y tanto productos crudos como cocinados o listos para consumo. Si bien en vista de las ya 

mencionadas lagunas de conocimiento y de las dificultades para el rápido aislamiento y 
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tipificación de Salmonella a partir de los alimentos, esta medida resultaría, en principio, 

adecuada, pero es necesario señalar que, a efectos prácticos esta norma equipara el riesgo 

que suponen serovariedades como S. Typhimurium (serovariedad de probada patogenicidad 

para los humanos) con serovariedades como S. Gallinarum (una serovariedad específicamente 

adaptada a las aves y apatógena para los humanos) en los alimentos.  

La depuración (o mejora) de esta normativa, así como de los procesos de toma de decisiones 

en la industria agroalimentaria requiere de la obtención de nuevos datos y de la mejora de 

múltiples procesos (de los de detección, por ejemplo) y, probablemente deba hacerse por 

etapas. Así, un paso intermedio en este proceso de mejora podría ser generar una clasificación 

de las serovariedades de Salmonella similar al modelo de Karmali et al. (2003) para los 

seropatotipos de E. coli para lo que, en primer lugar, sería necesario determinar el riesgo 

relativo que suponen las diferentes serovariedades. Es más, dado que los datos 

epidemiológicos y los estudios de prevalencia de Salmonella son más abundantes que los de 

E. coli, el modelo o sistema de clasificación podría ser mucho más útil que en el caso de este 

último. 

Por otra parte, un requisito fundamental no sólo para la evaluación del riesgo, sino para la 

toma de decisiones en cualquier industria y/o para el diseño y optimización de procesos de 

descontaminación de Salmonella es que los estudios deben reflejar o reproducir lo más 

fielmente los escenarios reales que se pretenden evaluar. En este sentido, en esta Tesis 

Doctoral se abordan el estudio de dos aspectos claves en relación a este último punto: la 

existencia de heterogeneidad en las poblaciones microbianas y la necesidad de la validación 

de los resultados/hipótesis en matrices reales. 

En lo que respecta a la heterogeneidad de las poblaciones microbianas, este es un aspecto al 

que se está prestando cada vez más atención en los últimos años, aunque aún se puede 

considerar deficientemente estudiado (Ackermann, 2015; Bódi et al., 2017) y cuya relevancia 

desde el punto de vista de la resistencia a los diferentes agentes estresantes y tecnologías de 

conservación de los alimentos ha sido ya puesta en evidencia por numerosos autores (Cebrián, 

2009; Hauben et al., 1997; Karatzas y Bennik, 2002; Rodríguez‐Calleja et al., 2006) y también 

demostrada para Salmonella (Sagarzazu et al., 2013; Sherry et al., 2004). 
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La diversidad genotípica y fenotípica del género Salmonella no sólo es un hecho conocido, sino 

también uno de sus rasgos más característicos (Cheng et al., 2019). Sin embargo, la 

información relativa a la capacidad de las diferentes cepas/serovariedades para desarrollar 

respuestas de resistencia al estrés (ya sean transitorias o permanentes) es mucho más escasa. 

Del mismo modo que existe variabilidad en la resistencia, esta heterogeneidad también se ve 

reflejada tanto en la capacidad de crecimiento, como en la patogenicidad como en otros 

aspectos fenotípicos. De hecho, se ha demostrado que durante la infección las diferentes 

Salmonellas exhiben una expresión heterogénea de genes de virulencia, incluidos los genes 

flagelares y los genes de las islas de patogenicidad de Salmonella (SPI), y que esta diversidad 

podría ser impulsada por el huésped (Lyu et al., 2021; Tsai y Coombes, 2019). 

El estudio de la variabilidad biológica y la cuantificación de su impacto en las evaluaciones del 

riesgo ha ganado interés durante los últimos años (den Besten et al., 2018; Koutsoumanis y 

Aspridou, 2017). A menudo, los términos variabilidad e incertidumbre en el contexto de la 

seguridad alimentaria microbiana suelen confundirse, como anteriormente se ha comentado, 

la variabilidad incluye las fuentes de variación inherentes (por ejemplo, las diferencias en la 

respuesta de las células individuales o en la composición de los medios alimentarios) y la 

incertidumbre, abarca aquellas fuentes de variación que no se tienen en cuenta en el sistema 

(por ejemplo, errores de medición o errores de especificación del modelo) (Garre et al., 2020). 

Así, mientras que la incertidumbre puede reducirse reuniendo más datos experimentales de 

mayor calidad, la variabilidad forma parte del proceso y no puede reducirse simplemente con 

más y mejores experimentos (Nauta, 2000; Thompson, 2002). Se ha demostrado que la 

variabilidad de las cepas y la heterogeneidad de la población pueden tener un impacto 

significativo en la evaluación del riesgo, hasta tal punto de alterar la eficacia de un tratamiento 

en función de la cepa bacteriana (den Besten et al., 2017; Garre et al., 2020). Por ejemplo, 

Garre et al. (2020), hallaron una diferencia de aproximadamente 6 reducciones logarítmicas 

tras 1 minuto de tratamiento a 60 °C entre las cepas de Listeria más sensibles y las más 

resistentes incluidas en el estudio. A la vista de estos resultados es de vital importancia 

incorporar la variabilidad e incertidumbre a la evaluación cuantitativa del riesgo microbiano, 

ya que pueden ser igual o más relevantes que los parámetros cinéticos. 
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Por consiguiente, otro de los principales objetivos de esta Tesis es el estudio y cuantificación 

de la heterogeneidad fenotípica dentro del género Salmonella. Estos estudios servirán, o al 

menos potencialmente lo harán, para realizar evaluaciones del riesgo más precisas y pueden 

ayudar a comprender por qué, como se ha comentado anteriormente, algunas serovariedades 

que se aíslan con frecuencia en los pollos, como S. Mbandaka o S. Livingstone, tienen una 

incidencia tan baja en los humanos, a pesar de no ser específicas de las aves de corral. 

Adicionalmente, si como se ha hipotetizado antes, existiera una relación entre resistencia al 

estrés y patogenicidad (tanto directa como inversa) esto supondría que las poblaciones de 

supervivientes frente a un determinado estrés poseerían una patogenicidad notablemente 

diferente a la de las poblaciones de origen y que, además, su patogenicidad también podría 

variar en función del tipo e intensidad del agente estresante al que se enfrentaran las células 

microbianas, las condiciones de recuperación etc. Es más, la importancia del estudio de la 

patogenicidad de las subpoblaciones resistentes al estrés se hace más evidente a la vista del 

siguiente hecho: las células o poblaciones más resistentes al estrés son las que más 

probabilidades tienen de sobrevivir a los tratamientos tecnológicos y, por lo tanto, de llegar 

al consumidor a través de los alimentos. En otras palabras, estas células son las más relevantes 

desde el punto de vista tecnológico por lo que conocer su capacidad de producir enfermedad 

resulta esencial. Todos estos son aspectos que tienen una gran relevancia en la evaluación del 

riesgo y que deben de ser estudiados en profundidad, así como los mecanismos subyacentes, 

lo que permitiría dotar de base biológica a dichas evaluaciones del riesgo y poder desarrollar 

modelos de predicción del mismo. 

Por último es importante señalar que la mayoría de los modelos predictivos disponibles para 

Salmonella se han realizado en medios de laboratorio (Basti y Razavilar, 2004; Koutsoumanis, 

2008; Koutsoumanis et al., 2004). Así, muy frecuentemente, a la hora de hacer evaluaciones 

del riesgo, optimizar procesos y/o tomar decisiones se suelen utilizar modelos generados a 

partir de datos obtenidos en este tipo de medios. Aunque, en general, estos modelos pueden 

ofrecer predicciones precisas del crecimiento microbiano en los alimentos, la extrapolación 

puede resultar compleja ya que los modelos no tienen en cuenta factores significativos para 
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el crecimiento microbiano, como la estructura de los alimentos, la interacción de los microbios 

alteradores o el estado fisiológico de las células microbianas.  

Dado que desarrollar estos modelos en alimentos es tremendamente costoso una práctica 

general es validar los modelos generados con medios de laboratorio con resultados obtenidos 

en alimentos y ya publicados, ya que esto evita el tener que realizar nuevos experimentos con 

los productos alimentarios. Sin embargo, a menudo esto resulta complicado, ya que, por 

ejemplo, a veces las condiciones de crecimiento no se describen con precisión o es necesario 

hacer suposiciones sobre algunos factores o algunos modelos incorporan un nuevo factor para 

el que se han publicado pocos datos, o incluso ningún dato (Pinon et al., 2004). Así pues, en 

muchos casos es necesario el desarrollo de nuevos modelos obtenidos usando productos 

alimentarios. En cualquier caso, el desarrollo de estos últimos o la validación de los modelos 

obtenidos en medios de laboratorio en alimentos es un requisito imprescindible para hacer 

evaluaciones del riesgo robustas y significativas o para verificar el impacto que la introducción 

en la cadena de producción de una nueva tecnología tendría y por ello, una parte de esta Tesis 

Doctoral se ha centrado, precisamente, en validar los resultados obtenidos en medios de 

laboratorio en un grupo de alimentos concreto: el huevo y los ovoproductos. 
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Como se ha descrito en la introducción son todavía muchos los aspectos que se desconocen 

acerca de la fisiología de Salmonella lo que, probablemente, es una de las principales causas 

de que a pesar de los enormes esfuerzos realizados por la administración y la industria 

agroalimentaria la salmonelosis siga siendo un problema sanitario de primera magnitud. Por 

ello, se definió como objetivo general de esta Tesis Doctoral el siguiente: 

Estudiar y cuantificar la variabilidad intraespecífica en resistencia al estrés, capacidad de 

crecimiento y virulencia dentro del género Salmonella y determinar las relaciones existentes 

entre estas tres características fenotípicas con objeto de profundizar en el conocimiento de la 

fisiología de este microorganismo y de contribuir al desarrollo de modelos cuantitativos de 

evaluación del riesgo más precisos. 

Asimismo, esta Tesis Doctoral plantea las siguientes hipótesis de partida y que pretende 

verificar: 

- Que el desarrollo de respuestas de resistencia al estrés conlleva, o puede hacerlo, un coste

en términos de capacidad de crecimiento o virulencia. 
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- Que las diferencias en resistencia al estrés y capacidad de crecimiento entre las diferentes

serovariedades de Salmonella podrían explicar, o contribuir a explicar, la diferente frecuencia 

con la que dichas serovariedades causan gastroenteritis en humanos. 

Para alcanzar dicho objetivo y verificar estas hipótesis se plantearon los siguientes objetivos 

parciales:  

1) Caracterizar la resistencia frente a diferentes estreses (incluyendo nuevas tecnologías

de conservación de los alimentos y estreses ambientales) de diferentes cepas y

serovariedades de Salmonella enterica.

2) Caracterizar la capacidad de crecimiento y la virulencia (capacidad de adhesión e

invasión de cultivos celulares) de diferentes cepas y serovariedades de Salmonella

enterica

3) Estudiar la relación existente entre la resistencia al estrés, la capacidad de crecimiento,

la virulencia y otros aspectos fenotípicos de las diferentes cepas y serovariedades de

Salmonella enterica.

4) Validar en condiciones/matrices reales (huevos y ovoproductos) los resultados más

relevantes.

5) Explorar los mecanismos moleculares responsables de las diferencias fenotípicas

observadas.

6) Sentar las bases para la optimización de la evaluación cuantitativa del riesgo que

representa el consumo de un grupo de productos en el que Salmonella es el patógeno

de referencia: huevos y ovoproductos.
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A continuación, se muestran los resultados obtenidos en el marco de esta Tesis Doctoral. 

Dichos resultados se podrían clasificar en dos grandes bloques y al menos cinco capítulos. 

El primer bloque corresponde a todos aquellos estudios llevados a cabo en medios de 

laboratorio y cuyo objetivo es el estudio de la variabilidad en la resistencia al estrés, la 

capacidad de crecimiento y la virulencia dentro del género Salmonella, la relación entre estas 

características fenotípicas y los mecanismos responsables de las diferencias en resistencia al 

estrés. En él se incluyen 4 artículos distribuidos en 3 capítulos: 

Capítulo 1.- Estudio de la variabilidad en la resistencia frente a diferentes estreses y 

tecnologías de conservación dentro del género Salmonella.  

Como su nombre indica, en este bloque se aborda la caracterización de la resistencia al estrés 

de las diferentes cepas de Salmonella. Incluye un artículo: “Differences in resistance to 

different environmental stresses and non-thermal food preservation technologies among 

Salmonella enterica subsp. enterica strains, 2019” que cubre el estudio de 15 cepas y se vería 

completado por el artículo “Stress resistance of emerging poultry-associated Salmonella 
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serovars, 2020” en el que se incluye también el estudio de otras 8 cepas y la validación de los 

resultados en huevos y ovoproductos, motivo por el que se ha incluido dentro del capítulo 5. 

Capítulo 2.- Estudio de la variabilidad en la capacidad de crecimiento y la virulencia dentro del 

género Salmonella: relación con la resistencia al estrés. 

En él se incluye el artículo “Relationship between growth ability, virulence, and resistance to 

food-processing related stresses in non-typhoidal Salmonellae, 2022” en el que no sólo se 

aborda el estudio de la variabilidad en la capacidad de crecimiento, la virulencia y otros 

aspectos fenotípicos dentro del género Salmonella sino que además se trata de dar respuesta, 

al comparar estos datos con los de resistencia al estrés a una de las hipótesis que pretendían 

verificar: “que el desarrollo de respuestas de resistencia al estrés conlleva, o puede hacerlo, 

un coste en términos de capacidad de crecimiento o virulencia”. 

Capítulo 3.- Exploración de los mecanismos de resistencia al estrés dentro del género 

Salmonella. 

En este tercer capítulo se incluyen dos artículos (todavía sin enviar a publicar) en los que a 

través del uso de variantes resistentes a diferentes estreses y obtenidas mediante la 

exposición sucesiva a ciclos de inactivación-crecimiento se pretende explorar cuáles pueden 

ser los mecanismos responsables de las diferencias en resistencia observadas entre las 

diferentes cepas/serovariedades de Salmonella estudiadas. 

En el segundo bloque se incluyen una serie de estudios diseñados con el objetivo de validar 

los resultados que se consideraron más relevantes de entre los obtenidos en medios de 

laboratorio (bloque I) en huevo y ovoproductos. Estos a su vez se han dividido en dos capítulos: 

Capítulo 4.- Estudio de la influencia de la dosis y la historia térmica del huevo en la velocidad 

de crecimiento de Salmonella Enteritidis. 

En los primeros ensayos de validación de los resultados obtenidos en medios de laboratorio 

en huevos y ovoproductos se observó un fenómeno que no había sido descrito con 

anterioridad y extremadamente curioso que era que la dosis inicial de inóculo parecía afectar 

a la velocidad de crecimiento microbiana, un fenómeno que además aparecía o no en función 
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de la fracción de huevo estudiada y su historia térmica. Así, pues este capítulo se dedica a 

describir dicho fenómeno (“Influence of the initial cell number on the growth fitness of 

Salmonella Enteritidis in raw and pasteurized liquid whole egg, egg white, and egg yolk, 

2021”), explorar los mecanismos responsables del mismo (“Relationship between iron 

bioavailability and Salmonella fitness in raw and pasteurized liquid whole egg, enviado a Food 

Microbiology”) y a, mediante un enfoque probabilístico, redefinir las temperaturas mínimas 

de crecimiento de S. Enteritidis en huevo y ovoproductos no sólo en función de la cepa y 

fracción investigada sino también de la dosis inicial y la historia térmica del huevo (“Modelling 

the low temperature growth boundaries of Salmonella Enteritidis in raw and pasteurized egg 

yolk, egg white and liquid whole egg: influence of the initial dose, sin enviar”). 

Capítulo 5.- Exploración del riesgo asociado a serovariedades emergentes en el sector aviar 

tales como S. Heidelberg, S. Kentucky, S. Livingstone y S. Mbandaka. 

Este último capítulo consta de un artículo (“Stress resistance of emerging poultry-associated 

Salmonella serovars, 2020”) en el que además de caracterizar la resistencia al estrés de 4 cepas 

de S. Enteritidis y 4 de las serovariedades emergentes arriba mencionadas en medios de 

laboratorio también se estudia la misma en huevos y ovoproductos, con objeto de verificar si 

las conclusiones extraídas en los primeros son extrapolables en los segundos. Además, en la 

segunda parte de este capítulo se muestra, a modo de ejemplo, el potencial que los resultados 

obtenidos en esta Tesis Doctoral y de la aplicación de nuevos enfoques probabilísticos podrían 

tener para la estimación del riesgo y la toma de decisiones en la industria agroalimentaria y 

en el sector de las aves de puesta/huevos y ovoproductos en particular. 

Adicionalmente, al final de esta Tesis Doctoral se han incluido dos anexos, cuyo contenido se 

detalla a continuación: 

Anexo I.- Estudio comparativo de la capacidad de adhesión e invasión de diferentes cepas de 

Salmonella en diferentes modelos in vitro. 

En este anexo se incluye un estudio previo para la selección del modelo in vitro para estudiar 

la capacidad de adhesión e invasión de las diferentes cepas/serovariedades de Salmonella. En 
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él se testaron diferentes tipos de células (Caco-2 y HT29-MTX) y el efecto de la adición de una 

microbiota sintética (viva o inactivada). 

Anexo II.- Development of a predictive growth model of Salmonella Enteritidis in whole liquid 

egg using multilevel modelling: a preliminary step. 

En este anexo se muestran los resultados del estudio realizado durante la estancia de la 

doctoranda en la Universidad de Wageningen (Países Bajos). El mismo persigue el desarrollo 

de un modelo multinivel el cual integrará la incertidumbre del ensayo y la variabilidad entre 

réplicas y entre cepas y que permitirá determinar con mayor precisión el crecimiento de S. 

Enteritidis en huevo y ovoproductos en función de la cepa, la temperatura de 

almacenamiento, la historia térmica del huevo y el número inicial con la que el producto 

resulte contaminado. Estos resultados no se han presentado en forma de manuscrito dentro 

de la memoria ya que aún se está trabajando en ellos, aunque constituyen parte de la misma, 

pudiéndose considerar una parte del capítulo 4.    

Por último, señalar que dado que en cada uno de los artículos incluidos dentro de estos 

bloques y/o capítulos, se ha incluido la metodología empleada se ha omitido su presentación 

de forma independiente dentro de esta Tesis Doctoral.  
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Capítulo 1 

Estudio de la variabilidad en la 

resistencia frente a diferentes estreses 

y tecnologías de conservación dentro 

del género Salmonella
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In this work the resistance of 15 strains belonging to 11 serovars of Salmonella enterica subsp. enterica to severa! 
different environmental stresses (acid, hydrogen peroxide, NaCI and heat) and non-thermal food preservation 
technologies (HHP, PEF, UV) was determined and compared. Results obtained showed that differences in re
sistance among strains, quantified as 2D-values, varied less than 2.4-fold for ali agents, including heat if S. 
senftenberg 775W is excluded from the analysis. These results also indicate that variability in resistance among 
strains of the same serovar was comparable to inter-serovar variability. Salmonella strains that were the most 
resistant to a given stress were not more resistant to other types of stress. Nevertheless, a positive correlation was 
observed between the resistance of Salmonella strains to oxidative and osmotic stress, as well as between UV and 
PEF resistance. These results would be especially helpful in defining safe food preservation processes and might 
be very useful for improving quantitative microbiological risk assessments of Salmonella in food products. 

l. Introduction

The relevance of Salmonella as an agent responsible for food-borne 
toxiinfections is well known. Currently, the microorganisms of the 
genus Salmonella constitute the second most frequent cause of food
borne disease in Europe and the United States (European Food Safety 
Authority (EFSA), 2018; Scallan et al., 2011), only surpassed by Cam

pylobacter. The main reservoir of Salmonella is the intestinal tract of 
animals; this microorganism can thus contaminate food products of 
animal and plant origin, directly or indirectly. Food products most 
frequently identified as responsible for foodborne Salmonella infections 
in the European Union in 2017 were eggs and egg products (36.8% of 
outbreaks), bakery products (16.7%), and meat and meat products 
(8.2%). However, the range of products that can vehicle Salmonella is 
much broader, including other products of animal origin, vegetables, 
crustaceans, or milk (EFSA, 2018). 

The microorganisms of the genus Salmonella have evolved to survive 
in naturally stressful conditions such as high osmolarity, extreme 
temperatures, and low pHs (Fang, Frawley, Tapscott, & Vazquez-Torres, 
2016; Spector & Kenyon, 2012). However, inherent genetic differences 
among serovars and/or strains can lead to substantial changes in their 
stress tolerance. Whereas the stress resistance of S. Enteritidis and S. 

• Corresponding author.
E-mail address: guiceb@unizar.es (G. Cebrián).

https://doi.org/10.1 Ol 6/j.foodres.2020.109042 

Typhimurium - the most common serovars associated with human in
fection worldwide - has been studied in detail, much less information is 
available regarding most of the other 2500 existing Salmonella serovars 
(Grimont & Weill, 2007). 

Previous studies dealing with variability in resistance within the 
Salmonella genus have often been limited, either because they included 
a low number of serovars/strains or because they only dealt with a 
small number of stressing agents and/or food preservation technologies 
(Doyle & Mazzotta, 2000; Gayán, Serrano, Raso, Álvarez, & Condón, 
2012; Lianou & Koutsoumanis, 2013; Saldaña et al., 2009; Sherry, 
Patterson, & Madden, 2004). In addition, since experimental conditions 
(culture conditions, strains, etc.) were not the same in most cases, 
subsequent comparison becomes difficult and/or meaningless. The lack 
of studies dealing with the stress resistance and adaptive stress re
sponses of Salmonella strains and serovars is particularly alarming be
cause such studies are not only necessary to understand their phy
siology, but also to help designing more efficient inactivation processes 
and/or action plans throughout the food chain with the purpose of 
preventing the health risk they pose. Such studies would help to im
prove the accuracy of quantitative microbial risk assessments. 

Thus, this study's aim was to determine and compare the resistance 
of 15 strains belonging to 11 serovars of Salmonella enterica subsp. 

Received 14 October 2019; Received in revised form 24 January 2020; Accepted 27 January 2020 
Available online 30 J anuary 2020 
0963-9969/ © 2020 Elsevier Ltd. Ali rights reserved. 
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agents/technologies, GlnaFiT, the Geeraerd inactivation model-fitting tool was used to fit survival curves and calculate resistance parameters (Geeraerd, Valdramidis, & Van Impe, 2005). 
Log10

(N,)
= Log10 

l (l0Log¡o(No) - l0Log¡o(Nresl),e-kmaxt.
( ekmax·S¡ ) + 10Log10(Nresl] 1 + (ekmax·S¡ _ l)•e-kmax·t 

(1) 

In this equation, N, represents the number of survivors, N0 the initial count, and t the treatment time. This model describes the survival curves by means of three parameters: shoulder length (S¡}, defined as the time before exponential inactivation begins; inactivation rate (Kmax), defined as the slope of the exponential portion of the survival curve; and Nres which describes residual population density (tail). Therefore, the traditional decimal reduction time value (D-value) can be calculated from the Kmax parameter using Eq. (2). 
D - value = 2.303/Kmax (2) 

Standard deviations (SD), statistical significance of differences(p < 0.05), Iterative Grubbs' test (Alpha = 0.05), Pearson's correlation coefficient and statistical analysis (unpaired t-test -with and without Welch's correction- and one way ANOVA; p < 0.05) were calculated using GraphPad PRISM" statistical software (GraphPad Prism version 7.00 for Windows, GraphPad Software, San Diego, California, USA). Principal component analysis (PCA) was carried out using InfoStat statistical software (InfoStat version 2018, Córdoba, Argentina). 
3. Results and discussion

In this study, the variability in resistance of 15 Salmonella strains belonging to 11 different serovars against seven different preservation technologies and environmental stresses was studied. The selected serovars included 9 out of the 20 the most common serotypes associated with human infection in Europe throughout the most recent years (EFSA, 2018). The other two serovars (S. Gallinarum and S. Senftenberg strain 775W) were chosen because of their well-known specific characteristics -avian host-specificity and high heat resistance, respectivelythat have been described elsewhere (Eswarappa, Janice, Balasundaram, Dixit, & Chakravortty, 2009; Ng, Bayne, & Garibaldi, 1969). Five strains of S. Typhimurium were included in the study to enable comparison between intra-serovar and inter-serovar variability in stress resistance among salmonellae. Among all the strains, S. Typhimurium SL1344 was considered as the reference strain throughout the whole study, since it is a well characterized strain (Humphrey, Clark, Humphrey, & Jepson, 2011). Given the considerable number of determinations to be obtained (more than 450 survival curves), it was decided to obtain the microbial suspensions and to carry out resistance assays to chemical agents in microtiter plates instead of conventional flasks or tubes, as described in the Materials and Methods section. A preliminary study indicated that both the growth kinetics and the resistance of Salmonella cells to all chemical agents herein evaluated were comparable for cells grown in microtiter plates and in conventional agitated flaks (data not shown). Once the methodology had been established, survival curves to the 7 agents under study were obtained. These survival curves (representing the Log¡0 of the survival fraction vs treatment time) showed different profiles. Thus, for instance, survival curves to hydrogen peroxide and HHP displayed shoulders, whereas those to NaCl and PEF showed tails. Therefore, the non-linear Geeraerd model (Geeraerd, Herremans, & Van Impe, 2000) was required to describe them accurately, and the corresponding resistance parameters (N0; S1; Kmax, Nres) were calculated. The mean values of these parameters (and their standard deviation), 
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strains from other serovars here studied. This would mean that S. Ty

phimuirum strains were among the most PEF, UV, hydrogen peroxide 

and NaCl resistant Salmonella strains and that these strains would be 

displaying a differentiated stress-resistance phenotype -at least for sorne 

agents-, what would be reasonable given their closer genetic back

ground. These conclusions are consistent with those drawn in sections 

3.2 to 3.7 and seem to indicate that resistance to sorne agents such as 

PEF, UV and NaCl, might be, at least to sorne extent, a serovar-depen

dent characteristic. In any case it should be noted that the number of 

strains here studied is limited and that further studies, including a 

higher number of strains and from a wide range of Salmonella serovars 

would be required to validate the conclusions drawn from these results. 

4. Conclusions

The resistance of 15 strains belonging to 11 serovars of Salmonella

enterica subsp. enterica to severa! different environmental stresses (acid, 

hydrogen peroxide, NaCI and heat) and non-thermal food preservation 

technologies (HHP, PEF, UV) was determined and compared. For most 

agents tested, intra-serovar (S. Typhimurium) variability in resistance 

was comparable to inter-serovar variability, despite the similar genetic 

backgrounds of strains belonging to the same serovar. If S. Senftenberg 

775W is excluded from the analysis, differences in resistance (2D-va

lues) among strains varied less than 2.4-fold for ali agents, including 

heat. Results reported herein also indicate that Salmonella strains that 

are the most resistant to a given stress are not necessarily more resistant 

to other types of stress. Nevertheless, the statistical analysis of the 

whole set of data reveals a positive correlation between the resistance 

of Salmonella strains to oxidative and osmotic stress, as well as between 

UV and PEF resistance. Further work will be required to fully elucidate 

the mechanisms responsible for these two phenomena. 

The results obtained in this work would be especially helpful in 

defining safe food preservation processes and in improving quantitative 

microbiological risk assessments of Salmonella in food products. 
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Figure S1. Maximum growth rates (µmax (Log10/h)) of the 23 Salmonella enterica 

strains in TSB-YE (A), LB supplemented with 100 µM 2-2’dipyridyl (B) and M9-broth 

supplemented with 20 mM gluconate (C) at 37 ºC. Error bars correspond to the standard 

deviation of the means and letters indicate statistically significant differences between 

strains. 
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Table S1. Salmonella enterica serovars of known source used in this study. 

Strain Source 

S. Typhimurium STCC 443 Human gastroenteritis 

S. Typhimurium STCC 4594 Bovine, liver 

S. Typhimurium STCC 7162 Faeces 

S. Enteritidis STCC 4396 Human gastroenteritis 

S. Enteritidis STCC 7160 Chicken, digestive tract 

S. Enteritidis STCC 7236 Faeces 

S. Infantis STCC 4373 Sea water 

S. Stanley STCC 4141 Human gastroenteritis 

S. Newport NCTC 129 Human gastroenteritis 

S. Livingstone NCTC 9125 Faeces 
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Table S1. Continuation 

M9-Gluconate 

Y0 

(Log(CFU/ml)) 
μmax (1/h) λ (h) 

Ymax 

(Log(CFU/ml)) 
R2 RMSE 

S.T SL1344 6.12 (0.017) 0.618 (0.030) - 7.90 (0.104) 0.99 - 1.00 0.021 - 0.070 

S.T 443 6.20 (0.069) 0.571 (0.017) - 8.75 (0.011) 0.97 - 0.99 0.066 - 0.153 

S.T 4594 5.89 (0.075) 0.713 (0.033) - 8.75 (0.065) 0.97 - 0.98 0.111 - 0.241 

S.T 7162 6.06 (0.021) 0.605 (0.058) - 8.74 (0.033) 0.98 - 0.99 0.088 - 0.126 

S.T 722 6.11 (0.075) 0.595 (0.061) - 7.99 (0.075) 0.97 - 0.99 0.051 - 0.148 

S. E. 4300 6.12 (0.063) 0.540 (0.024) - 8.70 (0.113) 0.99 - 1.00 0.054 - 0.094 

S. E. 4155 6.19 (0.076) 0.557 (0.044) - 8.63 (0.079) 0.96 - 1.00 0.033 - 0.158 

S. E. 4396 6.10 (0.082) 0.512 (0.077) - 8.48 (0.176) 0.96 - 0.99 0.072 - 0.149 

S. E. 7160 6.22 (0.038) 0.564 (0.026) - 8.72 (0.099) 0.96 - 0.99 0.080 - 0.136 

S. E. 7236 6.11 (0.047) 0.574 (0.030) - 8.71 (0.055) 0.97 - 0.99 0.089 - 0.133 

S. Hadar 6.26 (0.053) 0.512 (0.031) - 8.70 (0.006) 0.93 - 0.97 0.137 - 0.180 

S. Derby 5.83 (0.062) 0.613 (0.033) - 8.72 (0.064) 0.97 - 0.99 0.080 - 0.118 

S. Infantis 6.10 (0.055) 0.635 (0.059) - 8.70 (0.012) 0.98 - 0.99 0.112 - 0.161 

S. Virchow 6.01 (0.022) 0.588 (0.074) - 8.69 (0.006) 0.97 - 0.99 0.098 - 0.151 

S. Gallinarum 6.00 (0.028) 0.310 (0.047) - 8.28 (0.040) 0.96 - 1.00 0.067 - 0.124 

S. Senftenberg 5.92 (0.065) 0.388 (0.037) - 8.61 (0.111) 0.98 - 0.99 0.106 - 0.116 

S. Saintpaul 5.98 (0.087) 0.643 (0.034) - 8.69 (0.019) 0.95 - 0.99 0.097 - 0.185 

S. Stanley 5.92 (0.069) 0.605 (0.022) - 8.74 (0.029) 0.95 - 0.98 0.123 - 0.206 

S. Newport 6.23 (0.057) 0.435 (0.018) - 8.58 (0.126) 0.97 - 0.98 0.111 - 0.129 

S. Heidelberg 5.80 (0.092) 0.419 (0.023) - 8.46 (0.056) 0.98 - 0.99 0.052 - 0.106 

S. Kentucky 5.91 (0.067) 0.582 (0.044) - 8.23 (0.117) 0.97 - 0.99 0.097 - 0.261 

S. Mbandaka 6.20 (0.026) 0.478 (0.029) - 8.70 (0.020) 0.96 - 0.98 0.099 - 0.157 

S. Livingstone 5.88 (0.097) 0.574 (0.026) - 8.73 (0.018) 0.99 - 1.00 0.047 - 0.73 

T: Typhimurium. E: Enteritidis. 
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Table S3. MIC values (µg/mL) of streptomycin and genes conferring resistance to 

aminoglycosides present in Salmonella strains whose complete genome sequence is 

available in NCBI and ENA. 

streptomycin MIC Aminoglycosides resistance genes 

S.T SL1344 256 aac(6’) aadA1 

S.T 443 64 aac(6’) aadA1 

S.T 4594 > 512 aac(6’) aadA1 

S.T 722 > 512 - aadA1 

S. Saintpaul > 512 aac(6’) aadA1 

S. Stanley 128 - - 

S. Newport 128 - - 
T: Typhimurium
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Abstract: Pulsed Electric Fields (PEF) technologies is regarded as one on the most 

interesting alternatives to current food preservation methods due to its capability to 

inactivate vegetative microorganisms while maintaining the organoleptic and 

nutritional properties roughly unchanged. However, many aspects regarding the 

mechanisms of bacterial inactivation by PEF are still not fully understood. Thus, the 

aim of this work was to get further insight into the mechanisms responsible for the 

increased resistance of a Salmonella Typhimurium SL1344 variant resistant to PEF 

(SL1344-RS), as well as to quantify the impact that the development of PEF resistance 

had on other aspects of Salmonella physiology, such as growth fitness, biofilm 

formation ability and virulence. Results obtained indicate that the increased PEF 

resistance of the SL1344-RS variant was due to increased RpoS activity, caused by a 

mutation in the hnr gene. Thus, RNA-seq analysis demonstrated that RpoS activity 

was increased, since 5 out of the 6 up-regulated genes displaying a significant different 

expression (after applying the Bonferroni correction) in the PEF resistant strain were 

RpoS-dependent. This increased RpoS activity also resulted in increased resistance to 

multiple stresses (acidic, osmotic, oxidative, ethanol and UV-C, but not for heat and 

HHP), decreased growth rate in M9-gluconate (but not in TSB-YE or LB-DPY) and 

increased ability to adhere to Caco-2 cells (but no significant change in invasiveness). 

This work significantly contributes to the understanding of the mechanisms of stress 

resistance development in Salmonellae and points to the crucial role played by RpoS in 

this process. However, further studies are needed to determine whether this PEF-

resistant variant would represent a higher, equal or lower associated risk than the 

parental strain and in which foods/scenarios. 

Keywords: foodborne pathogen, rpoS, transcriptomic analysis, stress resistance, growth fitness, virulence 

1. Introduction 

Pulsed Electric Fields (PEF) consists of the application of short-duration (1–100 μs) high electric 

field pulses (10–50 kV/cm) to food products placed between two electrodes (Heinz et al., 2001). This 

technology has been under research for decades as a potential alternative to thermal treatments for the 

preservation of different food products, and data obtained to date demonstrate that PEF can inactivate 

vegetative cells of bacteria and yeasts at temperatures below those used in thermal processing (Álvarez 

et al., 2006), thus potentially enabling to obtain safe foods while minimizing quality and nutritional 

losses.  

However, despite decades of effort and the considerable body of information available concerning 

microbial inactivation by PEF, the mechanisms of microbial inactivation and, especially, of microbial 

resistance to this technology still remain largely unknown. Thus, although permeabilization of cellular 

envelopes as a result of PEF application (also called “electroporation” or “electropermeabilization”), is 

believed to be the principal mechanism of microbial inactivation by this technology (Barbosa-Cánovas 
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et al., 1999; Ho and Mittal, 1996; Kinosita et al., 2012; Mañas and Pagán, 2005; Pavlin et al., 2007; Tsong, 

1991; Weaver and Chizmadzhev, 1996) the molecular mechanisms of pore formation and resealing in 

bacteria are almost completely unknown. Therefore, it is assumed that bacterial membrane 

electroporation occurs essentially as depicted for artificial membranes, eukaryotic cells or in molecular 

dynamic simulations (El Zakhem et al., 2006; Pavlin et al., 2008; Sözer et al., 2017; Tarek, 2005) and little 

is known, for instance, about how the complex structure of bacterial envelopes influences the 

electroporation phenomenon or about the potential contribution of other phenomena to microbial death 

after exposure to PEF, such as oxidative damage (Marcén et al., 2019; Pakhomova et al., 2012).  

Similarly, the factors determining the differences in resistance to PEF among bacterial species 

and/or strains or depending of the growth and treatment conditions are far from being completely 

understood. Membrane and envelope structure, composition and physical state characteristics are 

supposed to play a major role in microbial resistance to PEF but results obtained to date are, in many 

cases, inconclusive. Thus, various authors have hypothesized that the differences in PEF resistance 

among cells grown and treated at different temperatures would be related to differences in membrane 

fluidity but contradictory results can be found in the literature (Cebrián et al., 2016a). Similarly, Chueca 

et al. (2015) demonstrated that PEF-treated cells activate a response involving components and 

functions directly associated to cytoplasmic membrane, which confirms the cellular requirement for 

energy to repair sublethal damage to the cytoplasmic membrane caused by PEF treatments and the 

reduction of energy needed, probably related to the synthesis of new lipids, as described by García et 

al. (2005), indicating that mainly the cell envelope is affected during the inactivation process. The role 

of the outer membrane and other envelope characteristics (such as surface charge) has also been studied 

(Arroyo et al., 2010; Golberg et al., 2012) but it is still far from being completely understood.  

In addition, little is known, at least as compared to other technologies such as heat or High 

Hydrostatic Pressure, about the ability of bacterial cells to develop homologous and cross-resistance to 

PEF and on the impact that the development of PEF resistance responses on others aspects of bacterial 

physiology. Regarding the first, only a few papers have dealt with this topic (Arroyo et al., 2012; Cebrián 

et al., 2012) although it seems that this phenomenon would be of much less relevance that for other 

technologies (Cebrián et al., 2016b). The information available regarding the second aspect is even more 

scarce, although some recent works have investigated, for instance, the impact of PEF of Salmonella 

virulence (Sanz-Puig et al., 2019). 

In a previous work we reported the isolation of a PEF resistant Salmonella Typhimurium strain 

(SL1344-RS) obtained after repeated rounds of PEF treatment and outgrowth of survivors (Sagarzazu et 

al., 2013). This increased PEF resistance was accompanied by an increased resistance to some other 

agents, such as hydrogen peroxide and acid pH, and was linked to the entry into stationary growth 

phase of the Salmonella cells. Altogether results obtained strongly suggested that the higher PEF-

resistance of the variant SL1344-RS could be related to the general stress sigma factor RpoS, since this 

factor is preferentially expressed in the stationary phase of growth and higher RpoS activity leads to an 

acquisition of tolerance to a variety of stresses (Hengge-Aronis, 1996). However, this hypothesis 

remained to be validated. Thus, the aim of this work was to get further insight into the mechanisms 

responsible for the increased stress resistance of Salmonella Typhimurium strain SL1344-RS as well as to 

quantify the impact that the development of PEF resistance had on other aspects of Salmonella 

physiology, such as growth fitness, biofilm formation ability and virulence.  

2. Materials and Methods 

2.1. Bacterial strains and culture conditions 

Salmonella enterica serovar Typhimurium SL1344 and a PEF-resistant variant of this strain (SL1344-

RS) obtained after repeated rounds of PEF treatment and outgrowth of survivors (Sagarzazu et al., 2013) 

were used in this study. Strains were maintained frozen at −80 °C in a cryovial for long-term 

preservation. Cultures were grown in tryptic soy broth (Oxoid, Basingstoke, UK) supplemented with 
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0.6% w/v yeast extract (Oxoid, TSB-YE) in 96 wells microtiter plates and incubated at 37 °C under static 

conditions as described in Guillén et al. (2020). 

2.2 Resistance determinations 

2.2.1 Sodium chloride resistance determinations 

Resistance to osmotic medium was evaluated in TBS-YE supplemented with 30% w/v of sodium 

chloride (VWR International; NaCl). The treatments were carried out at 37 °C due to the low lethality 

of this agent, and the initial concentration was of approximately 107 CFU/mL. After the selected contact 

time, up to 32 h, subsequent serial dilutions were prepared in buffered peptone water (Oxoid; BPW) 

and pour-plated for survival counts as described below. 

2.2.2 High hydrostatic pressure (HHP) treatments 

HHP treatments were carried out in a Stansted Fluid Power S-FL-085-09-W (Harlow, London, 

England) apparatus (Ramos et al., 2015). The pressure transmitting fluid was a mixture of propylene 

glycol and distilled water (50/50, v/v). An automatic device was employed to set and/or record pressure 

and time during the pressurization cycle. Cell suspensions were prepared at a cell concentration of 107 

CFU/mL, approximately, in citrate-phosphate McIlvaine buffer of pH 7.0. Samples were packed in 

plastic bags, which were sealed without headspace and introduced in the treatment chamber. 

Treatments were applied at 300 MPa for different treatment times up to 30 min, and temperature never 

exceeded 40 °C. 

2.2.3 Ultraviolet C light (UV-C) treatments 

UV-C treatments were carried out in a microtiter plate under static conditions. Microtiter plates 

were coated with 1 layer of a microplate sealing film (BREATHseal, Greiner bio-one, Frickenhausen, 

Germany) and located at a distance of 22.50 cm from a 32 W UV-C lamp (VL-208G, Vilber, Germany). 

Radiation intensity was measured by means of a UVX radiometer (UVP, LLC, Upland, CA). Under these 

experimental conditions, intensity of 0.47 ± 0.02 mW/cm2 was attained. The treatment medium was 

citrate-phosphate McIlvaine buffer of pH 7.0, and the initial concentration was of approximately 107 

CFU/mL. Treatment times of up to 180 seconds were applied and temperature never exceeded 30 °C. 

2.2.4 Recovery after different treatments and survival counting 

After treatments, samples were adequately diluted in Buffered Peptone Water (Oxoid; BPW) and 

plated in the recovery medium, TSA-YE. Plates were incubated for 24 h at 37 °C, after which the number 

of colony-forming units (CFU) per plate was counted. 

2.2.5 Survival curves and fitting of data 

Survival curves were obtained by plotting the logarithm of the survival fraction (Log10 N/N0) versus 

treatment time (hours for NaCl determinations; minutes for acid, heat, HHP, and peroxide treatments; 

seconds for UV-C treatments and μs for PEF treatments). Since deviations from linearity were observed 

in survival curves to the majority of agents/technologies, GInaFiT, the Geeraerd inactivation model-

fitting tool was used to fit survival curves and calculate resistance parameters (Geeraerd et al., 2005). 

𝑁𝑡 = 𝑁0 ·  𝑒𝑥𝑝−𝐾𝑚𝑎𝑥 ·𝑡 ·  [
𝑒𝑥𝑝𝐾𝑚𝑎𝑥 ·𝑆𝑙

1 + (𝑒𝑥𝑝𝐾𝑚𝑎𝑥 ·𝑆𝑙 − 1) ·  𝑒𝑥𝑝−𝐾𝑚𝑎𝑥 ·𝑡  
] Eq. 1 

Nt = (N0 − Nres) ·  exp−Kmax ·t + Nres Eq. 2 

In these equations, Nt represents the number of survivors, N0 the initial count, and t the treatment 

time. 
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This model describes the survival curves by means of three parameters: shoulder length (Sl), 

defined as the time before exponential inactivation begins; inactivation rate (Kmax), defined as the slope 

of the exponential portion of the survival curve; and Nres which describes residual population density 

(tail). Therefore, the traditional decimal reduction time value (D-value) can be calculated from the Kmax 

parameter using equation 3. 

D-value = 𝑙𝑛(10)/𝐾𝑚𝑎𝑥 Eq. 3 

2.3 Maximum growth rate determination assays 

Growth fitness characterization assays were carried out in three different media: TSB-YE at 37 °C, 

Luria-Bertani (LB) broth supplemented with 100 µM 2-2’dipyridyl (DPY), an iron chelator, at 37 °C, and 

minimal medium, M9-broth, supplemented with 20 mM gluconate, as the principal carbon source in 

the intestine as described in Bleibtreu et al. (2013). Pre-cultures of the resistant variant and wild-type 

strain were diluted 1:100 into 100 µL of prewarmed media placed in 96-well microtiter plates. These 

plates were sealed (under anaerobic conditions for LB-DYP and M9-Gluconate growth curves) with a 

polyester impermeable film (VWR) and incubated under static conditions at 37 °C for 24 hours. Samples 

were taken at preset intervals, adequately diluted in buffered peptone water (Oxoid), and plated in 

tryptic soy agar (Oxoid) supplemented with 0.6 % w/v yeast extract (Oxoid, TSA-YE). 

 These plates were incubated for 24 h at 37 °C and then manually counted. Growth curves were 

constructed by plotting the decimal logarithm of the number of Salmonella versus time under the 

different conditions assayed. Each point in the growth curve corresponds to the average value of all 

samples analyzed (at least three replicates). The curves obtained were fitted with the Baranyi and 

Roberts model (Baranyi and Roberts, 2000): 

𝑌𝑡  =  𝑌0 + 𝜇𝑚𝑎𝑥 · 𝐴𝑡 −
𝑌𝑚𝑎𝑥 − 𝑌0

𝑀
· 𝑙𝑛 [1 − 𝑒−𝑀 + (𝑒−𝑀 ·

𝑌𝑚𝑎𝑥 − 𝑌0 − 𝜇𝑚𝑎𝑥 · 𝐴𝑡

𝑌𝑚𝑎𝑥 − 𝑌0

)] Eq. 4 

𝐴𝑡 = 𝑡 − 𝜆 · [1 −
1

ℎ0

· 𝑙𝑛 (1 − 𝑒−ℎ0·
𝑡
𝜆 + 𝑒−ℎ0·(

𝑡
𝜆

−1))] Eq. 5 

where Yt is the Log10 of cell concentration at time t (CFU/mL); Y0 is the Log10 of the initial cell 

concentration (CFU/mL); Ymax is the Log10 of maximum cell concentration (CFU/mL); μmax is the 

maximum growth rate (Log10/h); λ is the lag phase (h); and M and h0 are curvature parameters, taking 

them as constant values, and with both set at a value of 10. Curve fitting was carried out using GraphPad 

PRISM® (GraphPad Software, San Diego, CA, USA) statistical software. 

2.4 Virulence assays 

2.4.1 Caco-2 cell maintenance and preparation 

The human colon carcinoma Caco-2 cell line (TC7 clone) was kindly provided by Dr. Edith Brot-

Laroche (Université Pierre et Marie Curie-Paris 6, UMR S 872, Les Cordeliers, France) at Passage 25 and 

used in experiments at Passage 30-35. Cells were maintained at 37 °C in a humidified atmosphere 

containing 5% CO2 in 75 cm2 flasks. Cells were grown in Dulbecco’s Modified Eagle’s Medium + Gluta-

MAX™ (DMEM, Invitrogen, France) supplemented with 10% Fetal Bovine Serum (FBS, Invitrogen, 

France), 1 % Minimal Essential Medium with Non-Essential Amino Acids (MEM NEAA 100X, 

Invitrogen, France), and 1% antibiotics (penicillin/streptomycin, Invitrogen). Once the cells reached 80% 

confluence, they were dissociated with 0.05% Trypsin-1 mM EDTA (Invitrogen) and seeded at a density 

of approximately 15,000 cells per well in 96-well tissue culture plates (Nunc, France) containing 200 µL 

of complete medium per well. Plates were incubated in humidified atmosphere containing 5% CO2 at 

37 °C for 15-17 days to attain fully differentiated cell layers. Culture medium was replaced every 2 days, 

and cell confluence was confirmed by optical microscopy. 
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2.4.2 Adhesion and invasion in Caco-2 cells 

Prior to use for virulence assays, cell layers were washed three times in DPBS (Dulbecco’s 

Phosphate Buffered Saline); 200 µL of complete medium without antibiotics were added. For adhesion 

assay, suspensions of different Salmonella strains were added at an initial concentration of 106 cells/mL 

on washed Caco-2 cells. Cells were incubated with bacteria for 30 min in humidified atmosphere 

containing 5% CO2 at 37 °C. After incubation, non-adhered bacteria were removed by washing the cell 

cultures twice with DPBS, and the cell layers were lysed with 0.1% (v/v) Triton X-100 for 10 min. These 

lysates were adequately diluted and then plated in Xylose Lysine Desoxycholate Agar (XLD, Oxoid). 

These plates were incubated at 37 °C for 24 h before being manually counted. For invasion assays, 

bacterial inoculation was performed as described for the adhesion assay, and plates were maintained in 

5% CO2 at 37 °C for 30 min. The infected cells were washed twice with DPBS, after which they were 

maintained during 1 hour in DMEM containing 100 μg/mL of gentamicin (Sigma-Aldrich Chemie 

GmbH, Buchs, Switzerland) per well to inactivate extracellular bacteria. After incubation, cell layers 

were lysed with 0.1% (v/v) Triton X-100 for 10 min. Lysates were processed for determination of 

Salmonella counts as described above. The adhesion and invasion rates were calculated as percentages 

of adhered or invading bacteria to initial bacteria added. 

2.5 Biofilm formation ability assay 

Biofilm formation ability was evaluated in a 96-well microtiter plate by adapting the protocol of 

Patel and Sharma (2010). Briefly, overnight pre-cultures of both Salmonella strains were diluted 1:100 in 

100 µL TSB-YE media in wells of a sterile 96-well polystyrene microtiter plate (Fisher Scientific, Newark, 

DE) and incubated under static conditions at 37 °C. After 24, 48 and 72 h incubation in microplate 

culture, media was completely removed, and the wells were washed three times by immersing the plate 

in sterile distilled water tempered to 37 °C. The plates were air-dried for 30 min, and 125 µL crystal 

violet solution (0.1% w/v, Fisher Scientific) was added per well and incubated at room temperature 

during 20 minutes. Crystal violet solution was removed by washing as indicated above. To quantify 

biofilm formation, 125 µL of acetic acid (30% v/v) were added to each well, and the absorbance of each 

well at 580 nm was measured (Genios, Tecan, Männedorf, Switzerland). Thus, the concentration of 

crystal violet remaining in each well is proportional to the number of biofilm forming cells. For each 

replicate experiment, four wells were inoculated for each strain. In order to establish meaningful 

comparisons the area under the curve (AUC) was calculated as described in Espina et al. (2015)). Briefly, 

the absorbance at 580 nm vs time (up to 72 hours; with measurements every 24 hours) was plotted for 

each strain and the AUC values were calculated using GraphPad software and following the trapezoid 

rule, where the total area is the sum of all rectangular trapezoids, each defined by two adjacent 

absorbance values with respect to the ground (in the y axis) and the time between those measurements 

(in the x axis). The formula we applied was: 

𝐴𝑈𝐶 =  ∑
𝑥𝑖 · (𝑦𝑖 + 𝑦𝑖+1)

2

𝑛−1

𝑖=1

Eq. 6 

where xi is the time between measurements in hours, yi is the absorbance value at 580 nm for each 

measurement, and n is the total number of measurements. 

2.6 Congo Red (CR) assay 

Cells from a culture in TSB-YE were inoculated into low salt Luria agar plates (tryptone 10 g/L, 

yeast extract 5 g/L, technical agar 12 g/L) containing 0.001% Congo Red. Plates were inoculated with 1 

µL of pre-cultures and incubated at 37°C for up to 5 d and their colony morphologies were observed. 

2.7 Quantification of catalase activity 

The catalase activity of each strain was quantified as described in Iwase et al. (2013). Each bacterial 

suspension (100 µL) was added in a Pyrex tube (13 mm diameter x 100 mm height, borosilicate glass; 
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Corning, USA). Subsequently, 100 µL of 1% Triton X-100 and 100 µL of undiluted hydrogen peroxide 

(30%) were added to the solutions and mixed thoroughly and were then incubated at room temperature. 

Following completion of the reaction, the height of O2 forming foam that remained constant for 15 min 

in the test tube was finally measured using a ruler. 

2.8 Quantification of glycogen levels 

The glycogen levels of each strain was quantified by adapting the protocol of Iwase et al. (2018). 

Bacteria were cultured for 24 h at 37 °C on Kornberg agar (1.1% K2HPO4, 0.85% KH2PO4, 0.6% yeast 

extract, 1.5% agar, and 1% glucose) (Govons et al., 1969). Bacterial colonies on agar plates were 

harvested in 500 μL Phosphate Buffered Saline (Oxoid; PBS) and heated at 95 °C for 15 min for enzyme 

denaturation. Following heat treatment, cells were lysed with 0.1 mm glass beads in a bead-beater 

instrument (BioSpec product, Oklahoma, USA) and then centrifuged at 10,000xg at 4 °C for 30 min to 

remove bacterial debris. The resulting supernatants were further filtered to obtain clarified samples 

using a 13-mm polypropylene 0.20 μm filter (Asahi Glass Co., Ltd., Japan). Iodine solution (3 μL) was 

added to the filtered supernatants (100 μL) and absorbance was measured at 492 nm using a 

spectrophotometer (BMG Labteck, Ortenberg, Alemania; CLARIOstar®). Before measuring glycogen 

levels, 1 μL of 1 M HCl was added to the sample solutions because alkaline samples are colorless. 

2.9 Whole genome sequencing (WGS) and identification of mutations 

The total genomic DNA (gDNA) from PEF-resistant variant (SL1344-RS) and parental S. 

Typhimurium SL1344 was extracted using a DNeasy Tissue kit (Qiagen, Hilden, Germany) according 

to the manufacturer’s protocol.  

The genomes of the resistant variant and parental strain investigated were sequenced by the 

company STAB VIDA (Portugal) in an Illumina Hiseq 4000 platform, using 150bp paired-end. The 

resulting reads were then subjected to a trimming process using the CLC Genomic Workbench version 

12.0. The quality of the produced data was determined by Phred quality score at each cycle using the 

FastQC program (v3.4.1.1) (Andrews, 2010). Then, the high quality sequencing reads were mapped 

(length and similarity fractions of 0.8 each) against the Salmonella enterica subsp. enterica serovar 

Typhimurium SL1344 reference genome (Kröger et al., 2012). After the mapping, a variant calling 

algorithm was applied to detect the variants that satisfy the requirements specified by the following 

filters: minimum Frequency = 35%, minimum Quality (Phred) = 20, minimum coverage = 20, minimum 

count = 5 and direction filtering. Detection of Insertions and Deletions was also performed by means of 

a InDels detection tool using the following criteria: minimum number of reads = 5 and P-value threshold 

= 0.0001. 

2.10 RNA extraction and cDNA synthesis 

RNA of PEF-resistant variant (SL1344-RS) and parental S. Typhimurium SL1344 strain was isolated 

by phenol-chloroform extraction with a subsequent cleanup procedure using the RNeasy Mini Kit 

(Qiagen) (Atshan et al., 2012). Cells were pelleted by centrifugation at 8000×g for 3 min in a 4 °C 

refrigerated centrifuge. The pellet was re-suspended in 100 μL of RNase free water. The tube was 

vigorously vortexed for 3 min and 100 μL of acid phenol was added with chloroform (1:1). It was 

vortexed for 1 min and incubated at 70 °C for 30 min. The vortex process was repeated periodically 

every 5 min. Subsequently, the tube was centrifuged at 12,000×g for 10 min and 100 μL from the aqueous 

(top only) phase was transferred into a new tube. Seven hundred microliters of lysis buffer were added 

into the aqueous phase and the subsequent steps were done according to the manufacturer's protocol 

of RNeasy Mini Kit (Quiagen). The samples, once purified, were treated with DNase to remove residual 

DNA using the Rapidout Removal Kit (Thermo Fisher Scientific, Massachusetts, USA), also following 

the manufacturer's instructions and extracted RNA samples were frozen at −80 °C until complementary 

DNA (cDNA) synthesis.  

The RNA previously isolated was converted to cDNA using the Superscript IV Reverse 

Transcriptase kit (Invitrogen, Carlsbad, USA) using random hexamer primers following the protocol 
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described by the manufacturer. Once the cDNA was obtained, it was stored at -80 °C until RNAseq and 

qPCR assays were carried out. 

2.11 RNA sequencing (RNA-seq) 

RNAseq assays were performed by the company STAB VIDA (Portugal) in an Illumina Novaseq 

platform, using 150bp paired-end. The library construction of cDNA molecules was carried out using a 

Ribosomal Depletion Library Preparation Kit. After the sequenciation, the high quality sequencing 

reads were mapped (length and similarity fractions of 0.8 each) against the Salmonella enterica subsp. 

enterica serovar Typhimurium SL1344 reference genome (GenBank: Accession No. FQ312003.1) (Kröger 

et al., 2012) and analyzed using CLC Genomics Workbench 12.0.3. Gene expression was normalized by 

calculating reads per kilobase per million mapped reads (RKPM), given by dividing the total number 

of reads by the number of mapped reads (in millions) x the length in kilobases (Mortazavi et al., 2008). 

Differential expression analysis (parental vs SL1344-RS) was carried out using a multi-factorial statistical 

analysis tool based on a negative binomial model that uses a generalized linear model approach 

influenced by the multi-factorial EdgeR method (Robinson et al., 2010). The differentially expressed 

genes were filtered using standard conditions (Fold change (≥ 2 or ≤ -2 and FDR p-Value ≤ 0.05) (Raza 

and Mishra, 2012; van Iterson et al., 2010). Further control of the Family-Wise Error Rate (FWER, false 

positives) was carried out by applying the Bonferroni corrections (p <0.05). 

2.12 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 

Then, expression of three RpoS-dependent genes (katE, katN and otsB) of SL1344-RS and the 

parental strain was determined using Quantitative Reverse Transcriptase PCR (qRT-PCR). rpoZ was 

used as a reference gene for qPCR normalization (Lévi-Meyrueis et al., 2014). 

qPCR amplification was performed using the GoTaq qPCR Master Mix (Promega, Madison, USA) 

and the primers described in Table 1. The qPCR assays were carried out with a CFX Connect Real-Time 

System (Bio-Rad Laboratories, Hercules, USA) using a protocol with 5 min at 94 °C for GoTaq enzyme 

activation, followed by 44 cycles of 94 °C for 10 s and 40 s at temperature of 55 °C for annealing, 

elongation and fluorescence data acquisition. A melting curve between 65 °C and 90 °C was obtained 

after the last amplification cycle, and at a temperature transition rate of 0.5 °C/s. All amplification 

reactions were run in triplicate. 

The mRNA levels for the genes of interest were quantified from the Ct value, which is the PCR 

cycle number that generated a common signal for each gene in the exponential phase of amplification. 

To correct for sampling errors, the levels of expression of each gene, as determined from their Ct values, 

were normalized to the level of rpoZ gene. The relative expression of the genes investigated in each 

resistant variant was compared to that for parental cells and the fold-change in transcription was 

calculated using 2-ΔΔCt (Pfaffl, 2001). 

Table 1. Primer sequences used in Real-Time PCR to quantify the expression of RpoS-dependent genes. 

Gene target Forward primer (5’ -to-  3’) Reverse primer (5’ -to- 3’) 

rpoZ CGAAGAAGGTCTGATTAAC GACGACCTTCAGCAATA 

katE GGCGTCTGTTCTCTTAT CTGGAAGTTATGGTAGGG 

katN TGAGTCATCTGGAAATTAT CGATAAAGTTCCGCTTC 

otsB TTAACCGTATCCCCCGAACTC CCGCGAGACGGTCTAACAAC 

2.13 Statistical analysis 

All the determinations were carried out in triplicate on different working days. Standard deviations 

(SD) and statistical analyses (ANOVA and Tukey tests; p-value < 0.05) were calculated using GraphPad 
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PRISM® statistical software (GraphPad Prism version 8.00 for Windows, GraphPad Software, San Diego, 

California, USA). 

3. Results

3.1 Genetic characterization of the PEF-resistant variant 

First, a WGS analysis of strain SL1344-RS was performed to identify the genetic changes 

responsible for the phenotypic changes observed by Sagarzazu et al. (2013). In parallel, the parental 

strain was also sequenced. This allowed us to identify 4 SNVs when comparing our parental strain with 

the reference genome of this same strain (GenBank: Accession No. FQ312003.1) (Kröger et al., 2012). 

These SNVs are listed in Table S1. 

Then we compared the genomes of strains SL1344 and SL1344-RS, and, as can be observed in 

Table 2, two SNVs were found. 

Table 2. Mutations identified in the S. Typhimurium SL1344-RS strain (as compared to our S. Typhimurium SL1344 

strain) by whole genome sequencing (WGS). All detected mutations were single nucleotide variations (SNV). 

Region Genes Locus tag 
Mutation 

type 

Amino acid 

change 
Description 

1805904 hnr SL1344_1684 c.902T>C Leu301Pro 
hypothetical regulatory 

protein 

3284620 yggW SL1344_3079 c.804T>C No change 

possible oxygen-

independent 

coproporphyrinogen III 

oxidase 

The first SNV was found in the hnr gene at position 902 bp, resulting in the substitution of a Leucine 

(Leu) by a Proline (Pro). This protein regulates the turnover of the alternative sigma factor σS (RpoS) by 

promoting its proteolysis (Zhou and Gottesman, 1998), and it also controls which mRNAs are destroyed 

by stimulating polyadenylation (Carabetta et al., 2009). RpoS is regarded as the master regulator of the 

general stress response in many Gram-negative bacteria, including Salmonella (Battesti et al., 2011; 

Hengge, 2011; Lago et al., 2017; Österberg et al., 2011). Therefore, any change in hnr has the potential to 

affect its RpoS activity and consequently, the stress resistance of Salmonella Typhimurium cells. Given 

the fact that this variant displayed a higher resistance to different stresses it was already speculated in 

Sagarzazu et al. (2013) that this might be linked to an increased RpoS activity, something that, as will be 

described below, has been verified though transcriptomic and phenotypic assays. 

The second SNV was a reversion of a mutation found when comparing the genome of the parental 

strain, S. Typhimurium SL1344, with that of the reference strain in yggW gene at position 804 bp, 

resulting a silent mutation. YggW also named HemW in E. coli, although its function is poorly 

understood, it probably acts as a heme chaperone (Haskamp et al., 2018). Since this variant was isolated 

almost ten years ago but WGS sequencing was carried out in fresh cultures in 2020 and the parental 

strain is extensively used in our lab it cannot be excluded that, instead of a reversion, this difference 

between the parental and the PEF resistant strain would be due to the fact that this variant was isolated 

from a culture of the parental strain that did not harbor this mutation. In any case, it should be noted 

that, since this was a silent mutation no phenotypic change would be associated to it and, therefore, the 

changes observed would be solely linked to the mutation observed in hnr.  

3.2 Comparative global gene expression analysis (RNAseq) 

In order to determine the impact of the genetic changes observed on Salmonella physiology and get 

a deeper insight into the mechanisms leading to its increased stress resistance we studied and compared 

the transcriptomes of the parental and the PEF-resistant variant using RNA-sequencing. Using this 
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approach, we identified a total of 147 genes differentially expressed in the parental strain and the PEF-

resistant variant (p <0.05), of which 22 were highly significant (p <0.001). After applying the Bonferroni 

correction factor -which, despite reducing the number of true discoveries, reduces the number of false 

positives- 6 genes showed differential expression levels (>2 fold, p <0.05) when comparing the parental 

and the PEF-resistant variant (Table 3). 

Table 3. Genes differential expression levels (>2 fold, p <0.05) in the parental strain, S. Typhimurium SL1344, and 

the PEF-resistant variant. 

Gene Fold change RpoS-dependent Reference 

SL1344_1197 (YhjQ) 30.50 Yes* Dong (2010) 

SL1344_1443 (YmdF) 154.31 Yes Oguri et al. (2019) 

yciF 91.61 Yes Beraud et al. (2010) 

yciE 204.80 Yes Beraud et al. (2010) 

katN 159.04 Yes Beraud et al. (2010) 

zraP -19.37 - Appia-Ayme et al. (2012) 

*In E. Coli

Among these 6 genes 5 of them were up-regulated in the PEF-resistant variant, and one of them 

was down-regulated. In addition, 5 of them have been shown to be RpoS-dependent. These results 

strongly suggest that the mutation found resulted in a decrease in hnr-dependent RpoS proteolysis and 

indicate that this PEF resistant variant would have an increased RpoS activity. 

3.3 qRT-PCR analysis of RpoS activity 

In order to verify the results obtained by RNAseq the expression of three well-known RpoS-

regulated genes was quantified and used as reporters of their activity: katE, katN and otsB by qRT-PCR. 

The katE gene, encoding the HPII catalase, and katN gene, encoding a non-haem catalase, both are 

considered to be RpoS-dependent in Salmonella (Chen et al., 1996; Ibañez-Ruiz et al., 2000; Robbe-Saule 

et al., 2001), and they also contribute to the prevention of oxidative stress (Visick and Clarke, 1997). 

RpoS is likewise involved in the transcription of the otsBA operon in S. Typhimurium (Balaji et al., 2005; 

Lévi-Meyrueis et al., 2014), which plays an important role in countering osmotic stress via regulation of 

the trehalose synthesis. Under high-osmolarity conditions, trehalose serves as an osmoprotectant. 

Figure 1 shows the relative expression of the three genes studied (2-ΔΔCt) in the PEF-resistant variant 

as compared to the parental strain. As can be observed in the graph the three RpoS-regulated genes 

were overexpressed in PEF-resistant variant, especially ostb gene, confirming the results obtained by 

RNAseq. 

Figure 1. Relative expression of the three genes studied (2-ΔΔCt) in the PEF-resistant variant as compared to the 

parental strain. Error bars correspond to the standard deviation of the means and the asterisk (*) indicates 

statistically significant differences (p <0.05) between the parental and the variant. 
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3.4 Measurement of catalase activity and glycogen levels 

RpoS activity is usually indirectly determined by measuring the enzymatic activity of HPII, which 

catalyzes the dismutation of hydrogen peroxide to water and oxygen, the glycogen levels of Salmonella 

cells (Iwase et al., 2018; Schellhorn, 1995; Tanaka et al., 1997) and also using the  dye  Congo  red (CR) 

to develop the typical rdar morphotype (Robbe-Saule et al., 2006). Catalase activity was measured by 

quantifying the trapped oxygen gas, which is visualized as foam. The height of the foam generated by 

the oxygen gas produced by the catalase-hydrogen peroxide reaction in test tubes is shown in Figure 2. 

As can be observed the PEF-resistant variant showed a higher foam height (p <0.05) than the parental 

strain, 10.33 ± 1.528 and 5.67 ± 0.577, respectively. Conversely, we did not observe significant differences 

in the glycogen levels or visual ones in Congo red staining. Although these two later results might 

suggest that no differences in RpoS activity would exist between the strains it should be noted that these 

techniques are especially useful for distinguishing RpoS positive and negative (absence or very low 

expression) phenotypes and the parental strain already exhibited a RpoS positive phenotype. Therefore, 

it is reasonable to hypothesize that the absence of differences would be probably due to the inability of 

these two techniques to distinguish between the different levels of RpoS activity in these strains and not 

because these differences did not really exist (as all the other results obtained in this work clearly 

indicate). 

Figure 2. The height of foam generated after mixing catalase, Triton X-100, and H2O2 following the methodology 

described in material and methods of S. Typhimurium SL1344 (SL1344) and PEF-resistant variant (SL1344-RS). 

Letters indicate statistically significant differences (p <0.05) and error bars represent the standard deviations. 

3.4 Further characterization of the stress resistance of S. Typhimurium SL1344-RS 

In the paper in which its isolation was reported, the resistant variant SL1344-RS showed the same 

heat resistance as the parental strain. However, survival in acidic pH, and most especially in hydrogen 

peroxide and ethanol was increased in this resistant variant (Sagarzazu et al., 2013). In this study, we 

investigated whether the PEF resistant variant was also more tolerant to other technologies or agents. 

The resistance to osmotic stress, high hydrostatic pressure and UV-C of the SL1344-RS strain was 

determined and compared with that of the parental strain, S. Typhimurium SL1344 (SL1344) as 

described Guillén et al. (2020). Survival curves were obtained by plotting the logarithm of the survival 

fraction versus treatment time, and then, the non-linear Geeraerd model (Geeraerd et al., 2000) was used 

to calculate the corresponding resistance parameters (N0; Sl; Kmax, Nres). The mean values obtained for 

these parameters and their standard deviation, together with the goodness-of-fit parameters, are 

included in Table S2. The traditional decimal reduction time (D) value of each survival curve was 

calculated from its corresponding Kmax (Eq. 3). It was decided to use the 2D-value parameter (time 

required to inactivate the first 2 Log10 cycles) to establish meaningful comparisons between S. 

Typhimurium SL1344 and PEF-resistant variant SL1344-RS, as described in Guillén et al. (2020). 
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Figure 3. 2D-values of the parental S. Typhimurium SL1344 (SL1344) and PEF-resistant variant (SL1344-RS) to 

sodium chloride (30% w/v, A), to high hydrostatic pressure (300 MPa, B) and to UV-C (0.47 mW/cm2, C). Letters 

indicate statistically significant differences (p <0.05) and error bars represent the standard deviations. 

As can be deduced from Figure 3, the SL1344-RS variant showed a higher tolerance to osmotic 

medium (12.90 ± 0.252 vs 9.12 ± 0.468 h) and UV-C (74.02 ± 2.749 vs 66.51 ± 0.431 s) (p <0.05), but no 

significant differences (p >0.05) in HHP resistance were found among the two strains. Thus, this PEF 

resistant variant would not only be more PEF, acid, hydrogen peroxide and ethanol resistant but also 

more osmotic and UV-C resistant than the parental one. This seems reasonable considering the role of 

RpoS as a master regulator of the general stress response in Salmonella and the fact that RpoS has already 

been shown to be essential for optimal desiccation, starvation, and acid tolerance in this microorganism 

(Lee et al., 1995; Loewen et al., 1998). The role of RpoS on Salmonella UV-C and PEF resistance has not 

been explored yet, but results here obtained suggest that RpoS expression/activity might contribute to 

increase Salmonella resistance to these agents. On the other hand, it is not surprising that the two agents 

to which no change in resistance was observed were heat and HHP since they share various cellular 

targets and that there is a substantial overlap in the microbial responses to these agents (Cebrián et al., 

2016b). In any case, it should be noted that these results do not directly imply that RpoS activity does 

not influence the resistance of Salmonella to these technologies, since results obtained here might be also 

explained by the fact that the change in RpoS activity required to induce significant changes in resistance 

to them might be higher than that existing between these two strains or because, once an RpoS activity 

threshold is reached, subsequent increases would not have any effect on heat and HHP resistance. Even 

more, other potential explanations cannot be discarded. 

Further work would be required to fully elucidate the role of RpoS in Salmonella resistance to all 

these agents but specially against UV-C and PEF. Similarly, new experiments will be required in order 

to determine what member/s of the rpoS regulon is/are responsible for the increase in resistance to each 

of these agents. 

3.5 Characterization of S. Typhimurium SL1344 resistant to pulsed electric fields growth rates in different media 

Growth curves of SL1344-RS and the parental strain were obtained in three different media: in TSB-

YE, a nutrient-rich medium, LB medium with iron limitation caused by the addition of DPY, and a 

minimal medium containing gluconate as the sole carbon source. The selection of this growth media 

has been previously discussed in Guillén et al. (2022). The µmax (Log10/h) values calculated in the three 

growth media for SL1344 and SL1344-RS are shown in Figure 3 and growth parameters and goodness 

of the fit parameters are included in Supplementary Table S3. None of the strains displayed a 

statistically significant Lag phase (h) (different from 0; p > 0.05) in any of the three media tested and 

significant differences between the strains were only found in M9-Gluconate, 0.618 ± 0.030 vs 0.533 ± 

0.024 (p <0.05), which is the poorest/more restrictive medium. In LB-DYP, the growth parameters were 

similar, 0.681 ± 0.057 Log10/h for SL1344-RS and 0.692 ± 0.049 Log10/h.  
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Figure 4. Maximum growth rates (µmax (Log10/h)) of S. Typhimurium SL1344 (SL1344, black) and PEF-resistant 

variant (SL1344-RS, orange), in TSB-YE, LB supplemented with 100 µM 2-2’dipyridyl (DPY) and M9-broth 

supplemented with 20 mM gluconate at 37 °C. Error bars correspond to the standard deviation of the means. 

These results are consistent with that reported for E. coli and S. Typhi, microorganisms in which it 

has been observed that cells with a reduced RpoS activity can grow better in media with low levels of 

nutrients, and also seem to possess an advantage in competitive colonization of the intestine (Altuvia et 

al., 1994; Krogfelt et al., 2000; Sabbagh et al., 2010). In any case it should be noted that the differences in 

growth rate were lower than a 15%, indicating that the cost of the acquisition of resistance for strain 

SL1344-RS was not very large (although it should also be noted that the increase in resistance was also 

quite limited). 

3.6 Characterization of virulence capacity of S. Typhimurium SL1344 resistant to pulsed electric fields 

The virulence capacity of the parental and stress resistant variant was evaluated by determining 

the percentage of cells capable to adhere and invade Caco-2 cells (Figure 5). Results obtained indicate 

that the PEF-resistant strain, SL1344-RS, displayed a higher adhesion capacity to Caco-2 cells than the 

parental strain, SL1344, 5.21 vs 2.00%, respectively but no significant differences in invasion ability 

between them were observed (0.19 vs 0.12%; p >0.05). In any case, given the high variability of these 

assays (already discussed in (Mellor et al., 2009)) these conclusions should be taken with care. 

Figure 5. Adhesion (A) and invasion (B) capacity to Caco-2 cells of S. Typhimurium SL1344 (SL1344) and PEF-

resistant variant (SL1344-RS). Letters indicate statistically significant differences (p <0.05) and error bars represent 

the standard deviations. 

These apparently contradictory results would be probably related to the very complex the role that 

RpoS has on Salmonella virulence (Guillén et al., 2021). Thus, RpoS seems to reduce the expression of 

some virulence factors while inducing other ones and, therefore, depending on the particular 

phenotypical trait and the level of expression/activity the outcome might be completely different. 
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3.7 Static biofilm formation ability 

Finally, the results of the static biofilm formation assay are shown in Figure 6. It should be noted 

that, in order to establish meaningful comparisons, the AUC values calculated as described in materials 

and methods were compared. Biofilm formation capacity was not altered by the development of PEF 

resistance in SL1344-RS, since no statistically significant differences (p >0.05) were found between the 

resistant variant and the parental strain, 2.56 ± 1.125 and 2.29 ± 0.799, respectively. RpoS plays an 

important role in biofilm formation by regulating the central regulator CsgD (Simm et al., 2014), 

nevertheless it has also been shown that CsgD regulation is serovar-specific and may be partially 

independent of RpoS, since other sigma factors can maintain a low level of biofilm formation after 

removing RpoS (Feng et al., 2020; Römling et al., 2003). This contrasts with the high adhesion capacity 

to Caco-2 cells shown by SL1344-RS, however, despite being analogous processes, the surface 

characteristics and structures/ metabolic pathways involved are not the same (although some are 

involved in both phenomena) (Peng, 2016). 

Figure 6. Biofilm-forming ability of S. Typhimurium SL1344 (SL1344) and PEF-resistant variant (SL1344-RS). Values 

correspond to the Area under the Curve calculated as described in Material and Methods. Letters indicate 

statistically significant differences (p <0.05) and error bars represent the standard deviations. 

4. Conclusions

Results obtained in this work indicate that the increased PEF resistance of the S. Typhimurium 

PEF-resistant variant SL1344-RS would be due to an increased RpoS activity, caused by a mutation in 

the hnr gene. This increased RpoS activity also resulted in an increased resistance to multiple stresses 

(acid, osmotic, oxidative, ethanol and UV-C but not for heat and HHP), a decreased growth rate in M9-

gluconate (but not in TSB-YE or LB-DPY) and an increased adhesion ability to Caco-2 cells (but without 

significant changes in the invasion ability). This work significantly contributes to understand the 

mechanisms of stress resistance development in Salmonellae and point out the crucial role that RpoS 

plays in this process. Further work should also be done to precisely determine if this PEF-resistant 

variant has a higher, equal or lower risk associated than the parental strain in different scenarios given 

the fact that its increase in stress resistance had a fitness cost (at least in M9-gluconate media, which is 

was designed to resemble conditions in the gut). 
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Table S1. Genetic variations detected by whole genome sequencing (WGS) between S. Typhimurium 

SL1344 and the reference genome of Salmonella enterica subsp. enterica serovar Typhimurium SL1344 

(GenBank: Accession No. FQ312003.1). All detected mutations were single nucleotide variation (SNV). 

Region Genes Locus tag 
Mutation 

Type 

Aminoacid 

Change 
Description 

2411272 menC SL1344_2275 c.444A>G No coding 
O-succinylbenzoate

synthase 

3284620 yggW SL1344_3079 c.804T>C No change 

possible oxygen-

independent 

coproporphyrinogen III 

oxidase 

3611524 rpsN SL1344_3394 c.89A>G Asn30Ser 
30S ribosomal subunit 

protein S14 

4850544 SL1344_4501 SL1344_4501 c.400T>C Phe134Leu 
hypothetical outer 

membrane protein 

Table S2. Resistance (Kmax. Sl and Nres) and goodness of the fit (R2, RMSE) parameters calculated after 

fitting the survival curves to the osmotic stress, high hydrostatic pressure and UV-C treatments 

investigated of S. Typhimurium resistant to PEF and the parental strain to the Geeraerd’s model. Values 

in parentheses represent the SD of the means. 

NaCl HHP UV-C 

SL1344 SL1344-RS SL1344 SL1344-RS SL1344 SL1344-RS 

Kmax (h-1) 0.523 (0.032) 0.392 (0.013) Kmax (min-1) 0.522 (0.027) 0.451 (0.046) Kmax (s-1) 0.070 (0.002) 0.076 (0.020) 

Sl (h) - - Sl (min) - - Sl (s) 1.12 (1.940) 11.28 (15.921) 

Nres (CFU/mL) 4.28 (0.313) 4.53 (0.067) Nres (CFU/mL) - - Nres (CFU/mL) - - 

R2 0.97 - 0.99 0.97 - 0.98 R2 0.94 - 0.98 0.99 - 0.99 R2 0.95 - 0.96 0.99 - 1.00 

RMSE 0.106 - 0.160 0.139 - 0.209 RMSE 0.177 - 0.316 0.096 - 0.132 RMSE 0.398 - 0.413 0.106 - 0.203 
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Table S3. Growth parameters (Y0, Ymax. λ and μmax) and goodness of the fit (R2, RMSE) calculated with 

the Baranyi and Roberts model of of S. Typhimurium resistant to PEF and the parental growth in TSB-

YE, LB supplemented with 100 µM 2-2’dipyridyl and M9-broth, supplemented with 20 mM gluconate. 

Values presented correspond to the mean and SD of the means (in parentheses). 

TSB-YE LB-DYP M9-Glu 

SL1344 SL1344-RS SL1344 SL1344-RS SL1344 SL1344-RS 

Y0 (Log(CFU/mL)) 6.16 (0.117) 6.12 (0.049) 6.21 (0.067) 6.04 (0.066) 6.12 (0.017) 6.02 (0.034) 

µmax (h-1) 1.012 (0.082) 0.914 (0.017) 0.692 (0.049) 0.681 (0.057) 0.618 (0.030) 0.534 (0.025) 

Lag (h) - - - - - - 

Ymax (Log(CFU/mL)) 8.97 (0.016) 8.95 (0.011) 8.77 (0.071) 8.56 (0.068) 7.90 (0.104) 8.09 (0.393) 

R2 0.98 - 1.00 0.99 - 0.99 0.93 - 1.00 0.98 - 0.99 0.99 - 1.00 0.99 - 0.99 

RMSE 0.058 - 0.100 0.053 - 0.089 0.044 - 0.255 0.048 - 0.082 0.021 - 0.070 0.035 - 0.061 
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Abstract: In this study, resistant variants of Salmonella enterica serovar Typhimurium 

SL1344 to different stressors were selected. In addition, a genetic and phenotypic study 

was performed to explore the mechanisms underlying the acquisition of resistance. 

We isolated 4 variants with increased stable resistance to acid, osmotic, high 

hydrostatic pressure (HHP) and Ultraviolet-C light (UV-C) after repeated rounds of 

these agents and outgrowth of survivors, and a PEF-resistant variant (SL1344-RS) 

isolated by Sagarzazu et al. (2013) was also included in the analysis. The results 

indicated that the isolated variants showed resistance to at least one agent, other than 

the selective one. This increased resistance, in general terms, had a fitness cost in 

growth, and had a variable impact on virulence (much greater and significant in 

adhesion than in invasion). The WGS analysis permitted us to identify the genetic 

changes, and revealed that in 3 of the 5 variants (including SL1344-RS) a mutation was 

found in hnr gene, an anti-sigma factor that promotes RpoS proteolysis and hence the 

expression of several rpoS-regulated genes was quantified. This increase in RpoS 

activity would explain the lower growth rates observed in these 3 variants, as it would 

lead to increased transcription of genes involved in growth arrest and resistance to 

various types of stress. However, our results indicate that a direct relationship between 

RpoS activity and stress resistance would not exist within Salmonellae with the 

exceptions of PEF and, maybe, NaCl resistance where RpoS activity could play a major 

role. 

Keywords: foodborne pathogen, rpoS, WGS, stress resistance, growth fitness, virulence 

1. Introduction

Salmonella are the second most frequent zoonotic agent in the European Union and the United 

States (EFSA, 2021; Marder, et al., 2018), and are now considered a pathogenic reemerging pathogen 

(De Cesare, 2018). In Europe, about 88,000 confirmed cases of salmonellosis in humans were reported 

in 2019, with the cost of salmonellosis estimated at more than €3 billion annually (EFSA, 2021; Havelaar, 

2011). The microorganisms of the genus Salmonella are a successful example of evolution and adaptation 

to different niches and hosts. The emergence of variants and the generation of population heterogeneity 

are factors that may contribute to the survival and adaptive capacity of Salmonella. In fact, these 

emerging resistant variants constitute an excellent model to deepen the understanding of mechanisms 

involved in cell survival and resistance to the different technologies and stressors. There are several 

approaches to obtain such variants with stable tolerance, either after several cycles of treatment and 
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growth of survivors (Karatzas et al., 2008; Sagarzazu et al., 2013), or after a single stressor treatment or 

food processing technology (Karatzas and Bennik, 2002; Metselaar et al., 2013). 

The ability of Salmonella cells to resist and adapt to adverse conditions is one of the main 

characteristics that have made this microorganism such a relevant health hazard, but the impact of these 

resistance responses on other aspects of Salmonella physiology, such as virulence and growth fitness, is 

much less well known (Guillén et al., 2021). In Guillén et al. (2021), the impact to the resistance responses 

to stress conditions encountered in food and food processing environments of stable variants exerts on 

different aspects of non-typhoidal Salmonellae physiology, with special emphasis on virulence and 

growth fitness was reviewed. Nevertheless, further studies are needed to characterize the phenotype of 

these variants to understand the variability of pathogen populations and the impact of stress resistance 

on the overall phenotype, as for some food technologies or agents there is insufficient information. And 

also, the emergence of variants with increased resistance to food processing technologies may have 

important implications for the application of such technology in the food industry. Therefore, genetic 

and physiological studies to characterize emerging variants would greatly facilitate the design of 

efficient processes for industrial applications. 

In previous work, a Pulsed Electric Field (PEF)-resistant variant of Salmonella Typhimurium SL1344 

(SL1344-RS) was obtained after repeated rounds of PEF treatment and outgrowth of survivors 

(Sagarzazu et al., 2013). This increased PEF resistance was accompanied by an increased resistance to 

some other agents, such as hydrogen peroxide and acid pH, and was linked to the entry into stationary 

growth phase of the Salmonella cells. Considering the relevance of this, in this study, other 

environmental stressors and food processing technologies, included in Guillén et al. (2020b), were 

explored for the isolation of a variant of Salmonella enterica serovar Typhimurium SL1344 with increased 

resistance to them after a selection procedure consisting of alternating rounds of exposure to the 

stressors or food technologies and outgrowth of the surviving population. In addition, a genetic and 

phenotypic study was performed to explore the mechanisms underlying the acquisition of resistance. 

2. Materials and Methods

2.1. Bacterial strains and culture conditions 

Salmonella enterica serovar Typhimurium SL1344 was used in this study and the model/parental 

strain. Strain was maintained frozen at −80 °C in a cryovial for long-term preservation. Cultures were 

grown in tryptic soy broth (Oxoid, Basingstoke, UK) supplemented with 0.6% w/v yeast extract (Oxoid, 

TSB-YE) in 96 wells microtiter plates and incubated at 37 °C under static conditions as described in 

Guillén et al. (2020b). For some experiments also an additional set of 22 Salmonella strains (listed in 

supplementary Table S1) was used. The same preservation and growth conditions described for 

Salmonella Typhimurium SL1344 were used for the preservation and growth of the variants isolated in 

this study (see below) and the set of 22 Salmonella strains. 

2.2 Selection and isolation of resistant cells 

Resistant variants were selected by subjecting a S. Typhimurium SL1344 culture to successive 

rounds of the agents and food technologies described below and growth of the surviving cells in liquid 

medium. The methodology used for the isolation of the different variants was described by Sagarzazu 

et al. (2013) for the selection of S. Typhimurium SL1344 cells resistant to PEF. Briefly, one hundred 

microliters of the cell suspension treated to the different environmental stresses and food technologies 

were directly inoculated into 50 mL of sterile TSB-YE which was incubated at 37 °C for 24 h. 

Simultaneously, plate counts were performed after each treatment to monitor the acquisition of 

tolerance to the different stressors or food technologies. 

The conditions to which the Salmonella cells were exposed to the different agents studied are shown 

in Table 1. The treatment media, initial cell concentrations of the assays and the equipment used will be 

described in section 2.3. Only in the case of heat treatments, treatments were carried out in glass tubes, 

which contained tryptic soy broth as a treatment medium, submerged and prewarmed at 58 ± 0.2 °C in 
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a thermostated water bath, and at initial concentrations of 109 CFU/mL, instead of the 

thermoresistometer described below was used for methodological reasons. Thus, S. Typhimurium 

SL1344 cells were exposed to successive cycles of the different stressors at an intensity leading to an 

inactivation of around 5 logarithmic cycles. To verify that no contamination had occurred during the 

screening process, counts were performed in Xylose Lysine Deoxycholate agar (Oxoid, XLD), a 

Salmonella selective medium. 

Table 1. Conditions used for the isolation of variants resistant to different environmental stresses and 

food preservation technologies. The initial concentration of the treatments was 109 CFU/mL. Treatment 

temperature was room temperature (25 °C) but for heat (58 °C) and NaCl (37 °C). 

Environmental stresses 

and food technologies 
Conditions Treatment time 

Acid pH 2.5 180 min 

Hydrogen peroxide 50 mM 80 min 

Sodium chloride 30% (w/v) NaCl 24 h 

Heat 58 °C 5 min 

HHP 300 MPa 10 min 

UV-C 0.09 mW/cm2 150 sec 

2.3. Environmental stress and food preservation technologies treatments 

Environmental stress treatments and food preservation technologies are described in detail in 

Guillén et al. (2020b). The following is a brief description of the treatments performed. 

2.3.1 Acid, hydrogen peroxide, and sodium chloride resistance determinations 

The treatment medium for acid-resistance determinations was citrate-phosphate McIlvaine buffer 

adjusted to pH 2.5. Hydrogen peroxide resistance was evaluated in 100 mM Tris–HCl buffer (pH 7.0) 

with hydrogen peroxide added at final concentrations of 30 mM (Sigma, St Louis, USA). Resistance to 

osmotic medium was evaluated in TBS-YE supplemented with 30% w/v of sodium chloride (VWR 

International; NaCl). In all cases, cells were added to the treatment media at room temperature (25 °C), 

except for the NaCl determinations, which were carried out at 37 °C due to the low lethality of this 

agent, to an initial concentration of 107 or 109 CFU/mL. After the selected contact time, which ranged 

from 50 min to 32 h, depending on the agent, subsequent serial dilutions were prepared in buffered 

peptone water (Oxoid; BPW) and pour-plated for survival counts as described below. 

2.3.2 Heat treatments 

Heat treatments were carried out in a specially designed resistometer (Condón et al., 1993). Once 

treatment temperature had attained stability (58 ± 0.1 °C), 0.1 mL of the microbial cell suspension was 

injected into the main chamber containing the treatment media, tryptic soy broth. After inoculation, 

samples were collected at different heating times up to 20 minutes and immediately pour plated and 

incubated for survival counting. 

2.3.3 High hydrostatic pressure (HHP) treatments 

HHP treatments were carried out in a Stansted Fluid Power S-FL-085-09-W (Harlow, London, 

England) apparatus (Ramos et al., 2015). The pressure transmitting fluid was a mixture of propylene 

glycol and distilled water (50/50, v/v). An automatic device was employed to set and/or record pressure 

and time during the pressurization cycle. Cell suspensions were prepared at a cell concentration of 107 
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or 109 CFU/mL, approximately, in citrate-phosphate McIlvaine buffer of pH 7.0. Samples were packed 

in plastic bags, which were sealed without headspace and introduced in the treatment chamber. 

Treatments were applied at 300 MPa for different treatment times up to 30 min, and temperature never 

exceeded 40 °C. 

2.3.4 Pulsed electric field (PEF) treatments 

The PEF equipment used in this investigation was supplied by ScandiNova (Modulator PG, 

ScandiNova, Uppsala, Sweden). The equipment and treatment chamber have been previously described 

by Saldaña et al. (2009). Prior to PEF treatments, 0.1 mL of the microbial cell suspension were dissolved 

in citrate-phosphate McIlvaine buffer (pH 7.0 and 1 mS/cm of conductivity) at a concentration of 

approximately 107 CFU/ml. Samples were placed with a sterile syringe in the treatment chamber, which 

had a gap of 0.25 cm. Treatments were based on square pulses with a width of 3 µs and a frequency of 

1 Hz. Electric field strength was set at 25 kV/cm, being the energy per pulse 1.88 kJ/kg. Treatments of 

up to 50 pulses (150 µs) were applied. Under these conditions, the final temperature of the treatment 

media was always below 35 °C. 

2.3.5 Ultraviolet-C light (UV-C) treatments 

UV-C treatments were carried out in a microtiter plate under static conditions or in a petri dish 

under agitation (300 rpm). Microtiter plates were coated with 1 layer of a microplate sealing film 

(BREATHseal, Greiner bio-one, Frickenhausen, Germany) or the petri dish lid and located at a distance 

of 22.50 cm from a 32 W UV-C lamp (VL-208G, Vilber, Germany). Radiation intensity was measured by 

means of a UVX radiometer (UVP, LLC, Upland, CA). Under these experimental conditions, intensities 

of 0.47 or 0.09 ± 0.02 mW/cm2 were attained. The treatment medium was citrate-phosphate McIlvaine 

buffer of pH 7.0, and the initial concentrations were of approximately 107 or 109 CFU/mL. Treatment 

times of up to 180 seconds were applied and temperature never exceeded 30 °C. 

2.2.4 Recovery after different treatments and survival counting 

After treatments, samples were adequately diluted in Buffered Peptone Water (Oxoid; BPW) and 

plated in the recovery medium, TSA-YE. Plates were incubated for 24 h at 37 °C, after which the number 

of colony-forming units (CFU) per plate was counted. 

2.3.7 Survival curves and fitting of data 

Survival curves were obtained by plotting the logarithm of the survival fraction (Log10 N/N0) versus 

treatment time (hours for NaCl determinations; minutes for acid, heat, HHP, and peroxide treatments; 

seconds for UV-C treatments and μs for PEF treatments). Since deviations from linearity were observed 

in survival curves to the majority of agents/technologies, GInaFiT, the Geeraerd inactivation model-

fitting tool was used to fit survival curves and calculate resistance parameters (Geeraerd et al., 2005). 

𝑁𝑡 = 𝑁0 ·  𝑒𝑥𝑝−𝐾𝑚𝑎𝑥 ·𝑡 ·  [
𝑒𝑥𝑝𝐾𝑚𝑎𝑥 ·𝑆𝑙

1 + (𝑒𝑥𝑝𝐾𝑚𝑎𝑥 ·𝑆𝑙 − 1) ·  𝑒𝑥𝑝−𝐾𝑚𝑎𝑥 ·𝑡  
] Eq. 1 

Nt = (N0 − Nres) ·  exp−Kmax ·t + Nres Eq. 2 

In these equations, Nt represents the number of survivors, N0 the initial count, and t the treatment 

time. 

This model describes the survival curves by means of three parameters: shoulder length (Sl), 

defined as the time before exponential inactivation begins; inactivation rate (Kmax), defined as the slope 

of the exponential portion of the survival curve; and Nres which describes residual population density 
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(tail). Therefore, the traditional decimal reduction time value (D-value) can be calculated from the Kmax 

parameter using equation 3. 

D-value = 𝑙𝑛(10)/𝐾𝑚𝑎𝑥 Eq. 3 

2.4 Growth fitness characterization assays 

Growth fitness characterization assays were carried out in three different media: TSB-YE at 37 °C, 

Luria-Bertani (LB) broth supplemented with 100 µM 2-2’dipyridyl (DPY), an iron chelator, at 37 °C, and 

minimal medium, M9-broth, supplemented with 20 mM gluconate, as the principal carbon source in 

the intestine as described in Bleibtreu et al. (2013). Pre-cultures of each of resistant variant and the 

parental strain were diluted 1:100 into 100 µL of prewarmed media placed in 96-well microtiter plates. 

These plates were sealed (under anaerobic conditions for LB-DYP and M9-Gluconate growth curves) 

with a polyester impermeable film (VWR) and incubated under static conditions at 37 °C for 24 hours. 

Samples were taken at preset intervals, adequately diluted in buffered peptone water (Oxoid), and 

plated in tryptic soy agar (Oxoid) supplemented with 0.6 % w/v yeast extract (Oxoid, TSA-YE). 

 These plates were incubated for 24 h at 37 °C and then manually counted. Growth curves were 

constructed by plotting the decimal logarithm of the number of Salmonella versus time under the 

different conditions assayed. Each point in the growth curve corresponds to the average value of all 

samples analyzed (at least three replicates). The curves obtained were fitted with the Baranyi and 

Roberts model (Baranyi and Roberts, 2000): 

𝑌𝑡  =  𝑌0 + 𝜇𝑚𝑎𝑥 · 𝐴𝑡 −
𝑌𝑚𝑎𝑥 − 𝑌0

𝑀
· 𝑙𝑛 [1 − 𝑒−𝑀 + (𝑒−𝑀 ·

𝑌𝑚𝑎𝑥 − 𝑌0 − 𝜇𝑚𝑎𝑥 · 𝐴𝑡

𝑌𝑚𝑎𝑥 − 𝑌0

)] Eq. 4 

𝐴𝑡 = 𝑡 − 𝜆 · [1 −
1

ℎ0

· 𝑙𝑛 (1 − 𝑒−ℎ0·
𝑡
𝜆 + 𝑒−ℎ0·(

𝑡
𝜆

−1))] Eq. 5 

where Yt is the Log10 of cell concentration at time t (CFU/mL); Y0 is the Log10 of the initial cell 

concentration (CFU/mL); Ymax is the Log10 of maximum cell concentration (CFU/mL); μmax is the 

maximum growth rate (Log10/h); λ is the lag phase (h); and M and h0 are curvature parameters, taking 

them as constant values, and with both set at a value of 10. Curve fitting was carried out using GraphPad 

PRISM® (GraphPad Software, San Diego, CA, USA) statistical software. 

2.5 Virulence assays 

2.5.1 Caco-2 cell maintenance and preparation 

The human colon carcinoma Caco-2 cell line (TC7 clone) was kindly provided by Dr. Edith Brot-

Laroche (Université Pierre et Marie Curie-Paris 6, UMR S 872, Les Cordeliers, France) at Passage 25 and 

used in experiments at Passage 30-35. Cells were maintained at 37 °C in a humidified atmosphere 

containing 5% CO2 in 75 cm2 flasks. Cells were grown in Dulbecco’s Modified Eagle’s Medium + Gluta-

MAX™ (DMEM, Invitrogen, France) supplemented with 10% Fetal Bovine Serum (FBS, Invitrogen, 

France), 1 % Minimal Essential Medium with Non-Essential Amino Acids (MEM NEAA 100X, 

Invitrogen, France), and 1% antibiotics (penicillin/streptomycin, Invitrogen). Once the cells reached 80% 

confluence, they were dissociated with 0.05% Trypsin-1 mM EDTA (Invitrogen) and seeded at a density 

of approximately 15,000 cells per well in 96-well tissue culture plates (Nunc, France) containing 200 µL 

of complete medium per well. Plates were incubated in humidified atmosphere containing 5% CO2 at 

37 °C for 15-17 days to attain fully differentiated cell layers. Culture medium was replaced every 2 days, 

and cell confluence was confirmed by optical microscopy. 
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2.5.2 Adhesion and invasion in Caco-2 cells 

Prior to use for virulence assays, cell layers were washed three times in DPBS (Dulbecco’s 

Phosphate Buffered Saline); 200 µL of complete medium without antibiotics were added. For adhesion 

assay, suspensions of different Salmonella strains were added at an initial concentration of 106 cells/mL 

on washed Caco-2 cells. Cells were incubated with bacteria for 30 min in humidified atmosphere 

containing 5% CO2 at 37 °C. After incubation, non-adhered bacteria were removed by washing the cell 

cultures twice with DPBS, and the cell layers were lysed with 0.1% (v/v) Triton X-100 for 10 min. These 

lysates were adequately diluted and then plated in Xylose Lysine Desoxycholate Agar (XLD, Oxoid). 

These plates were incubated at 37 °C for 24 h before being manually counted. For invasion assays, 

bacterial inoculation was performed as described for the adhesion assay, and plates were maintained in 

5% CO2 at 37 °C for 30 min. The infected cells were washed twice with DPBS, after which they were 

maintained during 1 hour in DMEM containing 100 μg/mL of gentamicin (Sigma-Aldrich Chemie 

GmbH, Buchs, Switzerland) per well to inactivate extracellular bacteria. After incubation, cell layers 

were lysed with 0.1% (v/v) Triton X-100 for 10 min. Lysates were processed for determination of 

Salmonella counts as described above. The adhesion and invasion rates were calculated as percentages 

of adhered or invading bacteria to initial bacteria added. 

2.6 Whole genome sequencing (WGS) and identification of mutations 

The total genomic DNA (gDNA) from each S. Typhimurium SL1344 resistant variant and the 

parental was extracted using a DNeasy Tissue kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s protocol.  

The genomes of the strains/variants investigated were sequenced by the company STAB VIDA 

(Portugal) in an Illumina Hiseq 4000 platform, using 150bp paired-end. The resulting reads were then 

subjected to a trimming process using the CLC Genomic Workbench version 12.0. The quality of the 

produced data was determined by Phred quality score at each cycle using the FastQC program (v3.4.1.1) 

(Andrews, 2010). Then, the high quality sequencing reads were mapped (length and similarity fractions 

of 0.8 each) against the Salmonella enterica subsp. enterica serovar Typhimurium SL1344 reference 

genome (Kröger et al., 2012). After the mapping, a variant calling algorithm was applied to detect the 

variants that satisfy the requirements specified by the following filters: minimum Frequency = 35%, 

minimum Quality (Phred) = 20, minimum coverage = 20, minimum count = 5 and direction filtering. 

Detection of Insertions and Deletions was also performed by means of a InDels detection tool using the 

following criteria: minimum number of reads = 5 and P-value threshold = 0.0001. 

2.7 RNA extraction 

RNA of each resistant variants and the parental strain was isolated by phenol-chloroform 

extraction with a subsequent cleanup procedure using the RNeasy Mini Kit (Qiagen) (Atshan et al., 

2012). Cells were pelleted by centrifugation at 8000×g for 3 min in a 4 °C refrigerated centrifuge. The 

pellet was re-suspended in 100 μL of RNase free water. The tube was vigorously vortexed for 3 min and 

100 μL of acid phenol was added with chloroform (1:1). It was vortexed for 1 min and incubated at 70 

°C for 30 min. The vortex process was repeated periodically every 5 min. Subsequently, the tube was 

centrifuged at 12,000×g for 10 min and 100 μL from the aqueous (top only) phase was transferred into a 

new tube. Seven hundred microliters of lysis buffer were added into the aqueous phase and the 

subsequent steps were done according to the manufacturer's protocol of RNeasy Mini Kit (Quiagen). 

The samples, once purified, were treated with DNase to remove residual DNA using the Rapidout 

Removal Kit (Thermo Fisher Scientific, Massachusetts, USA), also following the manufacturer's 

instructions and extracted RNA samples were frozen at −80 °C until complementary DNA (cDNA) 

synthesis.  

2.8 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 

First, the RNA previously isolated was converted to cDNA using the Superscript IV Reverse 

Transcriptase kit (Invitrogen, Carlsbad, USA) using random hexamer primers following the protocol 
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described by the manufacturer. Once the cDNA was obtained, it was stored at -80 °C until qPCR assays 

were carried out. 

Then, expression of three RpoS-dependent genes (katE, katN and otsB) of the different 

strains/variants was determined using Quantitative Reverse Transcriptase PCR (qRT-PCR). rpoZ was 

used as a reference gene for qPCR normalization (Lévi-Meyrueis et al., 2014). 

qPCR amplification was performed using the GoTaq qPCR Master Mix (Promega, Madison, USA) 

and the primers described in Table 2. The qPCR assays were carried out with a CFX Connect Real-Time 

System (Bio-Rad Laboratories, Hercules, USA) using a protocol with 5 min at 94 °C for GoTaq enzyme 

activation, followed by 44 cycles of 94 °C for 10 s and 40 s at temperature of 55 °C for annealing, 

elongation and fluorescence data acquisition. A melting curve between 65 °C and 90 °C was obtained 

after the last amplification cycle, and at a temperature transition rate of 0.5 °C/s. All amplification 

reactions were run in triplicate. 

The mRNA levels for the genes of interest were quantified from the Ct value, which is the PCR 

cycle number that generated a common signal for each gene in the exponential phase of amplification. 

To correct for sampling errors, the levels of expression of each gene, as determined from their Ct values, 

were normalized to the level of rpoZ gene. The relative expression of the genes investigated in each 

resistant variant was compared to that for parental cells and the fold-change in transcription was 

calculated using 2-ΔΔCt (Pfaffl, 2001). 

Table 2. Primer sequences used in Real-Time PCR to quantify the expression of RpoS-dependent genes. 

Gene target Forward primer (5’ -to-  3’) Reverse primer (5’ -to- 3’) 

rpoZ CGAAGAAGGTCTGATTAAC GACGACCTTCAGCAATA 

katE GGCGTCTGTTCTCTTAT CTGGAAGTTATGGTAGGG 

katN TGAGTCATCTGGAAATTAT CGATAAAGTTCCGCTTC 

otsB TTAACCGTATCCCCCGAACTC CCGCGAGACGGTCTAACAAC 

2.13 Statistical analysis 

All the determinations were carried out in triplicate on different working days. Standard deviations 

(SD) and statistical analyses (ANOVA, Tukey tests and Pearson's correlation coefficients; p-value <0.05) 

were calculated using GraphPad PRISM® statistical software (GraphPad Prism version 8.00 for 

Windows, GraphPad Software, San Diego, California, USA). 

3. Results

3.1 Isolation of variants with increased resistance to environmental stresses and food processing technologies 

S. enterica serovar Typhimurium SL1344 cells were exposed to different stresses and food

processing technologies, including acid, oxidative and osmotic stress, heat, HHP and UV-C treatments, 

during successive treatments at lethal doses and subsequent growth of surviving cells in liquid medium. 

An acid resistant variant (SL-Acid), an osmotic resistant variant (SL-NaCl), a variant resistant to high 

hydrostatic pressure (SL-HHP) and a variant resistant to Ultraviolet-C light (SL-UV) were obtained. The 

resistant variants isolated after the application the different stresses/agents are summarized in Table 3, 

where the treatment applied and the number of cycles in which they were isolated are indicated. 

Salmonella cells were also exposed to lethal oxidative and heat treatments but no resistant variants were 

isolated. 

Figure 1 shows the survival curves of S. enterica serovar Typhimurium SL1344 (parental strain) and 

resistant variants to acid and osmotic stress, HHP and UV-C treatments. As can be observed in the 

figures, the isolated variants were more resistant than the parental culture but the differences were 

relatively small. Thus, the inactivation reached after 360 minutes at pH 2.5 was approx. 0.54 Log10 cycles 

higher for the parental than in the SL-Acid variant (Figure 1A). Similarly, a difference in the Log10 cycles 
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of cells inactivated between the parental and the resistant variants of 0.84 (parental vs SL-NaCl; 1B), 0.82 

(parental vs SL-HHP; 1C) and 1.15 (parental vs SL-UV; 1D) Log cycles, after an exposure to osmotic 

medium (30% (w/v) NaCl; 48 hours), a 300 MPa treatment and a UV-C treatment of 600 s at 0.09 

mW/cm2, respectively, was observed. 

Table 3. Resistant variants of S. Typhimurium SL1344 and conditions under which were obtained. 

Resistant variant 
Environmental stresses 

and food technologies 
Conditions N° cycles 

SL-Acid Acid pH 2.5 5 

SL-NaCl Sodium chloride 30% (w/v) NaCl 6 

SL-HHP HHP 300 MPa 8 

SL-UV UV-C 0.09 mW/cm2 8 

Figure 1. Survival curves of parental S. Typhimurium SL1344 (continuous line) and the different variants 

(discontinuous line) obtained resistant to A) acid pH (variant SL-Acid, pH 2.5), B) osmotic medium (variant SL-

NaCl, TSB-YE + 30% NaCl + 37 °C), C) high hydrostatic pressure (variant SL-HHP, 300 MPa), and D) UV-C light 

(variant SL – UV, 0.09 mW/cm2). 

Since, it has been reported that the acquisition of resistance to an environmental stress might lead 

to the development of cross-resistance responses and often results in a loss in the growth fitness or 

virulence of the cells (Guillén et al., 2022), in the following sections the resistance to other stressors, the 

growth capacity and the virulence capacity of these resistant variants isolated were determined. 
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3.2 Characterization of S. Typhimurium SL1344 variants to different environmental stresses and food processing 

technologies 

First, the resistance to seven different preservation technologies and environmental stresses of the 

4 variants of S. Typhimurium SL1344 was determined and subsequently compared to that of the 

parental strain, S. Typhimurium SL1344. The resistance of the PEF-resistant variant (SL1344-RS) isolated 

by Sagarzazu et al. (2013) to these agents (Guillén et al., to be submitted for publication) is included in 

the figures for comparison purposes. The adequacy of the methodology used has already been 

discussed in Guillén et al. (2020b). Survival curves at 7 agents were obtained by plotting the logarithm 

of the survival fraction versus treatment time, showing different profiles. These profiles showed 

deviations from linearity; for example, the survival curves to acid and hydrogen peroxide showed 

shoulders, whereas those to NaCl and PEF showed tails. Therefore, to describe them accurately, the 

nonlinear Geeraerd model (Geeraerd et al., 2000) was used to calculate the corresponding resistance 

parameters (N0; Sl; Kmax, Nres). The mean values obtained for these parameters and their standard 

deviation, together with the goodness-of-fit parameters, are included in Supplementary Table 2. The 

traditional decimal reduction time (D) value of each survival curve was calculated from its 

corresponding Kmax (Eq. 3). It order to establish meaningful comparisons the 2D-value parameter (time 

required to inactivate the first 2 Log10 cycles) was used, as described in Guillén et al. (2020b). Since the 

2D-values obtained for each agent/technology cannot be directly compared due to the different time 

scale of the survival curves, for comparison purposes the calculated resistance parameters were 

normalized by dividing them by the mean 2D-value of resistance of parental strain, S. Typhimurium 

SL1344. 

Figure 2. Resistance to seven different preservation technologies and environmental stresses of the 5 variants of S. 

Typhimurium SL1344 isolated, SL-Acid (◯), SL-NaCl (▲), SL-HHP (∎), SL-UV (▼) and SL1344-RS (●). The 

normalized resistance parameters are plotted, the mean 2D-value for each strain divided by the mean 2D-resistance 

value of the parental strain, S. Typhimurium SL1344. Error bars correspond to the standard deviation of the means 

and the asterisk (*) indicates statistically significant differences (p <0.05) between the parental and the variants. 

As can be observed in Figure 2 and supplementary Table S2 all the variants displayed, to some 

extent cross-resistance responses. Thus, the SL-Acid variant displayed and increased resistance (as 

compared to the parental strain) to 4 of the agents/technologies tested, the SL-HHP to two (HHP and 

heat), the SL-NaCl variant to 5, the UV-C selected variant to 4 and the PEF-selected variant to all of 

them. Some sensitizations to other agents were also found in some cases, such as towards PEF for the 

acid-selected one. It should also be noted that, in some cases a variant selected by a different stressor 
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was more resistant to an agent that one selected with the same (e.g. the resistance to PEF of the UV-C 

selected variant was higher than that of the PEF-selected one). In any case the differences in resistance 

observed were low, with a change in the 2D-value lower than 2.8 fold in all the cases. Furthermore, 

results obtained for all the variants and agents studied were in the range of those previously obtained 

following the same methodology (Guillén et al., 2020a, 2020b) for strains obtained from culture 

collections, and although for some agents (such as NaCl, HHP and PEF) some variants displayed higher 

resistance than those laboratory strains, differences can be considered small. 

3.3 Characterization of the growth capacity of S. Typhimurium SL1344 variants in different media 

Growth curves of the 4 resistant variants and the parental strain were obtained in three different 

media: in TSB-YE, a nutrient-rich medium, LB medium with iron limitation caused by the addition of 

DPY, and a minimal medium containing gluconate as the sole carbon source. The selection of this 

growth media has been previously discussed in Guillén et al. (2022). The µmax (Log10/h) values calculated 

in the three growth media for each variant and the parental strain are shown in Figure 3 (growth 

parameters and goodness of the fit parameters are included in Supplementary Table 3). In general, the 

isolated variants showed an impaired growth compared to the parental strain but this was highly 

influenced by the growth medium studied. In TSB-YE, the highest growth rate of the variants was that 

of SL1344-RS (0.914 ± 0.017), and the lowest that of SL-UV (0.873 ± 0.014). No statistically significant 

differences (p >0.05) were observed among the resistant variants, but there were when compared with 

the parental strain, except for SL1344-RS. In LB-DPY, the highest growth rate was determined for 

SL1344-RS (0.681 ± 0.057), and the lowest for SL-HHP (0.578 ± 0.043), and significant differences (p <0.05) 

were found only between the parenteral strain and SL-HHP. Finally, in M9-Gluconate, the highest 

growth rate was that of SL-Acid (0.573 ± 0.012) and the lowest was that of SL-UV (0.479 ± 0.018) and 

significant differences (p <0.05) were found between the parenteral strain and SL-NaCl, SL1344-RS and 

SL-UV. None of the variants displayed a statistically significant Lag phase (h) (different from 0; p >0.05) 

in any of the three media tested. 

Figure 3. Maximum growth rates (µmax (Log10/h)) of S. Typhimurium SL1344 (▲), SL-Acid (◯), SL-NaCl 

(▲), SL-HHP (∎), SL-UV (▼) and SL1344-RS (●) in TSB-YE, LB supplemented with 100 µM 2-

2’dipyridyl (DPY) and M9-broth supplemented with 20 mM gluconate at 37 °C. Error bars correspond

to the standard deviation of the means and the asterisk (*) indicates statistically significant differences

(p <0.05) between the parental and the variants.

As reported for the stress resistance parameters, the growth parameters obtained for all the 

resistant variants were in the range of those obtained previously following the same methodology 

(Guillén et al., 2022).  
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3.4 Characterization of virulence capacity of S. Typhimurium SL1344 variants 

The virulence capacity of the resistant variants was evaluated by calculating the percentage of cells 

capable to adhere to and invade Caco-2 cells (Figure 4). The SL-NaCl, SL-HHP and SL1344-RS variants 

showed a superior adhesion capacity than the parenteral strain, 5.10, 4.01 and 5.21 vs 2.00%, 

respectively, while the SL-UV variant showed a lower adhesion capacity (0.83%) than the parental 

strain. Despite the variability observed in the adhesion, the invasion was not found to be significant. 

Except for the SL-NaCl variant, which had a higher invasion capacity than the parental strain, 0.31 vs 

0.12%, the rest of the variants displayed a similar profile and no differences were found with the 

parental strain (p >0.05). 

Figure 4. Adhesion (A) and invasion (B) capacity to Caco-2 cells of the 5 resistant variants and the 

parental strain, S. Typhimurium SL1344. Error bars correspond to the standard deviation of the means 

and the asterisk (*) indicates statistically significant differences (p <0.05) between the parental and the 

variants. 

3.5 WGS of S. Typhimurium SL1344 variants 

In addition to the phenotypical characterization of these variants a WGS analysis was performed 

to identify mutations associated with increased resistance to the exposed agents and possible cross-

tolerance to other agents. 

As already pointed out in our earlier work (Guillén et al, to be submitted for publication) when 

comparing the strain we used as the parental one (S. Typhimurium SL1344) with the reference genome 

of this same strain (GenBank: Accession No. FQ312003.1) (Kröger et al., 2012) we found that our strain 

had suffered 4 mutation (SNPs). These changes can be found in that work and are also included as 

supplementary material (Table S4). Thus, here we will report and discuss the differences between our 

parental strain and the variants isolated from it, i.e., the mutations fixed throughout the selection 

process applied. As can be observed in Table 4, sequenciation of the genomes of these variants revealed 

that in SL-Acid, SL-NaCl and SL-HHP there was a single SNV in each of them, as compared to the 

parental strains, whereas in SL-UV 2 SNVs were found. 

The genes in which mutations were observed are also included in the Table 4. As can be observed 

the SL-Acid variant displayed a SNV in yhfk gene at position 959 bp, resulting in the substitution of a 

histidine (His) by a Leucine (Leu). This gene encodes a putative inner membrane protein which, in E. 

coli, yhfK expression is regulated by Crp. The crp gene encodes cAMP receptor protein (CRP), which 

regulates the transcription of a magnitude of operons related to sugar transport and catabolic functions 

(Zheng et al., 2004). In addition, it has been shown that yhfK is required in moderate iron-restricted 

conditions for S. Typhimurium growth (Bjarnason et al., 2003; Karash et al., 2021). 
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Table 4. Mutations identified in the resistant variants (obtained by cyclic exposure to different 

environmental stressors and food processing technologies) by whole genome sequencing (WGS). All 

detected mutations were single nucleotide variations (SNV). 

Variant Region Genes Locus tag Mutation type 
Amino acid 

Change 
Description 

SL-Acid 3638767 yhfk SL1344_3434 c.959A>T His320Leu 

conserved 

membrane 

protein 

SL-NaCl 1806813 hnr SL1344_1684 c.-8G>A 

Change in the 

Shine-Dalgarno 

sequence 

 hypothetical 

regulatory 

protein 

SL-HHP 14430 dnaJ SL1344_0013 c.836T>G Leu279Arg 
chaperone 

protein DnaJ 

SL-UV 82316 caiD SL1344_0071 c.198A>T Leu66Phe 
carnitine 

racemase 

1806313 hnr SL1344_1684 c.493C>T Gln165* 

hypothetical 

regulatory 

protein 

In SL-HHP variant the dnaJ gene was mutated at position 826 bp, resulting in the substitution of a 

Leucine (Leu) by an Arginine (Arg). DnaJ, also known as Hsp40, is a cochaperone that, together with 

DnaK contributes to protein quality control by facilitating folding of nascent proteins, polypeptides 

emerging through the Sec system, partially unfolded proteins, and protein aggregates (Kim et al., 2021; 

Rosenzweig et al., 2019). Furthermore, DnaJ plays an oxidoreductase activity, catalyzing the formation 

and reduction of disulfide bonds (de Crouy-Chanel et al., 1995), and facilitates the interactions of 

oxidized DksA with RNA polymerase (Kim et al., 2018). 

The SL-UV variant displayed two SNPs. One was found in the caiD gene at position 198 bp, 

replacing a Leucine (Leu) with a Phenylalanine (Phe). This protein is involved in the pathway carnitine 

metabolism, catalyzes the reversible dehydration of L-carnitinyl-CoA to crotonobetainyl-CoA 

(Meadows and Wargo, 2015). CaiD was initially suggested to function as the racemase, as the caiD gene 

is required for racemase activity (Eichler et al., 1994), to convert D-carnitinyl-CoA to L-carnitinyl-CoA 

after being activated by CaiC (Bernal et al., 2008). The other one was found in the hnr gene, being a 

missense mutation at position 493 bp, causing the substitution of a Glutamine (Gln) for a premature 

stop codon. A SNP was also found in this gene in the SL-NaCl variant, located 8 bp upstream from the 

AUG start codon, which corresponds to the Ribosome Binding Site (RBS) or Shine-Dalgarno sequence, 

and, therefore, this change might potentially lead to changes in the level of transcription of hnr mRNA. 

It should be noted that in the SL1344-RS variant, SNPs at position 902 bp, resulting in the substitution 

of a Leucine (Leu) by a Proline (Pro) was found (to be submitted for publication). This protein regulates 

the turnover of the alternative sigma factor σS (RpoS) by promoting its proteolysis in exponentially 

growing cells, and it also controls which mRNAs are destroyed by stimulating polyadenylation 

(Carabetta et al., 2009). hnr expression levels increase modestly during entry into stationary phase in an 

RpoS-dependent manner. The modest induction of hnr in stationary phase has been suggested to be 

important for the rapid destruction of RpoS, act as an anti-sigma factor, when cells exit from stationary 

phase, although this remains to be demonstrated (Battesti et al., 2011). 

3.6 Quantification of RpoS activity in S. Typhimurium SL1344 variants 

Since results obtained indicated that the 4 isolated variants (as was the case for the PEF resistant 

one) were multi-resistant and in 3 of them (including the PEF resistant one) mutations in hnr, which 
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regulates RpoS activity it was hypothesized that, especially in the case of variants SL-UV and SL-NaCl 

its phenotypic characteristics might be linked to an increased RpoS activity, i.e., that the mutations 

found resulted in a decreased hnr-dependent RpoS proteolysis. Thus, as described earlier on qPCR was 

used to quantify the expression of several genes regulated by RpoS, that were used as reporters of its 

activity: katE, katN and otsB (Table 5). 

Table 5. Average of the Ct values normalized to the rpoZ level gene (∆𝐶𝑡) in select stress response genes, 

katE, katN and otsB, of resistant variants and the parental strain, S. Typhimurium SL1344. Values in 

parentheses represent the SD of the means and letters indicate statistically significant differences 

between variants/parental. 

1. Variant katE katN otsB 

SL1344 3,31 (1.69)a 0,22 (1.91)ab -3,92 (0.50)a 

SL-Acid 3,18 (1.22)a 1,67 (0.86)a -3,46 (1.16)a

SL-NaCl 1,75 (0.68)a -1,51 (3.41)ab -4,28 (0.27)a

SL-HHP 2,82 (0.49)a 0,01 (0.31)b -3,48 (0.63)a

SL-UV 1,68 (0.27)a -5,93 (0.29)c -8,70 (0.86)b

SL1344-RS 1,84 (0.79)a -1,07 (1.09)b -6,43 (0.14)c

As can be observed in Figure 5, whereas for the SL-Acid and the SL-HHP variants, none of the 3 

genes studied was overexpressed (what would indicate that their rpoS activity would be similar) in 

strains SL-NaCl, SL-UV, as it was observed in the SL1344-RS strain, the three genes were overexpressed, 

especially in the case of the SL-UV variant.  

Figure 5. Relative expression of the three genes studied (2-ΔΔCt) in the resistant variants as compared to 

the parental strain. SL-Acid (◯), SL-NaCl (▲), SL-HHP (∎), SL-UV (▼) and SL1344-RS (●). Error bars 

correspond to the standard deviation of the means and the asterisk (*) indicates statistically significant 

differences (p <0.05) between the parental and the variants. 
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3.7 Relationship between RpoS and stress resistance in non-typhoidal Salmonellae 

Various authors have suggested that the differences in stress resistance among Salmonella strains 

and serovars might be linked to differences in RpoS activity, and similar hypothesis have been done for 

other microorganisms (and their correspondent alternative sigma factors) (Ait-Ouazzou et al., 2012; 

Cebrián et al., 2016; Hengge-Aronis, 1996). Therefore, the expression of katE and otsB (as reporters of 

RpoS activity), in 22 additional Salmonella strains (Table S5) was determined and then compared to its 

already known stress resistance, growth capacity and virulence (Guillén et al., 2020a, 2020b, 2022). The 

expression of katE and otsB of each strain was expressed as the Ct values normalized to the rpoZ level 

gene (∆𝐶𝑡). For this purpose, resistant variants were excluded and only the parental strain was included 

in the analysis. The iterative Grubbs’ test was applied to identify potential outliers that could exert a 

disproportionate influence on further data analysis and lead to non-valid conclusions. Grubbs' test 

detected multiple outliers: the 2D-value to heat of S. Senftenberg 775W, the maximum growth rate of S. 

Gallinarum in LB-DYP and the invasion percentage of S. Enteritidis 7160.  

No significant correlation (p >0.05) between stress resistance and expression of RpoS-dependent 

genes, katE and ostB, was observed for the 22 Salmonella strains, the resistant variants and the parental, 

S. Typhimurium SL1344 (data not shown). There was also no significant correlation between the

expression levels of katE and ostB and fitness cost. And finally, no relationship was found between the

expression levels of either katE or ostB with virulence parameters. Therefore, in this dataset, no

association with the level of RpoS-dependent genes expression was found.

4. Discussion

In this study we report the isolation and pheno- and genotypical characterization of 4 resistant 

variants derived from S. enterica serovar Typhimurium SL1344 after its exposure to several rounds of 

acid stress, osmotic stress, high hydrostatic pressure and UV-C light treatments. A PEF-resistant variant 

was previously isolated in our laboratory following the same protocol (Sagarzazu et al., 2013), and we 

also attempted to isolate stable variants resistant to heat and oxidative stress, but without success. This 

latter phenomenon might be due to several reasons, including the low number of growth-inactivation 

cycles here applied or also that maybe insufficient selective pressure for their isolation was applied, 

among others. This technique has been used to isolate other Salmonella variants resistant to different 

stressors, after several cycles of treatment and growth of survivors. Examples of stable variants of 

Salmonella obtained after successive exposure to different selection agents are reported in Guillén et al. 

(2021). At this point it should be noted that the increase in resistance of the variants here isolated was 

relatively small, if compared to other ones reported in the bibliography. There are also various possible 

explanations for this phenomenon but the fact that they were isolated after only a few cycles would 

probably be one of them, as hypothesized for explaining our unsuccessful isolation of variants after the 

application of heat and hydrogen peroxide. Nevertheless, this approach has also some advantages. 

Thus, 3 of the variants isolated only displayed a SNP and the other one 2, making much easier the study 

of the mechanisms of acquisition of stress resistance (see below). 

Our results indicate that all the variants isolated displayed resistance to at least, another agent that 

was not the selective one. However, whereas for the SL-HHP variant it only displayed an increase 

resistance to HHP and heat, some of the strains displayed an increased resistance to up to 5 out of the 7 

agents tested. This increase in resistance did had a fitness cost, at least in general terms, and had a 

variable impact in virulence (much higher and significant in adhesion than in invasion). 

It has been reported that pressure resistant mutants and/or acid resistant mutants of L. 

monocytogenes, S. enterica and S. aureus are frequently more tolerant to other stresses, particularly to heat 

treatments (Greenacre and Brocklehurst, 2006; Karatzas and Bennik, 2002; Karatzas et al., 2007). 

Similarly, the PEF resistant variant isolated by Sagarzazu and co-workers in 2013 also displayed an 

increased resistance to acid pH, hydrogen peroxide and ethanol. The occurrence of cross-tolerance 

between two stresses may be attributed to altered expression levels of proteins involved in the general 

stress response, such as RpoS, the master regulator of the general stress response (Hengge, 2011), as will 

be discussed later and might be the case for the SL-NaCl and SL-UV variants, or to similarities between 
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the cellular targets affected by both agents, as might be the case for the SL-HHP variant and its increased 

resistance to heat. It is also known that the development of stress resistance can impose a fitness cost on 

bacteria (as demonstrated in the case of Escherichia coli RpoS expression), or as a consequence of the 

acquisition of resistance to certain antimicrobials (Andersson and Hughes, 2010; Zambrano et al., 1993). 

However, although it is widely assumed that stress resistance implies a fitness cost for bacteria 

(Karatzas et al., 2008; Urdaneta et al., 2019), there is not always a relationship between resistance and 

fitness costs and it is also possible that bacteria can reverse fitness costs by acquiring compensatory 

mutations (Andersson and Hughes, 2010; Guillén et al., 2021). Finally, although in view of these data, it 

can be concluded that the virulence capacity is affected as a function of the stressor to which resistance 

has been acquired, although the processes of adhesion and invasion are coordinated, different pathways 

modulate these virulence mechanisms separately, and both or only one system may be affected. The 

differences observed with the parental strain may be due to the ability to adhere, as it is highly 

dependent on the expression of genes encoding protein secretion systems, effector and chaperone 

proteins, and/or transcriptional regulators, which are considered susceptible to be modified for the 

acquisition of resistance to the exposed agent.  

On the other hand, the WGS analysis enabled us to identify the genetic changes responsible for 

these phenotypic changes. Regarding the SL-Acid variant, a SNP was found in the yhfK, that encodes a 

putative inner membrane protein. Although its functions are not known it is known that yhfK is required 

in moderate iron-restricted conditions for S. Typhimurium growth (Bjarnason et al., 2003; Karash et al., 

2021) and that in E. coli, its expression is associated with Crp, which regulates the transcription of a 

magnitude of operons related to sugar transport and catabolic functions (Zheng et al., 2004). Salmonella 

acid tolerance mechanisms, reviewed in Álvarez-Ordoñez et al. (2011), include a number of transport 

systems and therefore, it is plausible that this protein might be a part, regulate of affect the activity of 

one of them. Results obtained also indicated that this mutation also led to an increase in heat resistance. 

Since this strain displayed a higher heat resistance both when cells were recovered in selective (XLD) 

and non-selective media (TSA-YE) it can be speculated that this increase would not be related to an 

increased ability to repair sublethal damages caused by heat but still there is a handful of potential heat 

protective changes that this mutation can trigger, including, for instance, an increase in membrane 

stability. On the other hand, it should also be noted that results obtained in growth assays indicate that 

this mutation would not negatively affect Salmonella’s ability to grow in low iron media, what might 

had been the outcome given the role in this phenotypical trait that this gene plays. Finally, it should also 

be noted that the SL-Acid variant, showed a significant feature, since its resistance to acid medium was 

dependent on whether growth occurred under agitation or in static culture conditions, with differences 

of up to 1.3-fold (data not shown), a phenomenon that was not observed for any other variant and or 

stress studied. This could be because there are transcriptional factors that are only activated under 

specific conditions, for example under agitation. Thus, for instance, Lim et al. (2012) noted that the invF-

2 promoter was not activated when cells were grown in static culture conditions. Further work will be 

required in order to fully elucidate all these questions regarding this mutation in the yhfK gene. 

In the case of the SL-HHP variant the mutation was found in the DnaJ gene. It is well known that 

DnaJ participates actively in the response to heat stress shock by preventing the aggregation of stress-

denatured proteins and by disaggregating proteins (Kim et al., 2021). A similar hypothesis has been 

proposed for explaining the fact that its deletion also lead to a decreased baro-resistance of E. coli cells 

(Gänzle and Liu, 2015). This will mean that the allele found in this variant will probably be more efficient 

in preventing and/or repairing protein aggregation induced by these two agents (which, in addition, 

have a lot of common cellular targets; Cebrián et al. (2016). Nevertheless, it should be noted that DnaJ 

seems also to play a relevant role in protecting Salmonella against oxidative and hyperosmotic stress (de 

Crouy-Chanel et al., 1995; Kim et al., 2021) although in pour case we did not find differences between 

the parental and the mutant strain. In any case it should be noted that in this case we are also comparing 

two alleles (both of them functional) whereas in the mentioned studies the comparison is established 

with a knock-out strain, in which the protein, and therefore, its activity, is completely absent. DnaJ is 

also required for growth at high temperatures in E. coli (Sell et al., 1990) and for Salmonella invasion of 
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epithelial cells (Takaya et al., 2004). However, in our case the DnaJ allele providing a higher stress 

resistance also led to a decreased growth rate and although it resulted in a higher adhesion did not 

significantly change invasion of Caco-2 cells. Again, these discrepancies might be attributed to different 

factors that should be further investigated. 

In any case the most relevant finding of this study is that half of the strains isolated (2, SL-NaCl 

and SL-UV) displayed mutations in the hnr gene, the same gene presenting a mutation in the PEF 

resistant strain isolated in Sagarzazu et al., (2013). As pointed out above hnr regulates RpoS proteolysis 

and, therefore, these mutations resulted in an altered RpoS activity in these strains. Thus, they led to an 

increased RpoS activity in these strains, as demonstrated by the higher expression (as compared to the 

parental strain) of the two reporters of RpoS activity (katE and otsB) that they displayed. Since the 

different location of these SNPs within the hnr gene they would be expected to have different impacts 

on hnr activity. Thus, whereas in the hnr protein of the SL-UV mutant would be truncated, a protein 

would be synthesized with 172 amino acids less, the mutation in the Shine Dalgarno sequence of the 

NaCl strain would only result in a weaker promoter. In fact, the results obtained by qRT-PCR indicate 

that RpoS activity would be higher in the SL-UV variant than in the SL-NaCl one. Meanwhile, the 

SL1344-RS variant displaying intermediate values between these two.  

It is generally acknowledged that alternative sigma factors are probably the most relevant strategy 

developed by bacteria when they face adverse conditions (Abee and Wouters, 1999) and the alternative 

sigma factor σS (also called σ38 or RpoS) of RNA polymerase (RNAP) is regarded as the master regulator 

of the general stress response in many Gram-negative bacteria, including Salmonella (Battesti et al., 2011; 

Hengge, 2009; Lago et al., 2017; Österberg et al., 2011). Thus, as it would be expected, the higher RpoS 

activity of these three strains led to the development of resistance to several agents in all of them. The 

differences observed in the pattern of multi-resistance (e.g. the SL-NaCl strain was not more PEF 

resistant than the parental strain but the other two were, and the SL-NaCl and the SL1344-RS were more 

NaCl resistant than the parental but the SL-UV did not) might be probably due to the combination of 

several factors including, the level of RpoS activity in each strain, the relevance of RpoS in resistance to 

each particular agent and, in the case of the SL-UV strain, the presence of an additional mutation in 

CaiD. Thus, CaiD is involved in the pathway carnitine metabolism, a molecule that has several functions 

in bacterial cells. Thus, it provides osmotolerance, cryotolerace, bile tolerance and barotolerance to 

bacterial cells but also can serve as a nutrient or as an electron acceptor (Meadows and Wargo, 2015). 

Thus, this mutation, alone, might have caused a reduction in S. Typhimurium NaCl and HHP tolerance, 

and when combined with the overexpression of RpoS to the particular stress resistance pattern of this 

strain (the highest UV-C and PEF resistance but a decreased HHP and NaCl resistance). The precise role 

of RpoS and RpoS-dependent gene expression on Salmonella stress resistance, virulence, growth fitness 

and other phenotypic characteristics was recently reviewed by Guillén et al. (2021). However, its role in 

Salmonella resistance to some agents, such as PEF, UV-C and HHP, still remains to be fully elucidated. 

In this sense, results here obtained strongly suggest that RpoS would play a relevant role in Salmonella 

resistance to osmotic stress, UV-C and PEF, as it was previously suggested in Guillén et al. (2021). It is 

noteworthy that not only using these three different agents led to mutations in a RpoS repressor, and 

therefore, led to the selection of variants with a higher RpoS activity but that in Guillén et al. (2020b) a 

positive correlation between UV-C and PEF resistance was found among Salmonella strains and between 

PEF and NaCl in Guillén et al. (2022).  

In addition, this increased RpoS activity would explain the lower growth rates observed for these 

3 variants since it will lead to and increased transcription of genes involved in growth arrest and 

resistance to a variety of stresses (Bearson et al., 1996) at least if we assume that, as in E. coli and S. Typhi, 

cells with a reduced RpoS activity can grow better in media with low levels of nutrients, and also seem 

to possess an advantage in competitive colonization of the intestine (Altuvia et al., 1994; Krogfelt et al., 

2000; Sabbagh et al., 2010). However, it should also be noted that whereas stress-sensitive rpoS mutants 

(also called GASP phenotype: Growth Advantage in Stationary Phase) are surprisingly common among 

natural isolates of the closely related E. coli and S. Typhi, they are not in S. Typhimurium (Robbe-Saule 

et al., 2003) a phenomenon that has not been yet clarified. 

16 of 28 



165

Explaining the results obtained in the virulence assays for these three strains would be much more 

difficult since they displayed very different adhesion and invasion abilities. However, it does fit with 

the fact that the role of RpoS on Salmonella virulence seems to be very complex as reviewed in Guillén 

et al. (Guillén et al., 2021). Thus, RpoS seems to reduce the expression of some virulence factors while 

inducing other ones and, therefore, predicting what would be the virulence of a strain on the basis of 

its RpoS activity results extremely difficult. 

As pointed out above it has been suggested that the differences in stress resistance among 

Salmonella strains and serovars might be linked to differences in RpoS activity (Abdullah et al., 2018; 

Wang et al., 2021), and similar hypothesis have been done for other microorganisms (and their 

correspondent alternative sigma factors) (Lianou and Koutsoumanis, 2013; Robey et al., 2001). However, 

our results indicate that a direct relationship between RpoS activity and stress resistance would not exist 

within Salmonellae with the exceptions of PEF and, maybe, NaCl resistance. In any case this conclusion 

should be taken with care given the low number of strains tested (23). It should also be taken into 

account that, given the complexity of Salmonella stress responses -always involving various and in many 

cases independent pathways-, the influence of RpoS activity might result masked for instance because 

there are other mechanisms/phenomena more relevant for the resistance to a given particular stress. 

Thus, our results do not imply either that RpoS activity does not play any roles in Salmonella resistance 

to other agents than PEF and NaCl or that it not contributes to generate the differences in resistance 

observed among strains but, again highlight NaCl and PEF as agents against which RpoS will be playing 

a major role. 

Finally, the fact that 3 out of 5 f the strains displayed mutations in hnr also suggest that this might 

constitute a conserved strategy within Salmonellae in order to (rapidly) acquire stress resistance trough 

the appearance of a subpopulation with increased stress resistance but also with reduced growth ability. 

Furthermore, it can also be hypothesized that the absence of GASPs in S. Typhimurium might be due 

to the fact that the generation subpopulations with different RpoS activity in this microorganism would 

be achieved through changes in RpoS-regulated genes and not in rpoS itself. Further work is being 

carried right now in order to validate these hypotheses as well as to study the reversibility of these 

genetic changes. 

5. Conclusions

In this study, 4 resistant variants derived from S. enterica serovar Typhimurium SL1344 after its 

exposure to several rounds of acid stress, osmotic stress, high hydrostatic pressure and UV-C light 

treatments were isolated, and at least showed multi-resistance to at least one other stressor. This 

increased resistance, in general terms, had a fitness cost in growth, and had a variable impact on 

virulence (much greater and significant in adhesion than in invasion). The increase in resistance could 

be due to an increase in RpoS activity, since the WGS analysis revealed that in 3 of the 5 variants 

(including SL1344-RS) a mutation was found in the hnr gene, an anti-sigma factor that promotes RpoS 

proteolysis, in addition to elevated katE, katN and ostB expression levels. However, extrapolating our 

results to a larger set of serovars (23) indicates that there is no direct relationship between RpoS activity 

and stress resistance within Salmonellae. Because of the complexity of Salmonella stress responses, the 

influence of RpoS activity could be masked, for example, because there are other 

mechanisms/phenomena more relevant to resistance to a given stress. In any case, this conclusion 

should be taken with caution given the low number of strains analyzed. 
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Table S1. Additional set of 22 Salmonella enterica strains used in this study. 

Strains 

S. Typhimurium STCC 443 S. Hadar NCTC 13033

S. Typhimurium STCC 4594 S. Heidelberg DMS 9379

S. Typhimurium STCC 7162 S. Infantis STCC 4373

S. Typhimurium STCC 722 S. Kentucky NCTC 5799

S. Enteritidis STCC 4155 S. Livingstone NCTC 9125

S. Enteritidis STCC 4300 S. Mbandaka NCTC 7892

S. Enteritidis STCC 4396 S. Newport NCTC 129

S. Enteritidis STCC 7160 S. Saintpaul STCC 4153

S. Enteritidis STCC 7236 S. Stanley STCC 4141

S. Derby STCC 4397 S. Senftenberg 775W STCC 4565

S. Gallinarum STCC 4883 S. Virchow STCC 4154
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Table S2. Resistance (Kmax. Sl and Nres) and goodness of the fit (R2, RMSE) parameters calculated after 

fitting the survival curves to the 7 agents investigated of the 5 S. Typhimurium resistant variants and the 

parental strain to the Geeraerd’s model. 

pH 

S. T SL1344 SL - Acid SL - NaCl SL - HHP SL - UV SL1344-RS 

Kmax (min-1) 0.215 (0.037) 0.203 (0.004) 0.176 (0.017) 0.192 (0.008) 0.217 (0.054) 0.189 (0.029) 

Sl (min) 4.94 (4.281) 8.02 (1.282) 2.97 (2.979) 0.68 (1.171) 5.82 (4.803) 8.19 (3.064) 

Nres (CFU/mL) - - - - - - 

R2 0.94 - 0.99 0.99 - 0.99 0.96 - 0.99 0.95 - 0.99 0.97 - 0.99 0.96 - 0.99 

RMSE 0.053 - 0.478 0.066 - 0.121 0.121 - 0.484 0.196 - 0.492 0.110 - 0.308 0.099 - 0.290 

H2O2 

Kmax (min-1) 0.126 (0.023) 0.115 (0.026) 0.077 (0.009) 0.126 (0.009) 0.130 (0.008) 0.087 (0.011) 

Sl (min) 15.68 (8.795) 18.14 (6.843) 15.80 (3.503) 16.123 (1.300) 26.96 (2.654) 21.64 (5.844) 

Nres (CFU/mL) - - - - - - 

R2 0.99 - 1.00 0.97 - 0.99 0.98 - 0.99 0.98 - 0.99 0.99 - 1.00 0.95 - 1.00 

RMSE 0.099 - 0.178 0.057 - 0.250 0.066 - 0.193 0.170 - 0.232 0.025 - 0.135 0.085 - 0.280 

NaCl 

Kmax (h-1) 0.523 (0.032) 0.530 (0.013) 0.379 (0.008) 0.532 (0.021) 0.598 (0.051 0.392 (0.013) 

Sl (h) - - - - - - 

Nres (CFU/mL) 4.28 (0.313) 3.84 (0.172) 4.70 (0.007) 3.65 (0.344) 3.95 (0.027) 4.53 (0.067) 

R2 0.97 - 0.99 0.98 - 0.99 0.98 - 0.99 0.97 - 0.99 0.95 - 0.99 0.97 - 0.98 

RMSE 0.106 - 0.160 0.075 - 0.172 0.105 - 0.184 0.119 - 0.249 0.035 - 0.319 0.139 - 0.209 

Heat 

Kmax (min-1) 2.697 (0.261) 1.603 (0.152) 1.800 (0.298) 1.163 (0.068) 1.727 (0.085) 1.411 (0.146) 

Sl (min) 0.56 (0.288) 0.07 (0.109) 0.78 (0.872) 0.26 (0.226) 0.56 (0.190) - 

Nres (CFU/mL) - - - - - - 

R2 0.94 - 0.99 0.98 - 0.99 0.98 - 0.99 0.96 - 0.99 0.95 - 0.99 0.97 - 0.99 

RMSE 0.076 - 0.523 0.113 - 0.148 0.146 - 0.260 0.107 - 0.233 0.223 - 0.364 0.058 - 0.226 

HHP 

Kmax (min-1) 0.522 (0.027) 0.503 (0.030) 0.523 (0.032) 0.380 (0.034) 0.685 (0.030) 0.451 (0.046) 

Sl (min) - - - - - - 

Nres (CFU/mL) - - - - - - 

R2 0.94 - 0.98 0.94 - 0.96 0.98 - 0.99 0.93 - 0.99 0.97 - 0.99 0.99 - 0.99 

RMSE 0.177 - 0.316 0.327 - 0.422 0.011 - 0.141 0.052 - 0.254 0.169 - 0.280 0.096 - 0.132 

PEF 

Kmax (µs-1) 0.102 (0.018) 0.136 (0.008) 0.104 (0.010) 0.102 (0.012) 0.062 (0.011) 0.074 (0.008) 

Sl (µs) - - - - - - 

Nres (CFU/mL) 4.36 (0.226) 4.51 (0.359) 4.35 (0.256) 4.34 (0.288) 5.59 (0.224) 5.63 (0.243) 

R2 0.99 - 1.00 0.99 - 1.00 0.99 - 1.00 0.99 - 1.00 0.99 - 1.00 0.98 - 1.00 

RMSE 0.031 - 0.251 0.056 - 0.238 0.012 - 0.209 0.065 - 0.066 0.043 - 0.061 0.005 - 0.195 
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Table S2. Continuation 

UV-C 

S. T SL1344 SL - Acid SL - NaCl SL - HHP SL - UV SL1344-RS 

Kmax (s-1) 0.070 (0.002) 0.077 (0.017) 0.060 (0.008) 0.078 (0.023) 0.063 (0.015) 0.076 (0.020) 

Sl (s) 1.12 (1.940) 13.75 (14.688) 6.95 (10.839) 5.42 (9.382) 25.34 (4.031) 11.28 (15.921) 

Nres (CFU/mL) - - - - - - 

R2 0.95 - 0.96 0.94 - 1.00 0.99 - 1.00 0.98 - 1.00 0.96 - 1.00 0.99 - 1.00 

RMSE 0.398 - 0.413 0.123 - 0.413 0.044 - 0.099 0.144 - 0.243 0.054 - 0.304 0.106 - 0.203 

Table S3. Growth parameters (Y0, Ymax. λ and μmax) and goodness of the fit (R2, RMSE) calculated with 

the Baranyi and Roberts model of the 5 S. Typhimurium resistant variants and the parental strain 

growth in TSB-YE, LB supplemented with 100 µM 2-2’dipyridyl and M9-broth, supplemented with 20 

mM gluconate. Values presented correspond to the mean and SD of the means (in parentheses). 

TSB-YE 

S. T SL1344 SL - Acid SL - NaCl SL - HHP SL - UV SL1344-RS 

Y0 (Log(CFU/mL)) 6.16 (0.117) 6.16 (0.079) 6.12 (0.180) 6.14 (0.261) 5.93 (0.065) 6.12 (0.049) 

µmax (h-1) 1.012 (0.082) 0.901 (0.019) 0.893 (0.018) 0.890 (0.017) 0.873 (0.014) 0.914 (0.017) 

Lag (h) - - - - - - 

Ymax (Log(CFU/mL)) 8.97 (0.016) 9.017 (0.017) 9.05 (0.034) 9.02 (0.029) 9.00 (0.026) 8.95 (0.011) 

R2 0.98 - 1.00 0.98 - 0.99 0.99 - 0.99 0.98 - 0.99 0.98 - 0.99 0.99 - 0.99 

RMSE 0.058 - 0.100 0.069 - 0.095 0.078 - 0.096 0.051 - 0.101 0.074 - 0.098 0.053 - 0.089 

LB-DYP 

Y0 (Log(CFU/mL)) 6.21 (0.067) 6.04 (0.053) 5.99 (0.107) 6.19 (0.047) 5.94 (0.033) 6.04 (0.066) 

µmax (h-1) 0.692 (0.049) 0.663 (0.034) 0.600 (0.051) 0.578 (0.043) 0.658 (0.060) 0.681 (0.057) 

Lag (h) - - - - - - 

Ymax (Log(CFU/mL)) 8.77 (0.071) 8.60 (0.019) 8.65 (0.093) 8.59 (0.039) 8.57 (0.040) 8.56 (0.068) 

R2 0.93 - 1.00 0.98 - 0.99 0.99 - 1.00 0.98 - 0.99 0.98 - 1.00 0.98 - 0.99 

RMSE 0.044 - 0.255 0.057 - 0.089 0.021 - 0.086 0.046 - 0.076 0.016 - 0.082 0.048 - 0.082 

M9-Glu 

Y0 (Log(CFU/mL)) 6.12 (0.017) 6.04 (0.011) 6.10 (0.039) 6.07 (0.015) 5.97 (0.128) 6.02 (0.034) 

µmax (h-1) 0.618 (0.030) 0.573 (0.012) 0.527 (0.028) 0.548 (0.054) 0.479 (0.018) 0.534 (0.025) 

Lag (h) - - - - - - 

Ymax (Log(CFU/mL)) 7.90 (0.104) 8.10 (0.340) 8.11 (0.381) 8.03 (0.304) 8.07 (0.400) 8.09 (0.393) 

R2 0.99 - 1.00 0.99 - 1.00 0.99 - 1.00 0.99 - 1.00 0.99 - 1.00 0.99 - 0.99 

RMSE 0.021 - 0.070 0.023 - 0.058 0.027 - 0.075 0.025 - 0.049 0.026 - 0.048 0.035 - 0.061 
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Table S4. Genetic variations detected by whole genome sequencing (WGS) between S. Typhimurium 

SL1344 and the reference genome of Salmonella enterica subsp. enterica serovar Typhimurium SL1344 

(GenBank: Accession No. FQ312003.1). All detected mutations were single nucleotide variation (SNV). 

Region Genes Locus tag 
Mutation 

Type 

Aminoacid 

Change 
Description 

2411272 menC SL1344_2275 c.444A>G No coding 
O-succinylbenzoate

synthase 

3284620 yggW SL1344_3079 c.804T>C No change 

possible oxygen-

independent 

coproporphyrinogen III 

oxidase 

3611524 rpsN SL1344_3394 c.89A>G Asn30Ser 
30S ribosomal subunit 

protein S14 

4850544 SL1344_4501 SL1344_4501 c.400T>C Phe134Leu 
hypothetical outer 

membrane protein 
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Table S5. Average of the Ct values normalized to the rpoZ level gene (∆𝐶𝑡) in select stress response 

genes, katE, and otsB of 22 Salmonella strains 

Strain katE otsB 

S. Typhimurium STCC 443 4.93 -1.52

S. Typhimurium STCC 4594 3.71 -1.39

S. Typhimurium STCC 7162 -0.38 -5.30

S. Typhimurium STCC 722 2.35 -3.46

S. Enteritidis STCC 4155 4.83 -3.17

S. Enteritidis STCC 4300 2.01 -4.25

S. Enteritidis STCC 4396 2.69 -4.98

S. Enteritidis STCC 7160 3.69 -4.11

S. Enteritidis STCC 7236 2.67 -4.43

S. Derby STCC 4397 2.77 -3.59

S. Gallinarum STCC 4883 1.69 -7.38

S. Hadar NCTC 13033 2.92 -1.63

S. Heidelberg DMS 9379 1.46 -4.02

S. Infantis STCC 4373 2.10 -4.06

S. Kentucky NCTC 5799 1.27 -5.07

S. Livingstone NCTC 9125 1.08 -4.29

S. Mbandaka NCTC 7892 1.47 -5.15

S. Newport NCTC 129 1.22 -5.16

S. Saintpaul STCC 4153 0.92 -4.15

S. Stanley STCC 4141 0.18 -5.06

S. Senftenberg 775W STCC 4565 1.78 -4.76

S. Virchow STCC 4154 1.35 -8.67
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Abstract: Salmonella growth in egg and egg products has been widely studied, but there are still sorne 
aspects that are not fully known. The objective of this work was to study the influence of the initial 
cell number on the growth fitness of Salmonella Enteritidis in raw and pasteurized egg products. 
Growth curves of five Salmonella Enteritidis strains in raw and pasteurized egg products, starting 
from different initial numbers, were obtained and fitted to the Baranyi and Roberts model. The 
results revealed that lower initial numbers led to longer lag phases (A) and lower maximum specific 
growth rates (/Jmax) in raw liquid whole egg. Similar results were observed in raw egg white (except 
for one strain). Conversely, no influence (p > 0.05) of the initial concentration on Salmonella growth 
parameters in raw egg yolk was observed. On the other hand, no influence of the initial number of 
cells on Salmonella growth fitness in commercial pasteurized liquid whole egg was observed. The 
results obtained demonstrate that the disappearance of this initial-dose dependency phenomenon 
was dependent on the intensity of the thermal treatment applied. Finally, the influence of the initial 
number was, in general, lower in pasteurized than in raw egg white, but large differences among 
strains were observed. 

Keywords: egg products; inoculum <lose; growth rate; thermal treatments; foodborne pathogen 

l. Introduction

The microorganisms of the genus Salmonella are the second most commonly reported 
causative agent of foodbome outbreaks in the European Union [1] and constitute one of the 
major public health challenges worldwide. One of the most important sources of Salmonella

contamination is eggs and egg products. Thus, raw and undercooked eggs are still the 
products most frequently identified as responsible for foodbome Salmonella infections in 
the European Union (37.0% of Salmonella outbreaks in Europe in 2019) [1]. 

lntact eggs can be contaminated by Salmonella using two possible routes, named 
vertical transmission and horizontal transmission. The first one (vertical transmission or 
the transovarian route) is due to the infection of the hen's reproductive organs with S. 
Enteritidis and leads to the contamination of the yolk and/ or the albumen during egg 
formation, i.e., before oviposition. The second possible route (horizontal transmission) is 
by penetration through the eggshell from the colonized gut or from contaminated feces 

during or after oviposition [2--6]. 
Salmonella growth and survival in egg and egg products has been widely studied, in 

particular, that of the serovar Enteritidis, because it is the predominant serovar in foodbome 
diseases associated with the consumption of these products [7-9]. It is well-known that 
there are wide differences in Salmonella growth ability depending on the egg fraction (yolk 
vs. white), growth temperature, and other factors [10-12]. Salmonella growth fitness is 
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much greater in egg yolk than in the egg white due to the particular composition and 
physico-chemical characteristic of the later, which is particularly efficient in the inhibition 
on microbial growth of microorganisms. Thus, egg white has a high viscosity, an alkaline 
pH, and a number of antimicrobial components, including lysozyme, ovotransferrin, and 
severa! vitamin chelating proteins [13,14]. On the other hand, the influence of growth 
temperature on Salmonella growth in egg yolk and white as well as in liquid whole egg has 
been thoroughly studied, and there are man y works dealing with this topic. Growth models 
have been developed in order to predict the growth of Salmonella in egg products in an 
effort to establish the optima! temperature and time for their preservation and distribution 

and, therefore, to ensure their safety through appropriate quantitative microbial risk 
assessments [11,15,16]. 

Nevertheless, there are sorne aspects, such as the influence of the initial cell number 
and/ or the physiological state of cells on Salmonella growth fitness (as well as in resistance 
to stress), that are still not fully known. Indeed, these factors have been highlighted 
as future research needs in order to improve current Salmonella growth models [17]. In 
addition, in sorne recent works, it has been reported that Salmonella growth in raw egg is 

slightly slowed down in comparison with pasteurized egg [9,18]. A similar finding was 
recently reported by Kang and co-workers when studying Salmonella growth kinetics in 

raw and pasteurized egg white [19]. This is a phenomenon of the highest relevance since it 
might imply a potential food safety risk if data obtained in raw products are extrapolated 
to heat-treated ones. Unfortunately, data regarding this particular phenomenon are still 
scarce, and the underlying mechanisms remain to be elucidated. 

Therefore, the aim of this work was to study the influence of the initial cell number 
on the growth fitness of S. Enteritidis in raw and pasteurized liquid whole egg, egg white, 
and egg yolk. 

2. Materials and Methods

2.1. Bacteria[ Strains and Culture Conditions 

Five strains belonging to Salmonella enterica serovar Enteritidis were used in this study. 
The strains of S. Enteritidis (STCC 4300, STCC 4155, STCC 4396, STCC 7160, and STCC 
7236) were supplied by the Spanish Type Culture Collection. Cultures were grown in 
tryptic soy broth (Oxoid, Basingstoke, UK) supplemented with 0.6% w/v yeast extract 
(Oxoid, TSB-YE) in 96-well microtiter plates and incubated at 37 ºC under static conditions, 
as described by Guillén et al. [20]. 

2.2. Growth Curves 

Growth experiments were carried out in raw liquid whole egg, egg white, and yolk 

obtained from medium-sized raw eggs (53-63 g) purchased from a local supermarket and 
in commercial pasteurized liquid whole egg, egg white, and egg yolk (Pascual, Aranda de 
Duero, Spain). For sorne experiments (see below), raw liquid whole egg was exposed to 
heat treatments simulating pasteurization conditions. Absence (25 g) of Salmonella in each 
batch of eggs and/ or egg products used was checked following standard protocols (ISO 

6579-1:2017). 
Toe different egg products were inoculated with different initial doses (between 102 

(low dose) and 106 (high dose) CFU /mL) of Salmonella, and were then incubated at 37 ºC. 
Samples were taken at preset time intervals from O to 30 h, adequately diluted in buffered 
peptone water (Oxoid, BPW), and plated in Xylose Lysine Deoxycholate agar (Oxoid, XLD), 
which was used as the recovery medium. XLD plates were incubated for 48 h at 37 ºC, and 

the number of colony-forming units (CFU) per plate was counted. 

2.3. Thermal Treatments 

Thermal treatments (the pasteurization of raw liquid whole egg) were carried out in a 
specially designed thermoresistometer implemented with a compatible control thermostat 

that allowed the performance of heating ramps at different rates [21]. Briefly, this instru-
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Finally, no significant differences (p > 0.05) were obtained in egg yolk regardless of the 
initial dose or thermal history (raw vs. commercial) of the egg product, which is consistent 
with the results indicated in the previous section. 

To further investigate the influence of heat treatment, raw liquid whole egg was 
exposed to thermal treatments of different intensity at different temperatures and times: 
60 ºC for 3.5 min and 70 ºC for 1.5 min. Figure 3 shows the growth curves of S. Enteritidis 
STCC 4300 when inoculated with an initial dose of 102 CFU /mL. Growth curves at the 
same initial dose in raw and commercial pasteurized liquid whole egg are also included for 
comparison purposes. As can be observed in the figure, the growth parameters calculated 

for Salmonella Enteritidis STCC 4300 cells in egg exposed to 60 ºC for 3.5 min showed 
intermediate values between those calculated in commercial and raw liquid whole egg. In 
contrast, no significant differences (p < O.OS) were found between the growth parameters 
determined for Salmonella Enteritidis STCC 4300 cells in liquid whole egg pasteurized at 
70 ºC for 1.5 min and commercial pasteurized liquid whole egg. It was also found that 
when inoculated with high doses (106 CFU /mL), no differences were found in the growth 
parameters determined, regardless of the thermal treatment, and that these values were 
not significantly different from those obtained in commercial liquid whole egg and liquid 
whole egg pasteurized at 70 ºC for 1.5 min and inoculated with low doses (data not shown). 
In summary, it can be concluded that increasing the intensity of the thermal treatment led 
to a progressive increase in the growth rate and a decrease in the lag phase for Salmonella 
Enteritidis STCC 4300 inoculated with 102 CFU /mL in liquid whole egg, and consequently, 
to the progressive disappearance of the initial-dose dependence of S. Enteritidis STCC 4300 
growth fitness in this medium. 

10 

8 

6 

bO 4 

2 

o 

o 10 20 30 

Time (h) 

Figure 3. Influence of the intensity of pasteurization treatment on the growth fitness of Salmonella

Enteritidis STCC 4300 cells inoculated at 102 CFU / mL. Growth curves obtained in raw liquid whole 

egg (•), pasteurized whole egg at 60 ºC 3.5 min (o), pasteurized whole egg at 70 ºC 1.5 min (ó), and 

commercial pasteurized liquid whole egg (■). Lines correspond to the fit of the Baranyi model to the 

experimental data. Error bars represent the standard deviation. 

3.3. Variability in Growth Fitness in Raw Liquid Whole Egg, Egg White, and Egg Yolk among S. 
Enteritidis Strains 

In order to determine if the conclusions drawn above could be extrapolated to the 
whole S. Enteritidis serovar, the growth fitness of another four S. Enteritidis strains in the 
same media and conditions described above was studied. Therefore, growth curves of 
these four S. Enteritidis strains, starting at concentrations of 102 and 106 CFU/mL, were 
obtained in raw and commercial pasteurized liquid whole egg, egg yolk, and egg white. 

Regarding liquid whole egg, the results obtained indicate that all the S. Enteri
tidis strains studied displayed a similar behavior to that described for strain STCC 4300 
(Figure 4). Consequently, the lower growth rates (ranging from 0.456 ± 0.002 h-1 for S.

Enteritidis STCC 4396, to 0.663 ± 0.015 h-1 for S. Enteritidis STCC 4300) and the highest 
lag values (ranging from 2.76 ± 0.244 h to 8.93 ± 0.080 h for S. Enteritidis STCC 7236 and 
S. Enteritidis STCC 4396, respectively) were observed in curves starting at 102 CFU/mL in
raw liquid whole egg. Additionally, as also described for strain STCC 4300, the highest
growth rates and shorter lag times were observed, on average, in commercial liquid whole
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that might be the case in many cases/scenarios. This would be of the highest interest for 

the future development of improved growth models and risk assessments. 
The results reported here also demonstrate that Salmonella growth fitness in sorne 

egg products and conditions would also depend on the thermal history of those egg 
products. Thus, the application of thermal treatments on egg yolk would not impact 

Salmonella growth fitness regardless of the initial dose, likely because the growth rates in 
the "least favorable conditions" (i.e., raw product and low initial dose) would already be 

the highest achievable at this temperature for Salmonella cells as they were comparable 
to those obtained for these strains under the same incubation conditions in rich media, 

such as TSB-YE [27] (Guillén et al., 2021, submitted for publication). 0n the other hand, 
the application of thermal treatments on liquid whole egg led to an increase in Salmonella

fitness in this product, but only when the initial number of cells was very low. Furthermore, 
it was demonstrated that this effect was higher the more intense the thermal treatments 
applied. This is consistent with the results of Sakha et al., who reported that a S. Enteritidis 
cocktail proliferated more rapidly in pasteurized liquid whole egg than in unpasteurized 

liquid whole egg, although it should be noted that they did not observe any influence of the 
initial dose on the growth parameters [9]. Toe lack of influence of thermal treatments on 
Salmonella growth fitness at high concentrations can be explained on the same basis as that 
of egg yolk. Thus, the growth rate of these Salmonella strains at high initial concentrations 

in this product is comparable to that in egg yolk and also in rich laboratory media. Finally, 

application of thermal treatments to egg white also resulted in an increase in growth fitness 
for Salmonella when inoculated at low concentrations. Nevertheless, in this case, and 
even after the application of the harsher treatment conditions tested (up to 120 min at 
56.0 ºC; data not shown), the growth rate in pasteurized egg white of cells inoculated at 
102 CFU /mL did not reach that of samples inoculated with 106 CFU /mL. Similar results to 
those obtained here were obtained by Kang et al., who observed that the maximum growth 

rate of a cocktail of four Salmonella strains inoculated in pasteurized egg white at a dose of 
3.5 ± 0.5 Log10 CFU /mL was much higher than in raw egg white [19]. 

Classical pasteurization treatments (1-10 rnin at 60-72 ºC) applied in the industry 
to pasteurize whole egg are limited because of the sensitivity of the egg white proteins 
to heat treatments, which might lead to egg coagulation. Furthermore, pasteurization 
conditions should be even milder in egg white ( <60 ºC). Therefore, it can be speculated 

that the differences in growth rates between raw and pasteurized liquid whole egg and egg 
white would be due to the thermal denaturation of egg white proteins with antimicrobial 

properties, such as ovotransferrin and lysozyme [14,28]. Furthermore, since the concen
tration of these antimicrobial proteins would be lower in liquid whole egg than in egg 
white, this would explain why egg pasteurization treatments would be able to completely 
abolish the initial-dose dependence of Salmonella growth fitness in whole egg but not in egg 
white. Other causes that might also contribute to explaining this different behavior between 
egg white and whole liquid egg include the lower content of iron and other nutrients in 
egg white, its particular physical-chemical characteristics, and the lower intensity that 
can be applied in pasteurization treatments to egg white. Nonetheless, further work will 

be required to fully elucidate all the components of the egg with antimicrobial activity, 
including those limiting iron bioavailability, as indicated by Guillén et al. [18]. In this sense, 

recent studies also suggest that low-weight components ( <10 kDa) of egg white are largely 
responsible for the bactericida! activity of egg white at high treatment temperatures [29]. 

Regarding the variability in growth fitness among strains, it should be noted that S.

Enteritidis displays a higher survival capacity in egg white than other species, higher than 

other Salmonella serovars [30]. Nevertheless, it has also been reported that S. Enteritidis 
strains vary in their ability to grow or survive in egg white, indicating that sorne variants 

are better adapted to egg white [31-33]. Nonetheless, this advantage over other serovars 
in the growth and survival ability of S. Enteritidis in egg white only existed when the 
inoculum size was below 107 CFU/mL [34]. Previous studies have reported that genes

involved in iron acquisition, cell envelope structure, osmotic and oxidative protection, 
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amino acid and carbohydrate metabolism, motility, and stress responses may contribute to 
the survival of S. Enteritidis in egg albumen [31,33-35]. Egg white is a very unfavorable 
medium for bacteria, and the major factor limiting bacterial growth in it is iron restriction, 
having a concentration of iron between 3.6 and 18 µM [36]. Salmonella has the ability to 
produce siderophores in iron-restricted media to cope with this restriction, as in egg white, 
where iron is assumed to be chelated by ovotransferrin [37]. However, little is known 
regarding the variability in the ability to synthesize these siderophores among Salmonella

strains. In any case, it can be speculated that the differences in growth fitness observed 
among the different strains might be associated with a different siderophore-production 

ability. This will explain why little or no differences among strains were found in egg yolk 
and pasteurized liquid whole egg, whereas the highest ones were observed in egg white. 
Further work will be required in order to verify this hypothesis. 

The risk of suffering salmonellosis is related to one or several of the following scenar
ios: the existence of a very high population of Salmonella in raw egg prior to pasteurization, 
the application of inadequate/insufficient treatment, or post-pasteurization contamination. 
The potential impact of post-processing contamination of liquid whole egg, egg white, and 
egg yolk was the one assessed in this study. According to our results, post-pasteurization 
recontamination of pasteurized liquid whole egg and egg white would represent a greater 
risk for consumers than that of the unpasteurized products. This is of the highest rele
vance since commercially pasteurized egg products are often used as ingredients in foods 
without any further heat treatment during food preparation. Furthermore, if only the risk 
associated with a potential recontamination is considered, the data obtained here indicate 
that the lowest intensity pasteurization treatments (such as 60 ºC 3.5 min for liquid whole 
egg) would be more recommendable. It is noteworthy that low-intensity pasteurization 
treatments have been proposed to increase the digestibility and reduce the allergenicity of 
whole egg proteins [28]. 

Finally, it should also be noted that it is generally acknowledged that the initial dose 
does not determine the microbial maximum growth rates, which will only be determined 
by the microbial genotype and the growth conditions (intrinsic and extrinsic factors). 
However, although our results seem to contradict this affirmation, this is not the case. Thus, 
this general rule is based upon the assumption that the concentration (or bioavailability) 
of the limiting nutrient/ s in batch cultures is fixed, but this is not the case here since the 
synthesis of siderophores and/ or cell death (the two theories proposed for explaining 
the results obtained here) would increase the amount of iron and energy available in a 
dose-dependent manner. 

5. Conclusions

In summary, our results demonstrate that the initial dose and thermal history of 
liquid whole egg and egg white can determine the growth fitness of Salmonella Enteritidis 
cells in these products, whereas this does not occur in egg yolk. In addition, our results 
also indicate that the variability in growth fitness among strains highly depends on the 
conditions in which it is studied. Further work will be required in order to fully elucidate 
the mechanisms underlying the results obtained here-particularly how the initial dose 
determines Salmonella growth fitness in sorne egg products/fractions and why pasteurized 
egg products provide more favorable conditions to Salmonella cells-and to develop novel 
predictive growth models and perform improved risk assessments of Salmonella in egg 
products, including all the factors that have been proven to affect its growth fitness in them. 
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preparation, S.G.; writing-review and editing, M.M., I.Á., P.M. and G.C.; supervision, G.C.; project 
administration, G.C.; funding acquisition, I.Á., P.M. and G.C. All authors have read and agreed to the 
published version of the manuscript. 
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Abstract: Salmonella Enteritidis growth rates in liquid whole egg have been shown to 
be dependent on the initial inoculum dose and on the egg product’s thermal history. 
This study’s objective is to obtain further insight into the mechanisms underlying both 
phenomena. First we verified that Salmonella Typhimurium ATCC 14028s cells 
displayed the behavior already described for S. Enteritidis cells. Then, we carried out 
supplementation assays by adding different concentrations of egg-white antimicrobial 
proteins, iron, or siderophores to the growth media (raw or pasteurized liquid whole 
egg, depending on the assay). These experiments revealed that addition of lysozyme 
(at the concentration at which it is present in liquid whole egg) did not affect Salmonella

growth in pasteurized liquid whole egg, but that ovotransferrin as well as Ex-FABP 
caused a significant (p <0.05) reduction in Salmonella growth rates in whole egg 
pasteurized at 70 °C for 1.5 minutes. Furthermore, we observed that the inactivation 
of ovotransferrin was dependent on treatment intensity within the range studied. On 
the other hand, addition of iron or siderophores to raw or low temperature (60 °C/3.5 
min) pasteurized liquid whole egg increased the growth rate of Salmonella cells 
inoculated at a low initial dose until reaching that of cells inoculated at a high dose 
whereby the concentration required for this was lower for pasteurized than for raw 
egg. Finally, growth of a set of deletion mutants in genes coding for proteins related to 
different iron uptake systems, along with supplementation assays using spent 
medium revealed the key role of Salmochelin in growth of S. Typhimurium in raw 
whole egg. In summary, our results strongly suggest that iron bioavailability 
determines the fitness (growth rates) of Salmonella cells in liquid whole egg. Thus, the 
higher the intensity of the thermal treatment applied to liquid egg, the more iron 
would be available, a phenomenon that would be linked to the denaturation of iron 
and/or siderophore binding egg proteins. Further work is still required to fully 
elucidate why lower Salmonella initial doses lead to lower growth rates, but it can be 
hypothesized that this might be related to a lower amount of siderophores being 
released to the medium (especially Salmochelin), which would also limit iron 
bioavailability. 

Keywords: Salmonella; egg; inoculum dose; thermal treatments; ovotransferrin; Ex-FABP; siderophores. 

1. Introduction

Foodborne diseases are an acknowledged public health challenge worldwide. In the 
European Union, salmonellosis is the second most commonly reported gastrointestinal infection in 
humans after campylobacteriosis (EFSA, 2021). The microorganisms of the genus Salmonella were the 
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most frequently detected causative agent in foodborne outbreaks (FBOs) in 2019, accounting for 17.9% 
of total FBOs. One of the most important sources of Salmonella contamination are eggs and egg products, 
principally raw and undercooked eggs (37.0% of Salmonella outbreaks in Europe in 2019) (EFSA, 2021). 
Eggs are contaminated by Salmonella through two main routes: vertical transmission, i.e., before 
oviposition by infection of the reproductive organs, and horizontal transmission, i.e., during or after 
oviposition upon penetration of the eggshell (De Reu et al., 2006; Gantois et al., 2009; Keller et al., 1995; 
Messens et al., 2005; Timoney et al., 1989). Apart from presenting several physical barriers (eggshell, 
cuticle, testaceous membranes), egg, and more particularly egg white, contains a potent complex of 
antimicrobial molecules that limit bacterial growth and migration into the egg yolk (Baron et al., 2016). 
The antimicrobial activity of egg white is ensured, on the one hand, by its harsh physicochemical 
properties, including its alkaline pH as well as its high viscosity, which impair bacterial mobility and 
accessibility to nutrients (Baron et al., 2017, 2016), Egg white likewise contains a series of compounds 
(proteins) with specific antimicrobial properties, including lysozyme (a cell wall hydrolase), proteinase 
inhibitors, and ovotransferrin (an iron chelator that limits iron bioavailability), among others (Baron et 
al., 1999; Chart and Rowe, 1993). Although these well-known and widely characterized proteins are 
naturally abundant in egg white, high-throughput approaches have recently revealed that less 
abundant proteins (such as the siderophore-sequestering “lipocalin” protein Ex-FABP) and peptides 
might also play a role in the defense against bacterial contamination (Baron et al., 2016; Julien et al., 
2020).

The particular composition and physicochemical characteristics of egg white make Salmonella 
growth ability in egg and egg products highly dependent on the egg fraction (yolk vs white vs whole) 
(Guillén et al., 2021; Kim et al., 2018; Messens et al., 2004; Moon et al., 2016). However, egg fraction is 
not the only factor determining Salmonella growth ability/rate in egg products. Incubation/storage 
temperature and time, as well as the supplementation of additives such as NaCl or sucrose to control 
water activity, also determine Salmonella growth fitness in egg and egg products (Gurtler and Conner, 
2009; Jakočiūnė et al., 2014; Ng et al., 1979).

Recent studies have demonstrated the influence of the initial cell number and of thermal history 
(raw vs pasteurized) on the growth fitness of Salmonella in egg white and liquid whole egg (Guillén et 
al., 2021, 2020a; Kang et al., 2021); these authors hypothesized that the lower growth rates observed for 
Salmonella cells in raw products inoculated at low initial doses could be related to the antimicrobial 
activity of egg white proteins, such as ovotransferrin and lysozyme (Baron et al., 2016; Lechevalier et 
al., 2017). Further research is necessary to verify this hypothesis. Therefore, the aim of the present study 
is to obtain further insight into the mechanisms responsible for the initial-dose-dependence and 
thermal-history-dependence of Salmonella growth in whole liquid egg. 

2. Materials and Methods

2.1. Bacterial strains and culture conditions 

The strains used in this study are listed in Table 1. They were obtained from the Single-Gene 
Deletion Mutant Library of Salmonella enterica subsp. enterica, Strain 14028s (Serovar Typhimurium) 
through BEI Resources (www.beiresources.org); the parental strain was provided by the Spanish Type 
Culture Collection (STCC). Cultures were grown in tryptic soy broth (Oxoid, Basingstoke, UK) 
supplemented with 0.6% w/v yeast extract (Oxoid, TSB-YE) in 96-well microtiter plates, and incubated 
at 37 °C under static conditions as described in Guillén et al. (2020b). 

2.2. Growth curves 

Growth experiments were carried out in raw liquid whole egg obtained from medium-sized raw 
eggs (53-63 grams) purchased from a local supermarket either before (raw) or after the application of a 
pasteurization treatment (see below, section 2.3). For some experiments, commercial pasteurized liquid 
whole egg (Pascual, Aranda de Duero, Spain) was also used. 
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The egg products were inoculated with different initial Salmonella doses, 102 (low dose) and 106 
(high dose) CFU/mL, and were then incubated at 37 °C. Samples were taken at preset time intervals, 
from 0 to 30 h, unless otherwise noted, adequately diluted in buffered peptone water (Oxoid, BPW), 
and plated on Xylose Lysine Deoxycholate agar (Oxoid, XLD), the recovery medium. XLD plates were 
incubated for 48 h at 37 °C, and the number of colony forming units (CFU) per plate was counted. 

Table 1. Strains used in this study. 

Strain Source 

S. Typhimurium ATCC 14028s STCC (strain 4594) 

S. Typhimurium ATCC 14028s ΔentC:Kan BEI Resources (NR-29399) 

S. Typhimurium ATCC 14028s Δfes:Kan BEI Resources (NR-29399) 

S. Typhimurium ATCC 14028s ΔfeoB:Kan BEI Resources (NR-29399) 

S. Typhimurium ATCC 14028s ΔfhuC:Kan BEI Resources (NR-29399) 

S. Typhimurium ATCC 14028s ΔiroB:Kan BEI Resources (NR-29399) 

S. Typhimurium ATCC 14028s ΔiroN:Kan BEI Resources (NR-29399) 

S. Typhimurium ATCC 14028s ΔmntH:Kan BEI Resources (NR-29399) 

S. Typhimurium ATCC 14028s ΔsitC:Kan BEI Resources (NR-29399) 

S. Typhimurium ATCC 14028s ΔzupT:Kan BEI Resources (NR-29399) 

2.3. Thermal treatments 

Thermal treatments (pasteurization of raw liquid whole egg) were carried out in a specially 
designed thermoresistometer implemented with a compatible control thermostat that allowed for the 
performance of heating ramps at different rates (Conesa et al., 2003). Briefly, this instrument consists in 
a 400 mL vessel provided with an electrical heater for thermostation, a cooling system, an agitation 
device to ensure distribution and temperature homogeneity, and ports for the injection of microbial 
suspension as well as for the extraction of samples. The thermoresistometer was programmed to 
perform a linear temperature profile from 25 °C to the target temperature at a rate of 1 °C/min, and then 
to hold at that temperature (± 0.1 °C). After treatments, pasteurized liquid whole egg was cooled and 
stored at 4 °C. Raw liquid whole egg was exposed to two different treatment conditions simulating 
different pasteurization conditions: 60 °C 3.5 min and 70 °C 1.5 min. 

For some experiments (application of thermal treatments to ovotransferrin and to Ex-FABP in 
liquid whole egg, along with “re-pasteurization” treatments), a T100 thermal cycler (Bio-Rad, CA, USA) 
was used. This thermal cycler was programmed with the same heating ramps and used to apply the 
same treatment conditions as described for the thermoresistometer. We verified that the liquid whole 
egg temperature attained after the heating ramp was correct (data not shown). 

2.4. Supplementation assays 

Supplementation assays were carried out by adding different concentrations of proteins, iron, or 
siderophores to the growth media (liquid whole egg). In another set of assays, supplementation with 
spent media obtained from different strains was also studied. Then, liquid whole egg (raw or 
pasteurized, depending on the assay) supplemented with those molecules or extracts was inoculated 
with different concentrations of Salmonella cells and incubated as described above in order to determine 
its effect on Salmonella growth fitness. 

2.4.1. Proteins 
Lysozyme (Sigma-Aldrich, St. Louis, USA) up to a concentration of 1.93 mg/mL, ovotransferrin 

(Sigma-Aldrich) up to 8.80 mg/mL, extracellular fatty-acid-binding protein (Ex-FABP), and a 
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recombinant egg white lipocalin from Coturnix coturnix japonica (CSB-EP878006DXJ; Cusabio Biotech 
Co. Ltd., Wuhan, China) up to 0.22 mg/mL were added to the growth media (liquid whole egg). 
Concentrations of those compounds were selected based on their quantity proportion in egg white 
(Baron et al., 2016; Julien et al., 2020), and assuming a 2:1 ratio between egg white and egg yolk in liquid 
whole egg. The commercial protein Ex-FABP was desalted before supplementation using an Amicon 
ultra-0.5 mL centrifugal filter (MWCO = 3 kDa; Millipore, Billerica, MA, USA). 

2.4.2. Iron and siderophores 
Ferric citrate (Sigma-Aldrich) was added to the growth media up to a concentration of 0.1 mg/mL. 

Enterobactin (ENT) and Salmochelin S4 (SAL), two siderophores in iron-free form, were purchased from 
EMC Microcollections (Tuebingen, Germany) and supplemented at concentrations up to 5.00 µg/mL.  

2.4.3. Spent medium 
Cells of S. Typhimurium ATCC 14028s (wild type) and the iroB and entC mutants were 

inoculated (approx. 10 UFC/ml) in M9-broth (Sigma-Aldrich, M9) supplemented with magnesium 
sulfate (Panreac-AppliChem, Darmstadt, Germany) and glucose (Panreac-AppliChem), as indicated by 
the manufacturer, until cultures reached 102 and 106 UFC/ml. Bacterial suspensions were then 
centrifuged at 12000 g for 20 min at 4 °C and the supernatant, the spent medium, was first filtrated with 
a 0.22 m sterile cellulose filter and then through an Amicon ultra-15 mL centrifugal filter (MWCO = 3 
kDa; Millipore). The filtrate was then dyalized using a previously washed cellulose ester (CE) dialysis 
membrane with a nominal cutoff of 100-500 Da (Spectra/Por®, Biotech CS, US). The sealed membrane 
was immersed in sterile distilled water (1:1000 ratio) and dialyzed for 9 hours at 4 °C with gentle stirring 
(water was changed every three hours). Before supplementation, the filtered and dialyzed spent 
medium was concentrated in a centrifuge vacuum dryer (GeneVac, Ltd., United Kingdom) at 30 °C until 
liquid was completely evaporated. The obtained pellet was resuspended in sterile distilled water to the 
desired concentration (1/100 of the initial volume), and was added to the growth media (liquid whole 
egg). For certain experiments, non-filtered/dialyzed spent M9 medium or liquid whole egg spent 
filtered and dialyzed medium (following the same protocol) was used. 

2.5. Growth curve fit and statistical analysis 

Growth curves were constructed by plotting the decimal logarithm of the number of Salmonella 
versus time under the different conditions assayed. Each point in the growth curve corresponds to the 
average value of all samples analyzed (at least three replicates). The curves obtained were fitted with 
the Baranyi and Roberts model (Baranyi and Roberts, 2000): 

𝑌𝑡  =  𝑌0 + 𝜇𝑚𝑎𝑥 · 𝐴𝑡 −
𝑌𝑚𝑎𝑥 − 𝑌0

𝑀
· 𝑙𝑛 [1 − 𝑒−𝑀 + (𝑒−𝑀 ·

𝑌𝑚𝑎𝑥 − 𝑌0 − 𝜇𝑚𝑎𝑥 · 𝐴𝑡

𝑌𝑚𝑎𝑥 − 𝑌0

)] (1) 

𝐴𝑡 = 𝑡 − 𝜆 · [1 −
1

ℎ0

· 𝑙𝑛 (1 − 𝑒−ℎ0·
𝑡
𝜆 + 𝑒−ℎ0·(

𝑡
𝜆

−1))] (2) 

where Yt is the Log10 of cell concentration at time t (CFU/mL); Y0 is the Log10 of the initial cell 
concentration (CFU/mL); Ymax is the Log10 of maximum cell concentration (CFU/mL); μmax is the 
maximum growth rate (Log10/h); λ is the lag phase (h); and M and h0 are curvature parameters, taking 
them as constant values, and with both set at a value of 10. For this purpose, we used GraphPad PRISM® 
statistical software (GraphPad Prism version 8.00 for Windows, GraphPad Software, San Diego, 
California, USA). The same software was used to calculate the goodness of fit parameters (R2 and RMSE) 
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and to carry out the statistical analysis (Student’s t tests and ANOVA). Differences were considered 
significant for p ≤ 0.05. 

3. Results

3.1. Effect of initial concentration on the growth rates of Salmonella in liquid whole egg 

The influence of the initial contamination dose of Salmonella Typhimurium ATCC 14028s on its 
growth rates in raw and pasteurized (60 °C/3.5 min or 70 °C/1.5 min) liquid whole egg was analyzed by 
obtaining growth curves starting at 102 (low dose) or 106 CFU/mL (high dose) in the three media (Figure 
1). The growth parameters calculated after fitting the curves with the Baranyi model are shown in Figure 
2. As can be observed in Figures 2A and 2B, the initial inoculum dose significantly (p <0.05) affected the
growth parameters λ and µmax calculated in raw liquid whole egg and in egg pasteurized at 60 °C for 3.5
min, but not in egg pasteurized at 70 °C for 1.5 min. Thus, the maximum growth rate in raw liquid
whole egg determined for growth curves starting at a concentration of 106 CFU/mL (0.743 ± 0.022 log/h)
was significantly (p <0.05) higher than for curves starting at a concentration of 102 CFU/mL (0.605 ± 0.024
log/h). Significant differences (p <0.05) were also found among the lag values calculated in raw liquid
whole egg (4.62 ± 0.228 h vs 1.53 ± 0.123 h, for the curves starting at 102 and 106 CFU/mL, respectively).
By contrast, no significant differences were found among the growth parameters µ and µmax calculated
in egg pasteurized at 70 °C for 1.5 minutes, regardless of the inoculum dose. The results obtained also
indicate that increasing the intensity of the heat treatment applied to liquid whole egg led to a
progressive decrease in the lag values and an increase in the µmax for curves starting at 102 CFU/mL.
Thus, when S. Typhimurium ATCC 14028s cells were inoculated (102 CFU/mL) into whole egg exposed
to 60 °C for 3.5 min, they displayed intermediate values (0.689 ± 0.010 log/h and 2.23 ± 0.099 h for the
µmax and λ parameters, respectively) lying between those calculated in raw whole egg and egg
pasteurized at 70 °C for 1.5 minutes (significantly different from both of them; p <0.05). However, when
inoculated with high doses (106 CFU/mL), no significant differences were found in the growth
parameters determined for S. Typhimurium ATCC 14028s cells, regardless of the heat treatment applied
to the liquid whole egg. Neither were significant differences found among the Ymax values, regardless of
the type of whole egg studied (raw vs pasteurized), and regardless of the inoculation dose (Figure 2C).
Results obtained in commercial pasteurized liquid whole egg were similar to those obtained in egg
pasteurized at 70 °C for 1.5 minutes (data not shown).

Figure 1. Influence of the intensity of whole liquid egg pasteurization treatment and of the inoculum dose (102 and 
106 CFU/mL) on the growth fitness of Salmonella Typhimurium ATCC 14028s cells. Growth curves obtained in 
raw liquid whole egg (●), pasteurized whole egg at 60 °C 3.5 min (●), and pasteurized whole egg at 70 °C 1.5 min 
(o) at 102 CFU/mL. Lines correspond to the fit of the Baranyi model to the experimental data. Error bars represent
the standard deviation.
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These results indicate that increasing the intensity of the heat treatment applied to liquid whole 
egg leads to a progressive disappearance of the initial dose dependence of S. Typhimurium ATCC 
14028s growth fitness observed in the raw product. 

Figure 2. Growth parameters of Salmonella Typhimurium ATCC 14028s cells in raw and pasteurized (60 °C/3.5 and 
70 °C/1.5 min) liquid whole egg when inoculated at 102 and 106 CFU/mL. (a) μmax (Log10/h); (b) lag (h); (c) Ymax Log10 

(CFU/mL) values calculated with the Baranyi model. Differences in the lower-case letters indicate statistically 
significant differences (p <0.05) indicate statistically significant differences (p <0.05) among the parameters 
determined in each growth medium (raw or pasteurized at 60 °C/3.5 or 70 °C/1.5 min). Differences in the upper-
case letters indicate statistically significant differences (p <0.05) among the parameters determined in each growth 
medium as a function of the starting dose (102 vs 106 CFU/mL). 

3.2. Effect of the supplementation of commercial pasteurized liquid whole egg with egg white proteins with 

known antimicrobial properties  

Since, as suggested in the introduction, the thermal inactivation of egg white proteins with 
antimicrobial activity might be the cause for the increased growth fitness of Salmonella cells in 
pasteurized liquid whole egg (as compared to raw egg), we designed a series of experiments to verify 
this hypothesis. 

Raw and liquid whole egg pasteurized at different temperatures (60 °C/3.5 min and 70 °C 1.5 min) 
was supplemented with different antimicrobial egg white proteins (lysozyme, ovotransferrin, and Ex-
FABP) at the concentrations at which they are usually present in liquid whole egg (see Material and 
Methods). The fitness of S. Typhimurium ATCC 14028s cells was subsequently determined and 
compared with that of a raw and pasteurized liquid whole egg without added proteins. Figure 3 shows 
the effect of supplementation of those proteins in pasteurized liquid whole egg, measured as the 
increase in the number (in Log10) of cells after 6 hours of incubation at 37 °C (LogN6-LogN0). This length 
of time was selected because it was the one in which the difference in Salmonella counts between raw 
and pasteurized liquid whole egg (70 °C/1.5 min) was the greatest. Addition of lysozyme to pasteurized 
liquid whole egg (regardless of thermal treatment) did not cause a significant effect (p >0.05) on the 
growth fitness of Salmonella cells (data not shown). By contrast, the addition of ovotransferrin or Ex-
FABP to pasteurized liquid whole egg resulted in a significantly lower increase (p <0.05) compared to 
control (no protein added) in the number of S. Typhimurium ATCC 14028s cells after 6 hours of 
incubation at 37 °C when eggs were inoculated at the lower dose (102 CFU/mL). Thus, for instance, in 
samples of liquid whole egg pasteurized at 70 °C for 1.5 min with added ovotransferrin or Ex-FABP, the 
increase in the number of cells after 6 hours of incubation at 37 °C was 2.36 and 0.84 log cycles, 
respectively, lower than the increase in the same medium without the addition of one of those proteins. 
Similar results were obtained in egg pasteurized at 60 °C for 3.5 min, although in this case the effect of 
Ex-FABP was not statistically significant (p =0.1). Results nevertheless also indicated that Salmonella 
growth in raw liquid whole egg was still more restricted than in liquid whole egg pasteurized at 70 °C 
for 1.5 min supplemented with ovotransferrin or Ex-FABP. We therefore carried out a series of assays 

10
2 C

FU
/m

L

10
6 C

FU
/m

L

10
2 C

FU
/m

L

10
6 C

FU
/m

L

0.0

0.2

0.4

0.6

0.8

1.0


m

a
x
 (

L
o

g
1

0
/h

)

a

b

b b

Raw
whole egg

Commercial
pasteurized
whole egg

10
2 C

FU
/m

L

10
6 C

FU
/m

L

10
2 C

FU
/m

L

10
6 C

FU
/m

L

0

2

4

6

L
a
g

(h
)

a

b
b

b

Raw
whole egg

Commercial
pasteurized
whole egg

10
2 C

FU
/m

L

10
6 C

FU
/m

L

10
2 C

FU
/m

L

10
6 C

FU
/m

L

0

2

4

6

8

10

Y
m

a
x
 (

L
o

g
1

0
 C

F
U

/m
l)

a a a a

Raw
whole egg

Commercial
pasteurized
whole eggA B C



7 of 21 

205 

in which those antimicrobial proteins were supplemented together (ovotransferrin + lysozyme, 
ovotransferrin + Ex-FABP and ovotransferrin + EX-FABP + lysozyme), but results were not significantly 
different (p >0.05) from those obtained when only ovotransferrin was added (data not shown). Finally, 
it should be noted that supplementation of any of these proteins did not have any significant effect (p

>0.05) on Salmonella growth fitness when inoculated at the high dose of 106 CFU/mL (data not shown).

Figure 3. Effect of the supplementation of ovotransferrin (8.80 mg/mL) or Ex-FABP (0.022 mg/mL) to whole liquid 
egg pasteurized under different conditions (60 °C/3.5 min and 70 °C/1.5 min) inoculated with 102 CFU/mL on the 
growth fitness of Salmonella Typhimurium ATCC 14028s. Values correspond to the number of decimal log cycles 
of growth after 6 hours at 37 °C (Log10 N6/N0). Figure also includes the values for raw whole liquid egg (Dashed 
line). Error bars represent the standard deviation, and letters indicate statistically significant differences (p <0.05) 
among the different conditions assayed for each type of pasteurized whole egg (60 °C/3.5 min and 70 °C/1.5 min). 

In order to ascertain the impact of thermal treatments on these proteins’ antimicrobial activities, 
we also evaluated the growth ability of S. Typhimurium ATCC 14028s in pasteurized liquid whole egg 
(at 60 °C/3.5 min and at 70 °C/1.5 min) under each of the assayed conditions, supplemented with the 
same concentrations of proteins, and subsequently re-pasteurized (applying the same conditions). 
These additional assays were included because they might help to quantify the impact of thermal 
treatments of different intensity – and applied in the matrix itself – on the antimicrobial activity of 
ovotransferrin and Ex-FABP. Under most of the conditions assayed, the antimicrobial effect of both 
proteins was annulled when they were exposed to the pasteurization treatment, as can be observed in 
Figure 3. This was true for both proteins treated at 70 °C/1.5 min, and also for Ex-FABP exposed to 
treatments at 60 °C/3.5 min, but not for ovotransferrin under the latter conditions. Thus, although a heat 
treatment at 60 °C for 3.5 min did reduce the antimicrobial activity of ovotransferrin (Salmonella growth 
rate increased), growth rate was still lower than in non-supplemented pasteurized egg at the same 
temperature (p <0.05). Altogether, these results indicate that pasteurization treatments at 70 °C/1.5 min 
would inactivate ovotransferrin as well as Ex-FABP in liquid whole egg (at least to a high extent), but 
treatments at 60 °C/1.5 min would not. This strongly suggests that the observed differences in Salmonella 
fitness depending on the intensity of the thermal treatments applied to liquid whole egg might be 
related, at least to some extent, to the different effect that these thermal treatments would have on those 
two proteins: mainly, as will be discussed later, on ovotransferrin. Results obtained after carrying out 
the same experiments in commercial liquid whole egg (re-pasteurization conditions: 70 °C/1.5 min) were 
similar to those described for whole egg pasteurized at 70 °C for 1.5 (data not shown). 

In summary, these supplementation assays indicate that, at the concentrations found in whole 
liquid egg, ovotransferrin and Ex-FABP, but not lysozyme, would limit Salmonella Typhimurium 
growth rates in liquid whole egg, and that this effect would only be observed when Salmonella cells are 
inoculated at a low dose. In addition, these results strongly suggest that the differences in Salmonella 
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growth rates observed when it grows in raw or in pasteurized liquid whole egg might be linked, at least 
to some extent, to the thermal inactivation of ovotransferrin and Ex-FABP and consequently, to the 
existence of differences in iron bioavailability between raw and pasteurized egg.  

3.4. Effect of iron and siderophore supplementation on liquid whole egg 

In view of the previous results, we studied the influence of the addition of iron to raw and 
pasteurized liquid whole egg. Supplementation of raw liquid whole egg and whole liquid egg 
pasteurized at 60 °C for 3.5 min with increasing concentrations of ferric citrate resulted in an increase in 
the growth rate of Salmonella cells when inoculated at low dose (102 CFU/mL; Figure 4). Nevertheless, 
results obtained also indicate that a lower amount of ferric citrate was required for Salmonella cells to 
match their growth rate in egg treated for 1.5 min at 70 °C when inoculated in liquid whole egg 
pasteurized at 60 °C for 3.5 min (approx. 0.0125 mg/mL) than when inoculated in raw liquid whole egg 
(>0.025 mg/mL). 

Figure 4. Effect of the supplementation of different concentrations of ferric citrate (from 0.005 mg/mL to 0.1 mg/mL) 
on the growth fitness of Salmonella Typhimurium ATCC 14028s in raw () and pasteurized (60 °C/3.5 min; ●) liquid 
whole egg inoculated with 102 CFU/mL. Values correspond to the number of decimal log cycles of growth after 6 
hours at 37 °C (Log10 N6/N0). Dashed line correspond to the values attained after the same incubation 
time/conditions in liquid whole egg pasteurized at 70 °C for 1.5 minutes (no ferric citrate added). Error bars 
represent the standard deviation. 

On the other hand, no significant change in growth rates (p >0.05) was observed when Salmonella 
cells were inoculated at the high dose (106 CFU/mL) in any of the three media, or when ferric citrate was 
added to liquid whole egg treated for 1.5 min at 70 °C, regardless of the initial dose (data not shown) 
and even at the highest concentration of ferric citrate tested (0.1 mg/mL; approximately the same 
amount of iron naturally present in raw whole egg). 

These results reinforced the hypothesis that the lower growth rates of Salmonella cells in raw liquid 
whole egg when inoculated at the lower doses would be related to iron bioavailability. Thus, since 
ovotransferrin and Ex-FABP seemed to be playing a significant role in this phenomenon, we proceeded 
to study the influence of the addition of different concentrations of two siderophores, Enterobactin and 
Salmochelin, to raw and pasteurized liquid whole egg. 

Figure 5 shows the effect of supplementation of different concentrations of Salmochelin and 
Enterobactin (from 0.05 ng/mL to 5.0 µg/mL) on the growth fitness of Salmonella Typhimurium ATCC 
14028s in raw liquid whole egg as well as in liquid whole egg pasteurized at 60 °C for 3.5 min inoculated 
at 102 CFU/mL. For both types of liquid whole egg, increasing the concentration of either Enterobactin 
or Salmochelin beyond a certain threshold resulted in an increased growth rate of the Salmonella cells. 
It should be noted that in both cases this threshold was lower for Salmochelin than for Enterobactin and 
that, as described for ferric citrate, the siderophore concentration required for Salmonella cells to reach a 
growth rate similar to that which they would display in egg pasteurized at 70 °C for 1.5 min was lower 
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when S. Typhimurium ATCC 14028s cells were grown in egg pasteurized at 60 °C for 3.5 min than when 
grown in raw egg. As likewise described for ferric citrate, no effect was observed when siderophores 
were supplemented in either raw egg or in egg pasteurized at 70 °C for 1.5 min at the high dose, or in 
egg pasteurized at 70 °C for 1.5 min at the low dose (data not shown). Similarly, addition of ferric citrate, 
Enterobactin, or Salmochelin to commercial liquid egg did not significantly change the observed growth 
rates, regardless of the initial number of Salmonella cells inoculated (data not shown). 

Figure 5. Effect of the supplementation of different concentrations of Salmochelin (circles: ●, ○) and Enterobactin 
(squares; , ) (from 0.05 ng/mL to 5.0 µg/mL) on the growth fitness of Salmonella Typhimurium ATCC 14028s in 
raw (filled symbols; ●, ) and pasteurized (60 °C/3.5 min; empty symbols; ○, ) liquid whole egg inoculated with 
102 CFU/mL. Values correspond to the number of decimal log cycles of growth after 6 hours at 37 °C (Log10 N6/N0). 
Dashed lines corresponds to the values attained after the same incubation time/conditions in raw and pasteurized 
liquid whole egg (60 °C/3.5 min and 70 °C/1.5 min) with no Salmochelin/Enterobactin added. Error bars represent 
the standard deviation. 

3.5. Effects of deletions in iron-uptake-related genes on the fitness (growth rate) of Salmonella Typhimurium in 

liquid whole egg 

In view of the results previously obtained, we selected 8 strains (ΔentC, Δfes, ΔfeoB, ΔfhuC, ΔiroN,

ΔmntH, ΔsitC and ΔzupT) of S. Typhimurium ATCC 14028s with deletions in genes coding for proteins 
involved in different iron uptake systems, determined their growth rate in raw and pasteurized liquid 
whole egg starting at two different initial doses (102 CFU/mL and 106 CFU/mL), and compared them to 
that of the parental (wild type) strain. 

The biosynthesis of the siderophore molecule Enterobactin, and thus the synthesis of Salmochelin 
molecule, is regulated by six enzymes (EntA-EntF) (Raymond et al., 2003; Rusnak et al., 1991). Therefore, 
deletion of entC makes Salmonella cells unable to produce Enterobactin or Salmochelin. The iroN gene 
encodes the outer membrane receptor of Fe3+ bound to Salmochelin; if it is deleted, iron uptake by 
Salmochelin will be inhibited, or at least reduced (Hantke et al., 2003). The Enterobactin esterase Fes is 
an enzyme that cleaves iron-free Enterobactin, since this mutant uses Salmochelin as sole siderophore. 
In addition to these catecholate siderophores, Salmonella has ferric hydroxamate-type siderophores. The 
protein fhuC forms a complex with the other operon proteins, which, in turn, mediates the translocation 
of ferrichrome from the periplasm into the cytoplasm (Mademidis and Köster, 1998). Under anaerobic 
or reducing conditions, Fe2+ is the predominant form and is acquired via Fe2+ uptake systems (Ratledge 
and Dover, 2000), such as the FeoABC and MntH transporters. The feoB gene encodes an ATP-driven 
high-affinity transporter that pumps Fe2+ across the cytoplasmic membrane (Kammler et al., 1993; Lau 
et al., 2016); MntH is a divalent cation transport system with high affinity for Mn2+ and other divalent 
metal ions, including ferrous iron (Zaharik et al., 2004). Other complementary systems are the sitABCD

operon, induced under iron-deficient conditions, which encodes a periplasmic binding protein-
dependent ABC transport system that is specific for metal ions (Janakiraman and Slauch, 2000), and the 
ZupT transporter, a permease that preferentially allows entry of zinc, although the ability to uptake 
manganese, copper and iron has also been demonstrated (Cerasi et al., 2014). 
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As can be observed in Figure 6, the ΔiroN and ΔentC strains displayed lower growth rates in raw 
liquid whole egg (p <0.05) than the parental strain in raw liquid egg, and also displayed longer lag 
phases, although in this case only when egg was inoculated with 102 CFU/mL. By contrast, no significant 
differences (p >0.05) among the growth parameters determined in raw egg for the other mutant strains 
and the parental one were observed (data not shown). It should also be noted that no significant 
differences were found in the Ymax values regardless of strain, initial dose, and/or type of liquid whole 
egg. On the other hand, no significant differences (p >0.05) between the growth parameters determined 
for any of the tested strains and the parental strain were observed when grown in egg pasteurized at 70 
°C for 1.5 min, regardless of the initial dose (data not shown). 

Figure 6. Growth parameters of Salmonella Typhimurium ATCC 14028s (Wild-type) cells and its isogenic mutants 
entC and iroN, in raw and pasteurized liquid whole egg (70 °C/1.5 min) and when inoculated at different doses 
(102 CFU/mL and 106 CFU/mL). (A) μmax (log10/h), (B) lag (h) and (C) Ymax Log10 (CFU/mL) values obtained after the 
fit of the growth curves to the Baranyi model. Error bars represent the standard deviation. Differences in the lower-
case letters indicate statistically significant differences (p <0.05) between strains grown on the same media and 
conditions (starting dose). Differences in the upper-case letters indicate statistically significant differences (p <0.05) 
among growth conditions (raw vs. pasteurized and initial dose) for each strain. 
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In the light of these results, the fitness of those strains which displayed a reduced growth rate in 
raw liquid whole egg – i.e., those with deletions in genes related to Salmochelin (ΔiroN) or Salmochelin 
and Enterobactin (ΔentC) uptake/synthesis – was also studied in liquid whole egg pasteurized under 
different conditions, and with or without the addition of Ex-FABP and ovotransferrin (Figure 7). Results 
obtained indicate that 1) deletion of iroN only affected Salmonella growth in those conditions in which 
Ex-FABP was naturally present (raw) or added to the pasteurized egg, and 2) deletion of entC caused a 
decrease in Salmonella growth rates under all the conditions assayed, but when grown in egg 
pasteurized at 60 °C for 3.5 min supplemented with ovotransferrin or in egg pasteurized at 70 °C for 1.5 
min. 

Figure 7. Effect of the supplementation of ovotransferrin (8.80 mg/mL) or Ex-FABP (0.022 mg/mL) to whole liquid 
egg pasteurized under different conditions (60 °C/3.5 min and 70 °C/1.5 min) inoculated with 102 CFU/mL on the 
growth fitness Salmonella Typhimurium ATCC 14028s (Wild-type) cells and its isogenic mutants entC and iroN. 
Values correspond to the number of decimal log cycles of growth after 6 hours at 37 °C (Log10 N6/N0). Figure also 
includes the values for raw whole liquid egg. Error bars represent the standard deviation, and letters indicate 
statistically significant differences (p <0.05) among the different strains for each growth medium. 

These results will be discussed in detail below, but they reinforce the hypothesis of the existence 
of a relationship between iron bioavailability and the dependence of Salmonella growth rates in liquid 
whole egg on its thermal history and the dose. They likewise highlight the relevant role played by egg 
white antimicrobial proteins (ovotransferrin and Ex-FABP), on the one hand, and Salmonella 
siderophores (Salmochelin and Enterobactin), on the other, in the growth of Salmonella in liquid whole 
egg. 

3.6. Effect of supplementation with spent medium on the growth rates of Salmonella Typhimurium in liquid 

whole egg. 

In order to obtain further insight into the dependence of Salmonella growth rates on initial dose in 
liquid whole egg, we performed a set of experiments in which different strains (ATCC 14028s and its 
isogenic mutants Δfes and ΔiroN) were grown in raw whole egg supplemented with filtered and 
dialyzed M9 spent medium (prepared as described in Materials and Methods) from parental, ΔentC,

and ΔiroB cultures. Previous experiments showed that the filtered/dialyzed M9 spent medium obtained 
from S. Typhimurium ATCC 14028s increased the growth rates of this same strain inoculated to raw 
whole egg at a dose of 102 CFU/mL to the same extent as the non-filtered/dialyzed one, and that the 
same was true when the filtered/dialyzed spent medium was obtained from S. Typhimurium ATCC 
14028s cells grown in raw liquid whole egg (data not shown). Therefore, we carried out all the 
experiments with filtered/dialyzed M9 spent medium. These experiments also revealed that 
supplementation with spent medium to samples inoculated at 106 CFU/mL did not significantly (p >0.05) 
modify S. Typhimurium ATCC 14028s growth rates. 
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As can be observed in Figure 8, supplementation of raw whole egg with M9 spent medium 
obtained from S. Typhimurium ATCC 14028s cultures increased the growth rates of the three strains 
under study when inoculated at 102 CFU/mL. Thus, supplementation with that spent medium resulted, 
after 6 hours, in an increase in 2.2, 2.4 and 1.8 Log10 cycles of growth for strain S. Typhimurium ATCC 
14028s and its isogenic mutants Δfes and ΔiroN, respectively. This increase was significantly (p <0.05) 
higher than that observed when the spent medium had been obtained from a ΔiroB culture, which 
cannot synthesize Salmochelin, and also when it had been obtained from a ΔentC culture, which is 
unable to synthesize either Salmochelin or Enterobactin. In addition, no significant differences (p >0.05) 
were found when strains where supplemented with spent medium only lacking Salmochelin (from 
ΔiroB cultures) or also lacking Enterobactin (from ΔentC cultures). However, the growth of the 
Salmonella Δfes and ΔiroN strains in raw whole egg supplemented with ΔentC and ΔiroB spent media 
was still significantly higher (p <0.05) than without supplementation. 

Figure 8. Effect of the supplementation of filtered and dialyzed M9 spent medium (see text) obtained from 
Salmonella Typhimurium ATCC 14028s (Wild-type), iroB and entC mutants to raw whole liquid egg inoculated 
with 102 CFU/mL on the fitness Salmonella Typhimurium ATCC 14028s (wild-type) cells and its isogenic mutants 
fes and iroN. Values correspond to the number of decimal log cycles of growth after 6 hours at 37 °C (Log10 N6/N0). 
Figure also includes the values for raw whole liquid egg. Error bars represent the standard deviation, and letters 
indicate statistically significant differences (p <0.05) among the different growth conditions for each strain. 

4. Discussion

Iron restriction has long been considered the major factor limiting bacterial growth in egg 
(Garibaldi, 1970; Schade and Caroline, 1944). Thus, although the concentration of iron in egg has been 
estimated to be between 3.6 to 18 µM, it is assumed that there would be no free iron in egg white, since 
it would be chelated by ovotransferrin. Ovotransferrin is a monomeric glycoprotein, a member of the 
transferrin family. It is composed of two homologous lobes: each lobe has an iron-binding site, the 
amino-terminal lobe (N-lobe) and the carboxyl-terminal lobe (C-lobe). Therefore, one mole of 
ovotransferrin is able to bind two moles of iron (Baron et al., 2016; Legros et al., 2021). It is thereby 
believed that main antimicrobial mechanism of egg against Salmonella is this chelator effect of 
ovotransferrin (Baron et al., 1997). It has been recently demonstrated that one of the three lipocalins 
identified in egg white, the Extracellular Fatty Acid-Binding Protein (Ex-FABP), is able to sequester 
some siderophores (molecules that bind and transport iron in microorganisms) (Guérin-Dubiard et al., 
2006; Julien et al., 2020). Thus, Ex-FABP would be able to sequester Enterobactin, but would display no 
activity against Salmochelin (Julien et al., 2020). Therefore, Ex-FABP would also limit iron 
bioavailability through its ability to bind to siderophores. 

Our results are consistent with this assumption, since they indicate that while lysozyme 
supplementation (at a concentration similar to that present in raw whole egg) did not have any impact 
on Salmonella growth rates in pasteurized liquid egg at 70 °C for 1.5 min, supplementation of 
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ovotransferrin or EX-FABP (at their concentrations found in raw egg) to egg pasteurized under the same 
conditions did slow down Salmonella growth, at least when cells were inoculated at the lower dose (102 
CFU/mL), whereby the effect of ovotransferrin was higher than that of Ex-FABP. In this sense, it can be 
assumed that none of the components present in liquid whole egg pasteurized at 70 °C for 1.5 min (as 
well as in the commercial liquid whole egg studied herein) are limiting Salmonella growth, since the 
growth rates reported here are similar (no significant differences; p >0.05) to those obtained in a rich 
medium such as TSB-YE (Guillén et al., 2021). This would be either because their concentration is too 
low, or because they are denatured/inactivated. We should take into account that the same medium 
might still be limiting the growth of other microorganisms and/or other conditions (e.g. at a different 
temperature), but, as far as this investigation is concerned, the growth rate of Salmonella in liquid whole 
egg pasteurized at 70 °C for 1.5 min would be considered from here on as the maximum growth rate 
Salmonella can achieve under the conditions studied herein, and will be used as a reference. 
Furthermore, although it can be argued that the antimicrobial effect observed for ovotransferrin and Ex-
FABP might be due to the presence of a higher (up to twofold) concentration of both proteins after 
supplementation (those naturally present + those supplemented), our results demonstrate that the 
application of a heat treatment of 1.5 min at 70 °C to both proteins and in liquid whole egg does suppress 
its antimicrobial activity (see below); therefore, our affirmation can be considered valid. Finally, these 
results also indicate that lysozyme activity would not be the cause of the differences in Salmonella 
growth rates observed between raw and pasteurized liquid egg, or between low and high initial doses 
in raw whole egg.  

To overcome this limitation in iron bioavailability which is not exclusive to egg white (Dostal et al., 
2014), Salmonella has developed different systems for the acquisition of iron from the host environment 
and from host-chelating proteins. These systems have been excellently reviewed in Andrews et al. (2003) 
and Wellawa et al. (2020). Basically, they can be classified into three groups: ferrous iron transport 
systems (which include the FeoABC transporter), metal-type ABC transporters (mainly the SitABCD, 
MntH, and ZupT transporters), and the ferric iron uptake system via siderophores. The main Salmonella 
siderophores are Salmochelins, Enterobactins and, to a minor extent, ferrichromes, all of which are 
characterized by their high affinity to iron. Thus, while the affinity constant (with iron) of ovotransferrin 
is in the range between 1014 and 1018 M-1 (Lin et al., 1994), most of the siderophores secreted by Salmonella 
have affinity constants between 1030 and 1052 M-1 (Andrews et al., 2003). It has been demonstrated that 
all Salmonella serovars produce the catecholate siderophore Enterobactin as well as the C-glucosylated 
Enterobactin derivative Salmochelin (Müller et al., 2009; Raymond et al., 2003) and that siderophore 
production genes are overexpressed in egg white (Clavijo et al., 2006; Huang et al., 2019). The relevance 
of those genes (specifically in egg) is associated with the fact that Ex-FABP can only sequester ferric-
Enterobactin, and is unable to bind Salmochelin (Correnti et al., 2011). Thus, as observed by Julien et al., 
2020, the addition of Ex-FABP at the concentration found in egg white (5 µM) in M9 medium caused a 
modest impact on growth; in contrast, the ΔiroBC mutant, which relied on Enterobactin as the sole 
siderophore, showed a slower growth rate and yield (Julien et al., 2020). Our results also indicate that 
Salmochelin plays a key role in Salmonella growth in egg since, among all the mutant strains tested (each 
of them with an impaired ability to use one of Salmonella’s major iron import systems), only those 
mutant strains (ΔiroN and ΔentC) not able to use Salmochelin for importing iron displayed reduced 
growth rates in raw egg. This view is likewise supported by our results obtained from supplementation 
assays with Salmochelin and Enterobactin, which demonstrated that the concentration of Salmochelin 
required by Salmonella to overcome the iron limitation imposed by egg white proteins was lower than 
that of Enterobactin. Nevertheless, those two mutant strains were capable of growing in raw liquid 
whole egg, and of reaching the same yields, although more slowly. This indicates that other iron import 
systems can compensate for a lack of Salmochelin or Salmochelin + Enterobactin synthesis/import and 
sustain Salmonella growth in raw whole egg. Conversely, they also indicate that the lack of any other 
individual iron import system would be entirely compensated (no effect on growth rates in raw whole 
egg) by Salmonella cells through the use of other ones.  
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Returning to our study’s main objective, which was to study the mechanisms underlying the 
differences in growth rate of Salmonella cells in liquid whole egg as a function of the initial inoculum 
dose (in raw egg) and the egg’s thermal history, our results strongly suggest that both phenomena 
would be linked to differences in iron bioavailability, as shall be discussed below.  

Regarding the cause of the growth rate differences in raw whole egg depending on the inoculum 
dose, our supplementation experiments with spent M9 medium strongly suggest that the amount of 
siderophores released to the medium would substantially contribute to explain the differences in 
growth rate as a function of the initial dose in raw egg, since: 1) spent medium lacking siderophores 
(generated by a ΔentC mutant strain) had a significantly lower growth-promoting effect in raw whole 
egg and, 2) spent medium filtration + dialyzation assays indicate that the molecules responsible for the 
observed effect would have an approximate molecular weight between 100 and 3000 Da, consistent with 
the molecular weight of the siderophores Salmochelin (1016 Da for S4) and Enterobactin (669 Da) (Bister 
et al., 2004). They also indicate, once more, that Salmochelin would play a predominant role, because, 
in addition to all we have indicated above, supplementation with the spent medium generated by the 
parental strain to Salmonella Δfes cells (unable to use Enterobactin-bounded Fe) raised growth rates to 
the same extent as those of the parental strain, and supplementation of the parental strain with spent 
medium generated by a ΔiroB strain (unable to glycosylate Enterobactin, and therefore unable to 
synthesize Salmochelin) only led to a limited increase in Salmonella growth rates. Furthermore, 
supplementation with a spent medium lacking Salmochelin as well as Enterobactin (generated by a 
ΔentC mutant strain) induced a similar effect than that of a spent medium only containing Enterobactin. 
In any case, our results also seem to indicate that in Salmonella spent medium there were molecules other 
than those two siderophores, which were capable of accelerating Salmonella growth in egg. Further work 
will be required in order to fully elucidate this point.  

Therefore, and assuming that siderophore synthesis and uptake would be determining the growth 
rate of Salmonella cells in raw liquid whole egg, the results obtained in this study might be explained on 
the basis of the theory/model proposed by Scholz and Geenberger (2015). They observed a phenomenon 
quite similar to the one observed in our study: in their case, the growth of E. coli in a low-iron medium 
supplemented with the iron chelator transferrin was slower when cells were inoculated at low cell 
densities than at high ones. They also observed that when Escherichia coli and an isogenic Enterobactin 
synthesis mutant (ΔentF) were inoculated in a low-iron medium at high cell densities, the ΔentF mutant 
could compete equally well with the wild type, but that at low cell densities it could not. This led them 
to propose a model in which at least a certain amount of Enterobactin would remain associated with 
the cells that produce it, enabling iron acquisition even at very low cell density; whereby Enterobactin 
that was not retained by producing cells at low density would be lost to dilution. Conversely, at high 
cell densities, cell-free Enterobactin could accumulate and be shared by all cells in the group, which 
would lead to an increase in overall fitness (growth rates). Our scenario is admittedly somewhat more 
complex, with Salmochelin and Enterobactin as the siderophores used differently depending on the 
amount of inoculum, and with ovotransferrin and Ex-FABP limiting iron bioavailability; nevertheless, 
the fact that the growth-promoting effect of spent medium was observed when it was obtained from 
M9 cultures with a high amount of cells (106 CFU/mL), and not from cultures having achieved a cell 
density of only 102 CFU/mL, seems to indicate that the model proposed by Scholz and Geenberger (2015) 
would also be valid in explaining the results we obtained for the growth of S. Typhimurium ATCC 
14028s in liquid raw egg. In any case, the ΔiroN and ΔentC mutants grew even more rapidly in raw 
whole egg when inoculated at 106 CFU/mL than at 102 CFU/ml, thereby indicating that other 
factors/molecules might also be at least partially responsible for the initial dose dependency of 
Salmonella growth in raw liquid whole egg. Further work will be required in other to fully elucidate this 
point. 

On the other hand, and with regard to the influence of pasteurization on Salmonella growth rates 
in liquid whole egg, we wish to point out that the classic pasteurization treatments applied in the 
industry, 1-10 min at 60-72 °C, are limited due to the sensitivity of egg white proteins to heat treatments, 
which can lead to egg coagulation. Depending on a treatment’s intensity, it can denature egg white 
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proteins with antimicrobial properties such as ovotransferrin and lysozyme (Baron et al., 2016), as was 
already suggested as the potential cause of the higher growth fitness of Salmonella cells in pasteurized 
liquid whole egg as compared to raw egg (Guillén et al., 2021). Although we have only estimated the 
denaturation/inactivation of ovotransferrin and Ex-FABP indirectly through the study of their 
antimicrobial activity and have not calculated the percentage of denaturation/inactivation, our results 
indicate that both compounds would be denatured by heat (at least when treated at 70 °C for 1.5 min). 
This is consistent with previously published data reporting denaturation temperatures for 
ovotransferrin in the range between 60 and 75 °C (Li-Chan et al., 1995), and the melting temperature 
predicted for Ex-FABP using the SCooP algorithm (Pucci et al., 2017), which is in the same range (Tm = 
67.9 °C). 

In any case, our results also indicate that Salmonella growth in pasteurized liquid egg supplemented 
with ovotransferrin or Ex-FABP, or both, was still slightly faster than in raw egg. This suggests that 
there would be other components with antimicrobial activity that would result affected/denatured upon 
exposure of whole liquid egg to pasteurization conditions. However, other potential explanations 
cannot be ruled out, such as the existence of significant differences in antimicrobial activity between 
recombinant Coturnix japonica Ex-FABP (the one used for supplementation assays) and Gallus gallus Ex-
FABP, or between native and commercially available ovotransferrin. Our results nevertheless clearly 
demonstrate that the addition of iron or siderophores to raw egg is sufficient for Salmonella cells to reach 
their maximum growth rates in whole liquid egg, indicating that if there are other proteins/components 
contributing to the differences in Salmonella growth rates in raw and pasteurized liquid whole egg, they 
would also be related to iron bioavailability. Given the functions of ovotransferrin and Ex-FABP (one 
as an iron scavenger and the second one as a siderophore sequester), the effect of their simultaneous 
addition (at the same concentrations as above) to liquid whole egg pasteurized at 70 °C for 1.5 min 
would be expected to be additive, but we did not observe that effect. Further work will be required to 
elucidate this point, taking into account that the effect of the addition of Ex-FABP alone was relatively 
small (even non-significant in egg pasteurized at 60 °C), and that addition of ovotransferrin alone led 
to Salmonella growth rates very similar to those in raw egg, which, together with the limitations of the 
plate count technique (it is estimated that the standard deviation of three replicates can account for 
considerably more than 10% of the mean value (Cebrián et al., 2015)) might also explain the results 
obtained.  

Regarding the effect of the different pasteurization treatments on the antimicrobial activity of these 
proteins (ovotransferrin and Ex-FABP), results obtained for egg pasteurized at 60 °C (3.5 min) should 
be viewed with care, due to methodological reasons: mainly because of the low difference in growth 
rates between raw egg and egg pasteurized at 60 °C for 3.5 min (less than 12.27%), and also in view of 
the high variability of the plate count technique (see above). In any case, our results strongly suggest 
that a 60 °C/3.5 min treatment would only denature a fraction of ovotransferrin, since the growth rate 
of Salmonella cells in pasteurized egg (60 °C/3.5 min) supplemented with ovotransferrin exposed to the 
same treatment conditions did not reach the growth rate in non-supplemented pasteurized (60 °C/3.5 
min) whole egg, thereby implying that ovotransferrin still retained a certain degree of antimicrobial 
activity. This is consistent with the results reported by Baron et al. (2003), who observed that the loss of 
bacteriostatic activity of transferrin depended on the intensity of the treatment, although the ones they 
studied were more intense (15 days at 67 or 75 °C). This would imply that the amount of active 
ovotransferrin might be one of the causes, if not the major one, for the observed differences in Salmonella 
growth rates between raw and pasteurized liquid whole egg at different temperatures. On the other 
hand, results obtained in our study suggest that a heat treatment of 60 °C for 3.5 min would significantly 
affect Ex-FABP antimicrobial activity, yet they also indicate that the effect of the supplementation of Ex-
FABP on egg pasteurized at 60 °C for 3.5 min was non-significant (p >0.05). These contradictory results 
might be explained on the basis of the methodological limitations discussed above, but the fact that the 
concentration of Salmochelin required by Salmonella to overcome the iron limitation imposed by egg 
white proteins in whole egg pasteurized at 60 °C for 3.5 min was lower than that of Enterobactin 
strongly suggests that Ex-FABP was not denatured after treatments at 60 °C for 3.5 min. Alternatively, 
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it can be hypothesized that egg might contain other proteins (still not reported) capable of sequestering 
Enterobactin. Further work will be required to clarify the effect of these low-intensity pasteurization 
treatments on Ex-FABP activity. Nevertheless, this is, to the best of our knowledge, the first time that 
the effect of heat treatments on the antimicrobial activity of Ex-FABP has been explored; from our results 
it can be clearly established that at least pasteurization treatments at 70 °C for 1.5 do affect its 
antimicrobial activity against S. Typhimurium ATCC 14028s. 

Altogether, these results strongly suggest that denaturation of proteins limiting iron bioavailability 
(including ovotransferrin and Ex-FABP) would be the cause of the faster growth of Salmonella cells in 
pasteurized whole egg, and that the different degree of denaturation they would suffer after 
pasteurization treatments of different intensity would explain the differences in growth observed in 
liquid whole egg pasteurized under different conditions, as pointed out above. Regarding the first point, 
it should be noted that although ovotransferrin has an additional antibacterial activity independent of 
its iron-restricting activity (Aguilera et al., 2003; Ellison et al., 1988), Baron et al. (2003) already reported 
that, at least in the range of temperatures they studied (67 to 75 °C, which is close to ours), the loss of 
bacteriostatic activity attributable to thermal denaturation of ovotransferrin was due to a reduction of 
its iron-chelating activity. This provides further support for our hypothesis that the increased growth 
rate obtained in pasteurized egg would mainly be linked to an increase in iron bioavailability. 
Regarding the second point, our supplementation assays with iron and siderophores also demonstrated 
that iron bioavailability progressively increases as the intensity of the treatment is raised, since the 
maximum growth rates in liquid whole egg were achieved in egg pasteurized at 70 °C for 1.5 min 
without requiring the addition of any of those compounds, and the concentrations required in egg 
pasteurized at 60 °C for 3.5 min were lower than in raw egg. 

Furthermore, on the basis of all that has been discussed above, the following model would 
simultaneously explain the all results here reported:  

Iron bioavailability would be limited in raw liquid whole egg mainly due to the presence of 
ovotransferrin and Ex-FAPB. In this medium, Salmonella cells require the use of siderophores (especially 
Salmochelin) for iron uptake and in order to reach their maximum growth potential (rate). When 
Salmonella cells are present at low cell density in raw whole egg, those siderophores have a privative 
effect, and growth would be slow. However, if they are present/inoculated at a sufficiently high density, 
siderophores are released to the medium; the antimicrobial (iron limiting) systems present in raw liquid 
whole egg would be overcome, and Salmonella would grow at their maximum growth rates (in this case, 
raw liquid whole egg would not be a growth-limiting medium). Application of heat treatments of 
increasing intensity would cause a progressive denaturation of those iron-restricting proteins (mainly 
of ovotransferrin), which would allow Salmonella cells to uptake iron by other systems, leading to the 
disappearance of the initial dose dependence of Salmonella growth rates. 

5. Conclusions

In summary, our results strongly suggest that iron bioavailability determines the fitness (growth 
rates) of Salmonella cells in liquid whole egg. Thus, the higher the intensity of the thermal treatment 
applied to the liquid egg, the more iron will be available, a phenomenon that would be linked to the 
denaturation of iron and/or siderophore-binding egg proteins. On the other hand, further work is still 
required to fully elucidate why lower Salmonella initial doses lead to lower growth rates in raw whole 
egg, but this might be related to the different use (private vs shared) of siderophores on the part of 
Salmonella, depending on the number of cells present in the medium. The present study contributes to 
a better understanding of the physiology of Salmonellae, as well as of the effect of thermal treatments on 
food products.  
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Abstract: Salmonella is the most frequently reported cause of foodborne outbreaks with 
known origin in Europe, with eggs and egg products standing out and the most 
frequent food source (when it was known). The growth and survival of Salmonella in 
eggs and egg products have been extensively studied and, recently, it has been 
reported that factors such as the initial dose and thermal history (raw or pasteurized) 
of the egg product can also influence its growth capability in them. Therefore, the 
objective of this study was to define the boundary zones of the growth/no growth 
domain of Salmonella Enteritidis (4 strains) as a function of temperature (low 
temperature boundary) and dose in different egg products. A series of polynomial 
logistic regression equations were successfully built, allowing the study the 
interactions between these factors on the probability of growth of S. Enteritidis in these 
products. Results obtained indicate that the minimum growth temperatures of 
Salmonella Enteritidis are higher in egg white (9.47 - 18.25 °C) than in egg yolk (7.10 - 
7.75 °C) and whole liquid egg (7.15 - 7.78 °C). Results obtained also demonstrate that 
in some products, raw whole liquid egg and raw and pasteurized egg white, the 
minimum growth temperature of Salmonella Enteritidis cells does depend on the initial 
dose. Similarly, the previous thermal history of the egg product only influenced the 
minimum growth temperature in some of them. On the other hand, wide differences 
in the minimum growth temperatures among strains were observed in some products 
(up to approx. 6 °C in egg white). Our experimental approach has allowed us to 
provide a more accurate prediction of Salmonella minimum growth temperatures in 
egg products by taking into account additional factors (dose and thermal history) 
while also providing a quantification of the intra-specific variability. This would be of 
the highest relevance for improving the safety of egg products. 

Keywords: Salmonella; egg; inoculum dose; growth/no growth; logistic regression 

1. Introduction

Salmonella is the most frequently reported cause of foodborne outbreaks with known origin in 
Europe, and in 2019 44.0% of the human cases of salmonellosis associated with a known food source in 
this region were linked with eggs and egg products (EFSA, 2021). Among the more than 2,500 Salmonella 
serovars, Enteritidis serovar is the most commonly isolated from eggs and egg products, so the growth 
and survival of this serovar in eggs and egg products have been extensively studied (De Vylder et al., 
2013; Gantois et al., 2009). Thus, it is well known that there are large differences in the growth capacity 
of Salmonella depending on the egg fraction (yolk vs. white), growth temperature and other factors. One 
of the most important environmental factors influencing bacterial population growth is the 
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temperature. Salmonella is capable to grow in a wide range of temperatures, ranging from 5 to 47 °C 

with an optimum of 35 to 42 °C (D´Aoust, 1989). In egg products the minimum growth temperature of 

S. Enteritidis is around 6–8℃ (Kang et al., 2021; Kim et al., 2018; Whiting and Buchanan, 1997). The egg

fraction also influences the growth rates and yields of Salmonella, being much higher in egg yolk than in

egg white (Guillén et al., 2021; Kim et al., 2018; Messens et al., 2004; Moon et al., 2016), what has been

attributed to the particular composition and physico-chemical characteristic of the later, which is

particularly efficient inhibiting/slowering microbial growth (Baron et al., 1997, 2016). Recently it has

been reported that other factors such as the initial dose and thermal history (raw or pasteurized) also

influence the growth capability of Salmonella in egg and egg products (Guillén et al., 2020a, 2021; Kang

et al., 2021). These phenomena seem to be related to the effect of heat treatments on the antimicrobial

activity of some egg white proteins (such as ovotransferrin and lysozyme) and on the dose-dependent

ability of Salmonella cells to uptake iron (Baron et al., 2016; Lechevalier et al., 2017; Scholz and Greenberg,

2015).

Kinetic growth models of Salmonella have been developed to predict the growth in egg products in 

order to establish the optimal temperature and time for their preservation and distribution (Kang et al., 

2021; Kim et al., 2018; Li et al., 2017; Singh et al., 2011). In addition to these predictive kinetic models, 

probabilistic growth/no growth (G/NG) interface models have been obtained as they are more 

appropriate for defining factor combinations and because they provide more detailed information on 

microbial growth limits –which is also required for defining the range of applicability of kinetic models. 

Several growth/no growth models have been developed for Salmonella (Basti and Razavilar, 2004; 

Koutsoumanis et al., 2004; Lanciotti et al., 2001; Pin et al., 2011). Thus, models defining Salmonella growth 

boundaries as a function of the major environmental factors influencing microbial growth, such as 

temperature, pH and aw have been developed. However, there are still many other factors potentially 

affecting/defining Salmonellae growth boundaries, such as the influence of the initial number of cells, the 

thermal history of the food product (e.g. egg), or the physiological state of the cells that have only been 

scarcely, if ever, investigated. In fact, these factors were already pointed out as future research needs to 

improve current Salmonella growth models by Carrasco and co-workers (Carrasco et al., 2012). In 

addition, it should be noted that most of the available G/NG models for Salmonella were developed 

using data obtained in laboratory media. Although, in general, these models can give accurate 

predictions of microbial growth in foods, the models might not take into account significant factors for 

microbial growth, such as food structure, competition/interaction with other microorganisms and the 

physiological state of microbial cells, among others. Therefore, either the validation of models obtained 

in laboratory media in real foods systems or the development of new G/NG models directly derived 

from data obtained in food products would be required. 

Recent studies have demonstrated the influence of the initial cell number and of thermal history 

(raw vs pasteurized) on the growth fitness of Salmonella in egg white and liquid whole egg (Guillén et 

al., 2020a, 2021; Kang et al., 2021). Therefore, the objective of this study was to determine if these factors 

also influence the minimum growth temperature of Salmonella Enteritidis in whole liquid egg and its 

fractions. Intraspecific variability was also investigated through the inclusion in the study of four S. 

Enteritidis strains. A series of polynomial logistic regression equations were built (including one for 

each combination of strain and egg fraction) in order to study the interactions of these factors on the 

probability of growth of S. Enteritidis in these products. The mechanisms underlying the differences 

among strains observed were also explored. 

2. Materials and Methods

2.1. Bacterial strains and culture conditions 

Four strains belonging to Salmonella enterica serovar Enteritidis were used in this study. The strains 

of S. Enteritidis (STCC 4155, STCC 4300, STCC 4396 and STCC 7160) were supplied by the Spanish Type 

Culture Collection (STCC). Strains were maintained frozen at −80 °C in cryovials for long-term 

preservation. Cultures were grown in tryptic soy broth (Oxoid, Basingstoke, UK) supplemented with 
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0.6% w/v yeast extract (Oxoid, TSB-YE) in 96 wells microtiter plates and incubated at 37 °C under static 

conditions as described in Guillén et al. (2020b). 

2.2. Growth media 

Growth experiments were carried out in raw liquid whole egg, egg white and yolk obtained from 

medium-sized raw eggs (53-63 grams) purchased from a local supermarket and in commercial 

pasteurized liquid whole egg, egg white and egg yolk (Pascual, Aranda de Duero, Spain). 

2.3. Experimental design 

The effect of initial dose, incubation temperature and egg fraction on the growth/no growth of S. 

Enteritidis were determined. The selection was based on delimiting the levels of the mentioned factors 

to the G/NG domain of S. Enteritidis, based on previous studies in raw and pasteurized egg and eggs 

products (Guillén et al., 2021; Kang et al., 2021; Kim et al., 2018; Sakha and Fujikawa, 2012). Since 

preliminary results showed that no growth was detected at 5 °C or below, data were collected at 6, 6.5, 

7, 7.5, 8 and 8.5 °C for whole liquid egg and egg yolk. For egg white the following temperatures were 

studied: 7, 8, 9, 10, 12, 15, 17.5 and 20 °C. The initial doses were 102, 103, 104, 105 and 106 CFU/mL. The 

experimental conditions are summarized in Table 1. The number of conditions per strain was 164, 

divided between the different egg products: raw and pasteurized liquid whole egg, raw and pasteurized 

egg yolk and raw and pasteurized egg white. The number of replicates per condition was 24. 

Table 1. Experimental conditions and levels of temperature, initial dose and egg product considered for growth/no 

growth model for S. Enteritidis. 

2.4. Inoculation procedure 

Appropriate dilutions of stationary phase cultures in buffered peptone water (Oxoid, BPW) were 

used to inoculate each well at the different initial inoculum dose for each of the four Enteritidis strains. 

24 replicate microtiter wells per condition and strain were filled with 297 μL of the different egg 

products, and inoculated with 3 μL of the corresponding dilution, achieving the desired initial dose. 

After inoculation, the microtiter plates were sealed with a polyester impermeable film (VWR 

International, Leuven, Belgium) and placed in a FX Incubator (Zeulab, Zaragoza, Spain) at the 

Egg product Temperature (°C) Initial dose (CFU/mL) 

Raw whole egg 6.0 102, 103, 104, 105 and 106 

Raw whole egg 6.5 102, 103, 104, 105 and 106 

Raw whole egg 7.0 102, 103, 104, 105 and 106 

Raw whole egg 7.5 102, 103, 104, 105 and 106 

Raw whole egg 8.0 102, 103, 104, 105 and 106 

Raw whole egg 8.5 102, 103, 104, 105 and 106 

Pasteurized whole egg/Egg yolk 6.0 102, 104 and 106 

Pasteurized whole egg/Egg yolk 6.5 102, 104 and 106 

Pasteurized whole egg/Egg yolk 7.0 102, 104 and 106 

Pasteurized whole egg/Egg yolk 7.5 102, 104 and 106 

Pasteurized whole egg/Egg yolk 8.0 102, 104 and 106 

Pasteurized whole egg/Egg yolk 8.5 102, 104 and 106 

Egg white 7.0 102, 103, 104, 105 and 106 

Egg white 8.0 102, 103, 104, 105 and 106 

Egg white 9.0 102, 103, 104, 105 and 106 

Egg white 10.0 102, 103, 104, 105 and 106 

Egg white 12.0 102, 103, 104, 105 and 106 

Egg white 15.0 102, 103, 104, 105 and 106 

Egg white 17.5 102, 103, 104, 105 and 106 

Egg white 20.0 102, 103, 104, 105 and 106 
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corresponding temperatures. Temperature was recorded using a calibrated type K thermocouple 
temperature sensor (Almemo, Ahlborn, Germany), with an accuracy of ± 0.2 °C, connected to a data 
logger (Data logger 710, Almemo Ahlborn, Germany).

2.5. Growth/no growth evaluation and selection data 

The occurrence of growth was tested after 30 days of incubation in all the conditions and products 
assayed. For egg white it was also tested after 15 days. The bacterial population in each well was 
determined by surface plating on Xylose Lysine Deoxycholate agar (Oxoid, XLD), and compared with 
the initial count. Growth was confirmed when a difference of more than 0.5 Log CFU/mL with the initial 
dose was detected. When growth was confirmed, it was noted as “1”, and “0” if it was not. The 
classification criterion was carried out at a cut point of p = 0.5, being p = probability of growth. Before 
fitting the data to the model, they were examined in order to detect possible outliers (i.e. decrease of the 
probability of growth when environmental conditions are less severe, or vice versa). The procedure 
followed was that proposed by Gysemans et al. (2007), an outlier condition was an unusual change of 
more than 10% in the observed growth probability compared to the neighboring data point. This was 
tested by comparing neighboring data points in the temperature and dose directions separately.

2.6. Development of growth/no growth models 

The observed data set was fitted to a polynomial logistic regression equation. The equation of the 
logistic regression model consists of a polynomial (right-hand side) and “logit p”, which is equal to ln 
(p / (1 − p)) (left-hand side). The equation used in this study was a second-order linear logistic regression 
model, as follows:

𝐥𝐨𝐠𝐢𝐭( 𝒑) = 𝒂𝟎 + 𝒂𝟏 · 𝑻 +  𝒂𝟐 · 𝑫 + 𝒂𝟑 · 𝑻 · 𝑫 +  𝒂𝟒 · 𝑻𝟐 + 𝒂𝟓 · 𝑫𝟐 Eq. 1

where p is the probability of growth (p takes values between 0 and 1), a0 – a5 are the coefficients to 
be estimated, T is temperature, and D is initial dose.

This model was fitted in XLSTAT® software (version 2019.2.2, Addinsoft, Boston) by using the 
forward stepwise procedure and applying Firth’s correction. This means that variables were entered 
one by one into the model. Stepwise entry and removal followed, based on the significance of the Wald 
criterion (p = 0.05, and p = 0.015 respectively). Model building stopped when no more variables meet 
entry or removal criteria or when the current model was the same as the previous one. With this 
procedure a biologically consistent model was obtained, in accordance to data observed. 

2.7. Evaluation of models performance 

Once models were obtained, for each model, goodness of fit statistics and predictive performance 
indexes were calculated in XLSTAT® software. In accordance with Valero et al. (2009), the maximum 
rescaled R2 statistic, Pearson residuals and the receiver operating characteristic (ROC) curve were used 
as measures of goodness of fit of the models.

R2-Nagelkerke is a modification of the Cox–Snell coefficient to assure that it can vary from 0 to 1, 
and a better fit of the model entails higher values of R2 (Nagelkerke, 1991). As the Hosmer–Lemeshow 
statistic does not give information about the nature of the lack of fit, the Pearson residuals were 
calculated. They measure the difference between observed and predicted events, taking into account 
the number of observations (Gysemans et al., 2007). The area under ROC (Receiver Operating 
Characteristic) curve, c, is a measure of discrimination, obtained from a plot sensitivity (the proportion 
of observed events that was correctly predicted to be events), against the complement of specificity (the 
proportion of observed non-events that was correctly predicted to be non-events). The closer the value 
of c is to 1, the greater is the discrimination (Agresti, 2002). In addition, to compare various models, the 
Akaike Information Criterion (AIC) was calculated, which estimates the out-of-sample prediction error 
and thus the relative quality of the statistical models for a given data set. 
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To better illustrate the fit of the developed model to the observed data, the predicted probabilities 

at 0.1, 0.5 and 0.9 were calculated holding temperature and dose constant in GraphPad PRISM® 

statistical software (GraphPad Prism version 8.00 for Windows, GraphPad Software, San Diego, 

California, USA). 

2.8. Validation 

The performance of the logistic models developed was compared with growth data from 

independent experiments. Internal validation of the model was performed by selecting a data set within 

the interpolation region, and was a total of 48 conditions for the different Enteritidis strains and egg 

products. The experimental conditions investigated are summarized in Table 2. The procedure 

followed, inoculation and evaluation, was as described above. To evaluate the fit, goodness of the fit 

(R2, RMSE) parameters and Pearson's correlation coefficients were calculated using GraphPad PRISM® 

statistical software. 

Table 2. Experimental conditions and levels of temperature, initial dose and egg product considered for validation 

of growth/no growth models for S. Enteritidis strains. 

2.9 Estimation of the amount of siderophores produced by the different Salmonella strains 

Bacterial strains were checked for siderophore-producing ability by means of the CAS Assay 

(Schwyn and Neilands, 1987). A modified CAS assay solution prepared according to Alexander and 

Zuberer (1991), was used for this purpose. Briefly, 21.9 mg of HDTMA was dissolved in 25 mL water 

while stirring constantly over low heat. In a separate container 1.5 mL of 1 mM FeCI3·6H20 (in 10 mM 

HCl) was mixed with 7.5 mL of 2 mM CAS. This solution was slowly added to the HDTMA solution 

while stirring, and the mixture was transferred to a 100 mL volumetric flask. Buffer solution was 

prepared by dissolving 9.76 g MES in 50 mL water. The pH was adjusted to 5.6 with 50% KOH, and the 

buffer solution was then added to the volumetric flask containing the dye solution. Water was added 

to bring the volume to 100 mL and the solution was sterilized before further use. Quantitative estimation 

of siderophore was done by taking supernatant of bacterial cultures grown in M9 broth (Arora and 

Verma, 2017). After incubation at 37 °C for 24 h, bacterial cultures were centrifuged at 10,000 x g for 10 

min, cell pellets were discarded, and supernatant was used to estimate siderophore. Supernatant (0.5 

mL) of each bacterial culture was mixed with 0.5 mL CAS reagent and after 20 min optical density was 

taken at 630 nm (Spectrophotometer: Thermo Scientific, Evolution 201). Siderophore produced by 

strains was measured in percent siderophore unit (psu) which was calculated according to the following 

formula (Payne, 1994): 

 𝐒𝐢𝐝𝐞𝐫𝐨𝐩𝐡𝐨𝐫𝐞 𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 (𝐩𝐬𝐮) =  
(𝑨𝒓−𝑨𝒔)·𝟏𝟎𝟎

𝑨𝒓
 Eq. 2 

where Ar = absorbance of reference (CAS solution and un inoculated broth), and As = absorbance 

of sample (CAS solution and cell-free supernatant of sample). 

Egg product Temperature (°C) Initial dose (CFU/mL) 

Raw and pasteurized whole egg 7.25 104.5 

Raw and pasteurized whole egg 7.75 102.5 

Raw and pasteurized egg white 15.0 104.5 

Raw and pasteurized egg white 17.5 102.5 

Raw and pasteurized egg yolk 7.25 104.5 

Raw and pasteurized egg yolk 7.75 102.5 

Raw and pasteurized whole egg 7.25 104.5 

Raw and pasteurized whole egg 7.75 102.5 

Raw and pasteurized egg white 15.0 104.5 

Raw and pasteurized egg white 17.5 102.5 
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3. Results

In this study, the low temperature growth boundary of four S. Enteritidis strains in different egg 
products was determined. First, the occurrence of growth at different temperatures was determined in 
6 different egg products/fractions of 4 S. Enteritidis strains when starting at different initial doses. In 
order to determine the experimental conditions to be assayed, some preliminary assays were performed 
using S. Enteritidis STCC 4300 at two concentrations (102 CFU/mL and 106 CFU/mL). Thus, for those 
media for which no effect of the starting dose was observed (egg yolk and pasteurized liquid whole 
egg) only 3 concentrations were assayed whereas for the rest (raw liquid whole egg and egg white) 5 
concentrations were tested. Figure 1 shows, as a way of example, the results obtained for S. Enteritidis 
STCC 4300, in the 6 media tested when inoculated with 102 and 106 CFU/mL. 

Figure 1. Probability of growth of Salmonella Enteritidis STCC 4300 as a function of temperature, at the lowest 
initial dose, 102 CFU/mL (black circles and line), and at the highest dose tested, 106 CFU/mL (orange squares and 
line), and in the different egg products: raw liquid whole egg (A), pasteurized liquid whole egg (B), raw egg 
white (C), pasteurized egg white (D), raw egg yolk (E) and pasteurized egg yolk (F). 

After determining whether growth occurred or not in the different conditions assayed the data 
were fitted to a polynomial logistic equation as described above. Since, as can be also observed in Figure 
1, transition from no growth to growth occurred in very narrow temperature interval (around 0.5 °C), 
leading to the generation of perfect (or almost perfect) separations in most of the study 
scenarios -making consequently the maximum likelihood estimate infinite- so the Firth penalty term 
was added to the log-likelihood function (Firth, 1993). A total of 30 logistic regression models were 
obtained in raw and pasteurized liquid whole egg, egg white and egg yolk. Once the models for each 
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strain were obtained, another model was developed for each egg product by fitting altogether the data 
corresponding to the four strains (Global). 

Table 3. Equations obtained by fitting the logistic regression model to the growth/no growth data observed for 
Salmonella Enteritidis strains in the different egg products. The table also includes the equations obtained after 
fitting simultaneously the data obtained for the four strains (global). The predictors of goodness of fit (R2-
Nagelkerke, the percentage of Pearson residuals values between -1 and 1 and the area under ROC curve) are also 
included. 

Strain Equation R2-Nagelkerke Pearson residuals AUC 

Raw liquid whole egg 

4155 STCC logit ( p) = - 72.438 + 1.193 · T2 + 0.266 · D2 0.967 98.3% 0.998 

4300 STCC logit ( p) = - 63.779 + 1.073 · T2 + 0.193 · D2 0.942 97.2% 0.994 

4396 STCC logit ( p) = - 70.656 + 1.033 · T2 + 0.128 · D2 0.933 97.2% 0.994 

7160 STCC logit ( p) = - 79.878 + 1.305 · T2 + 0.168 · D2 0.972 98.3% 0.998 

Global logit ( p) = - 26.658 + 0.422 · T2 + 0.077 · D2 0.850 92.4% 0.979 

Pasteurized liquid whole egg 

4155 STCC logit ( p) = - 52.340 + 0.967 · T2 0.958 98.15% 0.993 

4300 STCC logit ( p) = - 44.849 + 0.812 · T2 0.923 94.91% 0.988 

4396 STCC logit ( p) = - 46.026 + 0.711 · T2 0.873 93.75% 0.979 

7160 STCC logit ( p) = - 44.239 + 0.799 · T2 0.920 94.44% 0.986 

Global logit ( p) = - 19.817 + 0.347 · T2 0.820 88.02% 0.962 

Raw egg white 

4155 STCC logit ( p) = - 3.809 - 0.395 · T - 3.178 · D + 0.291 · T · D + 0.021 · T2 + 0.118 · D2 0.918 94.6% 0.991 

4300 STCC logit ( p) = 10.349 - 2.131 · T - 4.890 · D + 0.334 · T · D + 0.074 · T2 + 0.294 · D2 0.892 95.5% 0.988 

4396 STCC logit ( p) = 0.556 - 3.406 · T + 3.344 · D + 0.089 · T · D + 0.155 · T2 - 0.343 · D2 0.923 97.6% 0.993 

7160 STCC logit ( p) = 15.995 - 3.250 · T - 4.765 · D + 0.326 · T · D + 0.117 · T2 + 0.299 · D2 0.909 96.7% 0.990 

Global logit ( p) = - 27.700 + 0.974 · T + 3.888 · D - 0.049 · T · D + 0.015 · T2 - 0.183 · D2 0.874 95.0% 0.986 

Pasteurized egg white 

4155 STCC logit ( p) = 30.101 - 3.325 · T - 16.313 · D + 1.106 · T · D + 0.059 · T2 + 0.763 · D2 0.951 98.09% 0.996 

4300 STCC logit ( p) = 18.907 - 2.397 · T - 9.458 · D + 0.369 · T · D + 0.080 · T2 - 0.806 · D2 0.917 97.45% 0.991 

4396 STCC logit ( p) = 40.063 - 4.334 · T - 16.525 · D + 0.410 · T · D + 0.152 · T2 + 1.579 · D2 0.965 99.55% 0.997 

7160 STCC logit ( p) = 67.770 - 5.009 · T - 33.970 · D + 0.720 · T · D + 0.157 · T2 - 3.433 · D2 0.948 98.87% 0.996 

Global logit ( p) = 0.504 - 0.791 · T - 4.209 · D + 0.170 · T · D + 0.044 · T2 - 0.431 · D2 0.878 94.47% 0.987 

Raw and pasteurized egg yolk 

4155 STCC logit ( p) = -72.243 + 1.373 · T2 0.997 100.0% 0.999 

4300 STCC logit ( p) = -72.243 + 1.373 · T2 0.997 100.0% 0.999 

4396 STCC logit ( p) = - 45.233 + 0.704 · T2 0.873 92.4% 0.975 

7160 STCC logit ( p) = - 42.394 + 0.755 · T2 0.911 91.9% 0.981 

Global logit ( p) = - 20.475 + 0.363 · T2 0.830 87.3% 0.959 
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Table 3 shows the equations obtained for each strain and egg product and the goodness of the fit, 

including the R2-Nagelkerke and the area under ROC curve (AUC) value. Hosmer-Lemeshow statistic 

should be interpreted with caution as its value can be largely influenced by a single bad prediction, and 

therefore in this study the Pearson residuals were calculated. These performance statistics indicate a 

reasonable goodness of fit of the models obtained, even when the data of the 4 strains were modeled 

together –although this later was worse than when each strain was modeled alone-. Additionally, the 

estimated coefficients of the variables of the logistic regression models developed for the different 

Enteritidis strains and egg products, together with their corresponding standard errors can be found in 

Table S1. In Table S1 only the coefficients of the significant variables (p <0.05) included in each model 

are shown. 

3.1. Estimation of Salmonella Enteritidis minimum growth temperature in liquid whole egg 

As can be observed in Table 3, the R2-Nagelkerke values of the models obtained for raw liquid 

whole egg varied between 0.933 and 0.972, AUC values between 0.994 and 0.998 and most of Pearson 

residuals were between -1 and 1, i.e., the differences between the observed and predicted probabilities 

were small in relation to the number of observations. Thus, the percentage of values between -1 and 1 

were 98.3, 97.2, 97.2 and 98.3% for 4155, 4300, 4396 and 7160 STCC respectively. As described above, the 

goodness of the fit obtained when modelling altogether the data of the 4 strains was poorer, as it would 

be expected, than the fit of models developed individually (R2-Nagelkerke 0.850 vs 0.957 in average; 

concordance index 0.979 vs 0.997 in average; percentage of values of Pearson residual between -1 and 1 

92.4 vs 97.8%, in average). Accordingly, in the classification table of observed versus predicted model 

conditions for Enteritidis strains that is shown in Supplementary Table 2 (Table S2) it can be observed 

that for all the models developed for raw liquid whole egg, high values of c were obtained, -this value 

indicating the percentage of data that were correctly classified by the model- ranging from 92.36% 

obtained for the global model to 98.33% of the model data for the S. Enteritidis 7160 STCC strain.  

Models described the growth of S. Enteritidis strains in raw liquid whole egg as a function of the 

quadratic terms of initial dose and temperature, indicating that the growth limits of S. Enteritidis strains 

in raw liquid whole egg would be dependent on both inoculum size and temperature. The effect of these 

two variables (temperature and dose) on the probability of growth of Enteritidis strains in raw liquid 

whole egg is depicted in Figure 2. Figure 2A shows the growth limits predicted for each strain, as a 

function of temperature and initial dose, by the logistic regression models obtained by setting the 

probability at 0.1 (10%) and Figure 2B the growth limits calculated for the model built by modeling 

altogether the data obtained for the four strains (global) and the model obtained after calculating the 

average coefficients from the equations developed for each strain and fixing the probability of growth 

at 0.1, 0.5 and 0.9 (10, 50 and 90%, respectively). An inverse relationship was obtained between the initial 

dose and the minimum growth temperature; thus, the larger the inoculum size, the lower the minimum 

growth temperature. These minimum temperatures, around 7.5 °C, for S. Enteritidis strains were similar 

to the mean values reported in literature (ICMSF, 1996). The highest minimum growth temperatures 

were obtained for S. Enteritidis 4396 STCC. In contrast, the lowest minimum growth temperatures, were 

obtained for strains 4155 and 4300 STCC, for which the influence of temperature and initial dose was 

similar (Figure 2A). Figure 2B shows the different outcome resulting from using two different ways of 

estimating the low temperature growth boundaries for Salmonella Enteritidis (the set of 4 strains here 

analyzed). Thus, it can be observed that, as it would be expected, whereas the minimum temperatures 

calculated from a probability of growth of 0.1 were lower for the model developed when modelling all 

the data altogether, the opposite happened for those required to ensure a probability of 0.9, or in other 

words, that the transition zone was much wider for this model than when just calculating the averages 

of these probabilities for the 4 strains.  

Regarding pasteurized liquid whole egg, the goodness of the fit of the models developed was 

comparable to those developed for raw whole egg and also the goodness of the fit was better for the 

individual (strain) models than for the model developed using all the data set (4 strains). However, in 

liquid pasteurized whole egg the models described the growth of S. Enteritidis strains only as a function 

8 of 26 
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of the quadratic term of temperature, that is, the growth limit temperatures were the same for all doses. 
The model that provided the best fit for the whole set of data analyzed altogether included both 
temperature and the quadratic temperature term as significant parameters but, in order to simplify and 
facilitate comparisons, the temperature term was eliminated. Despite this change in the equation, the 
R2-Nagelkerke value was the same, and the AIC value only increased by 2.78%. Figure 2C shows the 
growth limit temperatures, which as pointed out above in this case are not dose-dependent. In this case, 
and even in a clearer way than in raw whole egg, two groups of strains were observed. On one hand, 
strains 4155, 4300 and 7160 STCC showed similar minimum growth temperatures, around 7.18 °C, 
whereas strain 4396 STCC required higher temperatures to be able to grow in pasteurized liquid whole 
egg, with more than half a degree of difference, 7.78 °C. 

Figure 2. The effect of temperature and initial dose on the predicted probability of Salmonella Enteritidis strains in 
raw liquid whole egg (A-B) and in pasteurized liquid whole egg (C-D). Figures A and C show the predicted 
growth limit temperatures determined with the logistic regression models developed for each of the different 
strains, S. Enteritidis 4155 STCC (black), S. Enteritidis 4300 STCC (orange), S. Enteritidis 4396 STCC (yellow) and 
S. Enteritidis 7160 STCC (blue), at a fixed probability of 0.1. Figures B and D show the predicted growth limit
temperatures estimated for a probability of growth of 0.1 (continuous line), 0.5 (dashed line) and 0.9 (dotted line)
when using the model obtained when fitting altogether data (global; black) and corresponding to the average of
the temperatures calculated for each of the 4 strains (average; orange).

If the minimum growth temperatures are compared it can not only be observed that in raw liquid 
whole egg this temperature was dose dependent and in pasteurized liquid whole egg not but also that 
the growth temperatures at the higher doses in raw liquid whole egg are comparable to those in 
pasteurized liquid whole egg. By contrast at low initial doses, which is the most probable scenario in 
the food industry/chain, differences in the minimum temperature of up to 0.60 °C between the two 
media were observed (lower in pasteurized egg). 

The effect of inoculum size of these same strains, on the growth rates at 37 °C in these same 
products has been previously studied in Guillén et al. (2021). These authors demonstrated that the initial 
dose and thermal history of liquid whole egg also determined the growth rate of Salmonella at 37 °C and 
their results strongly indicated that the differences observed would be linked to differences in iron 
bioavailability. It was also demonstrated that the growth parameters of these same strains were similar 
in raw and pasteurized liquid whole egg at high doses (Guillén et al., 2021), which would be consistent 
with the results reported here, where the minimum growth temperatures at the highest dose tested were 
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comparable in both media, being the average minimum temperature of the strains 7.38 and 7.39 °C (p = 

0.1) in raw and pasteurized liquid whole egg respectively at an initial dose of 106 CFU/mL. 

3.2. Estimation of Salmonella Enteritidis minimum growth temperature in egg white 

Following the same methodology, a similar set of models defining the minimum growth 

temperature of S. Enteritidis in egg white (raw and pasteurized) was obtained. The goodness of the fit 

of these models was also good although slightly worse than those obtained for whole egg (Tables S1 

and S2). As can be observed in the Table S1 in all the cases the growth of Salmonella in egg white (both 

raw and pasteurized) was significantly influenced by inoculum size and temperature. However, since 

the equations did not include the same variables for all the strains they were further homogenized, in 

this case by including all the variables (the temperature and dose terms, the quadratic terms of 

temperature and dose and the interaction of temperature and dose) to establish comparisons (Table 3). 

The minimum growth temperatures (p = 0.1) calculated using these equations for each strain in raw and 

pasteurized egg white are shown in Figures 3A and 3C. The growth limits calculated for the model built 

modeling altogether the data obtained for the four strains (global) and calculated using the average 

(average) of the minimum temperatures of the strains fixing the probability of growth at 0.1, 0.5 and 0.9 

(10, 50 and 90%, respectively), are shown in Figures 3B and 3D for comparison purposes. 

Figure 3. The effect of temperature and initial dose on the predicted probability of Salmonella Enteritidis strains in 

raw egg white (A-B) and in pasteurized egg white (C-D). Figures A and C show the predicted growth limit 

temperature determined with the logistic regression models developed for each of the different strains, S. 

Enteritidis 4155 STCC (black), S. Enteritidis 4300 STCC (orange), S. Enteritidis 4396 STCC (yellow) and S. 

Enteritidis 7160 STCC (blue), at a fixed probability of 0.1. Figures B and D show the predicted growth limit 

temperatures estimated for a probability of growth of 0.1 (continuous line), 0.5 (dashed line) and 0.9 (dotted line) 

when using the model obtained when fitting altogether data (global; black) and corresponding to the average of 

the temperatures calculated for each of the 4 strains (average; orange). 

As can be observed the minimum growth temperatures in egg white were higher, above 10 °C, 

than in whole egg, what could be attributed to the higher content in antimicrobial proteins, higher 

viscosity and more alkaline pH of the former, among other factors. It was also observed that the 

minimum growth temperatures in pasteurized egg white, although still were dose-dependent, were 

slightly lower than those in raw egg white, being the magnitude of this difference depended highly on 

the strain studied. These data are in agreement with those obtained by Kang et al. (2021), who reported 
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that no growth of Salmonella spp. was observed at 5 °C in both raw and pasteurized egg white, and 

when the samples were stored at 10 °C, growth was also not observed in raw egg white, but slight 

growth was observed in pasteurized egg white. In addition, it should be noted that the influence of the 

dose on the minimum growth temperatures in both raw and pasteurized egg white, were much higher 

than in raw liquid whole egg, with differences of more than 6.0 °C between the lowest and highest initial 

doses (Figure 3). On the other hand, it has also been indicated that, conversely to pasteurized liquid 

whole egg, the minimum growth temperatures of Salmonella cells in pasteurized egg white was 

dependent on the initial dose. It is well-known that pasteurization treatments of egg white are at lower 

temperature (<60 °C) than treatments to pasteurize whole egg (60 – 72 °C) due to the sensitivity of egg 

white proteins (Baron et al., 2016) and, therefore, the thermal denaturation of egg white proteins with 

antimicrobial properties, such as ovotransferrin and lysozyme during pasteurization treatments 

(Lechevalier et al., 2017) would be lower in egg white than in whole egg. Alternatively (or additionally) 

it can also be speculated that since the amount of these antimicrobial compounds is higher in egg white 

than in whole egg the treatments applied might not be enough to achieve the degree of denaturation 

required for abolishing this dose-dependency, as already proposed elsewhere (Guillén et al., 2021).  

3.3. Estimation of Salmonella Enteritidis minimum growth temperature in egg yolk 

Since in preliminary experiments no influence of the dose or of thermal history of the egg yolk on 

the minimum growth temperatures of Salmonella Enteritidis was found a single model was constructed 

for this egg product. Again, good goodness of the fit values were obtained (Table 3 and S2). For the 

models developed in egg yolk the significant parameters were for some strains the temperature term, 

and for another the quadratic temperature term, therefore for simplification purposes the quadratic 

temperature term was selected as it was for the pasteurized whole liquid egg (Table 3). Despite this 

change in the equation, the R2-Nagelkerke value did not change, and the AIC value only increased by 

0.03% for STCC 4300 and 4155 strains. In the case of the model obtained with when fitting the data of 

the 4 strains altogether (global), the R2-Nagelkerke changed from 0.839 to 0.830, and the AIC value 

increased by 4.2%. 

Minimum growth temperatures determined were similar to those obtained in pasteurized eggs for 

the different strains, with values between 7.10 and 7.75 °C (Figure 4). This is consistent with the data 

obtained in our previous article in which we observed that the growth rates of Salmonella cells were 

similar in raw yolk and pasteurized yolk (Guillén et al., 2021) and also similar to those in pasteurized 

whole egg and even in raw whole egg inoculated at the higher doses. 

Figure 4. The effect of temperature and initial dose on the predicted probability of Salmonella Enteritidis strains in 

raw and pasteurized egg yolk (A-B). Figure A shows the predicted growth limit temperature determined with the 

logistic regression models developed for each of the different strains, S. Enteritidis 4155 STCC (black), S. 

Enteritidis 4300 STCC (orange), S. Enteritidis 4396 STCC (yellow) and S. Enteritidis 7160 STCC (blue), at a fixed 

probability of 0.1. Figure B shows the predicted growth limit temperatures estimated for a probability of growth 

of 0.1 (continuous line), 0.5 (dashed line) and 0.9 (dotted line) when using the model obtained when fitting 

ltogether data (global; black) and corresponding to the average of the temperatures calculated for each of the 4 

strains (average; orange). 
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3.2. Validation 

In order to evaluate the logistic regression models obtained, several boundary conditions were 

selected, these were conditions in which not all replicates showed 100% growth or no growth (0<p 

observed <1) (Table 4). 

Table 4. Conditions under which boundary responses (0<p observed <1) were obtained for S. Enteritidis strains 

and their corresponding predicted probability (ppred) for the developed models. 

Strain T (°C) Dose (Log(CFU/mL) Pobs Ppred Strain T (°C) Dose (Log(CFU/mL) Pobs Ppred 

Raw liquid whole egg Pasteurized liquid whole egg 

4155 STCC 7.5 3 0.08 0.05 4155 STCC 7.5 2 1.00 0.88 

4155 STCC 7.5 4 0.21 0.25 4155 STCC 7.5 4 0.67 0.88 

4155 STCC 7.5 5 0.79 0.79 4300 STCC 7.5 2 0.67 0.69 

4300 STCC 7.5 3 0.29 0.16 4300 STCC 7.5 4 0.50 0.69 

4300 STCC 7.5 4 0.33 0.42 4300 STCC 7.5 6 0.92 0.69 

4300 STCC 7.5 5 0.79 0.80 4396 STCC 8.0 2 0.29 0.38 

4396 STCC 8.0 4 0.13 0.08 4396 STCC 8.0 4 0.69 0.38 

4396 STCC 8.0 5 0.21 0.21 4396 STCC 8.0 6 0.50 0.38 

4396 STCC 8.0 6 0.50 0.52 7160 STCC 7.5 2 0.67 0.66 

7160 STCC 7.5 5 0.13 0.09 7160 STCC 7.5 4 0.54 0.66 

7160 STCC 7.5 6 0.38 0.40 7160 STCC 7.5 6 0.88 0.66 

Raw egg white Pasteurized egg white 

4155 STCC 17.5 2 0.33 0.53 4155 STCC 15.0 2 0.25 0.06 

4155 STCC 15.0 3 0.63 0.42 4155 STCC 17.5 2 0.04 0.32 

4155 STCC 15.0 4 0.75 0.85 4155 STCC 15.0 3 0.79 0.78 

4155 STCC 15.0 5 0.88 0.98 4155 STCC 10.0 6 0.21 0.22 

4155 STCC 12.0 6 0.79 0.66 4300 STCC 17.5 2 0.04 0.24 

4300 STCC 17.5 2 0.13 0.24 4300 STCC 15.0 3 0.08 0.03 

4300 STCC 12.0 4 0.13 0.03 4300 STCC 15.0 4 0.17 0.15 

4300 STCC 15.0 4 0.42 0.56 4300 STCC 12.0 6 0.79 0.64 

4300 STCC 12.0 5 0.38 0.17 4396 STCC 17.5 2 0.04 0.15 

4300 STCC 15.0 5 0.92 0.95 4396 STCC 12.0 6 0.04 0.05 

4300 STCC 12.0 6 0.75 0.68 7160 STCC 17.5 2 0.17 0.31 

4396 STCC 15.0 4 0.04 0.07 7160 STCC 15.0 6 0.04 0.11 

4396 STCC 12.0 5 0.13 0.01 7160 STCC 12.0 0.92 0.87 

4396 STCC 15.0 5 0.21 0.27 Raw and pasteurized egg yolk 

4396 STCC 15.0 6 0.50 0.48 4396 STCC 8.0 2 0.46 0.46 

7160 STCC 15.0 3 0.04 0.03 4396 STCC 8.0 4 0.46 0.46 

7160 STCC 15.0 4 0.25 0.25 4396 STCC 8.0 6 0.46 0.46 

7160 STCC 12.0 5 0.13 0.05 7160 STCC 7.5 2 0.50 0.51 

7160 STCC 15.0 5 0.75 0.85 7160 STCC 7.5 4 0.54 0.51 

7160 STCC 12.0 6 0.46 0.38 7160 STCC 7.5 6 0.50 0.51 
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Table 5. Model validation conditions for S. Enteritidis strains in the different egg products and their corresponding 

observed probability (Pobs) and the different predicted probabilities for the developed models: models 

corresponding to each strain (Ppred strain) and model developed by fitting altogether the data corresponding to the 

four strains (Ppred global). 

Afterwards, a validation of the model was performed by selecting a data set within the 

interpolation region (Table 5). In Table 5, the fit of each model was evaluated, including the model 

constructed from all the data. In general terms, a good agreement was obtained between the values 

obtained in the validation and those predicted by the models for each strain and with the model with 

the data set, although with some exceptions. The best fits were observed for the whole egg, and the 

worst fits were for pasteurized egg white. Despite the differences between observed and predicted 

values, in most conditions, if not all, the predicted values were still within the transition zone. In any 

Strain T (°C) 
Dose 

(Log(CFU/mL)) 
Pobs 

Ppred 

strain 

Ppred 

global 
Strain T (°C) 

Dose 

(Log(CFU/mL)) 
Pobs 

Ppred 

strain 

Ppred 

global 

Raw liquid whole egg   Pasteurized liquid whole egg 

4155 STCC 7.25 4.5 0.00 0.01 0.05 4155 STCC 7.25 4.5 0.00 0.18 0.17 

7.75 2.5 0.38 0.70 0.31 7.75 2.5 1.00 1.00 0.74 

4300 STCC 7.25 4.5 0.00 0.03 0.06 4300 STCC 7.25 4.5 0.46 0.10 0.17 

7.75 2.5 0.29 0.87 0.32 7.75 2.5 0.96 0.98 0.74 

4396 STCC 7.25 4.5 0.00 0.00 0.06 4396 STCC 7.25 4.5 0.00 0.00 0.17 

7.75 2.5 0.00 0.00 0.32 7.75 2.5 0.21 0.04 0.74 

7160 STCC 7.25 4.5 0.00 0.00 0.06 7160 STCC 7.25 4.5 0.25 0.09 0.17 

7.75 2.5 0.29 0.39 0.32 7.75 2.5 0.88 0.98 0.74 

Raw egg white   Pasteurized egg white 

4155 STCC 7.25 4.5 0.67 0.94 0.65 4155 STCC 7.25 4.5 0.88 1.00 0.47 

7.75 2.5 0.50 0.79 0.55 7.75 2.5 0.83 0.92 0.46 

4300 STCC 7.25 4.5 0.96 0.83 0.65 4300 STCC 7.25 4.5 0.92 0.44 0.47 

7.75 2.5 0.54 0.49 0.55 7.75 2.5 0.67 0.30 0.46 

4396 STCC 7.25 4.5 0.04 0.16 0.65 4396 STCC 7.25 4.5 0.13 0.00 0.47 

7.75 2.5 0.33 0.16 0.55 7.75 2.5 0.50 0.05 0.46 

7160 STCC 7.25 4.5 0.50 0.56 0.65 7160 STCC 7.25 4.5 0.63 0.00 0.47 

7.75 2.5 0.63 0.32 0.55 7.75 2.5 0.71 0.02 0.46 

Raw egg yolk   Pasteurized egg yolk 

4155 STCC 7.25 4.5 0.08 0.48 0.20 4155 STCC 7.25 4.5 0.08 0.48 0.20 

7.75 2.5 0.33 1.00 0.95 7.75 2.5 0.58 1.00 0.95 

4300 STCC 7.25 4.5 0.04 0.48 0.20 4300 STCC 7.25 4.5 0.08 0.48 0.20 

7.75 2.5 1.00 1.00 0.95 7.75 2.5 0.75 1.00 0.95 

4396 STCC 7.25 4.5 0.00 0.00 0.20 4396 STCC 7.25 4.5 0.00 0.00 0.20 

7.75 2.5 0.00 0.05 0.95 7.75 2.5 0.00 0.05 0.95 

7160 STCC 7.25 4.5 0.25 0.06 0.20 7160 STCC 7.25 4.5 0.25 0.06 0.20 

7.75 2.5 0.92 0.95 0.95 7.75 2.5 0.67 0.95 0.95 
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case, when analyzing these discrepancies, the complexity of the medium and the very narrow 
temperature ranges of the transition zone, <0.5 °C, should be taken into account. 

3.3. Quantification of the amount of siderophores produced by the different Salmonella strains 
Figure 5 shows the capacity of siderophore synthesis (in percentage of siderophore units) of each 

strain, determined as described in material and methods. As can be observed strain 4300 STCC showed 
significantly higher Fe-siderophore synthesis capacity (65.65 ± 6.905 units) than the other Enteritidis 
strains. In contrast, strain 4396 STCC showed the lowest Fe-siderophore synthesis activity, 25.69 ± 3.561. 
The other two strains, 4155 and 7160 STCC, displayed intermediate siderophore production, 38.77 ± 
5.543 and 38.43 ± 5.650, respectively. 

Figure 4. Quantification of the amount of siderophores produced by each Salmonella Enteritidis strain. The 
experimental values are presented as mean ± standard error of mean. Differences in the letters indicate 
statistically significant differences (p <0.05). 

4. Discussion

In this work we provide a new estimation of the minimum growth temperatures of S. Enteritidis 
in raw and pasteurized whole egg, egg white and egg yolk by through the use of probabilistic growth/no 
growth (G/NG) interface models and the inclusion of new variables/factors such as the initial dose and 
the thermal history of the egg products. 

Regarding the influence of the egg fraction, it is a very well-known that egg white is a much more 
restrictive medium than whole egg and egg yolk (Guillén et al., 2021; Kim et al., 2018; Moon et al., 2016). 
The minimum growth temperatures for these egg products are in the range of those already published 
in the literature (ICMSF, 1996; Kang et al., 2021; Kim et al., 2018; Whiting and Buchanan, 1997) although 
it should be noted that, for both whole egg and egg white our results indicate that pasteurization enable 
growth of Salmonella cells at lower temperatures. It should also be pointed out that differences (in the 
minimum growth temperatures) between whole egg and egg yolk will only be found in some scenarios 
(see below). Thus, the minimum growth temperatures of S. Enteritidis cells would be similar in egg yolk 
(regardless of its thermal history), pasteurized whole egg and in raw whole egg when inoculated at high 
cell densities, i.e., will only be higher in raw whole egg inoculated at low cell densities. The potential 
causes for these later two phenomena will be discussed below but the practical implications are obvious: 
while pasteurization treatments do ensure Salmonella inactivation, thus reducing the risk associated to 
this microorganisms, if these products are later contaminated the probability (and rate) of Salmonella 
growth in pasteurized products would be higher than in raw ones. 

Our results also demonstrate that in three of these products (raw whole egg and raw and 
pasteurized egg white) this temperature depends on the initial dose. This is especially relevant because 
in most of the studies a fixed inoculum level is used, without considering the potential effect of the 
initial dose even though, there is evidence suggesting that it may affect microbial growth 
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(Koutsoumanis and Sofos, 2005; Masana and Baranyi, 2000; Pascual et al., 2001; Robinson et al., 2001). 

Thus, Koutsoumanis and Sofos indicated that cell density would have a significant impact on the 

growth/no growth interface and that the probability of growth would be significantly lower at lower 

cell densities (Koutsoumanis and Sofos, 2005). Similarly, Vermeulen et al. (2009) developed a growth/no 

growth model for L. monocytogenes that incorporated the influence of cell density, and validated with 

these data a model developed for high cell concentrations and found to be invalid for lower cell 

densities. Results obtained in this study provide new evidences of the influence of the initial cell density 

on microbial growth (in this case on the minimum growth temperature of Salmonella Enteritidis) in some 

food products (in this case egg products). This is of the highest relevance from an applied point of view 

since it indicates that models developed using high initial densities might not be applicable to low 

density scenarios, which are, on the other hand, the more common in real food scenarios and also 

because it reinforces the perception that the initial dose should be considered when developing and 

using G/NG models to identify the conditions necessary to ensure an acceptably low-risk level. In any 

case, our results also indicate that this phenomenon (the influence of dose on microbial growth) would 

only happen in some food products, as will be discussed below. 

Another relevant and differential aspect of our work/experimental design is that the experiments 

were carried out with monocultures (in this case 4 Enteritidis strains) while most of the models are 

constructed on the basis of results obtained with strain cocktails (Koutsoumanis et al., 2004; Valero et 

al., 2009; Vermeulen et al., 2007). Besides other potential advantages, this experimental design was 

chosen because it provides very valuable data regarding the intra-specific (in this case intra-serovar) 

variability in the low temperature growth boundaries. Thus, as has already been indicated throughout 

the manuscript our results reveal the existence of substantial differences in the minimum growth 

temperatures depending on the strain studied, with differences of up to 5-6 °C in some conditions when 

growing in egg white. In addition of the models developed for each strain we also built a model 

modelling the data of the 4 strains altogether and we compared the results obtained with those of the 

strains when modelled individually and also to the average values of the 4 strains. As expected, the 

minimum growth temperature values calculated for a probability of 0.1 for this model obtained by 

modelling the data of the 4 strains together were similar to those of the strain displaying the lowest 

minimum growth for the same probability temperatures and those required to reach a probability of 0.9 

to those of strain STCC 4396, the one needing higher temperatures for growth (also at this probability; 

0.9). In fact, this model would probably be very close to the one we would had obtained if we had 

inoculated a cocktail of these strains provided that no interaction/interference between the cells of 

different strains would have occurred. However, as will be discussed below, this might not be the case. 

Finally, and from a practical point of view, if maximizing food safety is the target either using the strain 

capable of growing at the lowest temperatures or a cocktail including it (in our case the model 

developed fitting the data altogether) would be the best options since both will provide similar results. 

Another important aspect of the models developed here is that they were obtained in the food 

itself. Most of the existing G/NG models for Salmonella have been obtained in laboratory media (Basti 

and Razavilar, 2004; Koutsoumanis et al., 2004; Lanciotti et al., 2001), although subsequently validated 

in food. However, the complex composition of egg, specially egg white, makes difficult to develop 

laboratory media/models mimicking it and that is why we opted to work in real foods, although this 

implied that we had to determine if growth had occurred or not on the basis of single (or two in the case 

of egg white) measurements instead of using whole growth kinetics. It should also be noted that, in 

addition to food structure and composition, the number and type of microorganisms present in food 

(competitive microbiota) has been proved to significantly affect Salmonella growth ability/rate (Oscar, 

2008). However, it should be noted that the internal contamination of the eggs used in this study was 

extremely low (data not shown) and always much lower that the lower dose inoculated and, therefore, 

this would not be affecting the estimations done, or help to explain the differences between strains, 

batches and/or products. 

The main factor limiting bacterial growth in egg has long been considered to be iron restriction 

(Garibaldi, 1970; Schade and Caroline, 1944). Thus, although the concentration of iron in egg has been 

15 of 26 



238 

estimated to be between 3.6 to 18 µM, it is assumed that there would be no free iron in egg white, since 

it would be chelated by ovotransferrin. To overcome this limitation in iron bioavailability (Dostal et al., 

2014), Salmonella has developed different systems for the acquisition of iron including, among others, 

the ferric iron uptake system via siderophores. The main siderophores of Salmonella are Salmochelins 

and Enterobactins, which are characterized by their high affinity for iron. According to previous studies 

it seems that the synthesis of these siderophores is key for the growth of Salmonella in egg (Correnti et 

al., 2011; Julien et al., 2020) and furthermore, our previous studies suggest that the bioavailability of iron 

would explain the differences in growth rate between fractions, depending on the dose and the thermal 

history of the egg (Guillén et al., 2021).  

Results obtained in our previous work (Guillén et al., 2021) demonstrated that the growth rate of 

S. Enteritidis cells depends on both the thermal history of the egg product for egg white and liquid

whole egg but not for egg yolk and also that in depends on the initial dose for egg white (both raw and

pasteurized) and raw liquid whole egg. In addition, we recently have observed that the differences in

iron bioavailability existing between these media and also depending on the initial dose, as described

by Scholz and Geenberger (2015), and more specifically the amount of siderophores released to the

medium together with the concentration of active iron chelating proteins (ovotransferrin) and/or

siderophore sequestering ones (Ex-FABP) would probably be the major cause determining the

differences in growth rate observed (Guillén et al., submitted for publication). Results obtained in this

work highly resemble those observed previously since the minimum growth temperature of the 4

Salmonella strains here studied was only dose dependent in egg white (both raw and pasteurized) and

raw liquid whole egg, no differences between raw and pasteurized egg yolk were observed and the

minimum growth temperature in raw whole liquid egg inoculated at high doses was similar to that in

pasteurized whole liquid egg. Therefore, it is reasonable to speculate that iron bioavailability would

also be determining the minimum growth temperatures of Salmonella in egg and egg products.

Furthermore, results obtained in this work also suggest that the differences in the minimum growth

temperature among the different strains observed might also be related to their ability to synthesize

these siderophores, since strain STCC 4300 which displayed the highest siderophore production ability

was one of the strains (together with STCC 4155) with the lowest minimum growth temperatures

whereas strain STCC 4396 was the one producing less siderophores and the one displaying a lower

ability to grow at low temperatures. Nevertheless, the results obtained also strongly suggest that this

will not be the only cause determining the differences in growth ability at low temperatures since strain

STCC 4155, displaying a lower ability to synthesize siderophores than strain STCC 4300, was capable of

growing at lower temperatures, at least in egg white. Similarly, in egg yolk (in which no iron restriction

is supposed to be found) strain STCC 4396 also displayed higher minimum growth temperatures. In

any case it should also be noted that the CAS method only gives an estimation of the total amount of

siderophores secreted but that the relevance of the different siderophores seems to be not equal (e.g.

Salmochelin would be much more relevant than Enterobactin for Salmonella growth in egg products

because of the presence of Ex-FABP). Therefore, further work will be required to fully elucidate the

causes for the differences in minimum growth temperatures among Salmonella Enteritidis strains.

5. Conclusions

The objective of this work was to define the boundary zones of the growth/no growth domain of 

Salmonella Enteritidis as a function of temperature (low temperature boundary) and dose in different 

egg products.  

Results obtained indicate that, as already widely demonstrated, the minimum growth 

temperatures of Salmonella Enteritidis are higher in egg white (9.47 - 18.25 °C) than in egg yolk (7.10 - 

7.75 °C) and whole liquid egg (7.15 - 7.78 °C). Results obtained also demonstrate that in some products 

raw whole liquid egg and raw and pasteurized egg white) the minimum growth temperature of 

Salmonella Enteritidis cells depends on the initial dose. Similarly, the previous thermal history of the egg 

product only influenced the minimum growth temperature in some of them (particularly to whole 

liquid egg). Thus in egg yolk no influence of dose and/or between raw and pasteurized products was 
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observed. In egg white the minimum growth temperatures were dose dependent in both raw and 

pasteurized products and the influence of the thermal history would be small, if existing. Finally, 

pasteurization of whole liquid egg abolished the dose dependency of the minimum growth 

temperature, and therefore, differences in this parameter between raw and pasteurized whole liquid 

egg were only found when low inoculation doses were compared. 

On the other hand, it should be noted that our experimental design (with monocultures) 

significantly increased the amount of essays that had to be performed but it allowed us to quantify the 

intra-specific variability in minimum growth temperatures among Salmonella Enteritidis strains. Wide 

differences between strains were observed in some products (up to approx. 6 °C in egg white), with one 

of them, STCC 4396, showing the highest minimum growth temperatures. 

 In summary, the models here developed stand out because they would provide a more accurate 

prediction of Salmonella minimum growth temperatures in egg products by taking into account 

additional factors (dose and thermal history) while also providing a quantification of the intra-specific 

variability. This is of the highest relevance for improving the safety of egg products since it would allow 

to develop more precise Salmonella quantitative risk assessments and also to improve their production, 

storage and distribution processes. It might also help to revise or refine current guidelines for its 

management for both the industry and the consumers. 
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Table S1. Estimated coefficients of the logistic regression models for the best model fit obtained. with their 
corresponding standard errors for the different Enteritidis strains and egg products. 

Strain Coefficient Estimate S. E. Strain Coefficient Estimate S. E. 

Raw liquid whole egg Pasteurized liquid whole egg 

4155 STCC Constant (a0) -72.438 12.106 4155 STCC Constant (a0) -52.340 11.272 

T2 (a4) 1.193 0.208 T (a1) - - 

D2 (a5) 0.266 0.046 T2 (a4) 0.967 0.202 

4300 STCC Constant (a0) -63.779 11.583 4300 STCC Constant (a0) -44.849 10.839 

T2 (a4) 1.073 0.203 T (a1) - - 

D2 (a5) 0.193 0.032 T2 (a4) 0.812 0.193 

4396 STCC Constant (a0) -70.656 12.356 4396 STCC Constant (a0) -46.026 11.099 

T2 (a4) 1.033 0.187 T (a1) - - 

D2 (a5) 0.128 0.001 T2 (a4) 0.711 0.173 

7160 STCC Constant (a0) -79.878 14.284 7160 STCC Constant (a0) -44.239 10.77 

T2 (a4) 1.305 0.237 T (a1) - - 

D2 (a5) 0.168 0.046 T2 (a4) 0.799 0.192 

Global Constant (a0) -26.658 1.224 Global Constant (a0) -178.418 33.897

T2 (a4) 0.422 0.019 T (a1) 41.526 8.720 

D2 (a5) 0.077 0.008 T2 (a4) -2.366 0.560 

Raw egg white Pasteurized egg white 

4155 STCC Constant (a0) -19.216 1.935 4155 STCC Constant (a0) -11.750 3.478 

T (a1) 0.841 0.089 T (a1)  - - 

D (a2)  - - D (a2) -3.477 0.405 

T · D (a3) 0.137 0.016 T · D (a3) 0.519 0.065 

T2 (a4)  - - T2 (a4)  - - 

D2 (a5)  - - D2 (a5)  - - 

4300 STCC Constant (a0) -13.826 1.275 4300 STCC Constant (a0) 18.907 6.784 

T (a1)  - - T (a1) -2.397 0.738 

D (a2)  - - D (a2) -9.457 2.221 

T · D (a3) 0.150 0.016 T · D (a3) 0.369 0.074 

T2 (a4) 0.024 0.002 T2 (a4) 0.080 0.023 

D2 (a5)  - - D2 (a5) 0.806 0.190 

4396 STCC Constant (a0) -11.121 4.277 4396 STCC Constant (a0) -12.600 3.512 

T (a1) -2.526 0.832 T (a1)  - - 

D (a2) 5.467 1.988 D (a2) -7.060 2.478 

T · D (a3)  - - T · D (a3) - - 

T2 (a4) 0.139 0.034 T2 (a4) 0.066 0.008 

D2 (a5) -0.421 0.212 D2 (a5) 1.193 0.333 
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Table S1. Continuation

Strain Coefficient Estimate S. E. Strain Coefficient Estimate S. E. 

Raw egg white Pasteurized egg white

7160 STCC Constant (a0) -3.192 4.023 7160 STCC Constant (a0) 67.770 13.334 

T (a1) -1.945 0.675 T (a1) -5.009 0.935 

D (a2) - - D (a2) -33.970 6.562 

T · D (a3) 0.169 0.021 T · D (a3) 0.720 0.165 

T2 (a4) 0.095 0.025 T2 (a4) 0.157 0.028 

D2 (a5)  - - D2 (a5) 3.433 0.607 

Global Constant (a0) -14.338 1.017 Global Constant (a0) -7.935 1.734 

T (a1)  - - T (a1) - - 

D (a2) 0.813 0.288 D (a2) -2.845 0.871 

T · D (a3) 0.057 0.018 T · D (a3) 0.108 0.025 

T2 (a4) 0.033 0.003 T2 (a4) 0.026 0.004 

D2 (a5)  - - D2 (a5) 0.374 0.073 

Strain Coefficient Estimate S. E. 

Raw and pasteurized egg yolk

4155 STCC Constant (a0) -144.315 29.307 

T (a1) 19.906 4.040 

T2 (a4) - - 

4300 STCC Constant (a0) -144.315 29.307 

T (a1) 19.906 4.040 

T2 (a4) - - 

4396 STCC Constant (a0) -45.233 11.127 

T (a1) - - 

T2 (a4) 0.704 0.174 

7160 STCC Constant (a0) -42.394 10.465 

T (a1) - - 

T2 (a4) 0.755 0.186 

Global Constant (a0) -210.943 34.764 

T (a1) 49.977 8.935 

T2 (a4) -2.909 0.573 



T
ab

le S
2. C

lassification table of observed vs predicted conditions of the developed m
odels for Enteritidis strains in different egg products. 

R
aw

 liq
u

id
 w

h
o

le eg
g

 
P

asteu
rized

 liq
u

id
 w

h
o

le eg
g

 

4155 S
T

C
C

 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

4155 S
T

C
C

 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

P
o

b
s 

N
o

 g
ro

w
th

 
425 

5 
430 

98.84%
 

P
o

b
s 

N
o

 g
ro

w
th

 
216 

22 
238 

90.76%
 

G
ro

w
th

 
7 

283 
290 

97.59%
 

G
ro

w
th

 
0 

194 
194 

100.00%
 

T
o

tal 
432 

288 
720 

98.33%
 

T
o

tal 
216 

216 
432 

94.91%
 

4300 S
T

C
C

 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

4300 S
T

C
C

 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

P
o

b
s 

N
o

 g
ro

w
th

 
417 

5 
422 

98.82%
 

P
o

b
s 

N
o

 g
ro

w
th

 
216 

8 
224 

96.43%
 

G
ro

w
th

 
15 

283 
298 

94.97%
 

G
ro

w
th

 
0 

208 
208 

100.00%
 

T
o

tal 
432 

288 
720 

97.22%
 

T
o

tal 
216 

216 
432 

98.15%
 

4396 S
T

C
C

 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

4396 S
T

C
C

 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

P
o

b
s 

N
o

 g
ro

w
th

 
568 

12 
580 

97.93%
 

P
o

b
s 

N
o

 g
ro

w
th

 
333 

0 
333 

100.00%
 

G
ro

w
th

 
8 

132 
140 

94.29%
 

G
ro

w
th

 
27 

72 
99 

72.73%
 

T
o

tal 
576 

144 
720 

97.22%
 

T
o

tal 
360 

72 
432 

93.75%
 

7160 S
T

C
C

 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

7160 S
T

C
C

 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

P
o

b
s 

N
o

 g
ro

w
th

 
468 

0 
468 

100.00%
 

P
o

b
s 

N
o

 g
ro

w
th

 
216 

24 
240 

90.00%
 

G
ro

w
th

 
12 

240 
252 

95.24%
 

G
ro

w
th

 
0 

192 
192 

100.00%
 

T
o

tal 
480 

240 
720 

98.33%
 

T
o

tal 
216 

216 
432 

94.44%
 

G
lo

b
a

l 
P

p
red 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

tal 
%

 co
rrect 

G
lo

b
al 

P
p

red 
N

o
 g

ro
w

th
 

G
ro

w
th

 
T

o
tal 

%
 co

rrect 

P
o

b
s 

N
o

 g
ro

w
th

 
1800 

100 
1900 

94.74%
 

P
o

b
s 

N
o

 g
o

w
th

 
990 

45 
1035 

95.65%
 

G
ro

w
th

 
120 

860 
980 

87.76%
 

G
ro

w
th

 
162 

531 
693 

76.62%
 

T
o

tal 
1920 

960 
2880 

92.36%
 

T
o

tal 
1152 

576 
1728 

88.02%
 

24 of 26 Supplementary 

246 



T
ab

le
 S

2.
 C

on
tin

ua
tio

n 

R
aw

 e
g

g
 w

h
it

e 
P

as
te

u
ri

ze
d

 e
g

g
 w

h
it

e

41
55

 S
T

C
C

 
P

p
re

d
 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

41
55

 S
T

C
C

 
P

p
re

d
 

54
0 

5 
54

5 
99

.0
8%

 

P
o

b
s 

N
o

 g
ro

w
th

 
53

4 
30

 
56

4 
94

.6
8%

 
P

o
b

s 
N

o
 g

ro
w

th
 

12
 

33
1 

34
3 

96
.5

0%
 

G
ro

w
th

 
18

 
30

6 
32

4 
94

.4
4%

 
G

ro
w

th
 

55
2 

33
6 

88
8 

98
.0

9%
 

T
o

ta
l 

55
2 

33
6 

88
8 

94
.5

9%
 

T
o

ta
l 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

43
00

 S
T

C
C

 
P

p
re

d
 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

43
00

 S
T

C
C

 
P

p
re

d
 

61
4 

12
 

62
6 

98
.0

8%
 

P
o

b
s 

N
o

 g
ro

w
th

 
62

9 
22

 
65

1 
96

.6
2%

 
P

o
b

s 
N

o
 g

ro
w

th
 

10
 

22
8 

23
8 

95
.8

0%
 

G
ro

w
th

 
19

 
24

2 
26

1 
92

.7
2%

 
G

ro
w

th
 

62
4 

24
0 

86
4 

97
.4

5%
 

T
o

ta
l 

64
8 

26
4 

91
2 

95
.5

0%
 

T
o

ta
l 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

43
96

 S
T

C
C

 
P

p
re

d
 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

43
96

 S
T

C
C

 
P

p
re

d
 

71
6 

0 
71

6 
10

0.
00

%
 

P
o

b
s 

N
o

 g
ro

w
th

 
72

3 
0 

72
3 

10
0.

00
%

 
P

o
b

s 
N

o
 g

ro
w

th
 

4 
16

8 
17

2 
97

.6
7%

 

G
ro

w
th

 
21

 
14

4 
16

5 
87

.2
7%

 
G

ro
w

th
 

72
0 

16
8 

88
8 

99
.5

5%
 

T
o

ta
l 

74
4 

14
4 

88
8 

97
.6

4%
 

T
o

ta
l 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

71
60

 S
T

C
C

 
P

p
re

d
 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

71
60

 S
T

C
C

 
P

p
re

d
 

68
8 

2 
69

0 
99

.7
1%

 

P
o

b
s 

N
o

 g
ro

w
th

 
67

3 
6 

67
9 

99
.1

2%
 

P
o

b
s 

N
o

 g
ro

w
th

 
8 

19
0 

19
8 

95
.9

6%
 

G
ro

w
th

 
23

 
18

6 
20

9 
89

.0
0%

 
G

ro
w

th
 

69
6 

19
2 

88
8 

98
.8

7%
 

T
o

ta
l 

69
6 

19
2 

88
8 

96
.7

3%
 

T
o

ta
l 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

G
lo

b
al

 
P

p
re

d
 

N
o

 g
ro

w
th

 
G

ro
w

th
 

T
o

ta
l 

%
 c

o
rr

ec
t 

G
lo

b
al

 
P

p
re

d
 

25
23

 
54

 
25

77
 

97
.9

0%
 

P
o

b
s 

N
o

 g
ro

w
th

 
25

75
 

42
 

26
17

 
98

.4
0%

 
P

o
b

s 
N

o
 g

o
w

th
 

14
1 

81
0 

95
1 

85
.1

7%
 

G
ro

w
th

 
13

7 
82

2 
95

9 
85

.7
1%

 
G

ro
w

th
 

26
64

 
86

4 
35

28
 

94
.4

7%
 

T
o

ta
l 

27
12

 
86

4 
35

76
 

94
.9

9%
 

T
o

ta
l 

54
0 

5 
54

5 
99

.0
8%

 

25 of 26 Supplementary 

247 



Supplementary 

248 

Table S2. Continuation

Raw and pasteurized egg yolk 

4155 STCC Ppred No growth Growth Total % correct 

Pobs No growth 216 0 216 100.00% 

Growth 0 216 216 100.00% 

Total 216 216 432 100.00% 

4300 STCC Ppred No growth Growth Total % correct 

Pobs No growth 216 0 216 100.00% 

Growth 0 216 216 100.00% 

Total 216 216 432 100.00% 

4396 STCC Ppred No growth Growth Total % correct 

Pobs No growth 327 0 327 100.00% 

Growth 33 72 105 68.57% 

Total 360 72 432 92.36% 

7160 STCC Ppred No growth Growth Total % correct

Pobs No growth 216 35 251 86.06% 

Growth 0 181 181 100.00% 

Total 216 216 432 91.90% 

Global Ppred No growth Growth Total % correct

Pobs No growth 971 39 1010 96.14% 

Growth 181 537 718 74.79% 

Total 1152 576 1728 87.27% 
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l. Introduction

ABSTRA CT 

In recent years, the on-farm prevalence of sorne poultry-related Salmonella serovars such as S. Kentucky, S. 

Heidelberg, S. Livingstone and S. Mbandaka has increased significantly, even replacing S. Enteritidis and S. 

Typhimurium as the most frequently isolated serovars in sorne production settings and countries. For this reason, 
the aim of this work was to determine the resistance to severa! stressing agents and food preservation tech
nologies, in laboratory media and in egg products, of 4 strains of these emerging Salmonella serovars associated 
to poultry and poultry products and to make comparisons with 4 S. Enteritidis strains. First, the resistance to acid 
pH, hydrogen peroxide, NaCI, heat, HHP, PEF and UV of the 8 Salmonella strains studied was determined and 
compared in laboratory media. From this part of the study, it was concluded that variability in resistance to 
stress among the 8 studied strains varied depending on the investigated agent/technology. However, differences 
in resistance (2D-values) were always lower than 3.3-fold. Results obtained also indicated that the strains of the 
emerging serovars studied would display lower acid and NaCI resistance, higher heat resistance and similar 
oxidative, HHP, PEF and UV resistance than S. Enteritidis. Then, the resistance of these 8 strains was evaluated 
and compared in egg, egg products and poultry manure. For sorne agents -including osmotic stresses, UV and 
PEF- there was a very good correspondence between the results obtained in laboratory media and in real food 
matrices and poultry manure (r > 0.85; p < 0.01). A significant relationship was also found for acid and HHP 
resistance (p < 0.05) and a trend for heat resistance (p < 0.10). Therefore, in general terms, conclusions drawn 
from the study carried out in laboratory media - regarding intraspecific variability and the relative resistance of 
the different strains - might be extrapolated, although with caution, to real food scenarios. Results obtained in 
this investigation would help to better understand the physiology and ecology of Salmonella and to design better 
egg preservation strategies. 

Sa1mone1la is the most commonly reported causative agent of 

foodborne outbreaks in the European Union (EFSA, 2019) and con

stitutes one of the greatest public health concerns worldwide. The 

sources of Salmonella contamination are relatively diverse, but one of 

the most important sources is poultry and poultry products. Thus, eggs 

and egg products stand out as the most frequently identified source of 

foodborne Salmonella infections (45.6% of Salmonella outbreaks in 

Europe in 2018), followed by various types of meat and meat products 

(16.8%) (EFSA, 2019). 

most prevalent serovars, among the five included in the European Na

tional Control Programmes, 2007-2017, in Gallus ga11us breeding flocks, 

with a prevalence of 0.25% and 0.12% positive flocks for S. Enteritidis 

and S. Typhimurium, respectively. Regarding eggs and egg products, it 

should be noted that most of the strong-evidence Salmonella food-borne 

outbreaks in the European Union involving them were linked to S. 

Enteritidis (66.7% of cases versus 6.5% of S. Typhimurium) (EFSA Panel 

on Biological Hazards (BIOHAZ), 2014). However, in spite of the pre

dominant role that these two serovars play nowadays, it should be 

noted that this has not always been the case (Foley et al., 2011; 

Hennessy et al., 2004; Martelli and Davies, 2012). In fact, it is believed 

that the niche created by the eradication through sanitation efforts of 

the widespread serovars Salmonella enterica Pullorum and Gallinarum in 

the 1960s, conducted to the emergence of S. Enteritidis as the main 

serovar associated to eggs and egg products (Foley et al., 2011). 

The serovars most frequently implicated in non-typhoid salmo

nellosis in humans are S. Typhimurium and S. Enteritidis. 

Approximately 71 o/o of confirmed human cases in Europe in 2018 are 

attributed to S. Typhimurium and S. Enteritidis, almost 50% of them 

corresponding to Enteritidis (EFSA, 2019). Similarly, they are also the 

• Corresponding author.
E-mail address: guiceb@unizar.es (G. Cebrián).
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Pearson's and Spearman correlation coefficient were calculated using 

GraphPad PRISM® statistical software (GraphPad Prism version 7.00 for 

Windows, GraphPad Software, San Diego, California, USA). The same 

software was used to carry out the Iterative Grubbs' test (Alpha = 0.05) 

and the statistical analyses (Welch's t-test, student t-test and ANOVA;p

value < 0.05). 

3. Results and discussion

The resistance against seven different preservation technologies and 

environmental stresses of 4 strains belonging to emerging Salmonella 

serovars associated with poultry and poultry products has been eval

uated in this study and subsequently compared with that of 4 strains of 

S. Enteritidis. The adequacy of the methodology used has already been

discussed in Guillén et al. (2020). It was previously checked that the

resistance of Salmonella cells to ali the studied agents was similar re

gardless if they were grown in pasteurized liquid whole egg or in TSB

YE (data not shown). Therefore, for methodological reasons, mainly

because liquid whole egg could not be sterilized, ali the experiments

were carried out with cells grown in TSB-YE. Survival curves to the 7

agents were obtained by plotting the logarithm of the survival fraction

vs the treatment time, displaying different profiles. These profiles

showed deviations from linearity, as an example, the survival curves for

hydrogen peroxide and UV showed shoulders, while those for NaCl and

PEF displayed tails. Therefore, in order to accurately describe them, the

non-linear Geeraerd model (Geeraerd et al., 2000), was used to calcu

late the corresponding resistance parameters (N0; S¡; Kmax, Nres), The

mean values obtained for these parameters and their standard devia

tion, along with the goodness-of-fit parameters, are included in Table l.

The traditional decimal reduction time value (D) of each survival curve

was calculated from its corresponding Kmax (Eq. (3)). It was decided to

use the 2D-value parameter (time required to inactivate the first 2-Log10 

cycles) in order to establish meaningful comparisons among strains

and/or agents as described in Guillén et al. (2020). Since the 2D-values

obtained for each agent/technology cannot be directly compared be

cause of the different time scale of survival curves, for comparison

purposes the calculated resistance parameters were normalized by di

viding them by the average 2D-value of the resistance of ali the Sal

monella Enteritidis strains here studied.

3.1. Resistance to stressing agents and food preservation technologies in 

laboratory media 

Table 1 includes the resistance parameters (Sz; Kmax, Nres and 2D

values) to the 7 different agents/technologies studied of the 8 strains ( 4 

strains of S. Enteritidis, S. Heidelberg, S. Kentucky, S. Mbandaka and S. 

Livingstone) studied. As a way of example the 2D-values to acid pH 

(2.5) for the 8 strains of Salmonella varied from 17.53 to 45.88 min, 

being S. Kentucky the most sensitive, and S. Enteritidis 7160 the most 

resistant one. In fact, other studies have shown that S. Kentucky was 

more sensitive to acid stress than the serovars Enteritidis and Mbandaka 

when exposed to the media at a pH of 2.5 (Joerger et al., 2009). Results 

obtained for ali the agents studied are in the range of those previously 

obtained following the same methodology (Guillén et al., 2020). Only 

sorne particular behaviors are worth being noted, such as the low re

sistance to NaCl observed for S. Heidelberg, the barosensitivity of two 

strains of S. Enteritidis, 4155 and 4396, and of S. Mbandaka, the high 

thermotolerance of S. Kentucky and S. Livingstone and the high UV-C 

resistance of S. Mbandaka and S. Livingstone, as compared with pre

vious studies (Guillén et al., 2020). 

Variability in resistance among the 8 strains varied depending on 

the technology investigated. As can be deduced from Table 1 and also 

from Fig. 1 (see below) the lower variability in resistance was found for 

H202 resistance and the highest for HHP resistance. Thus, up to a 3.3-

fold difference in resistance to HHP (2D values) between the most and 

least resistant strains was observed. By contrast the 2D-value of the 
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Fig. 3. Survival in eggshells and resistance to eggshell decontamination processes of the 8 Salmonella strains studied. A) Log10 cycles of inactivation in eggshell after 
24 h (25 ºC, RH = 69---75%). B) Log10 cycles of inactivation after citric acid (2%) washing. C) Log10 cycles of inactivation after hydrogen peroxide (0.15%) washings. 
D) Log10 cycles of inactivation after UV treatments (6.36 mW/cm2). Different letters indicate statistically significant differences between strains. Error bars corre
spond to the standard deviation of the means.

nearly 2-fold higher than that observed in liquid medium (Table 1). 

3. 4. Survival in mayonnaise 

Acidity is probably the most important intrinsic factor determining
Salmonella survival in mayonnaise. In this case, the pH of the mayon
naise was pH 3.81 ± 0.3 (and its aw = 0.937 ± 0.01) and the acid
ulants included were acetic and citric acid. As can be observed in Fig. 4 
Salmonella counts after 12 h of incubation (25 ºC) in mayonnaise de
creased from 1.33 to 2.20 Log10 cycles. Variability between strains/ 
serovars was 1.65-fold, with S. Enteritidis 4396, S. Enteritidis 7169 and 
S. Enteritidis 7236 showing the highest tolerances and S. Livingstone
the lowest. S. Enteritidis strains tended to display a higher resistance in
mayonnaise than the emerging serovars, similarly to that observed in
acid buffer (Table 1). A strong correlation was obtained between the
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Fig. 4. Log10 cycles of inactivation after 12 h of incubation in acidified 
mayonnaise (25 ºC; pH 3.81) of 8 the Salmonella strains studied. Different letters 
indicate statistically significant differences between strains. Error bars corre
spond to the standard deviation of the means. 

8 

results obtained in mayonnaise and those in acidic buffer (r = 0.724,p
value = 0.042). Similar results were found by Zhu and coworkers, who 
observed that a mixture of S. Enteritidis strains was significantly more 
resistant than a mixture of strains belonging to different serovars of 
Salmonella, including Heidelberg, in acidified mayonnaise with citric 
acid and acetic acid (Zhu et al., 2012). 

3.5. Resistance to Uquid egg decontamination/pasteurization technologies 

A part of the egg production is intended for the manufacture of li
quid egg. In the egg industry, the microbiological safety of liquid pro
ducts is ensured mainly by heat pasteurization (Lechevalier et al., 2017; 
Silva and Gibbs, 2012) but other alternatives are being considered, such 
as PEF or HHP treatments (Monfort et al., 2010, 2012). Thus, in the 
final part of this work the resistance of the 8 Salmonella strains to these 
3 technologies (heat, PEF and HHP) when treated in liquid whole egg 
was determined and compared. The pH and aw of this liquid whole egg 
were 7.5 ± 0.3 and 0.996 ± 0.01 respectively, and its electrical 
conductivity was 6.7 ± 0.3 mS/cm. 

First, it should be noted that the resistance of ali the Salmonella 

strains studied to these three technologies was higher in liquid egg that 
in buffer, indicating that the complexity of the composition of liquid 
whole egg would exert a protective effect, as already described else
where (Cebrián et al., 2016). Furthermore, our results indicate that this 
protective effect would outbalance the sensitization effect that sorne 
antimicrobial egg components, such as lysozyme, might induce on 
Salmonella cells (Liang et al., 2002; Masschalck et al., 2001; Smith et al., 
2002). 

Fig. 5A shows the number of Log10 cycles inactivated after 2 min at 
60 ºC in liquid whole egg. As can be observed, up to 2.71 Log10 cycles of 
inactivation were attained, for S. Enteritidis 4155. Our results are si
milar to those obtained by Gurtler et al. (2015) in liquid egg. Thus, in 
both studies S. Heidelberg was the most heat-sensitive strain, followed 
by S. Mbandaka. Enteritidis strains showed a heterogeneous profile. 
When comparing data obtained in buffer and in liquid whole egg, a 
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e 

Fig. 5. Resistance (Log10 cycles of inactivation) to different liquid egg decon
tamination/pasteurization technologies of 8 the Salmonella strains studied A) 
Heat treatment (2 min at 60 ºC). B) PEF treatment (60 µs 23 kV /cm). C) HHP 
treatment (20 min at 300 MPa). Different letters indica te statistically significant 
differences between strains. Error bars correspond to the standard deviation of 
the means. 

Pearson correlation coefficient of 0.701 (p-value = 0.053) and a 

Spearman correlation coefficient of 0.738 (p-value = 0.046) were ob

tained. This indicates that, at least, a trend towards an association be

tween both parameters (heat resistance in buffer and in liquid whole 

egg) would exist. In any case, these results also suggest that the pro

tective effect exerted by liquid whole egg might be different depending 

on the strain/serovar studied. In any case, given the low number of 

strains studied and limited treatment conditions explored (a single 

temperature in each medium) these conclusions should be taken with 
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care and further work will be required in order to fully elucidate if 

trends observed in buffer can be extrapolated to more complex media 

such as liquid whole egg. 

Regarding PEF, Salmonella inactivation in liquid whole egg after 

60µs at 23 kV/cm ranged from 1.18 to 2.32 Log10 cycles, these values 

correspond to S. Heidelberg and S. Livingstone respectively (Fig. 5B). 

The variability in resistance among the studied SalmoneUa strains was 

very low, less than 2-fold, similarly to that observed when they were 

treated in laboratory media (2.1-fold). These results are similar to those 

obtained by Monfort et al. (2010) who reported reductions around 2 

Log10 cycles, after treatments at 20 and 25 kV /cm in liquid whole egg 

for S. Typhimurium, but higher than those observed by Hermawan et al. 

(2004). As for osmotic and acid stresses and UV treatments, a sig

nificant correlation was found between resistance to PEF in Mcllvaine 

and in liquid whole egg (r = 0.914, p-value = 0.002). Thus, in general, 

in both media, S. Enteritidis strains showed a slightly higher resistance 

than the emerging strains. 

The lethality of HHP treatrnents of 20 min at 300 MPa varied be

tween l. 15 and 3.48 Log10 cycles of inactivation, for S. Enteritidis 4396 

and S. Enteritidis 7236, respectively, as depicted in Fig. 5C. Thus, as 

described for the treatments in buffer, differences in HHP resistan ce 

among the 8 strains in liquid whole egg varied approximately 3-fold. 

Furthermore, a significant correlation was also found between the baro

resistance of SalmoneUa in buffer and in liquid whole egg (r = O. 762, p

value = 0.028). 

4. Conclusions

From the first part of the study, it can be concluded that variability 

in resistance among the eight strains studied varied depending on the 

technology investigated. However, differences in resistance (2D-values) 

were always lower than 3.3-fold. Our results indicate that the strains of 

the emerging serovars studied would display a lower acid and NaCl 

resistance, a higher heat resistance and similar oxidative, HHP, PEF and 

UV resistances than S. Enteritidis. 

For sorne agents, including osmotic stresses, UV and PEF, there was 

a very good correspondence between the results obtained in laboratory 

media and in real food matrices and/or poultry manure (r > 0.85; 

p < 0.01). A significant relationship was also found for acid and HHP 

resistance (p < 0.05) and a trend for heat (p < 0.10). Therefore, in 

general terms, conclusions drawn from the study carried out in la

boratory media -regarding intraspecific variability and the relative re

sistance of the different strains- might be extrapolated, although with 

caution, to real food scenarios. Further work would be required in order 

to fully elucidate if this is also true for heat treatrnents. 

Results obtained in this investigation would help to better under

stand the physiology and ecology of Salmonella and to design better egg 

preservation strategies. It is noteworthy that the lower acid and osmotic 

stress resistance of these emergent serovars might explain their rela

tively low incidence in humans. However, this hypothesis is based in 

the results obtained only with a single strain of each serovar and further 

work will be required to validate it. 
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1. Antecedentes

Tanto en la introducción como en los anteriores capítulos/manuscritos se ha descrito 

detalladamente la situación actual de la salmonelosis como enfermedad de transmisión alimentaria en 

la Unión Europea, así como la relevancia de los huevos y ovoproductos como principal grupo de 

alimentos involucrados en su transmisión. Asimismo, se han indicado algunas de las lagunas de 

conocimiento que todavía existen a día de hoy como el hecho de que mientras que se han asociado con 

la enterocolitis aproximadamente unas 2.000 serovariedades de Salmonella, es un conjunto más pequeño, 

de aproximadamente 10-20 serovariedades, el responsable de más del 80% de las toxiinfecciones; 

destacando S. Typhimurium y S. Enteritidis (CDC, 2018; EFSA, 2021).  

De la misma forma hay muchas serovariedades específicas de determinados grupos de animales, 

por ejemplo, de los reptiles y así, se calcula que tan solo un 10% de todos las serovariedades se suelen 

asociar a los huevos y ovoproductos (Gast, 2007). En este sentido cabe destacar que las serovariedades 

que más han preocupado (por diferentes razones) a la industria avícola han ido variando a lo largo de 

los últimos 100-150 años. A principios del siglo XX las serovariedades Gallinarum y Pullorum estaban 

ampliamente distribuidos en las explotaciones avícolas, causando numerosas bajas en las mismas 

(Shivaprasad and Barrow, 2008). Por ello se pusieron en marcha campañas de saneamiento con objeto 

de erradicar estas dos serovariedades, lo que condujo a su casi completa desaparición hacia los años 60-

70 (Bäumler et al., 2000). A día de hoy se cree que fue este fenómeno el que condujo a la emergencia de 

S. Enteritidis como principal serovariedad asociado a los huevos y ovoproductos, si bien las causas no

están aún del todo claras. Una de las teorías más interesantes para explicar este fenómeno postula que

esto podría haber sido debido a que inmediatamente tras la erradicación de las serovariedades

Gallinarum y Pullorum se produjo un descenso en el nivel de inmunidad de grupo, escenario que

aprovechó S. Enteritidis (que en un principio se asociaba principalmente a los roedores) para ocupar

este nicho ecológico que había quedado vacío (Foley et al., 2011). A esto hay que añadir que estudios

realizados mediante el uso de modelos matemáticos, sugieren que la presencia de S. Gallinarum sería

capaz de excluir por competición a S. Enteritidis de las aves (Bäumler et al., 2000). Finalmente, varios

autores también han indicado que los cambios en los sistemas productivos que ocurrieron a lo largo de

las últimas décadas del siglo XX, como el aumento en la densidad de cría o la integración vertical,

podrían haber contribuido también a la diseminación de S. Enteritidis (Velge et al., 2005). En cualquier

caso, este episodio constituye el primer caso documentado de sustitución de serovariedad/es

dominantes de Salmonella en el sector aviar y una clara evidencia de que las intervenciones humanas

tienen consecuencias que pueden no resultar beneficiosas en todos los sentidos, ya que S. Enteritidis

representa un peligro para la salud humana mayor que Gallinarum o Pullorum.

De forma análoga a lo descrito anteriormente las serovariedades responsables de la de la aparición 

de toxiinfecciones alimentarias en humanos por consumo de huevos y ovoproductos no siempre han 

sido las mismas ni han tenido la misma importancia relativa. No obstante, los datos acumulados hasta 
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la fecha demuestran que una mayor prevalencia en granja no siempre implica una mayor incidencia de 

enfermedades en humanos (EFSA, 2021). Las causas de este fenómeno han sido parcialmente 

exploradas, aunque no del todo identificadas. Así, la mayor parte de los esfuerzos de la comunidad 

científica para explicarlo se han centrado en el estudio de la especificidad de hospedador de las 

diferentes cepas y en el de los mecanismos de contaminación del huevo (Foley et al., 2013; Martelli and 

Davies, 2012; Sabbagh et al., 2010). Estos dos aspectos permitirían explicar, por ejemplo, las causas de 

la elevada incidencia en humanos de S. Enteritidis, ya que es serovariedad de las más prevalentes en 

los animales/huevos, que no es específicas de hospedador y, además, se puede transmitir al huevo por 

vía transovárica (Martelli and Davies, 2012). Sin embargo, ninguna de estas razones podría explicar por 

qué algunas serovariedades que se aíslan con frecuencia en gallinas y pollos, como S. Mbandaka o S. 

Livingstone (Bellido-Blasco et al., 2006; EFSA, 2021) tan apenas tienen incidencia en humanos, pese a no 

ser serovariedades específicas de aves.  

Esto podría ser debido, como ya se ha sugerido con anterioridad, a que hay aspectos que todavía 

no han sido estudiados en profundidad como las diferencias en resistencia al estrés (condiciones 

medioambientales o tratamientos posteriores) entre las diferentes serovariedades o su capacidad de 

crecimiento/competición. En este sentido es necesario señalar que, si bien es cierto que existen 

numerosos estudios acerca de la resistencia de Salmonella a diferentes agentes de inactivación como el 

calor, el medio ácido o el estrés osmótico (como el de Sherry et al. (2004)), las diferentes condiciones de 

ensayo, o diseños experimentales no adecuados para este fin (por ejemplo, por una inadecuada o 

insuficiente elección de serovariedades) no permiten sacar conclusiones sólidas a este respecto.  

En los últimos años estamos asistiendo a un cambio en las serovariedades de Salmonella con una 

mayor prevalencia tanto en las instalaciones avícolas como en los huevos y ovoproductos. Así, en 

Estados Unidos S. Heidelberg reemplazó a S. Enteritidis como las serovariedad más frecuentemente 

aislada de pollos desde 1996 hasta 2006 y desde 2007 esta ha sido reemplazada por S. Kentucky (Foley 

et al., 2011). De forma similar en Europa S. Infantis, S. Mbandaka y S. Livingstone ya superan a S. 

Enteritidis en frecuencia de aislamiento en pollos de engorde y ponedoras (EFSA, 2021). Esta es una 

tendencia que es previsible que se consolide a tenor de los planes específicos para el control de 

determinadas serovariedades, como Enteritidis que se están estableciendo tanto en Europa como 

Estados Unidos. 

Así, en el caso de Europa y en base a estudios de prevalencia de Salmonella en distintas especies de 

consumo realizados en los primeros años de este siglo, la Comisión Europea estableció unos objetivos 

comunitarios de reducción de la prevalencia de Salmonella en los alimentos (de origen aviar). Estos 

quedan reflejados en el Reglamento (CE) N° 2160/2003, que establece la obligatoriedad de adoptar 

medidas apropiadas y eficaces para detectar y controlar la presencia de Salmonella en todas las etapas 

de la producción. Basándose en los objetivos marcados en el Reglamento, cada Estado miembro elaboró 

un programa de control, que en el caso de España se denominaron Programas Nacionales de Control 

de Salmonella.  

Los Programas tienen una duración de tres años y afectan aquellas poblaciones animales de 

producción primaria que tienen riesgo potencial de transmisión de Salmonella como zoonosis. 

Actualmente las especies que son objeto de los Programas son las aves de corral (reproductoras, gallinas 

ponedoras, pollos de engorde y pavos) y cerdos. Las serovariedades que se controlan dependen de la 

especie y del tipo de explotación, como se recoge en la siguiente Tabla 1. 

Así, en todas las categorías se controlan las serovariedades Enteritidis y Typhimurium, y además 

en las reproductoras también se controlan las serovariedades Hadar, Infantis, y Virchow. 

Estos Programas Nacionales de Control aplican medidas de control en todas las etapas de la cadena 

alimentaria, desde la producción primaria hasta que los alimentos llegan a los consumidores, lo que, 

aunque lentamente, está conduciendo a un descenso en la prevalencia de estas serovariedades. Sin 

embargo, como se ha indicado anteriormente, y también indica EFSA en su informe de 2019 (EFSA 

BIOHAZ PANEL et al., 2019) esto puede conducir a simples fenómenos de sustitución, con 

consecuencias difíciles de prever a día de hoy. 
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Tabla 1. Objetivos de prevalencia Salmonella (MAPA, 2021) 

Agente Población animal 
Fase de la cadena 

alimentaria 

Fecha de fijación del 

objetivo 

5 serovariedades 

(SE, ST, SH, SI, SV) 

Gallinas 

reproductoras líneas 

pesadas (carne) y 

líneas ligeras 

(huevos) 

Explotaciones de 

selección, multiplicación 

y recría de reproductoras 

Máximo 1% prevalencia 

Reglamento (CE) 

1003/2005 

2 serovariedades 

(SE, ST) 
Gallinas ponedoras 

Explotaciones de 

producción de huevos 

(recría y puesta) 

Máximo 2% de 

prevalencia 

Aprobado 7/06/06 

2 serovariedades 

(SE, ST) 
Pollos de engorde 

Explotación de 

producción de pollos de 

carne 

Máximo 1% 

R.584/2008

2 serovariedades 

(SE, ST) 
Pavos 

Explotaciones de 

reproductoras, 

explotaciones producción 

de pavos para carne 

Objetivo 1% 

R.584/2008

SE: S. Enteritidis; ST: S. Typhimurium; SH: S. Hadar; SI: S. Infantis; SV: S. Virchow. 

Dado que en esta Tesis Doctoral, y dentro del marco del proyecto “Caracterización de la resistencia 

al estrés y a los tratamientos tecnológicos, de la capacidad de crecimiento y del potencial patógeno de 

Salmonella Heidelberg, Salmonella Kentucky, Salmonella Livingstone y Salmonella a Mbandaka” que fue 

galardonado con el Premio a la Investigación del Instituto del Huevo en el año 2018, se abordó la 

caracterización fenotípica de una cepa de cada una de las serovariedades arriba indicadas y también la 

de 5 cepas de S. Enteritidis, en este capítulo se presenta una aproximación básica a la evaluación 

cuantitativa del riesgo, en este caso en términos relativos, que supondrían estas serovariedades 

utilizando como base los datos obtenidos en dicha caracterización. 

En este punto es necesario señalar que, como se discutirá más adelante, esta no deja de ser una 

aproximación extremadamente simplista al problema, dada, entre otras cuestiones, la limitada cantidad 

de datos existentes acerca de determinados aspectos entre los que destacan el desconocimiento acerca 

de la variabilidad en resistencia, capacidad de crecimiento y patogenicidad dentro de las diferentes 

serovariedades estudiadas (salvo S. Enteritidis) y, la falta de datos acerca de determinados aspectos 

extremadamente importantes en las rutas “de contaminación e infección” estudiadas como, por 

ejemplo, las vías de transmisión al huevo (específicamente si se pueden transmitir por vía vertical) de 

estas serovariedades emergentes, sus concentraciones en huevo y ovoproductos, y/o sus temperaturas 

mínimas de crecimiento. 

2. Consideraciones previas

En relación a las cadenas alimentarias (o rutas “de contaminación e infección”) objeto de estudio 

se seleccionaron 3 por su relevancia (todas ellas centradas en el estudio de huevo cáscara transformado 

y consumido en el hogar): mayonesa acidificada, mayonesa sin acidificar y huevo tratado térmicamente 

(como una tortilla, por ejemplo) aunque una de ellas no se pudo abordar (mayonesa sin acidificar). 

A continuación, se describirá en detalle el diseño experimental y consideraciones tenidas en cuenta 

para la estimación del riesgo en mayonesa acidificada. 
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En primer lugar, es necesario indicar que el objetivo de este estudio no es hacer una cuantificación 

absoluta del riesgo que suponen estas serovariedades sino relativa, en comparación con S. Enteritidis. 

Dicho de otra forma, lo que se pretende determinar es si el hecho de que estas serovariedades acaben 

por sustituir completamente a S. Enteritidis de los entornos productivos y cadenas de distribución y 

transformación de huevos y ovoproductos significaría un incremento en el riesgo (número de casos) de 

salmonelosis en humanos. Como se ha detallado antes, para poder hacer una evaluación completa 

serían necesarios datos más detallados acerca de la prevalencia en granjas de cada una de las 

serovariedades una vez no estuviera presente en ellas S. Enteritidis, así como una estimación del nivel 

de contaminación del huevo que causarían. Asimismo, harían falta nuevos datos acerca de las fuentes 

posibles de contaminación posterior, y frecuencia y dosis de contaminación de las mismas. Por ello, 

además de evaluar sólo el riesgo relativo se ha investigado únicamente un supuesto en el que el nivel 

de contaminación de los huevos era fijo e igual para todas las serovariedades. 

En segundo lugar, que, dado que las rutas de contaminación del huevo varían entre 

serovariedades, y aunque la ruta vertical no es exclusiva de S. Enteritidis, tampoco existen datos 

suficientes en la literatura (al menos que tengamos conocimiento) para poder estimar la proporción de 

huevos que se contaminaría por cada ruta y para cada serovariedad ni el nivel de contaminación. Por 

ello el modelo de estudio se restringió al de huevos contaminados externamente (en su cáscara).  

En tercer lugar, que, a falta de un modelo de infección mejor, el riesgo de contraer salmonelosis se 

estimará a partir de los ensayos de adhesión e invasión de células Caco-2. Así, en este caso se 

interpretará que un mayor número de células capaces de invadir las células epiteliales será indicativo 

de un mayor riesgo, sin tener en cuenta las posibles diferencias en gravedad de la enfermedad que 

causarían ni la capacidad de crecimiento y competición en el intestino humano. 

Y, en cuarto lugar, que, aunque de forma habitual en los análisis del riesgo estructurados en 

módulos no se tiene en cuenta posibles respuestas de desarrollo de resistencia ni lo contrario, no es 

menos cierto que esto puede conducir a una infra- o sobre-estimación notable del riesgo. Por ello de 

forma previa se realizaron ensayos para determinar si existían estos fenómenos. Así se determinó si la 

exposición previa al pH ácido de la mayonesa conducía a un cambio en la resistencia al fluido gástrico 

y si la exposición al fluido gástrico conducía a cambios en el porcentaje de células capaces de infectar 

los cultivos celulares, no observándose cambios estadísticamente significativos en ninguno de estos dos 

parámetros. Asimismo, también se observó que en número inicial de células no afectaba 

significativamente a la resistencia al medio ácido ni al calor ni al fluido gástrico simulado y se asumió 

que tampoco lo haría a la capacidad de invasión, aunque las concentraciones testadas en laboratorio 

fueron muy superiores a las utilizadas en la simulación (datos no mostrados). 

Así pues, lo que se evaluó en último término (lo que se determinó como “riesgo relativo”) fue el 

número de células capaces de invadir un cultivo de células Caco-2 (o Caco-2/HT29) partiendo de un 

supuesto en el que las cáscaras de huevo estuvieran contaminadas con 100 células de Salmonella y tras 

ser expuestas a las diferentes condiciones características y representativas de cada una de las 

cadenas/rutas estudiadas. 

3. Metodología

Para hacer las simulaciones, que se llevaron a cabo utilizando el programa @risk (@risk for Excel v. 

8.0, Palisade, Ithaca, USA), se seleccionaron las siguientes funciones de probabilidad para cada uno de 

los tiempos y fases. 

En el caso del tiempo de exposición de las células de Salmonella al pH ácido de la mayonesa se 

seleccionó una función log-logística con máximo a las 1,5 horas y valores limitados entre las 0 y 24 horas 

de exposición, y en el caso de la temperatura de refrigeración de dicha mayonesa una función normal 

con los valores descritos en  (Jofré et al., 2019). 

En el caso de los tratamientos térmicos se seleccionó una función normal para la temperatura 

(Media = 65 °C; desviación estándar = 2 °C) y para el tiempo de tratamiento (Media = 0,5 minutos; 

desviación estándar = 0,1 °C). 



5 of 13 

273

Por su parte para el tiempo de exposición al pH ácido del estómago se escogió una función tipo 

beta, en base a los modelos de vaciado del estómago descritos por varios autores (Bürmen et al., 2014; 

Elashoff et al., 1982; Yokrattanasak et al., 2016). 

Por otra parte, los parámetros de resistencia (cinéticos) y de capacidad de crecimiento e invasión 

se obtuvieron a partir de nuestros estudios previos (Guillén et al., 2020b, 2020a, 2021, 2022). 

Adicionalmente se tuvo que determinar la supervivencia al Fluido Gástrico Simulado formulado según 

Minekus et al. (2014) de las 8 cepas investigadas. Como puede observarse en la figura 1, las cepas de las 

serovariedades emergentes estudiadas mostraron una resistencia al mismo comparable a la de las cepas 

de S. Enteritidis. Así, S. Mbandaka y S. Livingstone mostraron una resistencia similar a la de las cepas 

más resistentes y S. Heidelberg y S. Kentucky a la de las más sensibles.   

Figura 1: Gráficas de supervivencia frente al Fluido Gástrico Simulado (FGS) de las 8 serovariedades estudiadas. 

Las barras de error indican la desviación estándar. 

4. Resultados y discusión

4.1 Mayonesa acidificada 

Como se ha indicado anteriormente en todos los escenarios estudiados el riesgo relativo se 

determinó a partir del número de células capaces de invadir un cultivo de células Caco-2 (o Caco-

2/HT29) partiendo de un supuesto en el que las cáscaras de huevo estuvieran contaminadas con 100 

células de Salmonella. En este caso, estas células contaminarían una mayonesa acidificada a pH 3,8 que 

se conservaría entre 0 y 24 horas en la nevera y que posteriormente se ingeriría, estando las células de 

las diferentes cepas de Salmonella expuestas a un pH de 3,0 en el estómago durante un periodo de tiempo 

variable de entre 0 y 360 minutos, para, finalmente estas células acceder al intestino donde invadirían 

las células epiteliales en una proporción previamente estimada y característica para cada cepa. La figura 

2 ilustra el modelo diseñado para establecer las comparaciones. 

Figura 2: Esquema del modelo de cadena alimentaria (mayonesa acidificada) estudiada. 
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Los resultados de las simulaciones se ilustran en las figuras 3A y 3B. En las misma se incluyen las 

gráficas de probabilidad acumulada en función del número de células de Salmonella capaces de infectar 

el cultivo celular. La figura A incluye los datos obtenidos para las 4 cepas de S. Enteritidis estudiadas 

mientras que en la segunda se compraran las dos cepas de S. Enteritidis con comportamientos más 

extremos (las que representarían un mayor y menor riesgo) junto con las 4 cepas de las serovariedades 

emergentes estudiadas. En dichas figuras aquellas gráficas que aparecen más desplazadas a la derecha 

son las que se asociarían a cepas/serovariedades de mayor riesgo, ya que esto indicaría que la 

probabilidad de que el número de células de Salmonella que finalmente fueran capaces de infectar el 

cultivo será mayor. 

Como puede observarse en la figura A existieron grandes diferencias entre las 4 cepas de Salmonella 

Enteritidis estudiadas siendo la cepa CECT 7236 la que representaría un mayor riesgo y 4396 la que 

supondría uno menor (siempre hablando en términos de capacidad de invasión). Al comparar estas dos 

cepas con las cepas de las otras 4 serovariedades (figura 2B) se puede observar que estas últimas 

supondrían un riesgo menor que las cepas de la serovariedad CECT 7236. Si bien esto indica que hay 

cepas de Enteritidis que representarían un menor riesgo no es menos cierto que la existencia de cepas 

de Enteritidis poco patógenas en vivo, un hecho asociado a una baja resistencia al estrés, ya ha sido 

documentado por (Shah, 2014). 

Figura 3: Riesgo relativo de causar enfermedad por consumo de mayonesa acidificada (ver figura 2) de cada una 

de las 8 serovariedades estudiadas (expresado como distribución de frecuencias del número de células de Salmonella 

capaces de invadir un cultivo de células Caco-2). A: Cepas de S. Enteritidis. B: S. Enteritidis vs serovariedades 

emergentes. 

Nº de células capaces de invadir el cultivo de células Caco-2

Nº de células capaces de invadir el cultivo de células Caco-2



7 of 13 

275

Adicionalmente también se exploró si estas conclusiones eran extrapolables a una mayonesa 

acidificada conservada a temperatura ambiente (25 °C). Como puede observarse en la figura 4, los 

resultados fueron similares a los obtenidos para la mayonesa conservada en refrigeración. 

Figura 4: Riesgo relativo de causar enfermedad por consumo de mayonesa acidificada conservada a temperatura 

ambiente de cada una de las cepas de las serovariedades emergentes en comparación de las cepas de S. Enteritidis 

con mayor y menor riesgo de causarlo (expresado como distribución de frecuencias del número de células de 

Salmonella capaces de invadir un cultivo de células Caco-2). 

4.2 Mayonesa sin acidificar 

En el caso de la mayonesa no acidificada los resultados obtenidos en este proyecto no resultan 

suficientes para hacer una adecuada comparación del riesgo relativo. En este sentido resulta 

imprescindible caracterizar con precisión la temperatura mínima de crecimiento de las diferentes cepas 

en mayonesa, así como su velocidad de crecimiento a temperaturas permisivas y como esta temperatura 

modifica la velocidad de crecimiento.  

Si, como se deduce de los datos obtenidos en TSB-YE, medios con que simulan las condiciones 

intestinales y huevo y sus fracciones la velocidad de crecimiento de las serovariedades emergentes en 

mayonesa es comparable a la de S. Enteritidis se puede asumir que el crecimiento post-contaminación 

en la mayonesa ocurrirá al mismo ritmo para todas las serovariedades por lo que el riesgo relativo 

dependerá, esencialmente, de la resistencia al fluido gástrico y capacidad de invasión de cada una de 

las cepas. Partiendo de este supuesto se han hecho también simulación con resultados similares (en 

términos de riesgo relativo) a los descritos para la mayonesa acidificada. En la figura 5 se muestran los 

resultados que se obtendrían para la mayonesa recién contaminada. Asumiendo iguales velocidades y 

temperaturas mínimas de crecimiento y en caso de que la mayonesa fuera conservada en condiciones 

que permitan el crecimiento todas las gráficas se irían desplazando progresivamente hacia la derecha, 

pero manteniéndose estables las diferencias entre ellas. En este punto es importante señalar que la 

resistencia al medio ácido es menor para células en fase exponencial de crecimiento por lo que, 

paradójicamente, podría darse el caso de, durante la primera parte del almacenamiento, el riesgo de 

enfermedad sea menor que en el momento de la contaminación a pesar de que el número de células sea 

mayor. En cualquier caso, este es un hecho que también debe ser estudiado en más profundidad. 

Es importante señalar también que en este segundo escenario no testado en el que se produce un 

crecimiento de Salmonella tras la contaminación de la mayonesa, y a falta de nuevos datos, habría 

también que verificar si el número inicial también afecta a la velocidad de crecimiento en huevo y 

ovoproductos de estas serovariedades (Guillén et al., 2021) y si los datos obtenidos en huevo líquido 

son extrapolables a la mayonesa. De hecho, es más que probable que dado que S. Enteritidis parece estar 

muy adaptada a los componentes antimicrobianos y limitación de nutrientes del huevo a estas cepas no 

Nº de células capaces de invadir el cultivo de células Caco-2
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sólo les afecte este fenómeno, sino que lo haga más, aunque, por otra parte, también se ha observado 

que las diferencias entre cepas y dosis se minimizan en aquellos casos en los que la clara está mezclada 

con la yema, como sería el caso. 

Figura 5: Riesgo relativo de causar enfermedad por consumo de mayonesa (independientemente de su pH) en el 

momento de su contaminación (dosis=100 células) de cada una de cepas de las serovariedades emergentes en 

comparación de las cepas de S. Enteritidis con mayor y menor riesgo de causarlo (expresado como distribución de 

frecuencias del número de células de Salmonella capaces de invadir un cultivo de células Caco-2). 

4.3 Huevo tratado térmicamente 

Por último, también se estudió el riesgo asociado al consumo de productos tratados térmicamente 

como podría ser el caso de una tortilla. Si bien, como en el caso de la mayonesa no acidificada no 

poseemos datos acerca de los límites inferiores de crecimiento para cada una de las cepas sí se pueden 

simular diferentes escenarios a partir de los resultados experimentales obtenidos que se presentan en la 

siguiente figura. 

Figura 6: Esquema del modelo de cadena alimentaria (tortilla o producto tratado térmicamente) estudiada. 

En relación al primero de los escenarios en el que se haría un consumo directo justo después de la 

preparación del producto la figura 7 muestra los resultados obtenidos de la simulación. Como puede 

observarse en este caso los resultados apuntan a que en este caso la cepa estudiada de S. Kentucky 

podría representar un riesgo superior que las cepas de S. Enteritidis y de las otras 3 serovariedades 

estudiadas. 

Nº de células capaces de invadir el cultivo de células Caco-2

0-1 min
Tª: 60-70 ºC

pH 3,0
0-360 min
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CaCo2
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100 UFC
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en la refrigeración
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refrigeración



9 of 13 

277

Figura 7: Riesgo relativo de causar enfermedad por consumo de huevo tratado térmicamente (ver figura 6) y 

consumido inmediatamente después de su preparación de cada una de las cepas de las serovariedades en 

comparación de las cepas de S. Enteritidis con mayor y menor riesgo de causarlo (expresado como distribución de 

frecuencias del número de células de Salmonella capaces de invadir un cultivo de células Caco-2). 

No obstante, hay que señalar que, en comparación con los datos obtenidos para la mayonesa, y 

como se puede observar al comparar las figuras 8A y 8B, este mayor riesgo ocurriría sólo cuando los 

tratamientos aplicados fueran más elevados lo que, por su parte, corresponde con los escenarios en los 

que el riesgo de salmonelosis sería más bajo. 

Figura 8: Riesgo relativo de causar enfermedad por consumo de huevo tratado térmicamente (A: 50 °C; B: 65 °C) y 

consumido inmediatamente después de su preparación de cada una de las cepas de las serovariedades en 

comparación de las cepas de S. Enteritidis con mayor y menor riesgo de causarlo (expresado como distribución de 

frecuencias del número de células de Salmonella capaces de invadir un cultivo de células Caco-2). 

Como en el caso de la mayonesa sin acidificar la falta de datos acerca de la temperatura mínima de 

crecimiento y velocidad de crecimiento a bajas temperaturas impide hacer simulaciones en los 

escenarios más relevantes, como temperaturas justo por encima de las de refrigeración (7-15 °C). En 

cualquier caso, usando datos obtenidos para una temperatura de crecimiento de 25 °C para las 

diferentes cepas -obtenidos en huevo liquido pasteurizado y con un número inicial=106 UFC/ml (datos 

no mostrados)- y aplicando una función log-logística (máximo a 1,5 horas y valores limitados entre las 

0 y 24 horas de crecimiento/incubación) para el tiempo de incubación a esta temperatura se puede 

observar que la inclusión de esta etapa no sólo resultaría en un aumento del riesgo por el crecimiento 

de los supervivientes sino que también conduciría a un cambio en el riesgo relativo ya que en este caso, 

por ejemplo, el riesgo relativo de S. Kentucky y S. Enteritidis CECT 7236 sería muy similar (figura 7 vs 

figura 9). 

Nº de células capaces de invadir el cultivo de células Caco-2

Nº de células capaces de invadir el cultivo de células Caco-2 Nº de células capaces de invadir el cultivo de células Caco-2
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Figura 9: Riesgo relativo de causar enfermedad por consumo de huevo tratado térmicamente (ver figura 6) 

almacenado a 25 °C durante diferentes periodos de tiempo de cada una de las cepas de las serovariedades en 

comparación de las cepas de S. Enteritidis con mayor y menor riesgo de causarlo (expresado como distribución de 

frecuencias del número de células de Salmonella capaces de invadir un cultivo de células Caco-2). 

En este caso, además, y como se ha descrito para los productos con huevo consumidos 

inmediatamente tras su tratamiento, conforme menor fue la intensidad del tratamiento térmico, menor 

fue el riesgo relativo de S. Kentucky en comparación al de S. Enteritidis. 

5. Conclusiones

Los datos obtenidos a partir de estas simulaciones sugerirían que, en los escenarios estudiados, el 

riesgo asociado al consumo de mayonesa acidificada contaminada a partir de células de Salmonella de 

estas 4 serovariedades emergentes presentes en la cáscara no sería superior al que representaría 

Enteritidis, al menos no el de las cepas de Enteritidis que supondrían un mayor riesgo. Por su parte, son 

necesarios más estudios para confirmar si los resultados obtenidos para la mayonesa sin acidificar son 

extrapolables otras condiciones más representativas de las que realmente se dan en los hogares y 

establecimientos de restauración colectiva, pero también apuntan en el mismo sentido. Por último, tan 

sólo la cepa de S. Kentucky estudiada supondría un riesgo relativo de causar salmonelosis mayor al de 

las cepas de S. Enteritidis estudiadas en productos de huevo tratado térmicamente pero este escenario 

sólo se daría en los productos sometidos a los tratamientos térmicos más severos que, a su vez, son los 

de menor riesgo asociado. 

Además, es necesario señalar que el hecho de que la resistencia al medio hiperosmótico y en la 

cáscara de huevo de estas serovariedades también, al menos en las condiciones ensayadas, sea inferior 

a la de Enteritidis resultaría en un menor número de células en el momento del cascado de los mismos 

y, por lo tanto, en un menor riesgo. A todo ello hay que añadir que también es más que probable que la 

transmisión vertical de estas serovariedades sea muy inferior a la de S. Enteritidis, lo que todavía 

refuerza más la hipótesis de que el riesgo que suponen estas serovariedades (o al menos las cepas 

estudiadas de las mimas) para el ser humano sería igual o menor que el de S. Enteritidis. 

En cualquier caso, y como es evidente, estas conclusiones deben tomarse con extremada cautela 

dado lo limitado de los escenarios estudiados, la simplicidad del enfoque aplicado y la falta de datos 

para describir adecuadamente alguno de los módulos/procesos.  

Finalmente, los resultados obtenidos de estas simulaciones también revelan la enorme variabilidad 

existente entre las cepas de S. Enteritidis, que es incluso superior a la variabilidad existente entre cepas 

de diferentes serovariedades (como las otras cuatro aquí investigadas). Esto evidencia que para hacer 

una estimación precisa del riesgo asociado a estas serovariedades emergentes también sería necesario 

analizar varias cepas de las mismas. De hecho, si bien se ha concluido que estas serovariedades/cepas 

emergentes no supondrían mayor riesgo que las cepas de mayor riesgo de S. Enteritidis, sí que tendrían 

Nº de células capaces de invadir el cultivo de células Caco-2
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un mayor riesgo asociado que algunas cepas de esta última serovariedad. En este sentido, una posible 

explicación a por qué a pesar de la creciente frecuencia con la que estas serovariedades se aíslan de 

huevo y ovoproductos el número de casos que causan en humanos sigue siendo tan bajo podría basarse 

en los hallazgos de Shah (2014) que observó al menos dos grupos de cepas dentro de la serovariedad 

Enteritidis, con grandes diferencias en potencial patógeno. Así, la mayoría de los casos de Salmonella 

Enteritidis sería debidos a tan sólo un subgrupo de cepas y, por lo tanto, para estimar el riesgo asociado 

a la sustitución de esta serovariedad por otras en los entornos productivos, serían estas últimas las más 

relevantes, lo que implicaría que las comparaciones, tal y como se han establecido aquí, sí que podrían 

ser significativas y, sobre todo, representativas. 
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Aunque los resultados de esta Tesis Doctoral ya han sido discutidos individualmente en los 

manuscritos adjuntos en la sección de resultados, el objetivo de esta sección es presentar una 

discusión global de los resultados con el fin de ofrecer una visión conjunta de los distintos 

capítulos previamente presentados. 

A pesar de la relevancia del género Salmonella en la salud y la economía global, todavía se 

desconocen muchos aspectos de su fisiología, que serían de importancia para su control y 

prevención. El número tan elevado de serovariedades que pertenecen a este género, más de 

2500 serovariedades identificadas hasta la fecha, hace aún más complejo el estudio de este 

microorganismo. Además, también es bien conocido que las cepas de una misma serovariedad 

pueden mostrar características fenotípicas muy diferentes (Shah, 2014). No obstante, esto 

también hace de Salmonella un modelo único para el estudio de determinados aspectos como 

el estudio de la magnitud de la variabilidad en la resistencia microbiana al estrés, la capacidad 

de crecimiento y la virulencia a diferentes niveles (intra-poblacional, intra-serovariedad e 



 
286 

intra-especie) y también para el estudio de las relaciones existentes entre estas características 

fenotípicas. Además, el hecho de que semejante diversidad fenotípica se pueda dar entre 

microorganismos tan próximos genéticamente (de la misma subespecie en el caso de las 

Salmonellas responsables de salmonelosis en humanos) constituye una enorme ventaja para 

abordar el estudio de las fuentes (mecanismos) de esta variabilidad, o, dicho de otra forma, 

para el estudio de los mecanismos de resistencia, crecimiento y virulencia.  

El primer bloque de esta Tesis aborda precisamente el estudio de la resistencia al estrés, 

capacidad de crecimiento y virulencia de diferentes serovariedades, de las relaciones 

existentes entre estas tres características fenotípicas y, por último, el de los mecanismos 

responsables de las diferencias existentes entre las diferentes cepas/serovariedades (con 

especial atención a la resistencia). 

En el estudio de la resistencia a los diferentes agentes ambientales o tecnologías de 

procesado de alimentos utilizados en esta Tesis, abordado en los manuscritos II y IX, se 

encontró una baja variabilidad de la resistencia entre las 23 cepas de Salmonella en medios 

de laboratorio. Dado que estas 23 cepas pertenecían a 15 serovariedades diferentes se podría 

haber esperado una elevada variabilidad entre las respuestas a los diferentes agentes. Sin 

embargo, si se excluye del análisis la elevada termorresistencia de S. Senftenberg 775W que 

es un caso particular ya conocido (Ng et al., 1969) y que se discutirá más adelante, la 

tecnología en la que se encontró la variabilidad en resistencia más elevada fue frente a las 

altas presiones hidrostáticas, observándose en todo caso diferencias de menos de 3,3 veces 

entre el valor 2D de la cepa más resistente y la cepa más sensible, y los agentes con menor 

variabilidad fueron la resistencia al medio oxidativo y al UV-C. Esta variabilidad encontrada 

concordaría, en cuanto a su magnitud, con estudios previamente publicados (van Asselt y 

Zwietering, 2006; Cebrián et al., 2016b; Sherry et al., 2004). Además, en el estudio realizado 

por Cebrián et al. (2016b), donde se incluían los datos de 5 cepas de Salmonella, 4 de ellas 

pertenecientes a la serovariedad Typhimurium, se observó, como en esta Tesis Doctoral que 

las diferencias en resistencia entre las cepas de Salmonella eran menores frente a la radiación 

UV-C que frente a las APH o los PEAV. También cabe destacar que, de acuerdo a dicho estudio, 

la variabilidad en resistencia frente a diferentes agentes entre las cepas de Salmonella fue 
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menor, en términos generales, que la observada dentro de otras especies microbianas. Si bien 

el número de cepas de aquel estudio era muy reducido (5) el hecho de que en esta Tesis 

Doctoral se haya observado una variabilidad de la misma magnitud utilizando muchas más 

cepas (23) indica que las conclusiones de aquel estudio eran válidas a pesar del reducido 

número de cepas y que, por lo tanto, y en lo que respecta a los mecanismos de resistencia 

microbiana , la proximidad genética entre las diferentes cepas de Salmonella, sí que se 

correspondía con una gran homogeneidad en esta característica fenotípica (resistencia al 

estrés). Por último, el caso de Salmonella Senftenberg 775W es muy particular, y su estudio 

presenta un gran interés desde el punto de vista científico y también práctico. Pese a los 

esfuerzos realizados, todavía no se ha logrado esclarecer las causas de la mayor resistencia al 

calor de esta cepa y sería necesario continuar estudiando, habiéndose sugerido que esto 

podría estar relacionado con las características de sus envolturas y/o con la generación de un 

menor nivel de especies reactivas del oxígeno durante el calentamiento (Mañas et al., 2001; 

Serrano, 2015).  

En paralelo el diseño experimental de esta Tesis también nos permitió estudiar la variabilidad 

dentro de una misma serovariedad (intra-serovariedad) y compararla con la variabilidad 

existente dentro de la subespecie enterica (inter-serovariedad), para ello se utilizaron cinco 

cepas de Enteritidis y 5 cepas de Typhimurium. En el caso de la resistencia al estrés, la 

variabilidad intra-serovariedad fue comparable o mayor que la variabilidad entre las 

diferentes serovariedades (inter-serovariedad). Esto podría explicarse porque a pesar de que, 

en un principio, se asume que la proximidad genética entre las cepas de una misma 

serovariedad sería mayor que con cepas de otras serovariedades, ya se ha descrito el 

desarrollo de estrategias de generación de diversidad fenotípica dentro una misma 

serovariedad, que podría conducir a que cepas de diferentes serovariedades acabaran siendo 

geno- y feno-típicamente más parecidas entre sí que con otras cepas de sus mismas 

serovariedades  (Gupta et al., 2019; Ko y Choi, 2021; Zheng et al., 2014). A su vez, el hecho de 

que esta variabilidad fenotípica intra-serovariedad fuera comparable a la inter-serovariedad, 

explicarían por qué no hay diferencias entre los resultados de este estudio y la comparativa 

de Cebrián et al. (2016b), en la que se incluían mayoritariamente (4 de 5) cepas de la 

serovariedad Typhimurium. 
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Por otra parte, si bien existen mecanismos de desarrollo de resistencia al estrés inespecíficos 

o generales (como se discutirá en más profundidad más adelante) y se han documentado 

numerosos casos en los que las cepas de Salmonella más resistentes a un estrés también lo 

son a otros, como en el caso de la resistencia al calor y al pH ácido (Álvarez-Ordóñez et al., 

2008; Humphrey et al., 1995) las cepas de Salmonella estudiadas en esta Tesis Doctoral 

mostraron diferentes perfiles de resistencia frente a cada uno de los estreses estudiados, y las 

cepas más resistentes a un determinado estrés no fueron las más resistentes a otros tipos de 

estrés. Esto se explicaría ya que los diferentes modos de acción y las dianas celulares no son 

los mismos para cada agente estresante o tecnología (Cebrián et al., 2016b; Sherry et al., 

2004), y a su vez, sería debido a que las respuestas de desarrollo de resistencia de Salmonella 

también varían notablemente en función del estrés que las induce (Arsène et al., 2000; 

Mackey, 2000). No obstante, se observó una correlación positiva entre la resistencia de las 

cepas de Salmonella al estrés osmótico y a la resistencia a los PEAV. Además, los resultados 

del manuscrito II sugieren una correlación positiva entre la resistencia a los PEAV y al UV-C. En 

este punto es conveniente indicar que el mecanismo de acción de cada uno de estos agentes 

es muy diferente (revisados en Guillén et al. (2020)). En general, el estrés osmótico inactiva 

las células debido a la perturbación el equilibrio hidrofóbico-electrostático que mantiene la 

estructura de las proteínas estables/funcionales y, en algunos casos también está asociado al 

efecto tóxicos específico del soluto utilizado para generar dicho estrés osmótico, como es el 

caso de la capacidad del ión Na+ de inhibir la actividad de ciertas enzimas y de los canales 

iónicos de la célula bacteriana (Murguía et al., 1996; Stewart et al., 2005), mientras que la 

principal diana de los PEAV son las envolturas celulares (Mañas y Pagán, 2005) y la inactivación 

microbiana por UV-C se debe principalmente a su efecto sobre el material genético de los 

microorganismos  (Gayán et al., 2014), aunque otros componentes celulares como las 

proteínas también pueden sufrir daños. En cuanto a esta segunda asociación (PEAV - UV-C) 

hay que señalar que la fluidez de la membrana se ha propuesto como un factor que interviene 

en la resistencia microbiana a los UV-C (Gayán et al., 2013), de tal manera que una membrana 

más fluida haría una célula más sensible a los UV-C. Sin embargo, el papel de la fluidez de la 

membrana en la resistencia a la PEAV, aunque ha sido ampliamente discutido, aún está por 

aclarar (Cebrián, Condón, et al., 2016a). Por consiguiente, esta diversidad en los mecanismos 
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de acción de estos tres agentes, sugiere la existencia de un sistema de respuesta al estrés 

común, y que, además, debería jugar un papel capital/importante en la resistencia a los tres 

estreses.  

Para mantener la homeostasis celular en una variedad de entornos de estrés, las bacterias 

pueden utilizar factores sigma alternativos de la ARN polimerasa para así expresar 

selectivamente subconjuntos discretos de genes. Salmonella tiene dos familias de factores 

sigma, la familia σ54 (RpoN) y la familia σ70 (RpoD), y dentro de esta última familia se incluye 

los siguientes factores sigma alternativos: σ70/D (rpoD), σ24/E (rpoE), σ32/H (rpoH ), σ38/S (rpoS) y 

σ28 (fliA) (Bang et al., 2005; Hartman et al., 2016). El factor sigma alternativo σS (RpoS) de la 

ARN polimerasa controla una respuesta adaptativa global, y se ha demostrado que está 

fuertemente inducido bajo diversas condiciones de estrés, como la inanición, la 

hiperosmolaridad, la disminución del pH o las temperaturas altas o bajas (Battesti et al., 2011; 

Hengge-Aronis, 1996). Asimismo, se ha sugerido que RpoS desempeña también un papel en 

la resistencia a los PEAV y los UV-C en Salmonella (Child et al., 2002; Sagarzazu et al., 2013). 

Precisamente, tres de las cinco variantes resistentes aisladas/investigadas en esta Tesis 

mostraron una mutación en un gen represor de RpoS, en hnr. En Salmonella, hnr funciona 

favoreciendo la degradación de RpoS y también controla que ARN mensajero se destruye 

estimulando la poliadenilación (Carabetta et al., 2009; Zhou y Gottesman, 1998). Así, cualquier 

cambio en hnr tendría el potencial de afectar la actividad RpoS y, en consecuencia, la 

resistencia al estrés de las células.  

Los resultados obtenidos demostraron que las tres mutaciones identificadas condujeron a una 

mayor actividad RpoS y que, por lo tanto no sólo la mayor resistencia de estos clones era 

debido a una mayor actividad RpoS (ver manuscrito V) sino también sugería que RpoS tendría 

un papel muy relevante frente a estos tres agentes (algo que debería verificarse utilizando, 

por ejemplo, mutantes knock-out en este gen) y que, como ya se ha sugerido previamente, 

una diferencia en actividad RpoS podría ser una de las causas en diferencia al estrés 

observadas entre las cepas investigadas. No obstante, no se observó ninguna correlación 

significativa entre la actividad RpoS y la resistencia a ningún estrés, o, lo que es lo mismo, los 

resultados indicaron que la actividad RpoS, no explicaría, al menos por sí sola, las diferencias 
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en resistencia mostradas entre las cepas estudiadas. En este punto es conveniente indicar que 

tal vez el método utilizado (qRT-PCR) no sea el método más preciso para determinar la 

actividad RpoS y poder realizar comparaciones entre cepas o que tal vez sería conveniente 

estudiar la actividad de RpoS en otros puntos de la curva de crecimiento, ya que se ha visto 

que RpoS se induce en el inicio de la fase estacionaria, durante la transición de la fase 

exponencial a la fase estacionaria (Lange y Hengge-Aronis, 1991), ya que en este caso el nivel 

de expresión de RpoS se midió en cultivos de 24 horas, es decir en una fase estacionaria 

avanzada. Siendo todo esto cierto también es necesario señalar que las alternativas (para la 

cuantificación de la actividad RpoS) son muchísimo más costosas experimentalmente (como 

por ejemplo a través del uso de proteínas fluorescentes como GFP con un promotor 

controlado por RpoS) dado que habría que introducir el inserto en 23 cepas y que estas 

técnicas no están exentas de problemas metodológicos. Además, también es importante 

recordar que la variabilidad en resistencia observada fue muy baja para todos los agentes (lo 

que indicaría pocas diferencias en la expresión de mecanismos de resistencia) y que para cada 

agente el comportamiento de las cepas fue diverso, mientras que, de ser RpoS la principal 

fuente de variabilidad y dado que se ha demostrado su relevancia en la resistencia a varios de 

los estreses aquí estudiados, cabría esperar que para varios de ellos la respuesta de las cepas 

(la resistencia relativa) fuera similar.  

Teniendo en cuenta todo lo arriba indicado es más que razonable concluir que, 

probablemente, los resultados obtenidos sí que estén reflejando de forma bastante precisa la 

realidad y por ello se podría afirmar que, en un principio, la actividad RpoS no sería la principal 

fuente de variabilidad en resistencia al estrés entre las cepas de Salmonella. Esto no implica 

que esta proteína reguladora no sea relevante en la resistencia al estrés de este 

microorganismo. De hecho, lo más probable es que mientras que la expresión de RpoS sea 

una condición necesaria para el desarrollo de resistencia frente a al menos algunos estreses, 

lo que sucedería es que existirían otros factores específicos que tendrían una mayor relevancia 

en la resistencia de Salmonella frente a cada uno de los agentes/tecnologías. 

En el primer bloque de esta tesis también se pretendía verificar si, como han demostrado 

diferentes autores para otros microorganismos o condiciones experimentales, el desarrollo 
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de respuestas al estrés (o adquisición de resistencia a ciertos antibióticos) tendría un coste en 

términos de capacidad de crecimiento en condiciones adversas y de competición frente a 

otros grupos microbianos en el caso del género Salmonella (Andersson y Hughes, 2010; 

Zambrano et al., 1993). Por ello se estudiaron las posibles relaciones entre la resistencia al 

estrés, la capacidad de crecimiento o virulencia, y otras características fenotípicas como 

fueron la formación de biofilms o la resistencia a antibióticos.  

Si bien los datos obtenidos con las variantes resistentes indican que, efectivamente, algunas 

mutaciones puntuales que pueden conducir a un incremento en resistencia tienen un coste 

en términos de capacidad de crecimiento (especialmente en los medios más limitantes) no se 

encontró ninguna correlación (en un principio debería ser inversa) entre la resistencia al estrés 

y la capacidad de crecimiento de las 23 cepas de Salmonella estudiadas. Este último hecho 

podría ser debido a diferentes causas, como por ejemplo que el coste en términos de 

capacidad de crecimiento se ha demostrado que depende de la naturaleza del agente 

estresante/respuesta microbiana desencadenada (Karatzas, Hocking, et al., 2008; Karatzas, 

Randall, et al., 2008; Urdaneta et al., 2019). Otra posible explicación sería que a lo largo de su 

proceso evolutivo estas cepas (o las cepas de Salmonella en general) habrían adquirido 

mutaciones compensatorias que les hicieran recuperar la capacidad de crecimiento que 

perderían cuando aparecieran mutaciones que les confirieran resistencia al estrés. Esta parece 

una posibilidad razonable dado que, salvo ciertas excepciones, las células de las diferentes 

cepas de Salmonella se ven expuestas a condiciones medioambientales muy cambiantes, lo 

que hace que estén sometidas a diferentes presiones selectivas, que pueden ser agentes 

inactivantes en unos casos, pero en otras la necesidad de competir por nutrientes. Además es 

importante matizar que si bien es posible que se produzca una reversión de la mutación, se 

ha demostrado que es más frecuente encontrar mutaciones compensatorias que reversión de 

la mutación (Andersson y Hughes, 2010; Guillén et al., 2021; Levin et al., 2000)  

Por lo que respecta a la relación entre resistencia al estrés y virulencia se puede concluir que, 

en general, y tal y como se ha indicado para la relación entre resistencia y capacidad de 

crecimiento no se observó ninguna correlación, con algunas y muy particulares excepciones 

como la particular correlación entre resistencia al medio ácido y adhesión e invasión o las 
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correlaciones positivas entre la resistencia a los PEAV y al UV-C y la capacidad de invasión. El 

modelo in vitro de adhesión e invasión seleccionado para establecer las comparaciones fue el 

constituido únicamente por células epiteliales de Caco-2, ya que, como se indica en el Anexo 

I, se obtuvo una muy buena correlación entre los resultados de adhesión e invasión obtenidos 

en este modelo y los obtenidos en modelos más complejos basados en el uso de co-cultivos 

de células Caco-2 y HT29-MTX con o sin la adición de una microbiota sintética (viva o 

inactivada), lo que indicaría que la virulencia relativa de las diferentes cepas podía estimarse 

en este modelo más sencillo. Todas las matizaciones de tipo general arriba descritas para los 

resultados obtenidos acerca del coste del desarrollo de respuestas de resistencia en términos 

de capacidad de crecimiento son aplicables para la relación de las primeras con la virulencia, 

pero, además, hay que tener en cuenta que en el caso de las expresión de factores de 

virulencia es un proceso muy complejo y estrechamente regulado de múltiples pasos en el 

que la adhesión y la invasión de las células epiteliales es tan importante como la supervivencia 

al ácido, la bilis, el estrés oxidativo y otros mecanismos de defensa del huésped, y tanto como 

la proliferación intra y extracelular. Es más, desde la ingestión del patógeno hasta el 

establecimiento de la enfermedad, y dependiendo de la zona de tracto digestivo y/o 

condiciones reinantes los factores de virulencia que Salmonella debe expresar son 

completamente diferentes y, en algunos casos hasta opuestos. Un ejemplo paradigmático de 

la complejidad de este proceso y la dificultad de establecer correlaciones entre virulencia y 

otros caracteres geno- o fenotípicos es el caso de RpoS, regulador que se sabe que juega un 

papel fundamental en varias etapas de este proceso (Kim et al., 2021; Nickerson y Curtiss, 

1997), pero para el que se han publicado observaciones contradictorias (Krogfelt et al., 2000; 

Methner et al., 2004), lo que sugiere que RpoS podría estar desempeñando diferentes 

funciones en cada uno de estos pasos.  

En cualquier caso, es evidente que son necesarios más estudios, no sólo para dilucidar 

completamente el papel de RpoS en la patogénesis de Salmonella, y en el caso que nos ocupa, 

sino también, si esto podría explicar la correlación positiva observada entre invasión y la 

resistencia a la radiación UV-C y los PEAV (que parecen estar especialmente influenciadas por 

dicha actividad RpoS). 
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Y finalmente, en lo que respecta a la relación entre resistencia al estrés y el resto de 

características fenotípicas estudiadas indicar que, más allá del estrés ácido, no se observó 

ninguna correlación entre ninguno de los agentes estresantes estudiados o la capacidad de 

crecimiento y la formación de biofilms. Al igual que no se encontró ninguna correlación entre 

la resistencia a los estreses y a los antibióticos estudiados.  

A la vista de todo lo arriba indicado y si bien hay que tener en cuenta que los resultados 

obtenidos aquí -con sólo 23 cepas- no pueden extrapolarse (o esto debe hacerse con cuidado) 

directamente a toda la subespecie enterica, la combinación de la baja variabilidad en 

resistencia y capacidad de crecimiento existente con la incertidumbre asociada a este tipo de 

determinaciones podría estar dificultando la identificación de correlaciones o llevando a la 

aparición de relaciones casuales, pero no causales, y que, por último, mutaciones puntuales, 

como las observadas en las variantes resistentes aisladas en este estudio, sí que implicaron un 

coste en la capacidad de crecimiento de las células, los resultados obtenidos en esta Tesis 

Doctoral indican que, al menos a nivel de subespecie, la hipótesis de que “el desarrollo de 

respuestas de resistencia al estrés conlleva un coste en términos de capacidad de crecimiento 

o virulencia” no se cumpliría a nivel de la subespecie enterica de Salmonella enterica. 

Por otra parte, verificar esta hipótesis también implicó cuantificar la variabilidad en la 

capacidad de crecimiento de Salmonella, en la virulencia y el resto de características 

fenotípicas estudiadas. 

La variabilidad en la capacidad de crecimiento de las 23 cepas de Salmonella fue comparable 

(en órdenes de magnitud) a la variabilidad en resistencia al estrés determinada. La mayor 

variabilidad en la velocidad máxima de crecimiento (µmax) y las mayores µmax se encontraron 

en TSB-EL, diferencia inferior a 3 veces entre la cepa con mayor y menor µmax. A pesar de ser 

un medio nutritivo, sin ninguna limitación de nutrientes, las cepas mostraron similar 

variabilidad que en un medio con concentraciones limitadas de hierro (LB-DYP) o un medio 

mínimo con gluconato como fuente exclusiva de carbono. En estudios previos se sugirió que 

la variabilidad de las cepas de S. enterica y Listeria monocytogenes era mayor cuando las 

condiciones de crecimiento se volvían desfavorables, o dicho de otra forma, cuanto más 

próximo a los límites de crecimiento en pH y concentración de NaCl (Aryani et al., 2015; 
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Godínez-Oviedo et al., 2021; Lianou y Koutsoumanis, 2011) pero hay que señalar que esto 

sería un reflejo no de la capacidad de crecimiento sino, probablemente de la diferencia en 

capacidad de resistencia al estrés de las diferentes cepas, aunque en condiciones subletales. 

Son varias las hipótesis que pueden plantearse para explicar las diferencias entre nuestros 

resultados y los obtenidos por estos autores. Por una parte, está el hecho de que, como se ha 

indicado previamente, la capacidad de crecimiento en condiciones subóptimas estaría 

determinada por una combinación entre capacidad de crecimiento, adquisición y utilización 

de nutrientes y resistencia al estrés.  Siendo en nuestro caso las variabilidades en capacidad 

de crecimiento (en medio óptimo: TSB-EL) y resistencia al estrés bajas y muy parecidas 

(aproximadamente 3x) y teniendo las células microbianas unos recursos genéticos y 

energéticos limitados sería razonable asumir que cerca de los límites de crecimiento la 

variabilidad sería similar ya que aquellas cepas con mayor capacidad de crecimiento 

probablemente no fueran las que mayor resistencia tuvieran (aunque los resultados arriba 

indicados parecen refutar esta hipótesis). Otra explicación podría ser que mientas en los 

estudios de Aryani, Godínez-Oviedo y Lianou las condiciones subóptimas de crecimiento se 

generaban aplicando un estrés físico-químico, en esta Tesis se trataría de un estrés 

“nutricional” por lo que las conclusiones de dichos autores podrían no ser extrapolables a los 

datos aquí presentados. No obstante, también hay que señalar que al estudiar la velocidad de 

crecimiento de cuatro cepas de S. Enteritidis en huevo y ovo-productos (resultados que se 

discutirán con más detalle más adelante) se observó que la variabilidad en velocidad de 

crecimiento aumentaba sustancialmente al disminuir la dosis de inóculo, lo que correspondía 

con una menor biodisponibilidad de hierro, e indicaría que la variabilidad en capacidad de 

crecimiento sí podría ser mayor en condiciones más limitantes. En cualquier caso, estos 

resultados corresponden a tan sólo cuatro cepas y será necesario determinar si los mismo son 

extrapolables al resto de cepas aquí estudiadas. 

Por el contrario, la variabilidad en el resto de características fenotípicas estudiadas fue 

mucho mayor. Como ya se ha comentado anteriormente la complejidad de los factores de 

virulencia y su regulación es muy elevada (Velge et al., 2012; Winstanley y Hart, 2001) y se ha 

sugerido que los mecanismos de adhesión e invasión podrían ser dependientes de la 

serovariedad (Gagnon et al., 2013). De acuerdo a nuestros datos, la serovariedad Enteritidis, 
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en promedio, mostró la mayor capacidad tanto de adhesión como de invasión en las 

condiciones estudiadas, pero, además, en invasión demostró ser el grupo más heterogéneo 

de cepas. Esta heterogeneidad ya ha sido descrita por Shah (2014), que observó al menos dos 

subgrupos de cepas con diferente virulencia dentro de la serovariedad Enteritidis y explicaría 

a su vez los resultados obtenidos en las simulaciones presentadas en el capítulo 5. Este hecho 

es extremadamente importante pues indicaría que, probablemente, la dominancia de S. 

Enteritidis como agente causal de salmonelosis sería atribuible no a todas las cepas de esta 

serovariedad, sino a un subgrupo más específico, que debería estudiarse en mayor 

profundidad y, probablemente clasificarse, de forma separada (de hecho ya se ha sugerido en 

varias ocasiones que la clasificación por serotipos debería ser sustituida por otro tipo de 

clasificaciones (EFSA BIOHAZ PANEL, 2019). 

Por otra parte, todas las Salmonellas incluidas en el estudio fueron capaces de formar biofilms, 

en mayor o en menor grado, pero esta característica fue, junto con la resistencia a los 

antibióticos, en la que las diferentes cepas de Salmonellas presentaron una mayor 

variabilidad. Las causas de esta gran variabilidad han sido intensamente estudiadas aunque 

no del todo aclaradas (Berger et al., 2009; Klerks et al., 2007; Patel y Sharma, 2010). Si bien la 

resistencia a los antibióticos es un tema de mayor relevancia, este queda fuera del ámbito de 

esta investigación y por ello no se discutirá. Mientras tanto, y en relación a la formación de 

biofilms, cabe destacar que se ha sugerido que existe una conexión entre una mayor 

adaptación del huésped (cepas específicas vs inespecíficas de hospedador) y la capacidad de 

formar biofilms (MacKenzie et al., 2017). Así, la formación de biofilms está muy conservada 

en las cepas de Salmonella asociadas a la gastroenteritis, pero esta capacidad se habría 

perdido en las cepas de Salmonella responsables de enfermedades invasivas o adaptadas a un 

huésped concreto, como sería el caso de la serovariedad Typhi (MacKenzie et al., 2017; 

Römling et al., 2003). Nuestros resultados no contribuyen a aclarar la veracidad de esta 

afirmación ya que, salvo Gallinarum, las serovariedades estudiadas no son específicas de 

hospedador, aunque es cierto que esta cepa fue una de las que poseyó una menor capacidad 

de formarlos.  
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En el segundo bloque de esta Tesis Doctoral se pretendía validar los resultados más relevantes 

de entre los obtenidos en la primera parte en huevo y ovoproductos. Esto es debido a que, 

aunque, en general, los resultados obtenidos en medios de laboratorio pueden ofrecer 

predicciones precisas de la resistencia o el crecimiento microbiano en los alimentos, es posible 

que no tengan en cuenta factores importantes como la estructura del alimento, la 

competencia/interacción con otros microorganismos o el estado fisiológico de las células 

microbianas, entre otros, y por tanto serían necesarios estudios para verificar estos resultados 

en condiciones reales. 

En los primeros ensayos de validación del crecimiento en huevo y ovoproductos se observaron 

diferencias en la capacidad de crecimiento de las Salmonellas dependiendo de la dosis inicial 

de inóculo, y se vio que la dosis inicial de inóculo parecía afectar a la velocidad de crecimiento 

microbiana, un fenómeno extremadamente curioso que no había sido descrito hasta la fecha 

y que además aparecía o no en función de la fracción de huevo estudiada y su historia térmica. 

Así, los resultados revelaron que las curvas de crecimiento iniciadas a dosis más bajas 

condujeron a fases de latencia o adaptación más largas, y a tasas de crecimiento específicas 

máximas más bajas (μmax) en el huevo entero líquido crudo.  

Aunque la influencia del número de bacterias presentes en un cultivo en la duración de la fase 

de latencia ya había sido previamente observada en medios de laboratorio (Bertrand, 2019), 

nadie ha documentado previamente que esto pueda influir en la velocidad máxima de 

crecimiento. Estos resultados no sólo resultaban curiosos, sino que parecían contradecir la 

asunción (generalmente aceptada) de que la máxima velocidad de crecimiento es específica 

para cada microorganismo y medio de crecimiento pero que no se ve afectada por otros 

factores como la dosis. Sin embargo, el estudio más detallado de los mecanismos responsables 

del fenómeno proporcionó la clave para explicarlo. Así, esta invariabilidad de la velocidad 

máxima se basa en el principio de que la máxima velocidad de crecimiento en un determinado 

medio viene determinada por las condiciones del mismo y, en último lugar, por el factor más 

limitante para el crecimiento en él, ya sea un parámetro físico-químico, un nutriente o una 

combinación de los dos. Así, nuestros resultados se explicarían por el hecho de que el 

nutriente más limitante en huevo entero crudo y clara (cruda y/o pasteurizada) es el hierro, 
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cuya biodisponibilidad crecería conforme aumentaba la dosis inicial/número de células en el 

medio, lo que haría que cuanto más altas sean estas últimas mayor sea la velocidad de 

crecimiento de Salmonella en estos productos.  

Igualmente es relevante el hecho de que nuestros resultados también demuestran que la 

biodisponibilidad del hierro es mayor en productos pasteurizados y que, por lo tanto, la 

velocidad de crecimiento en estos productos de Salmonella sería mayor. Y lo es porque el 

riesgo de sufrir salmonelosis está relacionado con uno o varios de los siguientes escenarios: la 

existencia de una población muy elevada de Salmonella en el huevo crudo antes de la 

pasteurización, la aplicación de un tratamiento inadecuado/insuficiente, o la contaminación 

posterior a la pasteurización. Según los datos mostrados en esta Tesis, la recontaminación (en 

cualquier otro escenario el problema sería mayor en huevo crudo) posterior a la 

pasteurización del huevo entero líquido o la clara de huevo representaría un riesgo mayor 

para los consumidores que el de los productos no pasteurizados. Esto es de gran relevancia, 

ya que los productos de huevo comercialmente pasteurizados se utilizan a menudo como 

ingredientes en los alimentos sin ningún tratamiento térmico adicional durante la preparación 

de los mismos. 

Como se ha descrito en el manuscrito VII, tanto el efecto de la fracción, del tratamiento 

térmico como el de la dosis en la velocidad de crecimiento de Salmonella en huevo y 

ovoproductos tendrían en común la causa subyacente: la biodisponibilidad de hierro. Así, de 

acuerdo a nuestro modelo, las máximas velocidades de crecimiento se alcanzarían en la yema, 

una fracción en la que no hay limitación de hierro (ni en concentración ni por la presencia de 

proteínas que lo secuestren). Al estar el hierro ya suficientemente biodisponible en la yema 

cruda en este producto no se observó efecto del tratamiento térmico ni de la dosis. En el otro 

extremo se encuentra la clara, en el que la biodisponibilidad del hierro es muy limitada, 

especialmente debido a la presencia de proteínas como la ovotransferrina y Ex-FABP. En este 

medio las células de Salmonella requieren el uso de sideróforos (Enterobactinas y 

Salmochelinas, especialmente estas últimas) para la captación de hierro y para alcanzar su 

máximo potencial de crecimiento (tasa). Cuando las células de Salmonella están presentes a 

baja densidad celular en el huevo entero crudo, los sideróforos tienen un efecto privativo (sólo 
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haciendo el hierro accesible a la propia célula), y el crecimiento sería lento. Sin embargo, si 

están presentes/inoculadas a una densidad suficientemente alta, los sideróforos se liberan al 

medio; los sistemas antimicrobianos (limitantes del hierro) presentes en la clara serían parcial 

o totalmente superados, y las células de Salmonella serían capaces de crecer (a una velocidad 

más alta conforme mayor es la concentración de sideróforos en el medio). Estos dos 

fenómenos: baja biodisponibilidad de base y la dosis-dependencia de la liberación de 

sideróforos explicarían por qué la dosis determina la velocidad de crecimiento en la clara. La 

aplicación de tratamientos térmicos de intensidad creciente provocaría una desnaturalización 

progresiva de esas proteínas limitadoras del hierro (principalmente de la ovotransferrina), lo 

que permitiría a las células de Salmonella captar hierro liberado por esta proteína por otros 

sistemas, lo que resultaría en una mayor velocidad de crecimiento de Salmonella y, 

eventualmente, la desaparición de la dependencia inicial de la dosis en la tasa de crecimiento 

de Salmonella. No obstante, nuestros resultados indican que esto último no llega a ocurrir en 

la clara, probablemente por la baja intensidad de los tratamientos térmicos que se le pueden 

aplicar. Finalmente, el huevo líquido entero se encuentra en una situación intermedia ya que 

resulta de la mezcla de las dos fracciones. Eso explicaría que estando crudo la velocidad de 

crecimiento de Salmonella en él sea dosis dependiente pero que una vez tratado 

térmicamente desaparezca completamente el efecto dosis (la concentración de proteínas con 

efecto antimicrobiano sería menor y los tratamientos que se pueden aplicar también más 

intensos). 

Todo lo arriba indicado también explicaría el efecto que estos tres factores: fracción, historia 

térmica y dosis tienen en la temperatura mínima de crecimiento de Salmonella en huevo y 

ovoproductos que es, probablemente, un parámetro incluso más relevante desde el punto de 

vista de la gestión y prevención de riesgos que la velocidad máxima de crecimiento. Además, 

hay que señalar que, en este caso, y como ya se ha comentado cuando se han discutido los 

resultados obtenidos acerca de la capacidad de crecimiento de Salmonella en medios de 

laboratorio, la variabilidad en la capacidad de crecimiento entre las cepas de S. Enteritidis fue 

mayor conforme menor era la biodisponibilidad del hierro, lo que sugería que podría estar 

asociada a la capacidad de producción de sideróforos. En cualquier caso, los resultados 

obtenidos en esta Tesis Doctoral a este respecto no son concluyentes y sería necesaria una 
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investigación más profunda para determinar si esta es la última o mayor causa, de las 

diferencias en temperatura mínima observada.  

Por último, como ya se ha descrito en la introducción y en los manuscritos IX y en el ejemplo 

de aplicación práctica (manuscrito X), las serovariedades que más han preocupado a la 

industria avícola han ido variando a lo largo de los últimos 100-150 años debido a la 

intervención humana en la cadena agroalimentaria. En los últimos años, la prevalencia de 

serovariedades como Kentucky, Heidelberg, Livingstone o Mbandaka está aumentando en 

ganado aviar e incluso reemplazando a S. Enteritidis en pollos de engorde o gallinas ponedoras 

(EFSA, 2021; Kaldhone et al., 2017). En cambio, una mayor prevalencia en granja no siempre 

implica una mayor incidencia de enfermedades en humanos (EFSA, 2021). Dada la relevancia 

de este hecho y con objeto de verificar otra de las hipótesis planteadas en esta Tesis Doctoral 

“las diferencias en resistencia al estrés y capacidad de crecimiento entre las diferentes 

serovariedades de Salmonella podrían explicar, o contribuir a explicar, la diferente frecuencia 

con la que dichas serovariedades causan gastroenteritis en humanos” y de tratar de 

determinar, aunque de forma aproximada, el riesgo que supondría para la salud humana la 

completa sustitución de S. Enteritidis por otras serovariedades en las gallinas ponedoras. 

Dicho de otra forma, lo que se pretendía determinar es si el hecho de que estas serovariedades 

acaben por sustituir completamente a S. Enteritidis de los entornos productivos y cadenas de 

distribución y transformación de huevos y ovoproductos significaría un incremento en el 

riesgo (número de casos) de salmonelosis en humanos. 

Por ello en primer lugar se estudió la resistencia a las mismas frente a diferentes 

agentes/tecnologías y se comparó con la de 4 cepas de Enteritidis, la principal serovariedad 

asociada a huevos y ovoproductos durante los últimos años (Foley et al., 2011). Estos datos, 

que demuestran que existe una buena correlación entre la resistencia determinada en medios 

de laboratorio y en matrices reales (lo que implicaba que los datos de resistencia relativa e 

influencia de los parámetros de tratamiento determinados en medios de laboratorio podrían 

extrapolarse a escenarios alimentarios reales), junto a los de velocidad de crecimiento y 

capacidad de invasión permitieron además hacer una serie de simulaciones acerca de 

diferentes escenarios que sugieren que estas serovariedades emergentes no supondrían un 

riesgo para la salud mayor que, al menos, las cepas más “peligrosas” de S. Enteritidis. Las 
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limitaciones del enfoque aplicado han sido comentadas y discutidas extensamente, pero 

demuestran al menos a modo de ejemplo la utilidad de los datos obtenidos en esta Tesis para 

mejorar las evaluaciones cuantitativas del riesgo que supone Salmonella en huevo y 

ovoproductos.  

Pese a que el crecimiento y supervivencia de Salmonella en huevos y ovoproductos es 

probablemente uno de los temas más estudiados en microbiología alimentaria y predictiva, 

resulta evidente que todavía quedan muchos aspectos por investigar para así poder 

desarrollar medidas de control más eficaces que las actuales. Así, a la vista de la complejidad 

de las relaciones entre resistencia, crecimiento y patogenicidad microbianas y dado que en 

muchos casos, las células de Salmonella (y otros patógenos alimentarios) se ven sometidas a 

múltiples estreses pero también pasan por fases en las que se pueden multiplicar en los 

alimentos, parece claro que los enfoques determinísticos (criterios de proceso) deberían ser 

progresivamente combinados y/o sustituidos por enfoques probabilísticos (evaluaciones del 

riesgo) que proporcionarían información más realista acerca del riesgo asociado a los 

diferentes productos y agentes patógenos. Esto permitiría desarrollar herramientas 

predictivas más precisas que, por ejemplo, podrían ayudar a predecir el impacto que podrían 

tener las serovariedades o microrganismos emergentes incluso antes de que hayan sustituido 

a los ya dominantes, y con ello implementar las medidas adecuadas para controlar 

definitivamente a este patógeno alimentario. 

Una de estas nuevas herramientas que están ganando interés en los últimos años, a la vista 

de estas diferencias en la variabilidad dentro de una misma serovariedad, son los modelos 

“multinivel”, los cuales posibilitan cuantificar (e integrar en los modelos) la variabilidad y la 

incertidumbre de los datos. Estos modelos ayudarían a distinguir entre la incertidumbre 

(fuentes de variación que no se consideran en el sistema, como errores de medición o errores 

de especificación del modelo) y la variabilidad biológica (diferencias en la respuesta de células 

individuales). Los modelos disponibles son todavía escasos, probablemente porque para una 

mejor aproximación requiere la adquisición de nuevos datos experimentales para diferenciar 

y cuantificar adecuadamente las fuentes de variabilidad. De hecho, actualmente con los datos 

obtenidos en esta Tesis se está desarrollando un modelo multinivel, de base probabilística, 

que integre la incertidumbre del ensayo y la variabilidad entre réplicas y entre cepas y que 
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permita determinar con mayor precisión el crecimiento de S. Enteritidis en huevo y 

ovoproductos en función de la cepa, la temperatura de almacenamiento, la historia térmica 

del huevo y el número inicial con la que el producto resulte contaminado (Anexo II). 

En resumen, los resultados obtenidos en esta Tesis Doctoral contribuyen a comprender mejor 

la fisiología y la ecología de Salmonella, siendo especialmente útiles para definir procesos de 

conservación de alimentos seguros y para mejorar las evaluaciones cuantitativas del riesgo 

microbiológico. No sólo proporcionan una estimación de la variabilidad intra e inter-

serovariedad en la resistencia al estrés, el crecimiento y la virulencia dentro de las Salmonella 

no tifoideas, grupo al que corresponden todas las cepas estudiadas en esta Tesis Doctoral, 

sino que también ayudan a identificar las cepas que podrían suponer un mayor riesgo para la 

seguridad alimentaria debido a su mayor capacidad de crecimiento, resistencia al estrés o 

virulencia. Particularmente relevantes son los resultados obtenidos en relación al crecimiento 

e inactivación de Salmonella en huevos y ovoproductos, ya que estos datos que pueden 

resultar muy útiles para desarrollar evaluaciones de riesgo cuantitativas de Salmonella más 

precisas, mejorar sus procesos de producción, almacenamiento y distribución y/o para, en 

base a ellos, revisar o perfeccionar las directrices actuales para la gestión de estos productos, 

tanto dentro de la industria agroalimentaria como para los consumidores.  
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CONCLUSIONES 

La variabilidad en resistencia al estrés encontrada entre las 23 cepas de Salmonella 

estudiadas fue baja, con una diferencia de menos de 3,3 veces en el valor 2D para 

todos los agentes estudiados (si se excluye del análisis la resistencia de S. 

Senftenberg 775W frente al calor). La variabilidad intra-serovariedad fue similar o 

mayor que la variabilidad interserovar, a pesar de la mayor proximidad genética 

existente entre las cepas pertenecientes a una misma serovariedad.  

 

Las cepas de Salmonella que mostraron la mayor resistencia frente a un 

agente/estrés no lo fueron frente a otros agentes/estreses. No obstante, se 

encontró una correlación entre la resistencia de las cepas de Salmonella frente al 

estrés osmótico y a los PEAV. 

 

La variabilidad en capacidad de crecimiento entre las diferentes cepas de Salmonella 

fue similar (en magnitud) a la variabilidad en resistencia al estrés, con una diferencia 

de menos de 3 veces entre cepas independientemente del medio de crecimiento 

estudiado. Las cepas que mostraron una mayor velocidad de crecimiento en medios 

ricos en nutrientes (no selectivos) también la mostraron en medios deficientes en 

hierro o que contenían gluconato como única fuente de carbono.  

 

La capacidad de invasión y adhesión dependió de la serovariedad estudiada, con S. 

Enteritidis mostrando la mayor capacidad de invasión de las investigadas. Las cepas 

con una mayor capacidad de adhesión no fueron siempre las más invasivas. 

 

Las características fenotípicas en las que se observe la mayor variabilidad fueron la 

capacidad de formar biofilms (hasta 30 veces) y la resistencia a los antibióticos que, 

dependiendo del antibiótico investigado varió hasta en 64 veces entre las cepas.  

 

En términos generales, una mayor resistencia al estrés no supuso un coste en 

términos de capacidad de crecimiento para las cepas de Salmonella estudiadas.  

 

RpoS parece desempeñar un papel esencial en la resistencia de Salmonella al estrés 

osmótico, los PEAV y la luz UV-C. No obstante, las diferencias en actividad RpoS 

existentes entre cepas no pueden explicar, al menos por sí solas, las diferencias en 

resistencia (frente a ningún agente) observadas entre las cepas de Salmonella aquí 

estudiadas.  
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Tres de las cinco variantes resistentes aisladas/investigadas mostraron mutaciones 

en el gen hnr, lo que sugiere que esto podría constituir una estrategia evolutiva 

conservada (entre el género Salmonella) de adquisición de resistencia. En este caso, 

este desarrollo de resistencia sí que tuvo un coste en términos de velocidad de 

crecimiento.  

 

La dosis inicial y la historia térmica del huevo líquido entero y la clara determinan la 

velocidad de crecimiento de Salmonella en estos ovoproductos. Sin embargo, esto 

no ocurre en la yema de huevo. Este fenómeno parece estar relacionado con la 

biodisponibiidad del hierro que sería mayor en productos pasteurizados y cuanto 

mayor fuera el número inicial de células.  

 

De la misma forma, la temperatura mínima de crecimiento de S. Enteritidis también 

dependería de la dosis inicial y la historia térmica del huevo entero líquido y la clara, 

pero no en yema de huevo.  

 

Para la mayoría de los agentes estudiados se observó una correspondencia 

significativa entre la resistencia determinada en medios de laboratorio y en matrices 

reales (alimentos y gallinaza). 

 

Los resultados obtenidos sugieren que las serovariedades emergentes en ganado 

aviar no supondrían un riesgo para la salud humana superior a S. Enteritidis, al 

menos en los escenarios estudiados/simulados en esta Tesis Doctoral.  
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CONCLUSIONS 

Low variability (less than 3.3-fold change in 2D-values the for all agents studied) in 

stress resistance was found among the 23 Salmonella strains studied (if S. 

Senftenberg 775W heat resistance is excluded from the analysis). Intra-serovar 

variability was comparable or higher than inter-serovar variability, despite the 

similar genetic backgrounds of strains belonging to the same serovar.  

 

Salmonella strains that were the most resistant to a given stress were not more 

resistant to other types of stress. Nevertheless, a positive correlation was observed 

between the resistance of Salmonella strains to osmotic stress and to PEF. 

 

The variability in growth capacity was similar (in magnitude) to the variability in 

resistance, with less than a 3-fold change in µmax values regardless of the growth 

media analysed. Strains that showed a higher growth rate under non-limiting 

conditions also showed a higher growth rate on media with reduced amounts of Fe, 

or with gluconate as the sole carbon source.  

 

The invasion and adhesion capacity was serovar dependent, with serovar Enteritidis 

displaying the highest invasion ability under the conditions studied. Strains with a 

high adhesion ability were not always the most invasive ones. 

 

The phenotypic aspects in which the highest variability was found were the ability to 

form biofilms, with differences of more than 30-fold, and antibiotic tolerance, with 

differences of up to 64-fold between strains depending on the antibiotic. 

 

In general terms, the higher stress resistance of some strains/serovars did not 

impose a fitness cost to them.  

 

RpoS seems to play a crucial role in Salmonella resistance to osmotic stress, PEF and 

UV-C light. However, RpoS activity alone would not explain the differences in 

resistance observed among Salmonella strains to any of the stressing agents/food 

preservation technologies here studied.  

 

Three out of the five resistant variants isolated displayed mutations in hnr, 

suggesting that this could constitute a conserved strategy (within Salmonellae) for 

the acquisition of stress resistance. It was observed that, in this case, this increase in 

stress resistance had a fitness cost.  
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CONCLUSIONS 

The initial dose and thermal history of liquid whole egg and egg white determine the 

growth fitness of S. Enteritidis cells in these products, whereas this does not occur 

in egg yolk. This phenomenon seems to be related to iron bioavailability, which 

would be higher in pasteurized products and when Salmonella cells were inoculated 

at a high initial dose. 

 

Likewise the minimum growth temperature of S. Enteritidis cells would depend on 

the initial dose and product’s thermal history in whole liquid egg and in egg white, 

but not in egg yolk.  

 

For most of the agents studied there was a significant correspondence between the 

resistance determined in laboratory media and real food matrices and/or poultry 

manure. 

 

Results obtained suggest that emerging poultry serovars/strains would not pose a 

higher risk for human health than Enteritidis serovar, at least in the scenarios 

studied/simulated within this PhD thesis. 
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Estudio comparativo de la capacidad de adhesión e 

invasión de diferentes cepas de Salmonella en 

diferentes modelos in vitro 

1. Objetivo

El objetivo de este trabajo fue estudiar la capacidad de Salmonella de adherirse e invadir cultivos 

celulares en un modelo más complejo que los que existen actualmente. Para ello se determinó y comparó 

la capacidad de adhesión e invasión de diferentes serovares de Salmonella en 2 modelos in vitro 

diferentes (células Caco-2 y co-cultivos Caco-2-HT29-MTX) y el efecto de la adición de una microbiota 

sintética (viva o inactivada) a estos procesos. 

2. Metodología

2.1. Microorganismos y condiciones de cultivo 

2.1.1. Cepas de Salmonella 

Las cepas de Salmonella enterica subsp. enterica utilizadas en este estudio se enumeran en la Tabla 1. 

Los cultivos se realizaron en caldo de tripticasa-soja (Oxoid, Basingstoke, Reino Unido) suplementado 

con 0,6% p/v de extracto de levadura (Oxoid, TSB-YE) en placas microtiter de 96 pocillos, y se incubaron 

a 37 °C en condiciones estáticas como se describe en Guillén et al. (2020). 

Tabla 1. Cepas utilizadas en este estudio y su procedencia 

Cepa Colección Cepa Colección 

S. Typhimurium SL1344 IFR (Norwich) S. Derby 4397 CECT 

S. Typhimurium 443 CECT S. Hadar 13033 NCTC 

S. Typhimurium 4594 CECT S. Heidelberg 9379 DMS 

S. Typhimurium 7162 CECT S. Infantis 4373 CECT 

S. Typhimurium 722 CECT S. Kentucky 5799 NCTC 

S. Enteritidis 4155 CECT S. Livingstone 9125 NCTC 

S. Enteritidis 4300 CECT S. Mbandaka 7892 NCTC 

S. Enteritidis 4396 CECT S. Senftenberg 775W 4565 CECT 

S. Enteritidis 7160 CECT S. Stanley 4141 CECT 

S. Enteritidis 7236 CECT S. Virchow 4154 CECT 

*CECT: Colección Española de Cultivos Tipo; NCTC: Colección Nacional de Cultivos Tipo del Reino

Unido; DMS: Colección Alemana de Microorganismos; IFR: Institute of Food Research, Norwich.

2.1.2. Modelo de microbiota intestinal humana 

El modelo de microbiota humana consistió en una mezcla de 17 cepas de colección suministradas 

por Microviable Therapeutics (MT; Gijón, Asturias, España) (Tabla 2). Esta mezcla se diseñó para 

intentar asemejarse a la composición de los principales grupos microbianos (Firmicutes, Bacteroidetes 

y Actinobacteria-Protebacteria-Verrumicrobia) identificados tanto cualitativa como cuantitativamente 

en el íleon y en el colon humano. Las diferentes especies se cultivaron por separado en frascos de 200 

ml durante 3 días a 37 °C en condiciones anaeróbicas en una cámara de anaerobiosis (MACS VA500, 
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Don Whitley Scientific Limited, Shipley, Reino Unido), con una composición de gases de 0% de oxígeno, 

5% de hidrógeno, 5% de dióxido de carbono y 90% de nitrógeno, además de un catalizador de paladio, 

para crear una atmósfera anaeróbica y utilizando los medios indicados en la Tabla 2.  

Tabla 2. Cepas que componían la microbiota humana y su medio de cultivo 

Cepa Medio de cultivo 

Firmicutes 

Eubacterium cylindroides GAM + cys 

Ruminococcus faecis GAM + cys 

Ruminococcus bicirculans GAM + cys 

Faecalibacterium prausnitzii BHI + YE + cys + celobiosa + maltosa 

Blautia sp. BHI + YE + cys + celobiosa + maltosa 

Blautia coccoides BHI + YE + cys + celobiosa + maltosa 

Dorea longicatena BHI + YE + cys + celobiosa + maltosa 

Lactobacillus delbruekii MRS 

Lactobacillus amylovorus MRS 

Enterococcus faecalis BHI 

Enterococcus faecium BHI 

Bacteroidetes 

Bacteroides uniformis GAM + cys 

Bacteroides vulgatus GAM + cys 

Bacteroides dorei GAM + cys 

Bacteroides coprophilus GAM + cys 

Actinobacterias-Protebacterias-Verrumicrobia 

Escherichia coli BHI 

Collinsella aerofaciens BHI + YE + cys + celobiosa + maltosa 

Bifidobacterium longum GAM + cys 

*BHI: Brain Heart Infusion (Oxoid);

BHI + YE + cys + celobiosa + maltosa: 37 g/l BHI (Oxoid) + 5 g/l extracto de levadura (Oxoid) + 0,05% cisteína

(Sigma, St. Louis, USA) + 0,1% celobiosa (Sigma) + 0,1% maltosa (Sigma);

GAM + cys: 59 g/l GAM (Gifu Anaerobic Medium Broth (Nissui, Uffing, Alemania) + 0,25% cisteína (Sigma);

MRS: Man, Rogosa y Sharpe (Merck, Darmstadt, Alemania)

Se prepararon tres pre-mezclas separadas, correspondientes a cada uno de los tres grupos 

microbianos indicados anteriormente, una incluyendo las especies del filo Firmicutes, otra las 

pertenecientes a Bacteroidetes y otra con las cepas pertenecientes a los grupos Actinobacteria + 

Proteobacteria + Verrumicrrobia (Tabla 2). Cada una de estas pre-mezclas se obtuvieron mezclando 

volúmenes iguales de las diferentes especies que lo integraban. Una vez preparadas estas suspensiones 

mixtas o pre-mezclas se hizo un recuento microscópico de cada una de ellas y se mezclaron para obtener 

la microbiota modelo completa. Esta microbiota modelo se construyó mezclando diferentes volúmenes 

de cada una de las 3 pre-mezclas, de manera que la proporción final fue 55% Firmicutes/35% 
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Bacteroidetes/10% Actinobacterias-Protebacterias-Verrumicrobia. A continuación, se centrifugó toda la 

mezcla (12.000xg 20 min a 4 °C) y se resuspendió en el mismo medio de crecimiento de los cultivos 

celulares (Dulbecco’s Modified Eagle’s Medium + Gluta-MAX™ (DMEM, Invitrogen, France)) a las 

diferentes concentraciones ensayadas (109-1011 UFC/ml). 

Para obtener una microbiota modelo inactivada, la mezcla completa se resuspendió en PBS 

(Solución salina tamponada con fosfato, Oxoid), se colocó en una placa de Petri de 150 mm con agitación 

magnética y se expuso a la luz UV-C, se situó a una distancia de 22,50 cm de una lámpara UV-C de 32 W 

(VL-208G, Vilber, Germany) durante 30 minutos. Tras este tratamiento fueron inactivados al menos 7 

ciclos logarítmicos de la mezcla y el número de células de E. coli fue inferior a 30 UFC/ml. A 

continuación, se centrifugaron las células y se resuspendieron en DMEM hasta alcanzar las diferentes 

concentraciones ensayadas (109-1011 UFC/ml). 

En los ensayos se trabajó con una concentración de esta microbiota de aproximadamente 109 

UFC/ml (mezcla original). Se evaluó el uso de concentraciones superiores. Así, la adición de la 

microbiota a una concentración de 1010 UFC/ml ya condicionó mucho el momento en el que podían ser 

añadida al cultivo celular (como mucho media hora antes de inocular las Salmonellas) mientras que el 

uso de 1011 UFC/ml (similar a las concentraciones en el colon) resultó inviable ya que afectaba 

inmediatamente a la viabilidad y adhesión de las células Caco-2 y HT29-MTX a la placa multipocillo. 

2.2. Ensayos de adhesión e invasión 

El protocolo para la obtención de los cultivos de las células Caco-2 y HT29-MTX se detalla en 

Guillén et al. (2022). Para los ensayos con co-cultivos, Caco-2-HT29-MTX, las células fueron 

resuspendidas en una ratio de 90:10, se sembraron a una densidad de aproximadamente 15.000 células 

por pocillo en placas de cultivo de 96 pocillos y fueron cultivadas durante 16 días a 37 °C 5% CO2 (Dostal 

et al., 2014). Los protocolos de adhesión e invasión fueron descritos en Guillén et al. (2022). En los 

ensayos con la microbiota intestinal humana, tanto inactivada como no, esta se añadía 30 minutos antes 

sobre los co-cultivos de Caco-2-HT29-MTX. Todos los ensayos se hicieron por triplicado con cultivos 

obtenidos en diferentes días (tanto de Salmonella spp. como de la microbiota). 

2.3. Caracterización de la microbiota sintética 

Se utilizó un kit de extracción de DNA Maxwell 16 Lev Blood (Promega, Madison, EE.UU.) para 

purificar el DNA bacteriano de 0,5 ml del mix de la microbiota siguiendo las instrucciones del fabricante. 

A continuación, se llevó a cabo el análisis de secuenciación de alto rendimiento del 16S rRNA. Se 

prepararon bibliotecas dirigidas a las regiones hipervariables V3-V4 del 16S rRNA (Klindworth et al., 

2013) utilizando el protocolo de preparación de bibliotecas de secuenciación metagenómica 16S de 

Illumina. Las bibliotecas de DNA generadas se secuenciaron con el kit MiSeq Reagent Kit v3 en la 

plataforma MiSeq de Illumina, utilizando lecturas de secuenciación de 300 pb por pares. Las muestras 

secuenciadas se procesaron con QIIME2 v2018.6.0 (Caporaso et al., 2010) y el plug-in DADA2 (Callahan 

et al., 2016). Las secuencias resultantes se agruparon en variantes de secuencias de amplicones (ASV) y 

luego se clasificaron por taxones utilizando un clasificador ajustado. Se utilizó el clasificador scikit-learn 

para clasificar las secuencias utilizando la base de datos SILVA (versión 132 QIIME), con un umbral de 

agrupación del 97% de similitud. Para la clasificación, sólo se consideraron significativas las ASV que 

contenían al menos 10 lecturas de secuencia. 

2.4. Análisis estadístico 

Todas las determinaciones se realizaron por triplicado en diferentes días de trabajo. Las 

desviaciones estándar (SD) y los análisis estadísticos (coeficientes de correlación de Pearson, ANOVA 

y la prueba de Tukey; valor p <0,05) se calcularon utilizando el software estadístico GraphPad PRISM® 

(GraphPad Prism versión 8.00 para Windows, GraphPad Software, San Diego, California, EE.UU.). 
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3. Resultados

3.1. Caracterización de la microbiota 

Como se puede observar en la Figura 1 el porcentaje del grupo de Actinobacteria + Proteobacteria 

+ Verrumicrrobia se ajustó bastante al deseado (12,43 vs 10%). Por el contrario, el porcentaje de

Bacteroides fue alrededor de un 10 % superior al deseado (46,09 vs 35%) y el de Firmicutes un 15%

inferior (40,46 vs 55%). Por otra parte, dentro de cada grupo el porcentaje de cada especie tampoco fue

igual. Así, dentro de Firmicutes destacan las bajas concentraciones de Dorea, Blautia y, especialmente

Faecalibacterium, las que, además, serán probablemente, la causa de las principales desviaciones entre el

% de Firmicutes objetivo y el real. Por otra parte, no se puede olvidar que esta técnica de cuantificación

también tiene sus deficiencias, como que no permite determinar qué porcentaje de las células es viable

y cual no.

Figura 1. Composición promedio de la microbiota utilizada en los ensayos (los grupos indicados representan el 

98,98% de los identificados por secuenciación del 16S rRNA). 

3.1. Estudio comparativo de las diferentes cepas y comparación entre modelos in vitro 

En estudios previos se probaron diferentes MOEs (desde 1:1 a 1000:1), ratio entre células de 

Salmonella y Caco-2. La MOE de 100:1 resultó la más operativa ya que ratios más bajas nos llevaban 

muchas veces por debajo del límite de detección y la superior sólo significaba tener que hacer una 

dilución más. También se hicieron ensayos para comparar la variabilidad existente entre réplicas 

técnicas y los resultados indican que esta metodología tiene una repetitividad “limitada” con SDs de 

hasta el 50% (algo menos en adhesión), siendo estos valores comparables a los observados entre réplicas 

biológicas. 

Con el modelo de co-cultivo in vitro de células epiteliales intestinales (Caco-2), células secretoras 

de mucosa (HT29-MTX) y la adición de flora sintética se quería desarrollar un modelo más complejo 

que imitara el intestino de una persona sana. Los resultados obtenidos en los diferentes modelos in vitro 

se ilustran en Figura 2. Como se puede observar, en general en el co-cultivo (Caco-2-HT29-MTX) las 

células de Salmonella mostraron un aumento en la capacidad de adhesión e invasión, encontrándose 

diferencia estadísticamente significativa (p <0,05) entre estos dos modelos y en ambos procesos. Además 

de los resultados se puede deducir que la presencia de microbiota reduce ambos fenómenos (adhesión 

e invasión), no encontrándose diferencias en adhesión entre la adición de flora viva o sintética (p >0,05). 

Enterococcus

Ruminococcus

Dorea

Lactobacillus

Blautia

Eubacterium

Faecalibacterium

Bacteroides

Escherichia

Collinsella

Bifidobacterium
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Figura 2. Capacidad de adhesión (A) e invasión (B) de las diferentes cepas de Salmonella a los diferentes modelos 

in vitro: células de Caco-2 (azul), co-cultivos de Caco-2-HT29-MTX (verde), co-cultivos Caco-2-HT29-MTX + flora 

(naranja) y co-cultivos Caco-2-HT29-MTX + flora inactivada (gris) 

Para determinar si existía una correlación entre los diferentes modelos in vitro se realizó el test de 

correlación de Pearson. Los resultados de este test para los valores de adhesión se muestran en la Tabla 

3 y los valores de invasión en la Tabla 4. Se observaron correlaciones positivas entre todos los modelos 

in vitro (p <0,05), excepto entre los valores de adhesión en Caco-2 y co-cultivo con flora que se observó 

una tendencia (p <0,10). 

Tabla 3. Valores del coeficiente de correlación de Pearson calculados para los valores de adhesión de las cepas de 

Salmonella en los diferentes modelos de in vitro. Los valores entre paréntesis corresponden al p-valor. 

Caco-2 Co-cultivo 
Co-cultivo 

+ Flora

Co-cultivo 

+ Flora Inactivada

Caco-2  0,614 (0,004) 0,417 (0,067) 0,527 (0,017) 

Co-cultivo 0,614 (0,004) 0,608 (0,004) 0,709 (0,000) 

Co-cultivo + Flora 0,417 (0,067) 0,608 (0,004) 0,843 (0.000) 

Co-cultivo + Flora Inactivada 0,527 (0,017) 0,709 (0,000) 0,843 (0.000) 
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Tabla 4. Valores del coeficiente de correlación de Pearson calculados para los valores de invasión de las cepas de 

Salmonella en los diferentes modelos de in vitro. Los valores entre paréntesis corresponden al p-valor. 

Caco-2 Co-cultivo 
Co-cultivo 

+ Flora

Co-cultivo 

+ Flora Inactivada

Caco-2 0,905 (0,000) 0,797 (0,000) 0,721 (0,000) 

Co-cultivo 0,905 (0,000) 0,657 (0,002) 0,657 (0,002) 

Co-cultivo + Flora 0,797 (0,000) 0,657 (0,002) 0,779 (0,000) 

Co-cultivo + Flora Inactivada 0,721 (0,000) 0,657 (0,002) 0,779 (0,000) 

De este análisis estadístico, y en concreto, en lo que respecta a la adición de la microbiota sobre los 

co-cultivos, se deduce que la adición de la microbiota sintética tiene un efecto estadísticamente 

significativo en la adhesión e invasión y, lo más sorprendente es que, en el caso de la invasión, hay 

diferencias entre añadir la microbiota viva o inactivada. Esto era poco esperable dado el poco tiempo 

de contacto, y teniendo en cuenta las limitaciones del modelo (aerobiosis, medio nada similar al que se 

encontrarían en el intestino) y tal vez sería objeto de estudio en un futuro.  

Y en lo que respecta al objetivo inicial del estudio, el análisis estadístico indica que, además de 

obtenerse una correlación positiva, los coeficientes de correlación de Pearson entre los % de adhesión e 

invasión de las diferentes cepas en cada uno de los modelos estudiados son elevados. Esto nos estaría 

indicando, que incluso el modelo más sencillo podría valer para hacer estimaciones relativas de la 

capacidad de invasión de las diferentes cepas/serovariedades de Salmonella, aunque no puede 

descartarse que en condiciones que se parezcan más al intestino humano esto deje de cumplirse, a pesar 

de que ninguno de los modelos sirviera para hacer estimaciones cuantitativas absolutas del riesgo. Por 

ello, teniendo en cuenta los resultados de este estudio y dada esta buena correlación entre los diferentes 

modelos in vitro, sobre todo el obtenido entre las células Caco-2 y el co-cultivo, para el estudio de la 

variabilidad de las diferentes cepas/serovares de Salmonella spp. se seleccionó este modelo más sencillo, 

cultivos únicamente con células de Caco-2, para realizar los ensayos dentro del marco de esta tesis 

doctoral. Además, esta simplificación condujo a una disminución en la variabilidad en los resultados. 
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Development of a predictive growth model of 

Salmonella Enteritidis in whole liquid egg using 

multilevel modelling: a preliminary step 

1. Introduction

Risk assessment emerged already a few decades ago as an extremely efficient methodology to 

assess a wide variety of environmental risks, including those of foodborne pathogenic microorganisms, 

and as a basis for a food safety approach (WHO/FAO, 2007). Originally, most of these risk assessments 

were qualitative or semi-quantitative (e.g., high or low probability of causing illness). However, as 

scientific data have accumulated, and given the greater flexibility of quantitative models, the current 

trend is to work with the latter type of models. In turn, these models can be deterministic, a single value 

for the variables of the model, or probabilistic, through the use of probability distributions that describe 

the probability associated with each value. The main problem for the development of these quantitative 

models is that it is necessary to fill some knowledge gaps that still exist today. Model parameters may 

depend on a wide range of implicit (e.g. bacterial strain), intrinsic (e.g. media type) and extrinsic (e.g. 

temperature) factors in a way that is not yet fully understood. Therefore, they must be estimated using 

experimental data and, since experimental error is unavoidable, it would be relevant to include 

variability and uncertainty parameters in the analysis since their values cannot be known with absolute 

certainty. In the context of food safety, variability includes inherent sources of variation (e.g., differences 

in individual cell response or food composition) and uncertainty would encompass those sources of 

variation that are not considered in the system (e.g., measurement errors or model misspecification). 

For these reasons, quantitative models have certain limitations, and given current efforts to quantify 

variability and uncertainty in microbial responses, multilevel models are likely to gain popularity in the 

coming years and replace the single-level models that are now so relevant to predictive microbiology. 

The relevance of salmonellosis as an agent responsible for foodborne toxi-infections, especially 

associated to egg and egg products, is well known (EFSA, 2021) and has been widely discussed in this 

thesis. Predictive models are a particularly useful tool for developing strategies to combat this disease, 

however, nearly all growth and survival models currently available for this microorganism are 

deterministic based (kinetic models). Although these models have certain advantages, such as the fact 

that they can be provided with a mechanistic basis (although this is not usually the case) and lead to 

obtaining parameters of (relatively) easy interpretation, they do not integrate within them neither the 

uncertainty nor the variability inherent to different processes/aspects such as data collection, their 

modelling or the existing biological variability between strains or even within the same microbial 

population. Including the variability and uncertainty of these variables would improve the current 

predictive models that estimate the growth or inactivation of Salmonella in eggs so that better strategies 

could be designed to ensure the safety of these products. 

In view of the above, our final goal is to develop a probabilistic multilevel model that integrates 

the uncertainty of the assay and the variability between replicates and between strains and that allows 

determining -with higher precision than the current ones- the growth of S. Enteritidis in whole liquid 

egg as a function of the strain, the storage temperature, the thermal history of the egg and the initial 

number with which the product is contaminated.  

As a preliminary step, this work has been focused on studying the parameter variance, which can 

give very useful information, as already described above, for predictive microbiology. This is a 

parameter associated with a biological characteristic of the microorganism (variability) and that can be 

as relevant as other parameters, such as growth rates for the case here studied, especially for 

quantitative microbial risk assessments (QMRA). In this sense, multilevel models are a good framework 

for the analysis of variation because they incorporate variability and uncertainty in the first steps of the 

modelling process. In this approach, model assumptions are not limited to model kinetics, but an error 
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model must be defined to describe variability and uncertainty using statistical assumptions that can 

later be refuted by other experts or compared using model selection techniques (Garre et al., 2020). 

2. Materials and Methods

2.1. Bacterial strains and culture conditions 

Five strains belonging to Salmonella enterica serovar Enteritidis were used in this study. The strains 

of S. Enteritidis (STCC 4155, STCC 4300, STCC 4396, STCC 7160 and STCC 7236) were supplied by the 

Spanish Type Culture Collection (STCC). Strains were maintained frozen at −80 °C in cryovials for long-

term preservation. Cultures were grown in tryptic soy broth (Oxoid, Basingstoke, UK) supplemented 

with 0.6% w/v yeast extract (Oxoid, TSB-YE) in 96 wells microtiter plates and incubated at 37 °C under 

static conditions as described in Guillén et al. (2020). 

2.2. Growth media and growth curves 

Growth experiments were carried out in raw liquid whole egg obtained from medium-sized raw 

eggs (53-63 grams) purchased from a local supermarket and in commercial pasteurized liquid whole 

(Pascual, Aranda de Duero, Spain). The egg products were inoculated with different initial Salmonella 

doses, 102 (low dose) and 106 (high dose) CFU/mL, and were then incubated at 10, 20, 30, 37 and 42 °C. 

Samples were taken at preset time intervals, from 0 to 480, 60 or 30 h for the 10, 20 or 30-37-42 °C curves, 

respectively, adequately diluted in buffered peptone water (Oxoid, BPW), and plated on Xylose Lysine 

Deoxycholate agar (Oxoid, XLD), the recovery medium. XLD plates were incubated for 48 h at 37 °C, 

and the number of colony forming units (CFU) per plate was counted. 

2.5. Primary growth model 

Growth curves were constructed by plotting the decimal logarithm of the number of Salmonella 

versus time under the different conditions assayed. Each point in the growth curve corresponds to the 

average value of all samples analyzed (at least three replicates). The curves obtained were fitted with 

the Baranyi and Roberts model (Baranyi and Roberts, 1994): 

𝐿𝑜𝑔10 𝑁 = 𝐿𝑜𝑔10 𝑁𝑚𝑎𝑥 + 𝐿𝑜𝑔10 (
1+𝑒(ln(10) ∙  𝜇𝑚𝑎𝑥· (𝑡 −𝜆))−𝑒(−ln(10) · 𝜇𝑚𝑎𝑥 · 𝜆)

𝑒(ln(10) · 𝜇𝑚𝑎𝑥 · (𝑡 −𝜆))−𝑒(−ln(10) · 𝜇𝑚𝑎𝑥 · 𝜆)+10(𝐿𝑜𝑔10 𝑁𝑚𝑎𝑥−𝐿𝑜𝑔10 𝑁0)
)  Eq. 1 

where Log10 N is the Log10 of cell concentration at time t (CFU/mL); Log10 N0 is the Log10 of the initial 

cell concentration (CFU/mL); Log10 Nmax is the Log10 of maximum cell concentration (CFU/mL); μmax is 

the maximum growth rate (Log10/h); λ is the lag phase (h). 

2.4. A multilevel model including variability and uncertainty 

A multilevel model provides a framework to include in the model stochastic hypotheses regarding 

the sources of variability, in this case the initial dose and the variability between Enteritidis strains. The 

variability between strains describes the fact that some strains have more capacity to growth than others, 

and the initial dose describes the influence on growth parameters when the curves are initiated at 

different cell concentrations. Therefore, the hypotheses of the multilevel model are not limited to how 

the growth rate varies (i.e. the Baranyi and Roberts model in the single-level approach), but also include 

hypotheses regarding how different sources of variation affect the variation of the model variables 

(Garre et al., 2020). The hypotheses of multilevel models and Bayesian parameter estimation were 

similar to those defined by Garre et al. (2020). 

The parameters of the multilevel model have been estimated using Stan (Carpenter et al., 2017), 

through the interface provided in the rethinking R package (McElreath, 2016). The convergence of the 

Markov chain was assessed according to typical guidelines (Brooks et al., 2011; McElreath, 2016). Trace 

and pair plots were visually inspected to ensure appropriate mixing and convergence of the chain. 

Furthermore, the number of iterations was increased until the parameter �̂�  was lower than 1.1, 
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following usual guidelines for Bayesian modelling (McElreath, 2016). Accordingly, 4000 iterations after 

1000 warmup iterations were required to fulfil these requirements. 

3. Results

First, growth curves starting at different concentrations between 102 (low dose) and 106 (high dose) 

CFU/mL were obtained in raw and pasteurized liquid whole egg at different temperatures, between 10 

and 42 °C. As an example, the curves obtained for the Enteritidis STCC 4300 strain at the highest and 

lowest doses in raw and pasteurized liquid whole eggs are shown in Figure 1. 

Figure 1. Growth curves of Salmonella Enteritidis STCC 4300 at different temperatures: 10, 20, 30, 37, 42 

°C in raw liquid whole egg starting at different concentrations 102 (●) and 106 CFU/mL (●) and 

pasteurized liquid whole egg at 102 (▲) and 106 CFU/mL (▲). Error bars represent the standard 

deviation. 
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Then, in order to get further insight into the study of variance and, more specifically, on 

unexplained variance, the sources of variability, in this case the initial dose and the variability between 

Enteritidis strains, were introduced at the different levels of the model. The estimation of this parameter 

was used to quantify and compare different sources of variability. Figure 2 includes an explanatory 

diagram of how the sources of variability in the model parameters were included in the study, leading 

to the generation of the different models.  

Figure 2. Explanatory diagram depicting how the different models (a single source of variability) were constructed. 

In order to facilitate comparisons between the models obtained in raw and/or pasteurized liquid whole 

egg, the graphs included in Figure 3 were constructed. This figure shows, as a way of example the 

evolution of the variance throughout the models obtained for raw or pasteurized liquid whole egg 

incubated at 37 °C. Based on the existing literature, we established a lower limit of unexplained variance, 

0.25, whereby lower variance values would indicate an overestimation of the model. 

Figure 3. Evolution of the unexplained variance parameter in the models in raw whole egg (A) and pasteurized 

whole egg (B) at 37 °C. Percentages indicate the part of the variance that was explained by including the initial dose 

or strain variability in the model parameters. The black line indicates the lower limit of estimated variance that 

could be reached without overestimating the model. 

The first bar (Data) depicts the variability between the microbial counts of the curves obtained. 

After modelling with the Baranyi and Roberts primary model (primary model), this variance was 

reduced by 26 and 47% in raw and pasteurized liquid whole egg, respectively. Including the variability 

among strains in the different parameters of the model, Log10 N0, Log10 Nmax, μmax and λ, did not resulted 

in any significant improvement in the model (Variability strain); however, when the variability of the 

initial dose was included (Variability dose), a high reduction in variance was obtained. Therefore, from 

these data it can be concluded that the variability of the initial dose was more relevant than the 

variability of the strain, at least under the conditions here studied. 

In these early trials, only a single source of variability had been included in the models, either the 

initial dose or the variability between strains, but multilevel models allow the incorporation of both, 

including correlations between parameters that allow explaining/minimising the source of uncertainty. 

In the successive models, both sources of variability were included in the model parameters in a 

summative way and in the following order: first, the variability of both sources in the Log10 N0 parameter 

was added (Variability in Log10 N0), then, and maintaining this variability in Log10 N0, both sources of 

variability in λ (+ λ), μmax (+ μmax) and Log10 Nmax (+ Log10 Nmax) were incorporated to the model; finally, 

Dose Strain

LogN0 µmaxλ

without variability

LogNmax

Primary model

Dose Strain

LogN0 µmaxλLogNmax

Variability strain

Dose Strain

LogN0 µmaxλLogNmax
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the correlation between the parameters of the parameters of μmax and λ (+ correlation μmax_ λ) was also 

integrated. Figure 4 includes diagram illustrating how these two sources of variability were sequentially 

incorporated to the different kinetic parameters, leading to the development of increasingly complex 

models. 

Figure 4. Diagram illustrating the how the sources of variability (strain and initial dose) were sequentially 

incorporated to the model. 

As can be deduced from Figure 5, incorporating the two sources of variability studied (initial dose 

and strain) to the different kinetic parameters did not improved the model for pasteurized liquid whole 

egg (Figure 5B) but for the Log10 N0 parameter. At this point it should be noted that, as already discussed 

and depicted in Figure 3, this improvement was almost only due to the variability in the initial dose. 

Thus, when the variability of the initial dose was included in the Log10 N0 parameter, the maximum 

reduction in unexplained variance was already achieved. In addition, it should also be noted no 

influence of this source of variability on the other model parameters was observed. This result can be 

considered obvious, at least to some extent, because the growth curves were obtained in a wide range 

of initial concentrations between 2 and 6 Log10 CFU/mL. However, what it is more remarkable is that it 

did have an impact on various parameters of the model developed for raw liquid whole egg (Figure 

5A). In this case, and in contrast to what was observed for the pasteurized liquid whole egg, the 

variability in the Log10 N0 parameter alone did not explain the uncertainty of the data obtained in raw 

liquid whole egg. Thus, the variability of the initial dose also had an impact on both the lag phase 

parameter (λ) and the maximum growth rate (µmax). Therefore, it can be concluded that the initial dose 

had a greater influence on the raw liquid whole egg than on the pasteurized liquid whole egg. These 

results confirmed the results previously published in Guillén et al. (2021), where an association was 

observed between these same parameters. In that work we observed that growth curves starting from 

lower initial counts led to longer lag phases (λ) and lower growth rates (µmax) in raw liquid whole egg, 

but this phenomenon was not observed in pasteurized liquid whole egg; i.e. no influence of initial 

concentration on Salmonella growth parameters was observed in pasteurized whole egg. 

Dose Strain

Log N0 µmaxλ Log Nmax

Dose Strain

Log N0 λ Log Nmax
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Figure 5. Evolution of the unexplained variance parameter in the models in raw whole egg (A) and pasteurized 

whole egg (B) at 37 °C. Sequential effect of each parameter in variability (Log10 N0, λ, μmax and Log10 Nmax,). 

Percentages indicate the part of the variance that was explained by including the initial dose or strain variability in 

the model parameters. The black line indicates the lower limit of estimated variance that could be reached without 

overestimating the model. 

The same approach was applied to the growth curves obtained at the other growth temperatures 

studied. When comparing results obtained at low growth temperatures, i.e. 10 °C, to those obtained at 

37 °C it should be noted that, at low incubation temperatures the influence of strain variability was 

greater than at high temperatures, 37 °C, and that, conversely, the influence of dose variability was 

greater the higher the growth temperature (Figure 6). These results suggest that this higher variability 

between strains at lower temperature could be related to the minimum growth temperature of the 

different strains, which would be consistent with previously reported results on raw whole liquid egg, 

where it was found that the minimum growth temperature of Salmonella Enteritidis cells varied among 

the different strains, differences of up to 0.6 °C, and furthermore this was dependent on the initial dose 

(Guillén et al., to be submitted for publication). 
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Figure 6. Comparison of evolution of the unexplained variance parameter in the models in raw whole egg at 37 °C 

(A) and at 10 °C (B). Percentages indicate the part of the variance that was explained by including dose or strain

variability in the model parameters. The black line indicates the lower limit of estimated variance that could be

reached without overestimating the model.

It should also be noted that at low temperatures with these two sources of variability, not all the 

variance would be explained, but this may be due to experimental errors since it would be closer to the 

lower growth limit and fluctuations in temperature would have a higher effect in the growth. 

In summary, the results obtained clearly indicate that thanks to the use of multilevel models the 

main sources of variability within the growth curves of Salmonella in whole liquid egg were identified, 

being the initial dose (almost the only one for high growth temperatures) and the differences in the 

growth capacity of the different strains (this one only at low temperatures). In addition, this approach 

also allowed us to determine whether or not these sources of variability were affected by the thermal 

history of the liquid whole egg and/or the growth temperature. 

We are currently further working - in collaboration with the Wageningen University- on the 

application of these multilevel models for the development of a tertiary model enabling the prediction 

of Salmonella growth in whole liquid egg, egg white and egg yolk at different temperatures, between 10 

and 42 °C, as a function of the strain, the thermal history of the egg and cell concentration and also 

incorporating the sources of variability and uncertainty within it. This will help to improve Salmonella 

growth prediction models in egg and egg products and, therefore, to the quantitative risk assessment 

of Salmonella in these products.  

Funding: This work has been done thanks to the financial support of the University of Zaragoza, the 
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