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Summary

Microbial communities colonizing food processing environments in the form of biofilms have a
major impact on food quality and safety. Therefore, the understanding of factors influencing the
formation, ecology and architecture of biofilms from pathogenic and spoilage microorganisms
is key for the development of novel biofilm control or removal strategies. In the present PhD
Thesis, the intraspecific variability regarding biofilm formation ability and other phenotypic
characteristics was examined in a wide collection of isolates from several microorganisms of

interest in the food industry.

The importance of the general stress response regulator of Gram-negative bacteria RpoS on
biofilm formation was assessed in nine field isolates of Cronobacter sakazakii. Their biofilm
formation ability was screened in BHI and minimum media with different pH values and
supplemented or not with the amino acids arginine, lysine and glutamic acid, resulting generally
higher in buffered minimum media (pH 7.0) supplemented with lysine, despite the existing
heterogeneity among the different strains. Biofilm formation was visualized by confocal laser
scanning microscopy and scanning electron microscopy and was measured by spectrometric
determination of the fixed crystal violet, with higher biofilm formation levels being obtained on
stainless steel plates than on polystyrene. A lower ability to form biofilms was found for a strain
with a loss-of-function mutation in the rpoS gene compared to the rest of the strains, which
harboured a functional rpoS. The complementation of this strain with a functional rpoS gene
increased it biofilm formation ability up to levels similar to the strains with a naturally functional
rpoS gene after 24 h of incubation. However, the differences observed were reduced when a
48 h incubation was used. These results indicate that the loss of RpoS caused a delay in the
development of mature biofilms, rather than a complete inhibition of biofilm production in

C. sakazakii.

Also, the RpoS status and biofilm formation ability was evaluated in a collection of thirty-one
extended-spectrum B-lactamase (ESBL)-producing Escherichia coli strains isolated from foods of
animal origin and from human patients, and reference collection strains, together with their
tolerance to food-associated stresses (heat, acid, non-thermal atmospheric plasma (NTAP) and
UV-C light). Only minor differences were associated to the carriage of the ESBL genes blarey,
blacrx-m and blasyy and no loss-of-function mutations were found in the rpoS gene. The most

relevant phenotypic differences among strains were observed for biofilm formation and heat



resistance, with food isolates being significantly more resistant to heat treatments at 58 °C for
1 and 2 min than clinical isolates. Also, the biofilm formation ability on stainless steel was
significantly higher for the field isolates, both clinical- and food-related, than for the reference

strains.

A collection of thirty-three Pseudomonas spp. isolates from food processing facilities was also
investigated regarding their RpoS status, catalase activity, pigmentation on solid media,
pyoverdine production, cellular hydrophobicity and biofilm formation on stainless steel,
polystyrene and glass, in order to find biomarkers of strong biofilm production. The biofilm
formation levels on stainless steel and polystyrene were significantly higher for the green-
pigmented strains as compared to brown or not pigmented strains. Possible relations between
pyoverdine production, colony pigmentation and iron availability were studied using an iron
scavenger, 2,2-bipyridine, resulting in a decrease of 40 % in biofilm formation for the not
pigmented strains. For most of the potential biomarkers studied, the phenotypic heterogeneity
observed among strains was mainly dependent on the Pseudomonas species (P. aeruginosa vs
other Pseudomonas species). However, the green colony pigmentation on solid media was

identified as a potential biomarker of strong biofilm formation.

During this PhD thesis, two plasma-based biofilm control strategies were evaluated. The first
one focussed on the development of anti-biofilm coatings that prevent bacterial adherence to
the surfaces through physico-chemical modifications. Different coatings made of (3
aminopropyl)triethoxysilane (APTES), tetraethyl orthosilicate (TEOS) and acrylic acid (AA) were
applied by Non-Equilibrium Atmospheric Plasma on stainless steel AISI 316. Their anti-biofilm
activity was assessed against biofilms of L. monocytogenes CECT911 and E. coli CECT515 after
incubation at 37 °C. The two best coatings, AP10+TE6 and AP10+AA6, that reduced
L. monocytogenes biofilm production by 45 % and 74 %, respectively, when compared with the
uncoated stainless steel, were selected for a further characterization together with a
modification of those, AP10+SA6. The anti-biofilm activity was studied against two
L. monocytogenes strains isolated from a meat industry and at lower incubation temperatures,
more representative of food processing environments, obtaining the best results for the coating
AP10+AA6, that reduced the biofilm formation by 90 % after incubation at 12 °C. The
morphological and physico-chemical characterization of the selected coatings showed that the
most anti-biofilm coating, AP10+AA6, presented the lower surface roughness and higher
hydrophilicity, a characteristic that was enhanced by low temperature conditions, when the
wettability of the strains was increased. Altogether, these results suggest the formation of a

hydration layer that prevents the adherence of L. monocytogenes cells to the coated surface.



The characterization of the coating AP10+AA6 continued through the study of its anti-biofilm
activity against multispecies biofilms containing L. monocytogenes (developed using indigenous
microbiota from three different meat industries) and by assessing the disinfection effectiveness
and biofilm evolution after sanitization with two food industry biocides, using culture-
dependent and culture-independent approaches. A lower effectiveness of the coating against
L. monocytogenes when inoculated in the multispecies biofilms developed for 7 days at 12 °C
was observed, together with a partial and industry dependent control of the growth of the
pathogen. The biofilm taxonomic composition was highly dependent on the industry, but it was
not affected by the nature of the surface (uncoated vs coated stainless steel) and the artificial
inoculation with L. monocytogenes. The biofilms formed after 7 days at 12 °C following the
15-min disinfection treatments showed reduced taxonomic diversity and, although sodium
hypochlorite was slightly less effective than peracetic acid immediately after application, it
caused a stronger growth control of the naturally present L. monocytogenes on the multispecies
biofilms developed. This suggested that that a sanitization able to preserve interspecific
competitive relationships between the members of the indigenous microbiota and
L. monocytogenes might be more favourable for the long-term control of this pathogen in food

processing facilities.

The second plasma-based technology evaluated in the current PhD Thesis was the use of plasma-
activated water (PAW) as an alternative control strategy for L. monocytogenes inactivation.
Different PAWs were generated through the activation of tap water using a surface dielectric
barrier discharge (SDBD) plasma working at different conditions of discharge power (26 and
36 W) and activation time (5 and 30 min). The study of their physico-chemical composition (pH
and levels of hydrogen peroxide, nitrates and nitrites) and antimicrobial efficacy against a
cocktail of three L. monocytogenes strains on planktonic state allowed the identification of the
best PAW generation conditions, i.e. 36 W of discharge power with 30 min of activation time
(PAW HM30). The antimicrobial activity of this PAW against three-strain L. monocytogenes
biofilms was lower than in the planktonic state, where 4.6 log reductions were achieved, but still
able to obtain 1.9 and 1.8 log reductions after 15 min of exposure of biofilms formed on stainless
steel and on polystyrene, respectively. The mechanisms of PAW inactivation were investigated
through RNA-seq analysis of L. monocytogenes after its treatment with PAW HM30. The main
transcriptomic changes affected carbon metabolism, some virulence genes and the general
stress response, with several of the most overexpressed genes belonging to the cobalamin-
dependent gene cluster, previously related to L. monocytogenes pathogenicity and its response

to multiple stressors.



Resumen

Las comunidades microbianas que colonizan los ambientes de procesado de alimentos en forma
de biopeliculas tienen un gran impacto en la calidad y seguridad de los alimentos. Por lo tanto,
el estudio de los factores que influyen en la formacién, la ecologia y la arquitectura de las
biopeliculas de microorganismos patdgenos y alterantes es clave para el desarrollo de nuevas
estrategias de control o eliminacidn de biopeliculas. En la presente Tesis Doctoral se examiné la
variabilidad intraespecifica en cuanto a la capacidad de formacidon de biopeliculas y otras
caracteristicas fenotipicas en una amplia coleccién de aislados de varios microorganismos de

interés en la industria alimentaria.

La importancia del regulador general de la respuesta a estrés de las bacterias Gram negativas,
RpoS, en la formaciéon de biopeliculas se evalué en nueve aislados de Cronobacter sakazakii. Su
capacidad de formacién de biopeliculas se evalué en BHI y medios minimos con diferentes
valores de pH y suplementados o no con los aminodcidos arginina, lisina y dcido glutdmico,
resultando ésta generalmente mayor en medios minimos tamponados (pH 7,0) suplementados
con lisina, a pesar de la heterogeneidad existente entre las diferentes cepas. La formacidn de
biopeliculas se visualizdo mediante microscopia de barrido laser confocal y microscopia
electrénica de barrido y se midid mediante determinacidn espectrométrica del cristal violeta
fijado, mostrando niveles mas altos de formacidn de biopeliculas sobre acero inoxidable que
sobre poliestireno. Se pudo apreciar una menor capacidad para formar biopeliculas en una cepa
con una mutaciéon que resulta en la pérdida de funcién del gen rpoS, en comparacién con el resto
de las cepas estudiadas, que portan un gen rpoS funcional. La complementacion de esta cepa
con un gen rpoS funcional aumenté su capacidad de formacidon de biopeliculas hasta niveles
similares a los de las cepas con un gen rpoS funcional después de 24 h de incubacidn. Las
diferencias observadas se redujeron cuando se utilizé una incubacién de 48 h. Estos resultados
indican que la pérdida del factor RpoS provoca un retraso en el desarrollo de biopeliculas

maduras, pero no una inhibicién completa de la produccidn de biopeliculas en C. sakazakii.

También se evalud la funcionalidad del regulador RpoS y la capacidad de formacion de
biopeliculas en una coleccion de treinta y una cepas de Escherichia coli productoras de
B-lactamasas de espectro extendido (BLEE), aisladas de alimentos de origen animal y de
pacientes humanos, y cepas de coleccidn de referencia, junto con su tolerancia a condiciones de

estrés comunes en la cadena alimentaria (calor, acido, plasma atmosférico no térmico (PANT) y



luz UV-C). Solo se observaron diferencias menores asociadas a la presencia de los genes BLEE
blarem, blacrem y blaswy, y no se encontraron mutaciones en el gen rpoS que conllevaran una
pérdida de funcidn. Las diferencias fenotipicas mas relevantes se observaron para la formacién
de biopeliculas y la resistencia al calor, siendo los aislados alimentarios significativamente mas
resistentes a los tratamientos térmicos a 58 °C durante 1y 2 minutos que los aislados clinicos.
Ademads, la capacidad de formacién de biopeliculas sobre acero inoxidable fue
significativamente mayor para los aislados de campo, tanto de origen clinico como alimentario,

que para las cepas de referencia.

Asimismo, se caracterizé una coleccién de treinta y tres cepas de Pseudomonas spp. aisladas de
instalaciones de procesado de alimentos en cuanto a la funcionalidad del regulador RpoS, la
actividad catalasa, la pigmentacién en medio sdlido, la produccion de pioverdina, la
hidrofobicidad celular y la formacién de biopeliculas sobre acero inoxidable, poliestireno y
vidrio, con el fin de encontrar biomarcadores de fuerte produccidn de biopeliculas. Los niveles
de formacién de biopeliculas sobre acero inoxidable y poliestireno fueron significativamente
mas altos para las cepas con pigmentacién verde en comparacién con las cepas marrones o no
pigmentadas. Las posibles relaciones entre la produccidn de pioverdina, la pigmentacién de las
colonias y la disponibilidad de hierro se estudiaron utilizando un secuestrador de hierro,
2,2-bipiridina, que provocd una disminucion del 40 % en la formacién de biopeliculas por parte
de las cepas no pigmentadas. Para la mayoria de los posibles biomarcadores estudiados, la
heterogeneidad fenotipica observada entre las cepas dependia principalmente de la asignacion
taxondmica de la cepa de Pseudomonas (P. aeruginosa frente a otras especies de Pseudomonas).
Sin embargo, la pigmentacion verde de las colonias en medio sdlido se identific6 como un

posible biomarcador de fuerte formacién de biopeliculas.

Durante esta Tesis Doctoral, se evaluaron dos estrategias de control de biopeliculas basadas en
la tecnologia del plasma. La primera se centrd en el desarrollo de recubrimientos anti-biopelicula
que eviten la adherencia bacteriana a las superficies mediante modificaciones fisico-quimicas.
Se aplicaron diferentes recubrimientos de (3 aminopropil)trietoxisilano (APTES), ortosilicato de
tetraetilo (TEOS) y acido acrilico (AA) mediante plasma atmosférico no equilibrado sobre acero
inoxidable AISI 316. Se evalué su actividad anti-biopelicula frente a biopeliculas de
L. monocytogenes CECT911 y E. coli CECT515 tras la incubacién a 37 °C. Los dos mejores
recubrimientos, AP10+TE6 y AP10+AA6, que redujeron la produccién de biopeliculas de
L. monocytogenes en un 45 % y un 74 %, respectivamente, en comparacién con el acero
inoxidable sin recubrimiento, se seleccionaron para una caracterizacion mds detallada junto con

una modificaciéon de esos recubrimientos, AP10+SA6. Se estudio la actividad anti-biopelicula



frente a dos cepas de L. monocytogenes aisladas de una industria carnica y a temperaturas de
incubacién mas bajas, representativas de ambientes de procesado de alimentos, obteniendo los
mejores resultados para el recubrimiento AP10+AA6, que redujo la formacién de biopeliculas
en un 90 %. después de la incubaciéon a 12 °C. La caracterizacidon morfoldgica y fisico-quimica de
los recubrimientos seleccionados mostré que el recubrimiento mas efectivo, AP10+AAS6,
presentaba una menor rugosidad superficial y mayor hidrofilicidad, caracteristica que se vio
favorecida por las condiciones de baja temperatura, cuando la humectabilidad de las cepas fue
mayor. En conjunto, estos resultados sugieren la formacidon de una capa de hidratacion que

impide la adherencia de las células de L. monocytogenes a la superficie recubierta.

Se continud con la caracterizacion del recubrimiento AP10+AA6 estudiando su actividad anti-
biopelicula frente a biopeliculas multiespecies que contienen L. monocytogenes (desarrolladas
a partir de la microbiota autdctona de tres industrias carnicas diferentes) y evaluando la eficacia
desinfectante y evolucion de las biopeliculas tras la higienizacion con dos biocidas empleados
en la industria alimentaria, utilizando enfoques dependientes e independientes del cultivo. Se
observé una menor efectividad del recubrimiento frente a L. monocytogenes en los biofilms
multiespecie desarrollados durante 7 dias a 12 °C, ademas de un control parcial, y dependiente
de la industria, del crecimiento del patégeno. La composicidn taxondmica de la biopelicula
dependid en gran medida de la industria, pero no se vio afectada por la naturaleza de la
superficie (acero inoxidable sin revestimiento o con revestimiento) o por la inoculacién artificial
con L. monocytogenes. Las biopeliculas formadas durante 7 dias a 12 °C después de los
tratamientos de desinfeccion de 15 min mostraron una menor diversidad taxondmica y el
hipoclorito sédico, aunque fue ligeramente menos efectivo que el 4acido peracético
inmediatamente después de la aplicacidn, permiti6 un mejor control del crecimiento de
L. monocytogenes en las biopeliculas multiespecies desarrolladas. Esto sugiere que una
desinfeccidn capaz de preservar las relaciones competitivas interespecificas entre los miembros
de la microbiota autdctona y L. monocytogenes podria ser mas favorable para el control a largo

plazo de este patdgeno en las instalaciones de procesado de alimentos.

La segunda tecnologia basada en plasma evaluada en la presente Tesis Doctoral fue el uso de
agua activada por plasma (PAW) como estrategia de control alternativa para la inactivacion de
L. monocytogenes. Se generaron diferentes PAWSs a través de la activacion del agua del grifo
utilizando un plasma de descarga de barrera dieléctrica superficial (SDBD) funcionando con
diferentes condiciones de potencia de descarga (26 y 36 W) y tiempo de activacion (5 y 30 min).
El estudio de composicidn fisico-quimica (pH y niveles de perdxido de hidrégeno, nitratos y

nitritos) y eficacia antimicrobiana frente a un céctel de tres cepas de L. monocytogenes en



estado plancténico permitié identificar las mejores condiciones de generacién de PAW, que
fueron 36 W de potencia de descarga con 30 min de tiempo de activacién (PAW HM30). La
actividad antimicrobiana de esta PAW frente a biopeliculas de L. monocytogenes fue menor que
en estado plancténico, donde se lograron reducciones logaritmicas de 4,6, pero aun asi se
pudieron obtener reducciones logaritmicas de 1,9 y 1,8 después de 15 minutos de exposicidén
para las biopeliculas formadas en acero inoxidable y en poliestireno, respectivamente. Los
mecanismos de inactivacion del PAW se investigaron mediante el analisis por ARN-seq de
L. monocytogenes después de su tratamiento con PAW HM30. Los principales cambios en la
expresion génica afectaron el metabolismo del carbono, algunos genes de virulencia y la
respuesta general al estrés, perteneciendo varios de los genes mds sobreexpresados al cluster
de genes dependientes de la cobalamina, previamente relacionado con la patogenicidad de

L. monocytogenes y su respuesta a multiples condiciones de estrés.
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Un biofilm o biopelicula puede definirse como una comunidad microbiana caracterizada por su
adhesidén a una superficie sélida y por la produccién de una matriz polimérica extracelular en la
que estan embebidos los microorganismos asociados. Esta matriz proporciona proteccién a las
células microbianas y contribuye a la captacién de nutrientes, asi como a la adhesién a la
superficie en cuestion. La formacién de biopeliculas es un comportamiento social generalmente
coordinado a través de sistemas de comunicacidon célula - célula, o sistemas de “quorum
sensing”. Dichos sistemas de “quorum sensing” detectan fluctuaciones en la densidad celular a
través del reconocimiento de pequeias moléculas de sefalizacion secretadas, llamadas
autoinductores, y responden regulando la expresidn de funciones celulares especializadas entre
las que se encuentran las responsables de la adhesién inicial a superficies y el subsiguiente
crecimiento y maduracion de la biopelicula. De particular relevancia resulta el hecho de que las
células microbianas dentro de una biopelicula son significativamente mds resistentes a
diferentes tipos de intervenciones antimicrobianas, dirigidas a controlar su aparicidn, y que las
biopeliculas pueden actuar como un reservorio de microorganismos persistentes. Se puede
encontrar informacidn mas detallada sobre la ecologia de las biopeliculas y el comportamiento

microbiano dentro de las mismas en Flemming et al. (2016) y Nadell et al. (2016).

En la industria alimentaria, las superficies y los equipos se encuentran frecuentemente
colonizados por microorganismos en forma de biopeliculas. En la mayoria de las ocasiones, esto
representa un desafio y una preocupacién, ya que las biopeliculas formadas por
microorganismos alterantes y patdégenos pueden servir como fuente de contaminacion cruzada
de los alimentos, reduciendo asi la efectividad de las estrategias de conservacion de alimentos
y comprometiendo la calidad y seguridad de los mismos (Coughlan, Cotter, Hill, & Alvarez-
Ordodinez, 2016). Por otro lado, las biopeliculas formadas de manera controlada por
microorganismos beneficiosos pueden representar una oportunidad, ya que pueden ser
explotadas para aumentar el rendimiento de procesos fermentativos o para desarrollar
aplicaciones biotecnoldgicas centradas en mejorar la calidad y seguridad de los alimentos

(Berlanga & Guerrero, 2016).

A continuacidn, a modo de introduccion de esta Tesis Doctoral, se incluye una adaptacion de la
publicacion “Biopeliculas y persistencia microbiana en la industria alimentaria”

(https://doi.org/10.3989/arbor.2020.795n1002) realizada en la revista Arbor por P. Fernandez-

Gomez et al. (2020), ampliada con informacion relativa a aquellas estrategias de control de
biopeliculas empleadas en esta Tesis Doctoral: los recubrimientos anti-biopelicula y el agua

activada por plasma.
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1.5. Estrategias de modificacion superficial

La modificacidn de los materiales utilizados en la industria alimentaria se ha revelado como una
estrategia prometedora para prevenir la formacién de biopeliculas. Dado que la formacion de
una biopelicula implica como primer paso la unién o adhesién de células plancténicas a una
superficie sdlida, si dicha superficie se modifica en cierta medida, por ejemplo, alterando su
morfologia o propiedades fisico-quimicas (hidrofobicidad, hidrofilicidad, carga eléctrica, etc.), la
adhesién microbiana y, en consecuencia, el crecimiento y la maduracién de la biopelicula
pueden ser controlados (Feng et al., 2014; Gkana, Doulgeraki, Chorianopoulos, & Nychas, 2017;
Gomes, Deschamps, Briandet, & Mergulhdo, 2018; Hsu, Fang, Borca-Tasciuc, Worobo, &
Moraru, 2013; Huang, Chen, Nugen, & Goddard, 2016). Ademas, se han desarrollado
recubrimientos superficiales que incorporan compuestos antimicrobianos que también han
demostrado capacidad para prevenir la formacién de biopeliculas por varios patdgenos

transmitidos por los alimentos (Cossu, Si, Sun, & Nitin, 2017; Fialho et al., 2018;Kim et al., 2017).

En el siguiente apartado se profundiza en esta estrategia de control de biopeliculas mediante

recubrimientos aplicados por polimerizacidon con plasma atmosférico no térmico.
1.5.1. Recubrimientos anti-biopeliculas depositados por plasma

A diferencia de las técnicas de deposicién convencionales (CVD, deposicidn quimica humeda,
plasma a alta/baja presion, etc.), la técnica de deposicién mediante plasma-polimerizacion a
baja temperatura (fria) presenta una serie de ventajas. Esta técnica permite una deposicién seca,
en la que se aplica un recubrimiento en una Unica etapa para conferir propiedades funcionales
a la superficie diana. Ademas, se trata de una tecnologia respetuosa con el medio ambiente, ya
que no se producen productos quimicos residuales, y econdmica, ya que el gasto de consumibles
es relativamente bajo al aplicarse recubrimientos de espesores a escala nano o micro. Debido a
que el proceso de deposicion se realiza a presidén atmosférica y a que la temperatura no supera
los 100 °C, se evitan alteraciones no deseadas en las propiedades del sustrato. Finalmente, se
puede llevar a cabo un control de las caracteristicas de los recubrimientos obtenidos en funcién
del tipo de precursor utilizado y de los parametros del proceso (flujo de gas, potencia
suministrada, etc.), lo que permite que se pueda mejorar la superficie del sustrato de manera
especifica manteniendo el resto de propiedades sin alterar (Sainz-Garcia, Alba-Elias, Mugica-

Vidal, & Gonzéalez-Marcos, 2017).

El plasma es el estado que alcanza un gas cuando se le aporta una cantidad de energia que logra
ionizar sus moléculas y atomos. Es decir, el paso de la materia de estado gaseoso a estado de

plasma se produce mediante una disociacién de enlaces moleculares, acompafiada de un

4
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aumento o disminucion de los electrones de los atomos, lo que da lugar a la formacién de iones
con carga positiva o negativa. En funcion de si se da o no un equilibrio térmico entre las
particulas del plasma, se distingue el plasma térmico del frio. Un plasma frio o no equilibrado es
aquel en el que la temperatura de los electrones (5000-10° °C) es mucho mayor que la de las
particulas mas pesadas (particulas neutras e iones), las cuales se encuentran a temperaturas
proximas a la del ambiente (25-100 °C). De esta forma, la temperatura de un plasma frio se
mantiene generalmente por debajo de los 100 °C, lo que permite que sea empleado en
tratamientos superficiales sobre una gran variedad de materiales sin provocar su deterioro por
un calentamiento excesivo (Mugica-Vidal, Alba-Elias, Sainz-Garcia, & Gonzalez-Marcos, 2017).
La generacion de plasma frio se puede llevar a cabo a presidn atmosférica en un entorno abierto,
es decir, sin requerir la utilizacion de sistemas de vacio. Estas caracteristicas dotan a la tecnologia
de plasma atmosférico frio de una gran versatilidad, relativa simplicidad y bajo coste. Desde el
punto de vista de su aplicacién industrial, el plasma se ha convertido en una importante

herramienta para llevar a cabo multitud de tratamientos superficiales (Sainz-Garcia et al., 2017).

Una de estas aplicaciones es la de plasma-polimerizacidn, que consiste en la deposicién de
recubrimientos finos utilizando mondmeros en estado liquido como precursores a través de su
exposiciéon al flujo de plasma. La interaccidon entre el precursor y el plasma conduce a la
fragmentacién de las moléculas del precursor y a la formacion de los grupos funcionales que
determinan las propiedades del recubrimiento (Bhatt, Pulpytel, & Arefi-Khonsari, 2015). Los
productos de las reacciones entre el precursor y el plasma, asi como las especies precursoras y
reactivas del plasma que no han reaccionado, caen sobre la superficie del sustrato donde se
adsorben y tienen lugar reacciones superficiales. Como resultado, el material puede nuclearse
formando grupos que se fusionan en nucleos mas grandes, aumentando la rugosidad del
recubrimiento. La formacién de los grupos funcionales, las especies reactivas y los sitios de
activacion implicados en la polimerizacién por plasma, asi como el crecimiento y las propiedades
fisicoquimicas de los recubrimientos, dependen de muchos factores, como las caracteristicas del
sustrato, la composicidn quimica del precursor, el caudal del gas de trabajo y la potencia aplicada
en la ionizacion (Duday et al., 2013; Ramamoorthy, Rahman, Mooney, MacElroy, & Dowling,

2009).

Entre los principales enfoques para la prevencion de la formacidn de biopeliculas se encuentran
los recubrimientos (i) que contienen y liberan agentes biocidas, (ii) que inmovilizan agentes
antimicrobianos vy (iii) para la modificacién fisico-quimica de superficies (Mugica-Vidal et al.,

2019) (Figura 2).
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Figura 2. (A) Esquema del proceso de deposicién de recubrimientos mediante un sistema de
chorro de plasma atmosférico no equilibrado. (B) Interacciones superficiales de absorcion,
difusién, nucleacién y coalescencia del material depositado. Actividad antimicrobiana de (C)
recubrimientos compuestos que contienen y liberan agentes biocidas, (D) recubrimientos que
inmovilizan agentes antimicrobianos en superficie y (D) recubrimientos que modifican las
propiedades fisicoquimicas de las superficies. Adaptada de Mugica-Vidal et al. (2019).

1.5.1.1. Recubrimientos que contienen y liberan agentes biocidas

Uno de los enfoques para obtener superficies antibacterianas, limitando asi la formacion de
biopeliculas, implica la deposicién de un recubrimiento compuesto. Este recubrimiento estd
formado por una matriz polimérica o inorgdnica que contiene un agente biocida embebido que
se libera cuando el recubrimiento entra en contacto con el medio circundante (Sardella,
Palumbo, Camporeale, & Favia, 2016). Aunque se pueden utilizar muchos materiales diferentes
como matriz del compuesto, los polimeros tienen la ventaja de mostrar una buena adherencia
sobre las superficies y la capacidad de depositarse formando recubrimientos de bajo espesor sin
alterar las propiedades mecanicas del sustrato. Es posible incluso controlar la velocidad de
liberacion del agente antibacteriano ajustando las caracteristicas de estas capas poliméricas. Por
lo tanto, se puede evitar una pérdida excesivamente rapida de la actividad antibacteriana de los
recubrimientos debido a una velocidad de liberacion demasiado rapida de los agentes

antibacterianos (Vasilev, Griesser, & Griesser, 2011).

Deng et al. (2015) utilizaron un proceso de tres pasos para recubrir tejidos de tereftalato de

polietileno (PET) mediante la incrustacién de nanoparticulas de plata entre dos capas de
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organosilicio, que se depositaron a través de la polimerizacidon por plasma atmosférico de
tetrametildisiloxano (TMDSO). Estos autores, observaron que los recubrimientos mostraban
actividad antimicrobiana frente a Pseudomonas aeruginosa, Staphylococcus aureus y Candida
albicans. Su efectividad disminuyé a medida que aumentaba el espesor de la segunda capa de
organosilicio (capa de barrera), sugierendo que el aumento de espesor provocaba una reduccion
en la cantidad de grietas y poros de la capa de barrera, lo que podria reducir la liberacion de
iones de plata de las nanoparticulas al medio. Por lo tanto, esta caracteristica podria utilizarse
como una posible forma de controlar o modular la eficacia antimicrobiana de los recubrimientos

y la durabilidad de su actividad antibacteriana.

Deng et al. (2014) emplearon un proceso de un solo paso para depositar recubrimientos de
nanocompuestos en obleas de silicio mediante la generacidn de un chorro de plasma
atmosférico (APPJ) en nitrégeno y alimentando el plasma con oxigeno, TMDSO y un polvo de
nanoparticulas de plata. Estos autores, observaron que las nanoparticulas de plata metalica
estaban incrustadas dentro de los recubrimientos, mientras que en la superficie de la pelicula la
plata se presentaba como AgO. Estos recubrimientos mostraron actividad antibacteriana frente
a E. coliy S. aureus, siendo mas efectivos frente al primer microorganismo. Liguori et al. (2016)
también desarrollaron un proceso en un solo paso, utilizando un APPJ para depositar una matriz
polimerizada por plasma de acido poliacrilico con nanoparticulas de plata incrustadas sobre
sustratos de polietileno mediante la inyeccion de dos precursores: acido acrilico para la matriz
y una dispersién de nanoparticulas de plata en etanol. Las pruebas de difusion en disco de agar
frente a E. coli revelaron la formacion de zonas de inhibicidon del crecimiento de esta bacteria,
que se atribuyerd a los iones de plata liberados por la plata de la superficie de los recubrimientos

o a través de las grietas que se observaron mediante microscopia electrénica de barrido.

Sin embargo, como apuntan Gupta & Xie (2018) en una revision sobre las aplicaciones, toxicidad
y normativa de las nanoparticulas, estas pueden ser mas toxicas que las particulas de mayor
tamafio por su mayor movilidad. Ademas, su liberacién puede suponer un riesgo de
contaminacidon ambiental. Dado que la toxicidad de los nanomateriales puede verse afectada
por sus propiedades especificas y la informacidn existente al respecto todavia es limitada, su
regulacion sigue siendo un desafio. Por ello, se estdn dedicando esfuerzos a clasificar los
nanomateriales, asi como a comprender y controlar sus riesgos potenciales. Por ejemplo, la
Autoridad Europea de Seguridad Alimentaria (EFSA) ha desarrollado una guia sobre la evaluacién
de riesgos de la aplicacién de la nanociencia y las nanotecnologias en la cadena de alimentos y
piensos, que ofrece sugerencias sobre los recursos disponibles para la caracterizacién de

nanomateriales y los parametros clave que deben medirse (Scientific Committee et al., 2018).
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Ademads, aunque la plata se utiliza como un biocida eficaz frente a bacterias en multiples
campos, incluidas las aplicaciones relacionadas con la biomedicina y los alimentos, su toxicidad
para organismos superiores como los humanos es motivo de preocupacion (Marambio-Jones &

Hoek, 2010).

En lugar de usar plata u otras nanoparticulas metdlicas, es posible producir alternativas mas
seguras y respetuosas con el medio ambiente incorporando agentes antibacterianos organicos
en la matriz. Los aceites esenciales naturales derivados de las plantas (Bazaka, Jacob,
Chrzanowski, & Ostrikov, 2015) y las biomoléculas que son producidas naturalmente por los
organismos vivos (p. ej., lisozima o nisina) se pueden emplear para proporcionar al
recubrimiento compuestos con actividad antimicrobiana (Sardella et al., 2016). De hecho, se han
desarrollado recubrimientos comestibles con eficacia antimicrobiana utilizando estas
biomoléculas y aceites esenciales (Dhumal & Sarkar, 2018). Palumbo et al. (2015) utilizaron
plasma a presidon atmosférica generado en un equipo de descarga de barrera dieléctrica
(Dielectric Barrier Discharge, DBD) para depositar recubrimientos de biocompuestos en obleas
de silicio en un proceso de un solo paso. Estos recubrimientos consistian en una matriz orgdnica
obtenida por plasma-polimerizacion de etileno y con lisozima embebida. La liberacién de la
lisozima embebida en el agua y el mantenimiento de su actividad antibacterianatras su
interaccion con el plasma fue verificada mediante una prueba de agar frente a Micrococcus

lysodeikticus.
1.5.1.2. Recubrimientos que inmovilizan agentes antimicrobianos

La cantidad del agente antimicrobiano activo que se libera de los recubrimientos cuando se
utiliza el enfoque previamente expuesto debe controlarse para evitar problemas toxicolégicos
o sensoriales que podrian surgir como consecuencia de la migracién de concentraciones
antimicrobianas demasiado altas a los alimentos (Conte, Buonocore, Bevilacqua, Sinigaglia, &
Nobile, 2006). Alternativamente, otro enfoque posible consiste en inmovilizar los agentes
antimicrobianos en las superficies en contacto con los alimentos pero sin liberarlos. Asi, se logra
la actividad antimicrobiana frente a bacterias en contacto estrecho con la superficie evitando la
migracion de los agentes antimicrobianos al alimento (Conte et al., 2008). Varios autores han
utilizado técnicas basadas en plasma para inmovilizar péptidos antimicrobianos (Duday et al.,
2013), enzimas (Conte et al., 2008; Thallinger et al., 2015; Vartiainen, Ratt6, & Paulussen, 2005)

y polimeros (Tseng, Hsu, Wu, Hsueh, & Tu, 2009) en diferentes superficies.

Por ejemplo, Duday et al. (2013) utilizaron compuestos basados en organosilicio depositados

por plasma-polimerizacién como capas reactivas para la inmovilizacién covalente de péptidos
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antibacterianos de nisina sobre sustratos de acero inoxidable. Emplearon
(3-Aminopropyl)trimethoxysilane (APTMS) como precursor en la polimerizacién, con el fin de
generar grupos amino capaces de reaccionar con los grupos carboxilo de los péptidos,
favoreciendo asi su inmovilizacién, y dos tipos de equipos de plasma DBD atmosférico para
comparar los efectos de ambos procesos: (i) DBD directo y (ii) DBD afterglow. Aunque los
recubrimientos que se obtuvieron por el proceso DBD directo tenian mayor contenido de grupos
amino, parecian ser inestables cuando se sumergieron en las soluciones peptidicas para la
inmovilizacién covalente y mostraron baja actividad bactericida. Sin embargo, se obtuvo un
compromiso mas satisfactorio entre el contenido de grupos amino y la estabilidad de los
recubrimientos mediante el uso del DBD afterglow. De esta forma, se lograron 3,6 reducciones
logaritmicas de Bacillus subtilis. Adema3s, las propiedades bactericidas de los recubrimientos
aplicados con DBD afterglow se mantuvieron tras la aplicacion de una serie de pruebas de

envejecimiento y lavado.

De forma similar, Vartiainen et al. (2005) utilizaron plasma a presidn atmosférica generado en
un reactor DBD para activar recubrimientos de polipropileno mediante la creacion de grupos
amino y carboxilo para la inmovilizacidén covalente de la enzima antimicrobiana glucosa oxidasa.
Estos recubrimientos inhibieron completamente el crecimiento de E. coli y redujeron
significativamente el de B. subtilis. Dado que la actividad antimicrobiana de la glucosa oxidasa
se suele atribuir a la generacién de H,0,, estos resultados concuerdan con la conocida menor
resistencia de las bacterias Gram-negativas frente al perdxido de hidrégeno comparado con la

de las bacterias Gram-positivas.

Tseng et al. (2009) fijaron agentes antimicrobianos, en este caso un oligémero o polimero de
quitosano, en telas de nylon después de la activacién por plasma atmosférico. Se utilizaron
diferentes velocidades y numeros de pases para la activacion de las diferentes muestras
incluidas en el estudio. Las pruebas, que utilizaron S. aureus como microorganismo diana,
sugirieron que la actividad antibacteriana de los tejidos generalmente tendia a ser mayor
cuando se usaba una mayor velocidad y un mayor nimero de pases en la activacion por plasma.
Ademas, los tejidos que fueron modificados con el polimero de quitosano exhibieron una mayor

efectividad antibacteriana que los modificados con el oligdmero de quitosano.
1.5.1.3. Recubrimientos para la modificacion fisico-quimica de superficies

El plasma a presion atmosférica también se puede utilizar para la modificacion de las
propiedades fisico-quimicas de una superficie sin la deposicion de ningin agente

antimicrobiano, siendo un enfoque muy prometedor para combatir las biopeliculas. Como se
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mencioné anteriormente, la formacién de biopeliculas implica la adhesidon de células
planctdnicas a una superficie. Entonces, si se modifica una superficie, por ejemplo, cambiando

sus propiedades fisico-quimicas, se puede prevenir la adhesidn bacteriana y, en consecuencia,

el crecimiento y la maduracién de la biopelicula (Li, 2016). A lo largo de los afos se han ampliado
los conocimientos sobre las propiedades fisicas y quimicas de los materiales, asi como acerca de
los factores clave que influyen en la adherencia celular. Como consecuencia, ha aumentado el
interés en la modificacion de las propiedades fisico-quimicas de las superficies para el desarrollo
de enfoques destinados a prevenir la unién microbiana y la formacién de biopeliculas (Bazaka

et al., 2015).

El 6xido de polietileno (PEQ) y el polietilenglicol (PEG) son polimeros cominmente usados para
este propdsito debido a su capacidad para repeler las proteinas y, por lo tanto, reducir la
adherencia bacteriana (Nisol, Poleunis, Bertrand, & Reniers, 2010). Aunque su mecanismo de
accién no se comprende completamente, generalmente se cree que el comportamiento anti-
biopelicula podria estar relacionado con la repulsién estérica y con la presencia de grupos
funcionales hidrofilicos en la superficie de los polimeros. De hecho, estos grupos funcionales
permiten la formacion de una capa de agua cuando se encuentran en ambientes acuosos,
evitando asi el contacto directo entre los polimeros y las proteinas bacterianas que actian como
sitios receptores para la adhesion bacteriana y la colonizacidn de la superficie (Dong, Jiang,
Manolache, Wong, & Denes, 2007; Stallard, Solar, Biederman, & Dowling, 2016). Ponte et al.
(2011, 2012) emplearon un sistema DBD para la deposicién por plasma a presién atmosférica de
revestimientos similares a PEO sobre sustratos de vidrio utilizando tetraetilenglicol dimetil éter
(TEGDME) como precursor. Como reveld la caracterizacién quimica por espectroscopia de
fotoelectrones de rayos X (XPS), al variar los parametros de generacion del plasma, fue posible
lograr una alta retencidon de la estructura del monémero TEGDME en la superficie de los
recubrimientos, que mostraron un contenido de éter (caracter PEO) del 70 % en el componente
de carbono (es decir, en la sefial Cl1s, que corresponde a las energias de enlace en el rango de
282-292 eV en los espectros XPS). Segun la literatura, los recubrimientos con tal grado de
caracter PEO no permiten la adhesion celular (Sardella, Gristina, Senesi, D’Agostino, & Favia,
2004). Aunque el potencial interés biolégico y las aplicaciones de los recubrimientos obtenidos
por estos autores son evidentes, en ninguno de estos dos estudios se realizaron ensayos
antimicrobianos, sino que proporcionaron solo una caracterizacion de las propiedades fisico-

guimicas de los recubrimientos producidos.
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Venault et al. (2013) disefiaron un proceso de PEGilacién inducida por plasma atmosférico en
membranas de poli (tetrafluoroetileno) (ePTFE) expandido para mejorar su resistencia a la
adsorciéon de proteinas y la unidn bacteriana. Después de incubar las membranas de ePTFE en
una solucion de monémero de poli (etilenglicol) metil éter metacrilato (PEGMA) al 10 %, un
tratamiento con plasma atmosférico indujo la copolimerizacidon del ePTFE de la superficie y el
mondmero de PEGMA. Como revelaron las mediciones del angulo de contacto con agua (WCA),
se logré un cambio en la humectabilidad de las membranas. Mientras que las membranas de
ePTFE sin recubrimiento eran hidrofébicas (WCA de 105 + 1°), las membranas PEGiladas
obtenidas a partir de un tratamiento con plasma de 120 s eran muy hidrofilicas (WCA de 9 £ 1°).
La caracterizacion quimica confirmé la PEGilacidn eficaz de las membranas de ePTFE y el andlisis
de la morfologia de la superficie revelé una disminucion de la porosidad de las membranas
PEGiladas. A medida que aumentaba el tiempo de tratamiento con plasma de las membranas
PEGiladas, disminuian la adsorcién de proteinas y la unidén bacteriana. Se concluyé que las
membranas PEGiladas con tratamientos de plasma de al menos 60 s mostraban una reducida
adsorcion de fibrinégeno (en un 80 %) y una completa inhibicidn de la unién de Staphylococcus

epidermidis y E. coli.

Stallard et al. (2012) evaluaron la adsorcién de proteinas y adhesidon bacteriana sobre la
superficie de recubrimientos de siloxano depositados sobre silicio y titanio mediante el uso de
un sistema APPJ. Se obtuvieron recubrimientos con caracteristicas de humectabilidad que
fueron desde superhidrofilicos a superhidrofébicos mediante el uso de precursores con
diferentes propiedades quimicas, asi como con diferentes gases, y ajustando pardmetros de
proceso como la velocidad de flujo del precursor y la distancia entre la fuente de plasma y el
sustrato. En general, se observd que la adsorcidn de fibrindgeno y alblimina sérica bovina tendia
a ser mayor en superficies hidrofébicas que en superficies hidrofilicas. Sin embargo, los
recubrimientos hidrofébicos fluorados exhibieron una menor adsorcién de proteinas que los
recubrimientos hidrofilicos. Este hecho puede deberse a la presencia de grupos
fluorocarbonados que provocan una disminucidn de la energia superficial, reduciendo asi la
interaccion entre las proteinas y la superficie. Curiosamente, en este estudio, los niveles mas
bajos de adsorcidn de proteinas fueron exhibidos por los recubrimientos superhidrofébicos, que
se obtuvieron generando una nanotextura mediante la formacién de caracteristicas
superficiales de entre 10 y 250 nm, provocando un aumento significativo de la rugosidad de las
superficies. Los recubrimientos fluorados superhidrofébicos depositados sobre titanio
mostraron resistencia a la adhesion de S. aureus. Se concluyé que una combinacién de una

morfologia nanotexturizada y una quimica de baja energia superficial (baja adhesion) creaba
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una barrera contra la humectabilidad al atrapar aire en la morfologia. Asi, se redujo el area
disponible para la difusidon de proteinas desde un ambiente acuoso a la superficie, asi como la

fijacién de bacterias.

Sarghini et al. (2011) recubrieron sustratos de acero inoxidable con cloruro de 3-(trimetoxisilil)-
propildimetiloctadecilamonio (ODAMO) y butilamina a través de la deposicidn por plasma
atmosférico en una camara DBD de placas paralelas. En este caso, el precursor fue transportado
e inyectado en el plasma en forma de aerosol por un flujo de nitrégeno o aire. Se analizé la
influencia del precursor, el gas portador, la energia y el tiempo de deposicion sobre las
propiedades fisico-quimicas y la actividad anti-biofilm de los recubrimientos. Los recubrimientos
obtenidos fueron lisos, delgados y, en la mayoria de los casos, muy hidrofilicos. Se identificé una
fuerte influencia del gas portador en la humectabilidad de los recubrimientos de ODAMO, mas
hidrofébicos cuando el precursor fue transportado por nitrégeno. La actividad antimicrobiana
de las muestras se analizé frente a E. coli, observandose su eliminacién en los recubrimientos
basados en ODAMO obtenidos mediante el uso de aire como gas portador a cualquier potencia.
Aunque los recubrimientos a base de butilamina dieron lugar a una menor proliferacién
bacteriana que el sustrato sin tratar, no fueron tan efectivos como los recubrimientos a base de
ODAMO. De acuerdo con los resultados de la caracterizacidon quimica, se concluyd que la
actividad antibacteriana se debié a un compromiso entre dos factores: (i) un contenido
sustancial de grupos amonio y (ii) la preservacién de cadenas largas hidrocarbonadas
provenientes de las moléculas del precursor, que se ve favorecida por el uso de niveles bajos de

potencia.

Mads recientemente, Herndndez-Orta et al. (2018) utilizaron un reactor DBD operando a
temperatura ambiente y presidon atmosférica para inducir la polimerizaciéon y realizar una
posterior cuaternizacion de recubrimientos de 4-vinilpiridina (4VP) sobre sustratos de
polietileno de alta densidad. El sustrato de polietileno no mostré efecto anti-biofilm frente a
E. coli, mientras que los recubrimientos cuaternizados sometidos a 6 y 12 ciclos de
polimerizacidn lograron una completa inactivacién bacteriana. Estas propiedades bactericidas
contra las bacterias Gram negativas se atribuyeron principalmente a la densidad de carga
superficial relativamente alta de los recubrimientos, que provoca un efecto electrostatico que

desestabiliza la superficie de las bacterias y conduce a su destruccion.

1.6. El poder desinfectante del agua activada por plasma

Los liquidos activados por plasma se generan por la interaccidon del plasma atmosférico con

liquidos y su potencial como agentes biocidas se han empezado a explorar en los Ultimos afios,
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siendo el agua activada por plasma (PAW, Plasma-Activated Water) el mds cominmente
utilizado. Estas propiedades, que pueden llegar a persistir durante periodos de incluso un mes,
se deben a la capacidad que presentan las especies quimicas generadas en el plasma
atmosférico no térmico (PANT), i. e. iones, positios y negativos, radicales libres, atomos y
moléculas excitadas, de difundir y de interaccionar entre si o con el agua, dando lugar a la
formacién de nuevas especies quimicas (Figura 3). La presencia de especies reactivas del oxigeno
(ROS) y del nitrégeno (RNS), incluyendo radicales hidroxilo, oxigeno singlete, anién superéxido,
peroxido de hidrégeno, asi como éxido nitrico y sus derivados formados con agua, tales como
nitratos, nitritos y peroxinitritos, se ha puesto de manifiesto en diversos estudios (Choi et al.,
2019; Khan & Kim, 2019; Xiang et al., 2019; Zhao et al., 2019, 2020). Adem3s, el tratamiento de
agua por PANT induce un aumento en su conductividad eléctrica y potencial de éxido-reduccién
y una reduccion en su valor de pH, hasta valores proximos a 3 (Ma et al., 2015, 2016; Joshi et al.,
2018; Xiang et al., 2020; Zhao et al., 2019, 2020; Machado-Moreira et al., 2021). Este interesante
fendmeno supone un enfoque completamente novedoso en la aplicacion del PANT, que
consistiria en “activar” primero el agua y posteriormente utilizarla para el tratamiento de
superficies. Es de destacar que el PAW proporciona una serie de ventajas adicionales frente al
tratamiento directo con PANT, como son la facilidad de generacion y aplicacién, asi como su
capacidad para ser almacenada, lo que ha conducido a que diversos grupos de investigacion
estén explorando sus aplicaciones en la industria alimentaria. En este sentido, se ha demostrado
que el PAW presenta un gran potencial como estrategia para mejorar la calidad microbiolégica

de los alimentos y descontaminar superficies de contacto.
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Figura 3. Difusidn en el agua de especies quimicas reactivas del plasma y formacion de nuevas
especies, generando agua activada por plasma (PAW). Aumento de la conductividad eléctrica
(CE) y del potencial de dxido-reduccién (POR) y descenso de pH (Lopez, Fernandez-Gémez,
Prieto, Alvarez-Ordéfiez & Oliveira, 2021).

1.6.1. Efecto de las condiciones de generacion en la composicion del PAW

Las condiciones de generacidn del PAW afectan directamente a su composicién, dando lugar a
PAWSs con distintos niveles de especies reactivas de oxigeno y de nitrégeno (RONS) que por tanto
seran mas apropiadas para diferentes aplicaciones. Por ejemplo, mientras que las PAWSs ricas en
nitritos y nitratos son mas adecuadas para su uso en agricultura, para estimular el crecimiento
de plantas o la germinacion de semillas, las PAWs con mayores concentraciones de especies
reactivas del oxigeno son mds apropiadas para aplicaciones terapéuticas, como terapias contra
el cancer, o para la inactivacidn de virus y bacterias, incluyendo las que se encuentran formando
biopeliculas (Ostrikov et al., 2020). La composicién del PAW depende de multiples factores,
como la energia aplicada para la ionizacién, el gas utilizado, el volumen y la naturaleza de la
solucidn activada, la configuracion del electrodo y la distancia existente entre éste y la superficie

del liquido, asi como el tiempo de activacion (Mai-Prochnow et al., 2021; Zhao, Patange, Sun, &

Tiwari, 2020).

Se distinguen tres tipos de interaccion plasma-liquido: (i) descargas del plasma en fase gaseosa
sobre la superficie de la solucién acuosa, (ii) descargas multifase del plasma, con el plasma
aplicado en burbujas o en fase gaseosa pero mezclado con gotas de agua y (iii) descarga directa

del plasma en la solucién acuosa. Estos tipos de generacion implican diferentes procesos de
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difusién de las especies reactivas al liquido y por tanto las reaciones quimicas desencadenadas
y la composicion final resultante son diferentes (Vanraes & Bogaerts, 2018). Las principales
configuraciones de electrodo de los sistemas de plasma atmosférico frio utilizadas en la
generacion de PAW son los sistemas DBD, el chorro de plasma (plasma jet), la descarga de chispa
(plasma spark), la descarga luminiscente (plasma glow) y el plasma de microondas (microwave
plasma) (Lu et al., 2016). Diferentes estudios sugieren que en las PAWs obtenidas mediante
descarga de chispa y DBD predominan el perdxido de hidrégeno y los nitratos, mientras que las
generadas con plasma de microondas y descarga luminiscente muestran mayores
concentraciones de nitritos y nitratos (Lu, Boehm, Bourke, Patrick, & Cullen, 2017; Niquet et al.,
2018). Como se indicd anteriormente, el gas utilizado en la generacion de plasma también
influye en la composicion del PAW, siendo mas abundantes las especies reactivas del nitrégeno
cuando se utilizan gases con una baja relacién 0,/(02+N,) y las especies reactivas del oxigeno
cuando se emplean aquellos con una elevada relacién 0,/(0,+N>) (Girard et al., 2018). Ademas,
la interaccion plasma-liquido multifase permite aumentar las interacciones de las especies
reactivas generadas en el plasma con el liquido resultando en una mayor actividad del PAW. La
modelizacién de sistemas de burbujeo de plasma parece indicar que el aumento de la
transferencia de masa entre fases se relaciona con un incremento de la concentracion final de

RONS en el PAW bajo los mismos parametros de descarga(Wright et al., 2019).

1.6.2. Mecanismos de inactivacion del PAW

A pesar de que la capacidad del PAW para inactivar a un amplio rango de microorganismos se
describe en un nimero cada vez mayor de publicaciones, los mecanismos responsables de del
efecto letal no estdn completamente definidos, especialmente en el caso su actividad anti-
biopelicula. No obstante, los principales mecanismos propuestos se basan en una combinacién
del bajo pH caracteristico del PAW y el estrés oxidativo (Mai-Prochnow et al., 2021; Zhao,

Patange, Sun, & Tiwari, 2020).

Inicialmente las RONS primarias y secundarias generadas en el PAW, que dan lugar a la reduccion
del pH y a un incremento de la conductividad eléctrica y del potencial de oxido-reduccidn,
provocan estrés fisico y oxidativo en las células microbianas. Algunas especies reactivas del
oxigeno, como el radical hidroxilo o el ozono, y el perdxido de hidrégeno, pueden causar la
peroxidacidn de los lipidos de la membrana y dafiar la estructura de peptidoglicano de la pared
celular bacteriana (Joshi et al.,, 2011; Yusupov et al., 2013). Ademas, las proteinas de la
membrana también pueden verse oxidadas por la exposicién a PAW, observandose un descenso

del potencial de membrana y la pérdida de la integridad de la misma (Tian et al., 2015). De
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hecho, se ha descrito un aumento de la permeabilidad de la membrana positivamente

relacionado con el tiempo de exposicion a PAW (Xiang et al., 2018).

Estos dafios en la integridad de la membrana favorecen la liberacidn de iones, acidos nucleicos
y proteinas del citoplasma al exterior (Zhang et al., 2013). Del mismo modo, los protones libres
y RONS presentes en el PAW pueden fluir hacia el interior de las células provocando estrés
oxidativo y un descenso del pH intracelular, causando un gran impacto en las actividades
metabdlicas bacterianas debido a su dependencia del pH (Zhang et al., 2016). Algunos autores
incluso sugieren que estos efectos podrian observarse en ausencia de dafios severos en las
envolturas celulares gracias a la capacidad de ciertas especies reactiva de difundir libremente a
través de la membrana (Boehm, Curtin, Cullen, & Bourke, 2017). De hecho, se ha propuesto que
el mecanismo de accidn podria ser ligeramente distinto en bacterias Gram-positivas, con una
capa de peptidoglicano mads gruesa, y en bacterias Gram-negativas, cuya membrana externa

adicional aporta resistencia frente a otros agentes antimicrobianos (Mai-Prochnow et al., 2016).

Muiltiples estudios han descrito una menor efectividad del PAW frente a biopeliculas que ante
células en estado planténico. Entre las posibles explicaciones para este efecto protector se ha
propuesto la presencia de la matriz de sustancias poliméricas extracelulares (EPS), la mayor
densidad celular en su interior, el estado fisioldgico de las células sésiles y la heterogeneidad de
las subpoblaciones presentes (Mai-Prochnow et al., 2021). Para alcanzar las bacterias presentes
en el interior de las biopeliculas, las especies reactivas del PAW tendrian que difundir a través
de la matriz de EPS y los canales de agua, lo que ralentizaria su transporte y daria lugar, no solo
a gradientes de concentracidn, sino que ademas provocaria que las especies de vida corta se
transformaran en otras mas estables. Sin embargo, los estudios disponibles hasta el momento
acerca de la difusidn y el efecto del PAW en la estructura de las biopeliculas no son concluyentes
(Chen, Su, & Liang, 2017; Hathaway et al., 2019; Hozak et al., 2018). También se ha propuesto
que las RONS presentes en el PAW podrian degradar la matriz de la biopelicula liberando las
bacterias presentes en el interior (Khosravian, Bogaerts, Huygh, Yusupov, & Neyts, 2014).
Ademas, ciertos estudios de transcriptdmica han observado una regulacion negativa de genes

relacionados con virulencia y quorum sensing en biopeliculas tratadas con PAW (Li et al., 2019).
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Justification and objetives

Biofilms represent a source of cross-contamination by spoilage and pathogenic microorganisms
in the food industry. In food processing environments, bacterial persistence may emerge
through the development of these surface-associated microbial communities. Their self-
produced extracellular polymeric matrix provides shelter to the inner cells, and contributes to
the recruitment of nutrients and to the adhesion to surfaces. The increased tolerance to
environmental stress conditions, including cleaning and disinfection agents, of biofilm-
associated cells can result in the persistence of pathogenic and spoilage bacteria in equipment
and food-contact surfaces, which might cause recurrent food product contamination events. All
of this leads to economic losses to the producers and increased health risks for the consumers,

highlighting the importance of controlling biofilm formation in food industries.

In the last decades, research efforts have focused on understanding the biotic and abiotic factors
that influence the formation and maturation of biofilms in order to develop and validate new
biofilm control strategies. Most of these studies are based on in vitro models using monospecies
biofilms of domesticated strains from the most relevant foodborne pathogens, although some
dual- and multi-species biofilm models have been also described. However, the knowledge
regarding the ecology and structure of biofilms developed on the surfaces and equipment in real
food processing settings is still limited. Also, the molecular determinants responsible for the
intraspecies variability regarding biofilm formation ability and tolerance to food-associated

stresses is also not fully understood yet.

The increased availability of tools for assessing the complexity of these microbial communities,
based on culture-independent sequencing of DNA environmental samples, is already starting to
revolutionize the study of biofilms in the food industry. A major challenge for the scientific
community is to develop new tools capable of preventing biofilm formation or removing already
existing biofilms while avoiding the emergence of microbial resistance phenotypes. Multiple
approaches are being explored and, in the last few years, different applications based on the
use of non thermal atmospheric plasma technologies have gained great attention. Among these
novel technologies, apart from the direct exposure to plasma, plasma-based techniques for
surface modification and coating deposition are also a promising approach. Likewise, liquids
activated with plasma show a potent antimicrobial activity and have been proposed as a possible
alternative to chemical disinfectants in the food industry, showing also potential for their
application in the biomedical and agricultural sectors. Moreover, a possible solution to ensure
the removal of biofilms formed by hazardous microorganisms that colonize and persist in food
processing environments could be the intelligent combination of one or various of these novel

biocontrol strategies in synergy with other conventional disinfection methodologies.
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Justification and objetives

The general objective of this PhD Thesis was to study, for several microorganisms of interest in

the food industry, the intraspecific variability regarding biofilm formation ability and its

association with other phenotypic characteristics of the strains, including RpoS status,

production of pigments, cellular hydrophobicity, antibiotic resistance or tolerance to food-

related stresses; and to evaluate the effectiveness of two plasma-based biofilm control

strategies, i.e. anti-biofilm coatings which modify the physico-chemical properties of materials

commonly used in the food industry, applied by non-equilibrium atmospheric plasma-

polymerization, and plasma-activated water as an alternative to conventional chemical

disinfectants.

The specific objectives of this PhD Thesis are the following:

To evaluate the influence of the alternative sigma factor RpoS in the ability to form
biofilms of a number of field isolates of Cronobacter sakazakii, with known status in
relation to their RpoS functionality.

To assess the biofilm formation ability, colony pigmentation, pyoverdine production,
RpoS functionality and cellular hydrophobicity of a collection of Pseudomonas spp.
strains isolated from food processing facilities, in order to identify biomarkers of strong
biofilm formation, which could be used in the future for the development of reliable,
easy and rapid methods of detection of persistent strains.

To evaluate the biofilm formation ability as well as the tolerance to heat, acid pH, non-
thermal atmospheric plasma and UV-C light of a collection of ESBL-producing E. coli
strains, isolated from foods of animal origin and from human patients, in order to find
associations between biofilm formation ability, resistance to food-associated stresses,
RpoS status, carriage of different ESBL encoding genes, and isolation source.

To develop through non-equilibrium atmospheric plasma anti-biofilm coatings on
stainless steel that modify the surface properties, and to thoroughly characterize their
morphology, physico-chemical properties and anti-biofilm activity against complex poly-
microbial biofilms formed from indigenous microbiota found in meat processing
environments.

To study the capacity of plasma activated water (PAW) to eliminate Listeria
monocytogenes biofilms on stainless steel and polystyrene, and the mechanisms of
L. monocytogenes inactivation by, and response to, PAW by testing the antimicrobial
activity of defined chemical solutions that mimic some PAW composition parameters
and the transcriptomic response of a L. monocytogenes strain to PAW through RNA-seq

based gene expression analysis.
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Abstract

The dissemination of extended-spectrum p-lactamase (ESBL)-producing Escherichia coli
continues to be an important health concern, with the food production chain as a suggested
reservoir for this group of bacteria. In this study, a collection of 31 strains, including
ESBL-producing E. coli strains isolated from foods of animal origin and from human patients and
reference collection strains, was evaluated regarding their biofilm formation ability, tolerance
to food-associated stresses (heat, acid, non-thermal atmospheric plasma (NTAP) and UV-C light)
and RpoS status. The most relevant phenotypic differences among strains were observed for
biofilm formation and heat resistance, and they were found related to the source of isolation of
the strains (clinical vs food vs reference strains), or to the sequence type (ST131 vs other STs),
while only minor differences were related to the occurrence of the ESBL genes blarem, blacrxm
and blasyy. The biofilm formation ability on stainless steel was significantly higher for the field
isolates, both clinical- and food-related, than for the reference strains. Also, food isolates were
significantly more resistant to heat treatments at 58 °C for 1 and 2 min than clinical isolates.
Minor differences among strain categories were observed for their tolerance to NTAP and UV-C
radiation. Some polymorphisms were detected in the rpoS gene sequences, but loss-of-function
mutations were not found in any case, with the clustering of strains being mainly based on their

sequence type.
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Abstract

Biofilms are considered an important source of microbial contamination in the food industry and
they can contribute to the persistence of foodborne pathogens like Listeria monocytogenes. In
previously published works (Fernandez-Gomez et al., 2022; Muro-Fraguas et al., 2021) we
described the development and characterization of an anti-biofilm coating applied with an
atmospheric-pressure plasma jet system on AISI 316 stainless steel that allowed a 90 %
reduction of biofilm formation by L. monocytogenes upon incubation at 12 °C for up to 12 days.
In the present study, its anti-biofilm activity against multispecies biofilms containing
L. monocytogenes (developed using indigenous microbiota from three different meat industries)
was evaluated using culture-dependent and culture-independent approaches. Also, the
disinfection effectiveness and biofilm evolution after sanitization with two food industry
biocides were assessed. A reduced anti-biofilm activity of the coating against L. monocytogenes
when grown on multispecies biofilms developed for 7 days at 12 °C with the indigenous
microbiota isolated from meat processing environments was observed. In addition, the resulting
taxonomic composition of the biofilms formed was highly dependent on the industry, although
it was not affected by the artificial inoculation with L. monocytogenes and the nature of the
surface (uncoated vs coated stainless steel). The growth of L. monocytogenes was partially
controlled in biofilms developed when this pathogen was artificially inoculated, being the
magnitude of this effect lower for the industry with the lowest taxonomy richness and diversity.
A 15-min disinfection treatments of the biofilms with either sodium hypochlorite or peracetic
acid at 0.5 % resulted in total viable and L. monocytogenes counts below the limit of detection
in most cases. However, the subsequent incubation of the sanitized plates for another 7 days at
12 °C led to biofilms with similar cell concentrations as before sanitization, although they
showed lower bacterial richness and alpha diversity but higher beta diversity. Even though
sodium hypochlorite was slightly less effective than peracetic acid immediately after application,
it caused a stronger growth control of the naturally present L. monocytogenes on the
multispecies biofilms developed. This finding suggests that sanitation strategies that avoid the
complete removal of competing members of the microbiota might be more favourable for the

long-term control of L. monocytogenes in food processing facilities.
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Abstract

Listeria monocytogenes is a foodborne pathogen that, due to its biocide tolerance and biofilm-
mediated ability to persist in industrial environments, continues to be a serious concern in the
food industry that demands the development of novel control strategies. In the present study,
plasma activated water (PAW) was evaluated as an alternative control strategy for
L. monocytogenes inactivation, both in planktonic state and in biofilms. PAW was generated
from tap water using a surface dielectric barrier discharge (SDBD) plasma working at different
conditions of discharge power (26 and 36 W) and activation time (5 and 30 min). The influence
of these generation conditions on PAW physico-chemical composition (pH and levels of
hydrogen peroxide, nitrates and nitrites) and antimicrobial efficacy against a cocktail of three
L. monocytogenes strains on planktonic state was firstly evaluated. The greatest
L. monocytogenes inactivation and concentration of reactive species and the lowest pH were
achieved under the most intense PAW generation conditions (PAW HM30, generated at 36 W
of discharge power with 30 min of activation time). PAW HM30 was subsequently used to study
its biofilm removal capacity and mode of action. A lower antimicrobial activity was observed for
the three-strain L. monocytogenes biofilms, with 15-min treatments achieving 4.6 log reductions
for planktonic cells but only 1.9 and 1.8 log reductions for biofilms formed on polystyrene and
stainless steel, respectively. The influence of the reactive species and pH on PAW inactivation
efficacy was evaluated by assessing the antimicrobial activity of chemical solutions that mimic
PAW HM30 composition against L. monocytogenes in planktonic state with an exposure time of
30 min. Additionally, a transcriptomic analysis of the response of L. monocytogenes ULE1265 to
PAW showed a general remodelling of carbon metabolism, with a strong upregulation of the
cobalamin-dependent gene cluster (CDGC), and the differential expression of some genes
related to the general stress response, controlled by the alternative sigma factor SigB, and to
virulence. Overall, our results show the potential of PAW as an alternative to traditional chemical
disinfectants in the food industry and contribute to the understanding of its mechanisms of

action.
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Discussion

Biofilm mediated colonization of surfaces and equipment by spoilage or pathogenic
microorganisms is an important concern in the food industry since biofilms can function as a
source for cross-contamination of food products and can reduce the efficacy of cleaning and
disinfection protocols, compromising food safety and quality (Alvarez-Orddfiez, Coughlan,
Briandet, & Cotter, 2019; Coughlan, Cotter, Hill, & Alvarez-Orddfiez, 2016; Larsen et al., 2014).
Therefore, great research efforts are being made to develop new strategies to remove biofilms
from industrial settings or to prevent their formation. These alternative approaches must be
more effective than the currently available ones as well as more economic and sustainable. A
better understanding of the factors modulating biofilm formation and the bacterial response to
environmental stresses prevailing in food processing can contribute to the development of novel

biofilm control approaches.

In this PhD Thesis, the biofilm formation ability of a large collection of strains from various
microorganisms of importance in the food industry (i.e., Cronobacter sakazakii,
Pseudomonas spp., Escherichia coli, Listeria monocytogenes), including both pathogenic and
spoilage bacteria, was evaluated on polystyrene and/or stainless steel. In addition, other
phenotypical characteristics of interest, such as the RpoS status, production of pigments, cellular
hydrophobicity, antibiotic resistance and tolerance to food-related stresses, were also
monitored to find associations between biofilm formation and other cellular features, and to
identify potential biomarkers of strong biofilm formation. Afterwards, two plasma-based biofilm
control strategies were investigated. The first one was focused on the prevention of biofilm
formation on industrial stainless steel surfaces through the application of a plasma-polymerized
anti-biofilm coating that modifies the physico-chemical properties of the surface. The second
one consisted on the use of plasma activated water (PAW) as an alternative to conventional

disinfectants against mature biofilms of Listeria monocytogenes.

4.1. Inter- and intra-species variability in biofilm formation

Along the PhD Thesis, the biofilm formation ability of a collection of 10 Cronobacter sakazakii,
31 Escherichia coli, 33 Pseudomonas spp. and 3 Listeria monocytogenes strains isolated from
different sources was evaluated on polystyrene and/or on stainless steel. Comparing the results
obtained when the same culture conditions were used, i.e. BHI broth as culture media and an
incubation time of 24 h at 37 °C (Figure 1), a high inter-and intra-species variability was observed
regarding biofilm formation, and, in general, Pseudomonas spp. strains showed higher biofilm
formation levels. Thus, the observed mean and SD values of ODsgs v for biofilms formed on

polystyrene were of 1.82+2.57 for Pseudomonas spp., 0.31+0.22 for E. coli and 0.11+0.08 for
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C. sakazakii. Similarly, when biofilm formation was evaluated on stainless steel, only for
Pseudomonas spp. and E. coli, these taxa showed mean values of ODsesnm of 1.81+2.03 and
0.36+0.28, respectively. The observed generally higher biofilm formation by the Pseudomonas
spp. strains compared to the E. coli, C. sakazakii and L. monocytogenes ones is in agreement
with the well-known strong ability to form biofilms shown by the microorganisms from the
Pseudomonas genus (Meliani & Bensoltane, 2015; Mgretrg & Langsrud, 2017). In this case, it
might also be related to the source of isolation since all the Pseudomonas spp. strains were
isolated from food processing environments while the C. sakazakii strains were clinical isolates
and the E. coli strains were either isolated from clinical specimens or food products. Additionally,
as described in Chapter 5, when the indigenous microbiota from meat industries was used to
develop biofilms on stainless steel, the relative abundance of the Pseudomonas genus was
higher in the biofilms formed after 7 days at 12 °C than on the initial inocula, which indicates
that Pseudomonas is one of the members of the microbiota of the industries with the best

biofilm formation capacity.

Species C. sakazakii . E. coli L. monocytogenes . Pseudomonas spp.

Biofilm formation on SS (24 h, 37 °C)

ODsgsnm

o

._._L..-.ﬁ___..._..-_l_._.._._. l Iiﬁ.|iiai ‘ *_|i|i iilili"i._II

Biofilm formation on polystyrene (24 h, 37 °C)

ODsgsnm

w

1‘..-—--—-ﬁ_-*-‘ﬁ_iia-i‘_i_--_'_aﬁi iii'i.l'Iilﬁiiiﬁ..ii.'.ili;in‘ I
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Figure 1. Biofilm formation by C. sakazakii, E. coli, Pseudomonas spp. and L. monocytogenes on
(A) stainless steel and (B) polystyrene in BHI broth after incubation at 37 °C for 24 h.
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The influence of the surface nature (stainless steel vs polystyrene) on the microorganisms’ ability
to develop biofilms was variable depending on the genus. In the case of the Pseudomonas spp.
collection, even though only small differences were detected between the mean values of
ODsgs nm, the biofilm formation ability of individual strains was different based on the surface
type, as shown in Figure 1. However, biofilm formation by E. coli and C. sakazakii strains was
barely influenced by the nature of the surface. Pseudomonas spp. strains presented the highest
intra-species biofilm formation variability, showing a coefficient of variation of 1.12 on stainless
steel and 1.55 on polystyrene and most of the strains were classified as moderate (41.9 % of the
strains on stainless steel and 38.7 % of the strains on polystyrene) or strong biofilm producers
(35.5 and 54.8 % on stainless steel and polystyrene, respectively). Lower intra-species variability
was observed for E. coli strains, with a coefficient of variation of 0.77 on stainless steel and 0.72
on polystyrene, and most of the strains classified as weak (36.4 %) and moderate (51.5 %) biofilm
producers on stainless steel, and as moderate (45.5 %) and strong (33.3 %) biofilm producers on
polystyrene. C. sakazakii strains showed also a low intraspecies variability, similar to that of E.
coli, with a coefficient of variation of 0.77 on polystyrene and all of the strains classified as no

biofilm producers (66.7 %) or weak biofilm producers (33.3 %).

The effect of multiple culture conditions in the biofilm formation ability of the strains was
studied for the C. sakazakii collection, including different growth media (brain heart infusion
(BHI) and minimum medium (MM)), pH values (media non-buffered or buffered to pH 7.0) and
the supplementation with amino acids (arginine, lysine and glutamic acid). Despite the observed
intra-species variability, biofilm formation levels were higher in MM, especially when it was
buffered at pH 7.0, than in BHI broth, indicating that low-nutrient conditions favour biofilm
development while the natural acidification in the non-buffered media had the opposite effect,
as previously described (Ariafar, Buzrul, & Akgelik, 2016; Tack, Nimmegeers, Akkermans,
Hashem, & Van Impe, 2017). The supplementation of the culture media with arginine, lysine or
glutamic acid barely affected biofilm formation and differences were only noticeable in buffered
MM, which suggest that the variations are caused by the availability of amino acids and not by
the activation of the homeostatic amino acid dependent decarboxylase systems, as these are
only activated under low pH conditions (Richard & Foster, 2004). Subsequently, the biofilm
formation ability on the two surface materials (stainless steel and polystyrene) was assessed
using the buffered (pH 7.0) MM supplemented with lysine as culture medium and a generally
higher biofilm formation was found on stainless steel than on polystyrene. This observation was

not easily comparable to findings in the literature due to the differences in the strains and
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methodology used and the lack of consensus in results (lversen, Lane, & Forsythe, 2004; Kim,

Ryu, & Beuchat, 2006).

The biofilm formation of the 3 L. monocytogenes strains included in this PhD Thesis for the
optimization of anti-biofilm coatings was only evaluated on stainless steel, showing a mean
ODsgs nm Of 2.4441.57 (Figure 1A). This high biofilm formation levels are due to the intentional
selection of strong biofilm forming strains aimed at better observing the potential anti-biofilm
activity of the tested developed coatings. Also, it is important to highlight that the biofilm
formation ability by the two strains isolated from meat processing environments, with mean
values of ODsgs nm Of 2.97+1.13 and 5.00+0.94, was higher than that of the reference strain from

the Spanish Type Culture Collection (CECT), which showed a mean ODsgs nm of 1.87+1.19.

4.2. Diversity in functionality and role in biofilm formation of the general stress response
regulator RpoS

In Gram-negative bacteria, the alternative sigma factor RpoS, encoded by the rpoS gene,
regulates the general stress response of stationary-phase cells (Battesti, Majdalani, &
Gottesman, 2010; Weber, Polen, Heuveling, Wendisch, & Hengge, 2005; Wong et al., 2017).
Moreover, the rpoS gene has been also shown to play a major role in the establishment of
mature biofilms in E. coli through shifts in global gene expression that affect not only the
response to stresses but also energy metabolism and motility (Ito et al., 2008; Ren et al., 2004).
It has been described, for E. coli and Salmonella spp., that the chromosomic region where the
rpoS gene is located is highly polymorphic, which leads to high phenotypic diversity among field
isolates (Ferenci, 2003; Larsen et al., 2014; Robbe-Saule, Algorta, Rouilhac, & Norel, 2003; Saxer
et al., 2014). In this PhD Thesis, the influence of rpoS gene polymorphisms on biofilm formation

ability was evaluated for the field isolates of Pseudomonas spp., E. coli and C. sakazakii.

Regarding the C. sakazakii strains, the highly polymorphic nature of this gene was previously
described by Alvarez-Ordéfiez et al.(2012) and, for the 9 C. sakazakii natural isolates included in
this PhD Thesis, 7 single nucleotide polymorphism (SNP) positions and 5 alleles were described.
While 4 of the strains presented single substitutions on the amino acid sequence that did not
affect the biofilm formation ability, one strain showed a 843-bp deletion including the first 174
bp of the rpoS open reading frame. This loss-of-function mutation resulted in reduced stress
tolerance, as shown in Alvarez-Ordéfiez et al.(2012), and, as described in this PhD Thesis, in

lower biofilm formation levels.
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The lower biofilm production observed both on stainless steel and polystyrene for the
C. sakazakii strain that presented the loss-of-function mutation in the rpoS gene compared to
the rest of tested strains, was confirmed through confocal laser scanning microscopy (CLSM) on
glass-bottom 96-well plates. These findings are in agreement with the previously described
importance of the alternative sigma factor RpoS in E. coli biofilm formation (Adnan et al., 2017;
Alvarez-Ordéfiez et al., 2013; Battesti et al., 2010; Ito et al., 2008; Ito, May, Taniuchi, Kawata, &
Okabe, 2009). To further characterize the influence of the lack of a functional rpoS gene on
C. sakazakii biofilm formation, a C. sakazakii complemented strain constitutively expressing a
functional rpoS gene, previously constructed and described by Alvarez-Ordofiez et al. (2012),
was introduced in the study. This complementation resulted in an enhanced biofilm formation
after 24 h of incubation, on all the different tested abiotic surfaces, up to levels similar to those
of C. sakazakii strains with a functional rpoS gene. However, after 48 h of incubation, the
differences in biofilm formation between the C. sakazakii strain with the loss-of-function
mutation in the rpoS gene and its complemented counterpart were no longer statistically
significant. Additionally, the study of the biofilm architecture by CLSM and scanning electron
microscopy (SEM) showed a similar scenario, with a more similar biofilm architecture between
both strains after 48 h of incubation. These results seem to indicate that the lack of RpoS caused
a delay in the development of mature biofilms, rather than a complete inhibition of biofilm
production in C. sakazakii. Nevertheless, the universality of that conclusion should be confirmed
using other C. sakazakii strains and further investigation is needed regarding the genetic

mechanisms responsible for the observed delay in biofilm formation.

On the contrary, no association between rpoS polymorphisms and biofilm formation ability were
observed on the tested Pseudomonas spp. and E. coli strain collections. In the case of the
Pseudomonas spp. strain collection, the sequencing of the rpoS gene showed low variability
among the analysed strains, with 31 single-nucleotide polymorphism (SNP) positions and 10
identified alleles that only resulted in changes in the amino acid sequence of the RpoS protein
in 2 strains. One of these strains presented a frameshifting insertion and a premature stop codon
at the end of the coding sequence while the other strain showed a substitution that resulted in
a neutral change in the amino acid sequence. Even though the importance of RpoS has been
previously described for multiple Pseudomonas species (Bouillet, Ba, Houot, lobbi-Nivol, &
Bordi, 2019; Liu, Xu, Zhu, Du, & Sun, 2019; Schuster, Hawkins, Harwood, & Greenberg, 2004; Suh

et al., 1999), no clear clustering based on biofilm formation ability was observed (Figure 2).
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Figure 2. Rooted neighbour-joining phylogenetic tree of the rpoS gene sequences from the
P. aeruginosa strains constructed by R studio software.

Similarly, the genetic diversity in the rpoS gene sequence for the studied E. coli strains was also
low, with 11 SNP positions and 10 alleles being identified. These nucleotide polymorphisms
resulted in 2 non-conservative changes in the amino acid sequence of 2 E. coli strains,
respectively. However, no clear associations between rpoS sequence polymorphisms and biofilm

formation ability were observed either (Figure 3).

Overall, out of the 74 strains included in this PhD Thesis, only one strain was found to have a
compromised functionality of RpoS, due to a premature stop codon. The study of this strain,
which belongs to C. sakazakii, confirmed the importance of the alternative sigma factor RpoS in
biofilm formation, with the lack of a functional RpoS being associated with a delay in the
development of mature biofilms but not to a complete inhibition of biofilm production. The
relevance of RpoS for mature biofilm formation has been previously demonstrated in E. coli and
Pseudomonas, but these observations could not be confirmed in this PhD Thesis due to the

absence of strains from these species with compromised RpoS functionality.
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Figure 3. Rooted neighbour-joining phylogenetic tree of the rpoS gene sequences from the
E. coli strains constructed by R studio software.

4.3. Evaluation of potential relations between biofilm formation ability, tolerance to food-
stressors and resistance to B-lactam antibiotics in E. coli

Sigma factor transcriptional regulators, including RpoS in Gram-negative bacteria, have been
proposed as a possible molecular mechanism responsible for an association between antibiotic
resistance and tolerance to food-associated stress conditions (Liao et al., 2020). In this PhD
Thesis, the collection of 31 E. coli strains, including 27 extended-spectrum B-lactamase (ESBL)
producing strains, was screened regarding their RpoS status, biofilm formation ability and
tolerance to different food-related stresses (heat, acid, non-thermal atmospheric plasma (NTAP)
and UV-Clight) in order to investigate the occurrence of associations between those phenotypes
and the carriage of ESBL genes. ESBL-producing Enterobacteriaceae have become a major public
health concern, since the production of these enzymes confers resistance to penicillins, first-,
second-, third-, and fourth-generation cephalosporins, and to aztreonam, reducing the efficacy
of many antibiotic therapies (Chong, Shimoda, & Shimono, 2018; Doi, lovleva, & Bonomo, 2017;
Kawamura et al., 2017). In fact, the continuous and worldwide dissemination of ESBL-producing

E. coli has led to their inclusion on the World Health Organization (WHO) list of critical priority
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pathogens for the discovery of new antibiotics in 2017 (WHO, 2017). The food production chain
has been described as a possible transmission route of this group of bacteria from livestock to
humans (Alegria et al., 2020; Bergspica, Kaprou, Alexa, Prieto, & Alvarez-Ordodiiez, 2020; Day et
al., 2019; Kaesbohrer et al., 2019; Tekiner & Ozpinar, 2016). The collection of E. coli strains
evaluated in this PhD Thesis included 15 ESBL-producing strains of clinical origin, mainly from
ST131, 12 ESBL-producing strains of food origin, from a wide range of STs different to ST131, and

4 reference strains.

The previously described polymorphisms in the rpoS gene were not associated with notably
different biofilm formation abilities or resistance to food-related stresses, as already pointed
out above. This is probably due to the absence of isolates in the collection with loss-of-function
mutations in the rpoS gene. However, the constructed phylogenetic tree constructed with the
nucleotide sequences showed a clustering of the rpoS sequences by sequence type of the
strains, with isolates of clinical origin (mainly from ST131) clustering separately from isolates of
food origin (from a range of other STs). The composition of the strain collection used is in
agreement with the widely described predominance of ST131 among hospital-derived ESBL-

producing E. coli (Chong et al., 2018; Nicolas-Chanoine, Bertrand, & Madec, 2014).

The biofilm formation ability on stainless steel of the E. coli strains included in this PhD Thesis
was higher for the field isolates, both clinical- and food-related, than for the reference isolates,
but no significant influence of the source of isolation was observed for the biofilms developed
on polystyrene. These results could be attributed to the selection of strains with increased ability
to form biofilms as a mean to survive the frequent sanitization protocols that are applied on
hospitals and food processing plants. Additionally, some differences in biofilm formation were
observed between groups of E. coli isolates based on the carriage of the ESBL genes blar:n and
blasuy, with the presence of blasyy being associated with lower biofilm formation and the

presence of blaren with a higher biofilm development.

The phenotypic diversity regarding heat, acid, NTAP or UV-C light tolerance was limited and,
again, most of the significant differences were related to the source of isolation and/or the
sequence type while the carriage of the ESBL genes blarem, blacix-m or blasyy showed minor
associations with the strains” stress tolerance. The strongest associations were found for heat
resistance, with clinical isolates being more sensitive than food and reference strains. This higher
tolerance of food isolates might be related to the common exposure to moderate thermal
treatments in food production. Additionally, strains belonging to the ST131 and strains carrying

the blacrx-m gene were more sensitive to the heat treatments. The carriage of plasmids has been
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usually linked to a fitness cost for the bacteria even though some studies have shown that
certain E. coli lineages with ESBL-carrying plasmids have enhanced virulence while maintaining

the fitness (Dimitriu et al., 2019; Ranjan et al., 2018; Schaufler et al., 2016).

The similar associations obtained in this PhD Thesis for clinical isolates and ST131 strains are
likely due to the predominance of that ST among the clinical ESBL-producing E. coli strains
tested. Likewise, in the E. coli strain collection studied in this PhD thesis, the blacx-m gene was
detected in 93 % of the clinical isolates but only in 33 % of the food isolates, and these
differential distribution of blacrx.m carrying isolates among clinical and food E. coli isolates could
influence the observed lower heat resistance of this group of strains. The presence of heat-
resistant ESBL-producing E. coli strains has been previously described on the dairy industry and
on isolates from hospital patients, highlighting their potential to survive heat-treatments and to
act as a reservoir of plasmids encoding ESBL in those settings (Boll, Frimodt-Mgller, Olesen,
Krogfelt, & Struve, 2016; Marti et al., 2016). Regarding acid, NTAP and UV-C light tolerance, only

minor differences among the studied strain categories were observed.

Altogether, in the E. coli strain collection evaluated in this PhD Thesis no strong associations
were found between the carriage of the ESBL genes blarem, blacrxm and blasyy or the
polymorphisms in the rpoS gene and the strains” biofilm formation ability and resistance to food-
related stresses such as heat, acid, NTAP and UV-C radiation. Instead, a notable influence of the
source of isolation (food vs clinical vs reference), which was closely linked to the ST (ST131 vs
other STs), was observed for biofilm formation ability and heat resistance. Biofilm formation
levels were generally higher on field isolates (food and clinical) than on reference strains and
clinical isolates were more sensitive to heat treatments than food-related and reference strains.
These results contribute to the available knowledge on the role of the food chain in the spread

of ESBL-producing E. coli.

4.4, Identification of biomarkers of biofilm formation in Pseudomonas

Apart from rpoS polymorphisms, various phenotypic characteristics that can influence biofilm
formation (Banin, Vasil, & Greenberg, 2005; Hassett et al., 1996; Kang & Kirienko, 2017; Suh et
al.,, 1999) were also monitored in the Pseudomonas spp. strain collection. Thus, cellular
hydrophobicity, colony pigmentation, pyoverdine production and catalase activity were
evaluated in the search for biomarkers of strong biofilm formation. Several Pseudomonas
species, including the opportunistic pathogen Pseudomonas aeruginosa, are known to cause
spoilage of chilled foods (Caldera et al., 2016; de Oliveira, Favarin, Luchese, & MclIntosh, 2015;

Raposo, Pérez, Faria, Ferrus, & Carrascosa, 2016) and there is a need for developing rapid tests
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based on the monitoring of biomarkers that could be used for the early detection of persistent
spoilage isolates, facilitating cleaning and disinfection strategy management in food processing

environments.

The screening of catalase production by the Pseudomonas spp. strains was included as an
indirect indicator or RpoS status, since a reduction in catalase production, with the subsequent
increase in sensitivity to hydrogen peroxide, has been described in microorganisms with loss-of-
function mutations in the rpoS gene (Suh et al., 1999). However, no clear associations between
catalase activity and biofilm formation were found for the Pseudomonas spp. strain collection,

which agrees with the previously described low variability in the rpoS amino acid sequences.

The colony pigmentation on solid media was evaluated as a possible biomarker since this feature
has been previously proposed as an indicator of pathogenicity and, also, blue pigment
production has been linked to higher biofilm production ( Liu & Nizet, 2009; Rossi et al., 2018).
Although a high inter- and intra-species variability in biofilm formation was observed in the
Pseudomonas spp. collection, biofilm formation levels were significantly higher on the green-
pigmented strains, both on stainless steel and polystyrene, but no statistical differences were
observed for the biomass calculated from CLSM analyses. In order to test the possible influence
of the different material surface properties (stainless steel vs polystyrene vs glass), the
wettability of the strains was evaluated by an adhesion-to-hydrocarbon protocol (Hsu, Fang,
Borca-Tasciuc, Worobo, & Moraru, 2013). Although cellular hydrophobicity has been previously
linked to stronger biofilm formation in Pseudomonas putida (Baumgarten et al., 2012) and P.
aeruginosa (Mirani et al., 2018), in this PhD Thesis no clear associations were observed.
Nevertheless, strain cellular hydrophobicity was significantly higher for the P. aeruginosa

isolates than for the ones belonging to other Pseudomonas species.

Considering the observed relation between biofilm formation and strain pigmentation on solid
media, the production of pyoverdine, a siderophore involved in extracellular iron acquisition and
responsible for Pseudomonas spp. green coloration (Hoegy, Mislin, & Schalk, 2014; Llamas et al.,
2006), was investigated. However, no clear association between pyoverdine production and
biofilm formation ability was observed. Instead, the most influential factor was the
Pseudomonas species (P. aeruginosa vs other Pseudomonas species), with P. aeruginosa strains
showing higher pyoverdine production. Remarkably, no statistically significant differences
regarding pyoverdine production were found among the three pigmentation groups, even
though higher values were in general obtained for green and brown strains than for not

pigmented strains. While several researchers have shown a strong association between biofilm
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formation and production of pyoverdine and other pigments in reference strains of P.
aeruginosa and Pseudomonas fluorescens (Dave et al., 2020; Llamas, Imperi, Visca, & Lamont,
2014; Rossi et al.,, 2018), other studies using collections of field isolates suggest a strain-
associated character for this relation (Kang, Turner, & Kirienko, 2018; Milojkovi¢ et al., 2020).
The temperature has also been shown to have an effect in these findings since higher biofilm
biomass was previously observed on selective media at 15 °C for P. fluorescens and

Pseudomonas gessardii strains with colored colonies (Quintieri et al., 2020).

The possible relation between colony pigmentation, siderophore production and biofilm
formation was further evaluated through the study of the effect of iron availability on biofilm
production on stainless steel. For this, various strains representative of each pigmentation
category (not pigmented, brown and green) were selected to compare their biofilm formation
ability in BHI broth supplemented with two concentrations of an iron scavenger, 2,2-bipyridine
(22BP), and in non-supplemented BHI broth. A coordinated regulation of Pseudomonas iron-
uptake and biofilm formation has been previously described (Llamas et al., 2014) and limiting
iron availability through the addition of 22BP to the growth media has been related to reduced
biofilm formation on several Bacillus cereus strains (Hayrapetyan, Muller, Tempelaars, Abee, &
Groot, 2015), as well as on a reference strain of P. aeruginosa (O’'May, Sanderson, Roddam,
Kirov, & Reid, 2009). However, in the current study, biofilm production was not significantly
affected by the addition of the iron scavenger 22BP, regardless of the strain pigmentation. These
results are in agreement with the observations made by O’'May et al. (2009) for some P.

aeruginosa clinical isolates, which were unaffected by 22BP media supplementation.

Overall, the phenotypic heterogeneity observed for the majority of the potential biomarkers
studied, including pyoverdine production, catalase activity and cellular hydrophobicity, was
predominantly dependent on the Pseudomonas species rather than on the biofilm formation
capacity. However, the green colony pigmentation on solid media has been identified as a
potential biomarker of strong biofilm formation on stainless steel and polystyrene both in
P. aeruginosa and Pseudomonas spp. These results need to be confirmed on a larger and more

diverse collection of Pseudomonas field isolates under different culture conditions.

4.5. Towards novel biofilm control strategies: development and characterization of a plasma-
polymerized anti-biofilm coating

Conventional methods of cleaning and disinfection applied in the food industry often show
limited efficacy for the complete removal of mature biofilms. Biocides are less effective towards

cells encased in biofilms than on planktonic state and, even if they are adequately used, the
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presence of niches where microorganisms are exposed to sub-inhibitory concentrations can lead
to the selection of resistant microorganisms (Alvarez-Ordéiiez et al., 2019; Langsrud, Sidhu, Heir,
& Holck, 2003; Larsen et al., 2014; Skowron et al., 2019). Additionally, the resident microbiota
that colonizes food processing environments forms complex multispecies biofilms that
frequently show higher resistance than their single species counterparts to disinfectants
(Fagerlund et al., 2017; Li et al., 2021). These issues together with the potential environmental
pollution and the consumers’ negative perception of chemical substances are leading research
efforts towards the development of novel biofilm control strategies, including the prevention of
biofilm formation by reducing the initial bacterial adhesion to surfaces (Gray et al., 2018;
Mazaheri, Cervantes-Huaman, Bermudez-Capdevila, Ripolles-Avila, & Rodriguez-lerez, 2021).
Among the different approaches available to achieve an anti-biofilm effect, the application of
coatings that modify both the chemical and morphological characteristics of surfaces (Cao et al.,
2018; Coughlan et al., 2016; Faure et al., 2012; Friedlander, Nir, Reches, & Shemesh, 2019;
Zhong, Pang, Che, Wu, & Chen, 2013) was the one tested in this PhD Thesis.

For the optimization of anti-biofilm coatings, the biofilm formation levels by two strains of the
major foodborne pathogenic microorganisms E. coli and L. monocytogenes were tested on a
total of 20 coatings applied on stainless steel by NTAP-polymerization. Two coatings, AP10+AA6
and AP10+TES6, that consisted on a base coating of (3-aminopropyl)triethoxysilane (APTES) and
a functional coating of acrylic acid (AA) or tetraethyl orthosilicate (TEOS), were selected for their
anti-biofilm activity against L. monocytogenes, achieving a 45 and 74 % reduction, respectively,
in biofilm formation at 37 °C for 24 h. After this initial screening, where biofilms were incubated
for 24 h at 37 °C and biofilm development was assessed by spectrophotometric determination
of the fixed crystal violet, these two selected coatings, together with a new coating (AP10+SA6),
with the same base coating and a functional coating of succinic acid (SA), were characterised in
detail in an extended experimental set up where a lower temperature of 12 °C with longer
incubation times, of up to 12 days, were used as a closer representation of conditions found in
food processing environments. Also, the anti-biofilm activity of the coatings was evaluated
against two additional L. monocytogenes strains, isolated from a meat industry, and the results
were confirmed by direct visualization of the biofilms through SEM. The highest anti-biofilm
activity was obtained for the AP10+AA6 coating, which achieved a 90 % reduction in biofilm

formation by the different L. monocytogenes strains after incubation at 12 °C for up to 12 days.

The mechanisms responsible for the observed anti-biofilm activity were investigated through
the morphological and physico-chemical characterization of the three selected coatings by

atomic force microscopy (AFM), SEM, X-ray photoelectron spectroscopy (XPS) and water contact
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angle (WCA) measurement. The analysis of the surface topography showed that smoother
surfaces, such as those of the coating AP10+AA6, might limit L. monocytogenes adhesion and
biofilm formation. The APTES base coating not only provided mechanical resistance and
adhesion to the surface but also created a smoother surface, reducing the occurrence of the
characteristic grooves of stainless steel that potentially provide shelter and an increased contact
area for microorganisms (Lorenzetti et al., 2015; Medilanski, Kaufmann, Wick, Wanner, &
Harms, 2002; Mosquera-Fernandez, Rodriguez-Lopez, Cabo, & Balsa-Canto, 2014; Verran, Rowe,
& Boyd, 2001; Wu, Zhang, Liu, Suo, & Li, 2018). The measurement of the wettability of the
coatings showed the strong hydrophilic character of the most effective anti-biofilm coating
(AP10+AA6), which presented the lowest WCA (18.74°), while the uncoated stainless steel was
more hydrophobic, with a WCA of 89.45°. These observations suggested the formation of a
hydration layer bound to the coating surface that would limit the interaction of bacterial
proteins with the surface, reducing the initial bacterial adhesion necessary for biofilm
development (Bazaka, Jacob, Chrzanowski, & Ostrikov, 2015; Oh et al., 2018; Peng, Song, & Fort,
2006; Sardella, Palumbo, Camporeale, & Favia, 2016; Yuan, Hays, Hardwidge, & Kim, 2017,
Zheng et al., 2005). Additionally, the XPS chemical characterization revealeda relation between
the abundance of oxygen polar groups (C-O, C=0, 0-C=0) and the increased surface
hydrophilicity. The influence of biofilm development conditions, at 37 or 12 °C, on the anti-
biofilm activity of the coatings was associated to the described effect of growth temperature on
bacterial hydrophobicity and surface attachment (Abdallah et al., 2019; Di Bonaventura et al.,
2008; Lee, Hébraud, & Bernardi, 2017). In fact, L. monocytogenes strains showed higher cellular
hydrophilicity at 12 °C, conditions at which the stronger anti-biofilm activity of the best coating
AP10+AA6 was observed.

The promising results obtained with the coating AP10+AA6 against monospecies biofilms of
L. monocytogenes, especially at lower temperatures, which would facilitate its implementation
in the food industry, encouraged the additional characterization of this coating. Therefore, its
anti-biofilm efficacy against complex multispecies biofilms containing L. monocytogenes, and
after exposure to two common disinfectants (sodium hypochlorite and peracetic acid), was

subsequently evaluated through culture-dependent and culture-independent approaches.

In Chapter 5 of this PhD Thesis, indigenous microbiota samples recovered from food-contact and
non-food-contact surfaces on three meat processing plants were used to develop biofilms, with
and without artificial inoculation with L. monocytogenes, on coated and on uncoated stainless
steel plates incubated at 12 °C for 7 days. Similar biofilms, in bacterial load and taxonomic

composition, were developed on coated and uncoated stainless steel, and a limited efficacy of

62



Discussion

the coating against L. monocytogenes in the multispecies biofilms was observed, even though
some anti- or pro-biofilm tendencies were found for the different industries. Culture-
independent analyses showed a high similarity between the microbial community composition
of biofilms formed on coated and uncoated stainless steel. Interestingly, an industry-dependent
partial control of L. monocytogenes, both naturally present or artificially inoculated, on
multispecies biofilms was observed, with this effect being less marked for the industry
indigenous microbiota that presented the lowest taxonomy richness, diversity and initial
microbial load. In addition to the differences in biofilm taxonomic composition amongindustries,
important changes were detected from the initial industrial inocula to the biofilms developed
on stainless steel after 7 days at 12 °C. While the most abundant genera in the industrial inocula
before biofilm development were Psychrobacter, Kocuria and Acinetobacter, on the mature
biofilms Pseudomonas, Brochothrix, Carnobacterium and Vagococcus were the predominant
genera, suggesting their higher potential to colonize stainless steel surfaces under the studied
conditions. These genera are among those more frequently dominating in meat processing
environments and their cooperative, competitive or neutral interactions with L. monocytogenes
have been previously described (Ammor, Tauveron, Dufour, & Chevallier, 2006; Bassey, Ye, Li, &
Zhou, 2021; Daneshvar Alavi & Truelstrup Hansen, 2013; Hassan, Birt, & Frank, 2004; Lourenco,
Machado, & Brito, 2011; Mgretrg & Langsrud, 2017; Nilsson et al., 2005; Ripolles-Avila, Guitan-
Santamaria, Pizarro-Giménez, Mazaheri, & Rodriguez-lerez, 2022; Rodriguez-Lépez, Saa-

Ibusquiza, Mosquera-Fernandez, & Lopez-Cabo, 2015; Wiernasz et al., 2017).

The 15-min disinfection treatments with 0.5 % of sodium hypochlorite and peracetic acid
resulted in important reductions of total viable counts and counts of L. monocytogenes, which
reached levels below the limit of detection in almost all cases. A higher efficacy was found for
peracetic acid under the conditions used in this PhD Thesis. However, the subsequent incubation
of the sanitized plates with fresh BHI media for another 7 days at 12 °C led to biofilms with
similar cell concentrations as before sanitization. Culture-independent analyses of the biofilm
communities showed again the influence of the industry but not of the artificial inoculation with
L. monocytogenes or the nature of the surface. The comparison with the taxonomical
composition of biofilms before sanitization showed a reduction on the richness and alpha
diversity of the communities as well as changes in the relative abundance of various genera,
even though it was not possible to identify any general pattern of selection or inhibition.
L. monocytogenes was detected on the multispecies biofilms after disinfection, as has been
previously observed by other authors (Fagerlund et al., 2017; Pan, Breidt, & Kathariou, 2006).

Nevertheless, the counts of L. monocytogenes naturally present in multispecies biofilms were
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higher in biofilms treated with peracetic acid than in those treated with sodium hypochlorite,
even when this latter disinfecting agent seemed to be less efficient immediately after
application. Similarly, Ripolles-Avila et al. (2019) described a higher growth of L. monocytogenes
after the complete elimination or drastic reduction of the indigenous microbiota from surfaces

in @ meat processing plant.

Altogether, these results show the need to continue improving the selected anti-biofilm coating
and the importance of including multispecies biofilms that represent the microbiota found on
the industrial environments when assessing the effectiveness of biofilm prevention or removal
strategies. Besides, they suggest that a sanitization able to preserve interspecific competitive
relationships between the members of the indigenous microbiota and L. monocytogenes might
end up being more beneficial for the long-term persistence control of the pathogen in food

processing facilities.

4.6. Towards novel biofilm control strategies: plasma activated water for the inactivation of
Listeria monocytogenes in planktonic and biofilm state

The use of water activated by exposure to non-thermal atmospheric-pressure plasma (known as
Plasma Activated Water, PAW) as an alternative to traditional sanitizers in the food industry has
gained interest in the last few years, due to its advantages such as storage capacity, offsite
generation, possibility for self-sanitation and reactivation, and sustainable production (Herianto
et al., 2021; Ldépez et al., 2019; Zhao et al., 2020). Multiple generation parameters are known to
influence PAW composition and antimicrobial efficacy, which is attributed to a synergistic effect
between the low pH and the presence of reactive oxygen and nitrogen species (RONS) (Naitali,
Kamgang-Youbi, Herry, Bellon-Fontaine, & Brisset, 2010; Zhou et al., 2018). Several studies have
demonstrated the potential of PAW in the inactivation of microorganisms in planktonic state,
but its efficacy against biofilms has been shown to be lower, with the protection offered by the
matrix of extracellular polymeric substances (EPS) and the heterogenicity in the physiological
cell state being some of the proposed reasons (Hozék et al., 2018; Mai-Prochnow et al., 2021;
Smet et al.,, 2019; Zhao et al., 2020). In this PhD Thesis, PAW generation conditions were
optimized based on its chemical composition and antimicrobial efficacy against
L. monocytogenes in planktonic state. Afterwards, the efficacy of a selected PAW against
L. monocytogenes biofilms formed on stainless steel and polystyrene was evaluated and its
mechanisms of inactivation were investigated through the use of chemical solutions that mimic

PAW composition and by RNA-seq based gene expression analyses.
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The initial screening showed that higher plasma discharge powers and longer activation times
resulted in lower pH values and higher RONS levels and antimicrobial activity against a three-
strain L. monocytogenes cocktail in planktonic state. The high mode (power of 36 W) and 30 min
activation time combination was selected as the best PAW generation condition, achieving
4.610.1 log reductions after 15-min PAW treatment. This PAW (HM30) showed a pH of 2.310.01
and a concentration of nitrates, nitrites and hydrogen peroxide of 32.35+5.55, 462.31+1.21 and
8.80+0.36 mg/L, respectively.

PAW HM30 was used to treat three-strain L. monocytogenes monospecies biofilms formed for
6 days at 12 °C. The observed microbial inactivation was lower than in planktonic state but it
was still possible to achieve 1.9+0.1 and 1.840.2 log reductions in polystyrene and stainless steel,
respectively, after a 15-min treatment. In planktonic state, a 30-min treatment with PAW HM30
allowed to reach a complete inactivation (below log 1.02 CFU/cm?, the limit of detection of the
plate counting method), while, for biofilms, the treatments time had to be extended to 60 min
or more to achieve a complete inactivation. Also, a log-linear inactivation kinetic with estimated
D-values of 11.3 and 11.2 min on stainless steel and polystyrene, respectively, was found for
biofilm cells. The observed lower killing rate of PAW against biofilms compared to planktonic
cells has been described by several authors, even though different PAW generation systems,

strains and culture conditions were used (Mai-Prochnow et al., 2021; Smet et al., 2019).

In order to study the PAW mechanism of inactivation, the three-strain L. monocytogenes cocktail
in planktonic state was exposed for 30 min to different chemical solutions that mimic PAW
HM30 pH and composition in certain long-lived species (nitrates, nitrites and hydrogen
peroxide), in order to evaluate their contribution to the antimicrobial activity. The acidified
solution including the three studied RONS, at the same concentration as PAW HM30, was the
most effective, followed by the solution just with adjusted pH 2.3, while barely any inactivation
was observed for the individual solutions with nitrate, nitrite or hydrogen peroxide. However,
the inactivation levels achieved with the chemical solutions were always lower than with PAW
HM30, indicating that other reactive species might be playing a key role in PAW antimicrobial
activity. These results do not completely align with the findings by other authors, since the low

pH alone generally results is lower inactivation (Naitali et al., 2010; Zhou et al., 2018).

The changes in L. monocytogenes gene expression in response to PAW HM30 exposure were
analysed by RNA-seq, both on biofilm and planktonic state. While a total of 399 differentially
expressed genes (DEGs), both upregulated and downregulated, were identified for treated

planktonic cells, a very low number (8) of DEGs, all of them upregulated, were detected for
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biofilms cells due to the high variability between replicas. The transcriptomic response showed
a general remodelling of carbon metabolism, that resulted in the up- and downregulation of
multiple phosphoenolpyruvate (PEP)-dependent phosphotransferase systems (PTSs),
responsible for specific carbohydrate transport (Stoll & Goebel, 2010). Also, a strong induction
of the cobalamin-dependent gene cluster (CDGC), involved in ethanolamine and
1,2-propanediol metabolism and related to virulence and response to food associated stresses
in L. monocytogenes (Anast, Bobik, & Schmitz-Esser, 2020; Fuchs, Eisenreich, Kern, & Dandekar,
2012) was observed, both in planktonic and biofilm cells. Additionally, the PAW treatment
modified the expression of some genes involved in the general stress response, controlled by
the alternative sigma factor SigB (Alvarez-Orddiiez, Broussolle, Colin, Nguyen-The, & Prieto,
2015; Liu et al., 2019), including the upregulation of a gene belonging to one of the main
L. monocytogenes acid stress response systems, the glutamate decarboxylase (GAD) system
(Arcari, Marie-Lucie, Guerreiro, Wu, & Conor P., 2020), which is likely linked to the low pH of
PAW. Also, on PAW-treated planktonic cells, several DEGs, both up- and downregulated, were
related to virulence. The induction of virulence-related genes has been previously described on
RT-PCR studies when L. monocytogenes cells were exposed to low pH values (Cortes, Naditz,
Anast, & Schmitz-Esser, 2020; Horlbog, Stevens, Stephan, & Guldimann, 2019). On the contrary,
non termal atmospheric plasma and PAW treatments have been shown to downregulate the
expression of virulence genes (Cui, Li, Abdel-Samie, Surendhiran, & Lin, 2021; Y. Li et al., 2019;
Patange et al., 2019). Interestingly, most of the virulence DEGs identified in this PhD Thesis were
related to flagellar functions, while the gene inlA, involved on cell invasion, presented a loss-of-
function mutation characteristic of hypovirulent phenotypes (Alvarez-Molina et al., 2021;
Ferreira da Silva et al., 2017). Despite the importance of RONS in PAW antimicrobial activity, no
relevant changes in the expression of genes related to the oxidative stress response were
detected. However, an upregulation of some genes associated with fatty acid metabolism was
observed, which could indicate the occurrence of cell membrane modifications, as previously
observed after the exposure of L. monocytogenes to other biocides (Casey et al., 2014). These
results provide detailed information on the response of L. monocytogenes to PAW treatments,
which, to our knowledge, has not yet been assessed by RNA-seq analysis. However, further
studies are still needed in order to better understand the mechanisms responsible for PAW
antimicrobial activity and to develop improved control strategies, given the observed potential

of PAW as an alternative to traditional sanitizers applied in the food industry.

66



Discussion

4.7. References

Abdallah, M., Mourad, R., Khelissa, S. O., Jama, C., Abozid, M., Drider, D., & Chihib, N. E. (2019).
Impact of growth temperature on the adhesion of colistin-resistant Escherichia coli strains
isolated from pigs to food-contact-surfaces. Archives of Microbiology.
https://doi.org/10.1007/s00203-019-01632-0

Adnan, M., Sousa, A. M., Machado, |., Pereira, M. O., Khan, S., Morton, G., & Hadi, S. (2017). Role
of bolA and rpoS genes in biofilm formation and adherence pattern by Escherichia coli k-12
mg1655 on polypropylene, stainless steel, and silicone surfaces. Acta Microbiologica et
Immunologica Hungarica, 64(2), 179-189. https://doi.org/10.1556/030.63.2016.018

Alegria, A., Arias-Temprano, M., Fernandez-Natal, I., Rodriguez-Calleja, J. M., Garcia-Lépez, M.-
L. L., & Santos, J. A.J. A. (2020). Molecular diversity of ESBL-producing Escherichia coli from
foods of animal origin and human patients. International Journal of Environmental
Research and Public Health, 17(4), 1312. https://doi.org/10.3390/ijerph17041312

Alvarez-Molina, A., Cobo-Diaz, J. F., Lépez, M., Prieto, M., de Toro, M., & Alvarez-Orddiiez, A.
(2021). Unraveling the emergence and population diversity of Listeria monocytogenes in a
newly built meat facility through whole genome sequencing. International Journal of Food
Microbiology, 340(December 2020). https://doi.org/10.1016/j.ijffoodmicro.2021.109043

Alvarez-Ordéfiez, A., Alvseike, O., Omer, M. K., Heir, E., Axelsson, L., Holck, A., & Prieto, M.
(2013). Heterogeneity in resistance to food-related stresses and biofilm formation ability
among verocytotoxigenic Escherichia coli strains. International Journal of Food
Microbiology, 161(3), 220-230. https://doi.org/10.1016/].ijffoodmicro.2012.12.008

Alvarez-Ordéfiez, A., Begley, M., & Hill, C. (2012). Polymorphisms in rpoS and stress tolerance
heterogeneity in natural isolates of Cronobacter sakazakii. Applied and Environmental
Microbiology, 78, 3975—-3984. https://doi.org/10.1128/AEM.07835-11

Alvarez-Ordodiiez, A., Broussolle, V., Colin, P., Nguyen-The, C., & Prieto, M. (2015). The adaptive
response of bacterial food-borne pathogens in the environment, host and food:
Implications for food safety. International Journal of Food Microbiology, 213, 99-109.
https://doi.org/10.1016/j.ijffoodmicro.2015.06.004

Alvarez-Ordédiiez, A., Coughlan, L. M., Briandet, R., & Cotter, P. D. (2019). Biofilms in food
processing environments: challenges and opportunities. Annual Review of Food Science
and Technology, 25(10), 173-195. https://doi.org/10.1146/annurev-food-032818-121805

Ammor, S., Tauveron, G., Dufour, E., & Chevallier, I. (2006). Antibacterial activity of lactic acid
bacteria against spoilage and pathogenic bacteria isolated from the same meat small-scale
facility. 2 - Behaviour of pathogenic and spoilage bacteria in dual species biofilms including
a bacteriocin-like-producing lactic acid bacteria. Food Control, 17(6), 462-468.
https://doi.org/10.1016/j.foodcont.2005.02.007

Anast, J. M., Bobik, T. A., & Schmitz-Esser, S. (2020). The Cobalamin-Dependent Gene Cluster of
Listeria monocytogenes: Implications for virulence, stress response, and food safety.
Frontiers in Microbiology, 11(November), 1-9.
https://doi.org/10.3389/fmicb.2020.601816

Arcari, T., Marie-Lucie, F., Guerreiro, D. N., Wu, J., & Conor P., O. (2020). Comparative review of
the responses of Listeria monocytogenes and Escherichia coli to low pH stress.

Ariafar, M. N., Buzrul, S., & Akgelik, N. (2016). Modeling and predicting the biofilm formation of
Salmonella virchow with respect to temperature and pH. Acta Biologica Hungarica, 67(1),

67



Discussion

99-111. https://doi.org/10.1556/018.67.2016.1.8

Banin, E., Vasil, M. L., & Greenberg, E. P. (2005). Iron and Pseudomonas aeruginosa biofilm
formation. P. Natl. Acad. Sci. USA, 102(31), 11076-11081.
https://doi.org/10.1073/pnas.0504266102

Bassey, A. P, Ye, K,, Li, C., & Zhou, G. (2021). Transcriptomic-proteomic integration: A powerful
synergy to elucidate the mechanisms of meat spoilage in the cold chain. Trends in Food
Science and Technology, 113(February), 12-25. https://doi.org/10.1016/j.tifs.2021.02.051

Battesti, A., Majdalani, N., & Gottesman, S. (2010). The RpoS-mediated general stress response
in  Escherichia  coli.  Annual  Review of Microbiology, 65, 189-213.
https://doi.org/10.1146/annurev-micro-090110-102946

Baumgarten, T., Sperling, S., Seifert, J., von Bergen, M., Steiniger, F., Wick, L. Y., & Heipieper, H.
J. (2012). Membrane vesicle formation as a multiple-stress response mechanism enhances
Pseudomonas putida DOT-T1E cell surface hydrophobicity and biofilm formation. Applied
and Environmental Microbiology, 78(17), 6217-6224.
https://doi.org/10.1128/AEM.01525-12

Bazaka, K., Jacob, M. V., Chrzanowski, W., & Ostrikov, K. (2015). Anti-bacterial surfaces: Natural
agents, mechanisms of action, and plasma surface modification. RSC Advances, 2(4),
48739-48759. https://doi.org/10.1039/c4ral7244b

Bergspica, |., Kaprou, G., Alexa, E. A., Prieto, M., & Alvarez-Orddiez, A. (2020). Extended
spectrum B-lactamase (ESBL) producing Escherichia coli in pigs and pork meat in the
European Union. Antibiotics, 9(10), 1-23. https://doi.org/10.3390/antibiotics9100678

Boll, E. J., Frimodt-Mgller, J., Olesen, B., Krogfelt, K. A., & Struve, C. (2016). Heat resistance in
extended-spectrum beta-lactamase-producing Escherichia coli may favor environmental
survival in a hospital setting. Research in Microbiology, 167(5), 345-349.
https://doi.org/10.1016/j.resmic.2016.02.002

Bouillet, S., Ba, M., Houot, L., lobbi-Nivol, C., & Bordi, C. (2019). Connected partner-switches
control the life style of Pseudomonas aeruginosa through RpoS regulation. Scientific
Reports, 9, 6496 (2019). https://doi.org/10.1038/s41598-019-42653-5

Caldera, L., Franzetti, L., Van Coillie, E., De Vos, P., Stragier, P., De Block, J., & Heyndrickx, M.
(2016). Identification, enzymatic spoilage characterization and proteolytic activity
quantification of Pseudomonas spp. isolated from different foods. Food Microbiology, 54,
142-153. https://doi.org/10.1016/j.fm.2015.10.004

Cao, P., Li, W. W., Morris, A. R., Horrocks, P. D., Yuan, C. Q., & Yang, Y. (2018). Investigation of
the antibiofilm capacity of peptide-modified stainless steel. Royal Society Open Science,
5(3). https://doi.org/10.1098/rso0s.172165

Casey, A., Fox, E. M., Schmitz-Esser, S., Coffey, A., McAuliffe, 0., & Jordan, K. (2014).
Transcriptome analysis of Listeria monocytogenes exposed to biocide stress reveals a
multi-system response involving cell wall synthesis, sugar uptake, and motility. Frontiers in
Microbiology, 5(FEB), 1-10. https://doi.org/10.3389/fmicb.2014.00068

Chong, Y., Shimoda, S., & Shimono, N. (2018). Current epidemiology, genetic evolution and
clinical impact of extended-spectrum B-lactamase-producing Escherichia coli and Klebsiella
pneumoniae. Infection, Genetics and Evolution.
https://doi.org/10.1016/j.meegid.2018.04.005

Cortes, B. W., Naditz, A. L., Anast, J. M., & Schmitz-Esser, S. (2020). Transcriptome sequencing

68



Discussion

of Listeria monocytogenes reveals major gene expression changes in response to lactic acid
stress exposure but a less pronounced response to oxidative stress. Frontiers in
Microbiology, 10(January), 1-14. https://doi.org/10.3389/fmicb.2019.03110

Coughlan, L. M., Cotter, P. D., Hill, C., & Alvarez-Orddiiez, A. (2016). New weapons to fight old
enemies: Novel strategies for the (bio)control of bacterial biofilms in the food industry.
Frontiers in Microbiology, 7, 1641. https://doi.org/10.3389/fmicb.2016.01641

Cui, H,, Li, H., Abdel-Samie, M. A., Surendhiran, D., & Lin, L. (2021). Anti-Listeria monocytogenes
biofilm mechanism of cold nitrogen plasma. Innovative Food Science and Emerging
Technologies, 67(July 2020), 102571. https://doi.org/10.1016/].ifset.2020.102571

Daneshvar Alavi, H. E., & Truelstrup Hansen, L. (2013). Kinetics of biofilm formation and
desiccation survival of Listeria monocytogenes in single and dual species biofilms with
Pseudomonas fluorescens, Serratia proteamaculans or Shewanella baltica on food-grade
stainless steel surf. Biofouling, 29(10), 1253-1268.
https://doi.org/10.1080/08927014.2013.835805

Dave, A., Samarth, A,, Karolia, R., Sharma, S., Karunakaran, E., Partridge, L., ... Roy, S. (2020).
Characterization of ocular clinical isolates of Pseudomonas aeruginosa from non-contact
lens related keratitis patients from south india. Microorganisms, 8(2), 1-14.
https://doi.org/10.3390/microorganisms8020260

Day, M. J., Hopkins, K. L., Wareham, D. W., Toleman, M. A,, Elviss, N., Randall, L., ... Livermore,
D. M. (2019). Extended-spectrum B-lactamase-producing Escherichia coliin human-derived
and foodchain-derived samples from England, Wales, and Scotland: an epidemiological
surveillance and typing study. The Lancet Infectious Diseases, 19(12), 1325-1335.
https://doi.org/10.1016/51473-3099(19)30273-7

de Oliveira, G. B., Favarin, L., Luchese, R. H., & MclIntosh, D. (2015). Psychrotrophic bacteria in
milk: How much do we really know? Brazilian Journal of Microbiology, 46(2), 313-321.
https://doi.org/10.1590/51517-838246220130963

Di Bonaventura, G., Piccolomini, R., Paludi, D., D’Orio, V., Vergara, A., Conter, M., & lanieri, A.
(2008). Influence of temperature on biofilm formation by Listeria monocytogenes on
various food-contact surfaces: Relationship with motility and cell surface hydrophobicity.
Journal of Applied Microbiology, 104(6), 1552-1561. https://doi.org/10.1111/j.1365-
2672.2007.03688.x

Dimitriu, T., Medaney, F., Amanatidou, E., Forsyth, J., Ellis, R. J., & Raymond, B. (2019). Negative
frequency dependent selection on plasmid carriage and low fitness costs maintain
extended spectrum PB-lactamases in Escherichia coli. Scientific Reports, 9(1), 1-7.
https://doi.org/10.1038/s41598-019-53575-7

Doi, Y., lovleva, A., & Bonomo, R. A. (2017). The ecology of extended-spectrum B-lactamases
(ESBLs) in the developed world. Journal of Travel Medicine.
https://doi.org/10.1093/jtm/taw102

Fagerlund, A., Moretro, T., Heir, E., Briandet, R., Langsrud, S., Mgretrg, T., ... Langsruda, S. (2017).
Cleaning and disinfection of biofilms composed of Listeria monocytogenes and background
microbiota from meat processing surfaces. Applied and Environmental Microbiology,
83(17), 1-21.

Faure, E., Vreuls, C., Falentin-Daudré, C., Zocchi, G., van de Weerdt, C., Martial, J., ..
Detrembleur, C. (2012). A green and bio-inspired process to afford durable anti-biofilm
properties to stainless steel. Biofouling. https://doi.org/10.1080/08927014.2012.704366

69



Discussion

Ferenci, T. (2003). What is driving the acquisition of mutS and rpoS polymorphisms in Escherichia
coli? Trends in Microbiology, 11(10), 457-461. https://doi.org/10.1016/.tim.2003.08.003

Ferreira da Silva, M., Ferreira, V., Magalhdes, R., Almeida, G., Alves, A., & Teixeira, P. (2017).
Detection of premature stop codons leading to truncated internalin A among food and
clinical strains of Listeria monocytogenes. Food Microbiology, 63, 6-11.
https://doi.org/10.1016/j.fm.2016.10.033

Friedlander, A., Nir, S., Reches, M., & Shemesh, M. (2019). Preventing biofilm formation by dairy-
associated bacteria using peptide-coated surfaces. Frontiers in Microbiology, 10(JUN).
https://doi.org/10.3389/fmicb.2019.01405

Fuchs, T. M., Eisenreich, W., Kern, T., & Dandekar, T. (2012). Toward a systemic understanding
of Listeria monocytogenes metabolism during infection. Frontiers in Microbiology, 3(FEB),
1-12. https://doi.org/10.3389/fmicb.2012.00023

Gray, J. A,, Chandry, P. S., Kaur, M., Kocharunchitt, C., Bowman, J. P., & Fox, E. M. (2018). Novel
biocontrol methods for Listeria monocytogenes biofilms in food production facilities.
Frontiers in Microbiology, 9(APR), 1-12. https://doi.org/10.3389/fmicb.2018.00605

Hassan, A. N., Birt, D. M., & Frank, J. F. (2004). Behavior of Listeria monocytogenes in a
Pseudomonas putida Biofilm on a Condensate-Forming Surface. Journal of Food Protection.
https://doi.org/10.4315/0362-028X-67.2.322

Hassett, D. J., Sokol, P. A., Howell, M. L., Ma, J. U. F., Schweizer, H. T., Ochsner, U., & Vasil, M. L.
(1996). Ferric uptake regulator (Fur) mutants of Pseudomonas aeruginosa demonstrate
defective siderophore-mediated iron uptake, altered aerobic growth, and decreased
superoxide dismutase and catalase activities. Journal of Bacteriology, 178(14), 3996—4003.
https://doi.org/10.1128/jb.178.14.3996-4003.1996

Hayrapetyan, H., Muller, L., Tempelaars, M., Abee, T., & Nierop Groot, M. (2015). Comparative
analysis of biofilm formation by Bacillus cereus reference strains and undomesticated food
isolates and the effect of free iron. International Journal of Food Microbiology, 200, 72-79.
https://doi.org/10.1016/j.ijffoodmicro.2015.02.005

Herianto, S., Hou, C. Y., Lin, C. M., & Chen, H. L. (2021). Nonthermal plasma-activated water: A
comprehensive review of this new tool for enhanced food safety and quality.
Comprehensive Reviews in Food Science and Food Safety, 20(1), 583-626.
https://doi.org/10.1111/1541-4337.12667

Hoegy, F., Mislin, G. L. A., & Schalk, I. J. (2014). Pyoverdine and pyochelin measurements.
Methods in Molecular Biology, 1149, 293-301. https://doi.org/10.1007/978-1-4939-0473-
024

Horlbog, J. A., Stevens, M. J. A., Stephan, R., & Guldimann, C. (2019). Global transcriptional
response of three highly acid-tolerant field strains of Listeria monocytogenes to HCl stress.
Microorganisms, 7(10). https://doi.org/10.3390/microorganisms7100455

Hozdk, P., Scholtz, V., Khun, J., Mertova, D., Vankova, E., & Juldk, J. (2018). Further contribution
to the chemistry of plasma-activated water : Influence on bacteria in planktonic and biofilm
forms. Plasma Diagnostics, 44(9), 799—-804. https://doi.org/10.1134/5S1063780X18090040

Hsu, L. C., Fang, J., Borca-Tasciuc, D. A., Worobo, R. W., & Moraru, C. |. (2013). Effect of micro-
and nanoscale topography on the adhesion of bacterial cells to solid surfaces. Applied and
Environmental Microbiology, 79(8), 2703-2712. https://doi.org/10.1128/AEM.03436-12

Ito, A., May, T., Kawata, K., & Okabe, S. (2008). Significance of rpoS during maturation of

70



Discussion

Escherichia coli biofilms. Biotechnology and Bioengineering, 99(6), 1462-1471.
https://doi.org/10.1002/bit.21695

Ito, A., May, T., Taniuchi, A., Kawata, K., & Okabe, S. (2009). Localized expression profiles of rpoS
in Escherichia coli biofilms. Biotechnology and Bioengineering, 103(5), 975-983.
https://doi.org/10.1002/bit.22305

Iversen, C., Lane, M., & Forsythe, S. J. (2004). The growth profile, thermotolerance and biofilm
formation of Enterobacter sakazakii grown in infant formula milk. Letters in Applied
Microbiology, 38, 378—382. https://doi.org/10.1111/j.1472-765X.2004.01507.x

Kaesbohrer, A., Bakran-Lebl, K., Irrgang, A., Fischer, J., Kdmpf, P., Schiffmann, A., ... Hille, K.
(2019). Diversity in prevalence and characteristics of ESBL/pAmpC producing Escherichia
coli in food in Germany. Veterinary Microbiology, 233(March), 52-60.
https://doi.org/10.1016/j.vetmic.2019.03.025

Kang, D., & Kirienko, N. V. (2017). High-throughput genetic screen reveals that early attachment
and biofilm formation are necessary for full pyoverdine production by Pseudomonas
aeruginosa. Frontiers in Microbiology, 8(SEP), 1-15.
https://doi.org/10.3389/fmicb.2017.01707

Kang, D., Turner, K. E., & Kirienko, N. V. (2018). PgsA promotes pyoverdine production via biofilm
formation. Pathogens, 7(1), 3. https://doi.org/10.3390/pathogens7010003

Kawamura, K., Nagano, N., Suzuki, M., Wachino, J., Kimura, K., & Arakawa, Y. (2017). ESBL-
producing Escherichia coli and its rapid rise among healthy people. Food Safety, 5(4), 122—
150. https://doi.org/10.14252/foodsafetyfscj.2017011

Kim, H., Ryu, J. H., & Beuchat, L. R. (2006). Attachment of and biofilm formation by Enterobacter
sakazakii on stainless steel and enteral feeding tubes. Applied and Environmental
Microbiology, 72(9), 5846—5856. https://doi.org/10.1128/AEM.00654-06

Langsrud, S., Sidhu, M. S., Heir, E., & Holck, A. L. (2003). Bacterial disinfectant resistance - A
challenge for the food industry. International Biodeterioration and Biodegradation, 51(4),
283-290. https://doi.org/10.1016/50964-8305(03)00039-8

Larsen, M. H., Dalmasso, M., Ingmer, H., Langsrud, S., Malakauskas, M., Mader, A., ... Jordan, K.
(2014). Persistence of foodborne pathogens and their control in primary and secondary
food production chains. Food Control, 44, 92-109.
https://doi.org/10.1016/j.foodcont.2014.03.039

Lee, B. H., Hébraud, M., & Bernardi, T. (2017). Increased adhesion of Listeria monocytogenes
strains to abiotic surfaces under cold stress. Frontiers in Microbiology, 8(NOV), 1-10.
https://doi.org/10.3389/fmicb.2017.02221

Li, Q. Liu, L., Guo, A., Zhang, X., Liu, W., & Ruan, Y. (2021). Formation of multispecies biofilms
and their resistance to disinfectants in food processing environments: a review. Journal of
Food Protection, 84(12), 2071-2083. https://doi.org/10.4315/jfp-21-071

Li, Y., Pan, J., Wu, D., Tian, Y., Zhang, J., Fang, J., & Paper, O. (2019). Regulation of Enterococcus
faecalis biofilm formation and Quorum Sensing related virulence factors with ultra-low
dose reactive species produced by plasma activated water. Plasma Chemistry and Plasma
Processing, 39(1), 35—49. https://doi.org/10.1007/s11090-018-9930-2

Liao, X., Ma, Y., Daliri, E. B. M., Koseki, S., Wei, S., Liu, D., ... Ding, T. (2020). Interplay of antibiotic
resistance and food-associated stress tolerance in foodborne pathogens. Trends in Food
Science and Technology, 95(July 2019), 97—-106. https://doi.org/10.1016/j.tifs.2019.11.006

71



Discussion

Liu, G. Y., & Nizet, V. (2009). Color me bad: microbial pigments as virulence factors. Trends in
Microbiology, 17(9), 406—419. https://doi.org/10.1016/].tim.2009.06.006

Liu, X., Xu, J., Zhu, J., Du, P., & Sun, A. (2019). Combined transcriptome and proteome analysis
of RpoS regulon reveals its role in spoilage potential of Pseudomonas fluorescens. Frontiers
in Microbiology, 10, 94. https://doi.org/10.3389/fmicb.2019.00094

Liu, Y., Orsi, R. H., Gaballa, A., Wiedmann, M., Boor, K. J., & Guariglia-Oropeza, V. (2019).
Systematic review of the Listeria monocytogenes o regulon supports a role in stress
response, virulence and metabolism. Future Microbiology, 14(9), 801-828.
https://doi.org/10.2217/fmb-2019-0072

Llamas, M. A., Imperi, F., Visca, P., & Lamont, I. L. (2014). Cell-surface signaling in Pseudomonas:
Stress responses, iron transport, and pathogenicity. FEMS Microbiology Reviews, 38(4),
569-597. https://doi.org/10.1111/1574-6976.12078

Llamas, M. A., Sparrius, M., Kloet, R., Jiménez, C. R., Vandenbroucke-Grauls, C., & Bitter, W.
(2006). The heterologous siderophores ferrioxamine B and ferrichrome activate signaling
pathways in Pseudomonas aeruginosa. Journal of Bacteriology, 188(5), 1882—-1891.
https://doi.org/10.1128/JB.188.5.1882-1891.2006

Lépez, M., Calvo, T., Prieto, M., Mugica-Vidal, R., Muro-Fraguas, |., Alba-Elias, F., & Alvarez-
Ordodiez, A. (2019). A review on non-thermal atmospheric plasma for food preservation:
Mode of action, determinants of effectiveness, and applications. Frontiers in Microbiology,
10(APR). https://doi.org/10.3389/fmicb.2019.00622

Lorenzetti, M., Dogsa, |., Stosicki, T., Stopar, D., Kalin, M., Kobe, S., & Novak, S. (2015). The
influence of surface modification on bacterial adhesion to titanium-based substrates. ACS
Applied Materials and Interfaces, 7(3), 1644—1651. https://doi.org/10.1021/am507148n

Lourenco, A., Machado, H., & Brito, L. (2011). Biofilms of Listeria monocytogenes produced at
12 ° C either in pure culture or in co-culture with Pseudomonas aeruginosa showed
reduced susceptibility to sanitizers. Journal of Food Science, 76(2), M143-M148.
https://doi.org/10.1111/j.1750-3841.2010.02011.x

Mai-Prochnow, A., Zhou, R., Zhang, T., Ostrikov, K. (Ken), Mugunthan, S., Rice, S. A., & Cullen, P.
J. (2021). Interactions of plasma-activated water with biofilms: inactivation, dispersal
effects and mechanisms of action. Npj Biofilms and Microbiomes, 7(1), 1-12.
https://doi.org/10.1038/s41522-020-00180-6

Marti, R., Muniesa, M., Schmid, M., Ahrens, C. H., Naskova, J., & Hummerjohann, J. (2016). Short
communication: Heat-resistant Escherichia coli as potential persistent reservoir of
extended-spectrum B-lactamases and Shiga toxin-encoding phages in dairy. Journal of
Dairy Science, 99(11), 8622—8632. https://doi.org/10.3168/jds.2016-11076

Mazaheri, T., Cervantes-Huaman, B. R. H., Bermudez-Capdevila, M., Ripolles-Avila, C., &
Rodriguez-Jerez, J. J. (2021). Listeria monocytogenes biofilms in the food industry: Is the
current hygiene program sufficient to combat the persistence of the pathogen?
Microorganisms, 9(1), 1-19. https://doi.org/10.3390/microorganisms9010181

Medilanski, E., Kaufmann, K., Wick, L. Y., Wanner, O., & Harms, H. (2002). Influence of the
surface topography of stainless steel on bacterial adhesion. Biofouling, 18(3), 193—203.
https://doi.org/10.1080/08927010290011370

Meliani, A., & Bensoltane, A. (2015). Review of Pseudomonas attachment and biofilm formation
in food industry. Poultry, Fisheries & Wildlife Sciences, 03(01), 1-7.

72



Discussion

https://doi.org/10.4172/2375-446x.1000126

Milojkovi¢, M., Nenadovi¢, A., Stankovié, S., BoAi¢, D. D., Nedeljkovi¢, N. S., Airkovié, 1., ... Dimki¢,
I. (2020). Phenotypic and genetic properties of susceptible and multidrug-resistant
Pseudomonas aeruginosa isolates in Southern Serbia. Arhiv Za Higijenu Rada i
Toksikologiju, 71(3), 231-250. https://doi.org/10.2478/aiht-2020-71-3418

Mirani, Z. A., Fatima, A., Urooj, S., Aziz, M., Khan, M. N., & Abbas, T. (2018). Relationship of cell
surface hydrophobicity with biofilm formation and growth rate: A study on Pseudomonas
aeruginosa, Staphylococcus aureus, and Escherichia coli. Iranian Journal of Basic Medical
Sciences, 21(7), 760-769. https://doi.org/10.22038/ijbms.2018.28525.6917

Megretrg, T., & Langsrud, S. (2017). Residential bacteria on surfaces in the food industry and their
implications for food safety and quality. Comprehensive Reviews in Food Science and Food
Safety, 16(5), 1022—1041. https://doi.org/10.1111/1541-4337.12283

Mosquera-Fernandez, M., Rodriguez-Ldpez, P., Cabo, M. L., & Balsa-Canto, E. (2014). Numerical
spatio-temporal characterization of Listeria monocytogenes biofilms. International Journal
of Food Microbiology, 182-183, 26—36. https://doi.org/10.1016/j.ijffoodmicro.2014.05.005

Muro-Fraguas, |., Ferndndez-Gomez, P., Mugica-Vidal, R., Sainz-Garcia, A., Sainz-Garcia, E.,
Oliveira, M., ... Alba-Elias, F. (2021). Durability assessment of a plasma-polymerized coating
with anti-biofilm activity against Listeria monocytogenes subjected to repeated
sanitization. Foods, 10(11). https://doi.org/10.3390/foods10112849

Naitali, M., Kamgang-Youbi, G., Herry, J. M., Bellon-Fontaine, M. N., & Brisset, J. L. (2010).
Combined effects of long-living chemical species during microbialinactivation using
atmospheric plasma-treated water. Applied and Environmental Microbiology, 76(22),
7662-7664. https://doi.org/10.1128/AEM.01615-10

Nicolas-Chanoine, M. H., Bertrand, X., & Madec, J. Y. (2014). Escherichia coli ST131, an intriguing
clonal group. Clinical Microbiology Reviews, 27(3), 543-574.
https://doi.org/10.1128/CMR.00125-13

Nilsson, L., Hansen, T. B., Garrido, P., Buchrieser, C., Glaser, P., Kngchel, S., ... Gravesen, A.
(2005). Growth inhibition of Listeria monocytogenes by a nonbacteriocinogenic
Carnobacterium piscicola. Journal of Applied Microbiology, 98(1), 172-183.
https://doi.org/10.1111/j.1365-2672.2004.02438.x

O’May, C. Y., Sanderson, K., Roddam, L. F., Kirov, S. M., & Reid, D. W. (2009). Iron-binding
compounds impair Pseudomonas aeruginosa biofilm formation, especially under
anaerobic conditions. Journal of Medical Microbiology, 58(6), 765-773.
https://doi.org/10.1099/jmm.0.004416-0

Oh, J. K., Yegin, Y., Yang, F., Zhang, M., Li, J., Huang, S., ... Akbulut, M. (2018). The influence of
surface chemistry on the kinetics and thermodynamics of bacterial adhesion. Scientific
Reports, 8(1), 1-13. https://doi.org/10.1038/s41598-018-35343-1

Pan, Y., Breidt, F., & Kathariou, S. (2006). Resistance of Listeria monocytogenes biofilms to
sanitizing agents in a simulated food processing environment. Applied and Environmental
Microbiology, 72(12), 7711-7717. https://doi.org/10.1128/AEM.01065-06

Patange, A., O’Byrne, C., Boehm, D., Cullen, P. J., Keener, K., & Bourke, P. (2019). The effect of
atmospheric cold plasma on bacterial stress responses and virulence using Listeria
monocytogenes knockout mutants. Frontiers in Microbiology, 10(December), 1-12.
https://doi.org/10.3389/fmicb.2019.02841

73



Discussion

Peng, C., Song, S., & Fort, T. (2006). Study of hydration layers near a hydrophilic surface in water
through AFM imaging. Surface and Interface Analysis. https://doi.org/10.1002/sia.2368

Quintieri, L., Fanelli, F., Zihlke, D., Caputo, L., Logrieco, A. F., Albrecht, D., & Riedel, K. (2020).
Biofilm and pathogenesis-related proteins in the foodborne P. fluorescens ITEM 17298 with
distinctive phenotypes during cold storage. Frontiers in Microbiology, 11(May).
https://doi.org/10.3389/fmicb.2020.00991

Ranjan, A., Scholz, J., Semmler, T., Wieler, L. H., Ewers, C., Mdller, S., ... Guenther, S. (2018). ESBL-
plasmid carriage in E. coli enhances in vitro bacterial competition fitness and serum
resistance in some strains of pandemic sequence types without overall fitness cost. Gut
Pathogens, 10(1), 1-9. https://doi.org/10.1186/s13099-018-0243-z

Raposo, A., Pérez, E., Faria, C. T. de, Ferris, M. A., & Carrascosa, C. (2016). Food spoilage by
Pseudomonas spp .— An overview. In 0. V. Singh (Ed.), Foodborne Pathogens and Antibiotic
Resistance (pp. 41-71). https://doi.org/https://doi.org/10.1002/9781119139188.ch3

Regulation 853/2004/EC, 25/06/2004. Regulation (EC) No 853/2004 of the European Parliament
and of the Council of 29 April 2004 Laying Down Specific Hygiene Rules for Food of Animal
Origin, L226, Brussels, pp. 22-82. (n.d.).

Ren, D., Bedzyk, L. A, Thomas, S. M., Ye, R. W., & Wood, T. K. (2004). Gene expression in
Escherichia coli biofilms. Applied Microbiology and Biotechnology, 64(4), 515-524.
https://doi.org/10.1007/s00253-003-1517-y

Richard, H., & Foster, J. W. (2004). Escherichia coli glutamate- and arginine-dependent acid
resistance systems increase internal pH and reverse transmembrane potential. Journal of
Bacteriology, 186(18), 6032—6041. https://doi.org/10.1128/)B.186.18.6032-6041.2004

Ripolles-Avila, C., Guitan-Santamaria, M., Pizarro-Giménez, K., Mazaheri, T., & Rodriguez-Jerez,
J.J.(2022). Dual-species biofilms formation between dominant microbiota isolated from a
meat processing industry with Listeria monocytogenes and Salmonella enterica: Unraveling
their ecological interactions. Food Microbiology, 105(November 2021), 104026.
https://doi.org/10.1016/j.fm.2022.104026

Ripolles-Avila, C., Hascoét, A. S., Martinez-Suarez, J. V., Capita, R., & Rodriguez-Jerez, J. J. (2019).
Evaluation of the microbiological contamination of food processing environments through
implementing surface sensors in an Iberian pork processing plant: An approach towards
the control of Listeria monocytogenes. Food Control, 99(December 2018), 40-47.
https://doi.org/10.1016/j.foodcont.2018.12.013

Robbe-Saule, V., Algorta, G., Rouilhac, I., & Norel, F. (2003). Characterization of the RpoS status
of clinical isolates of Salmonella enterica. Applied and Environmental Microbiology, 69(8),
4352-4358. https://doi.org/10.1128/AEM.69.8.4352-4358.2003

Rodriguez-Lépez, P., Saa-lbusquiza, P., Mosquera-Fernandez, M., & Ldépez-Cabo, M. (2015).
Listeria monocytogenes-carrying consortia in food industry. Composition, subtyping and
numerical characterisation of mono-species biofilm dynamics on stainless steel.
International Journal of Food Microbiology, 206, 84-95.
https://doi.org/10.1016/].ijfoodmicro.2015.05.003

Rossi, C., Serio, A., Chaves-Ldopez, C., Anniballi, F., Auricchio, B., Goffredo, E., ... Paparella, A.
(2018). Biofilm formation, pigment production and motility in Pseudomonas spp. isolated
from the dairy industry. Food Control, 86, 241-248.
https://doi.org/10.1016/j.foodcont.2017.11.018

74



Discussion

Sardella, E., Palumbo, F., Camporeale, G., & Favia, P. (2016). Non-equilibrium plasma processing
for the preparation of antibacterial surfaces. Materials, 9(7), 515.
https://doi.org/10.3390/ma9070515

Saxer, G., Krepps, M. D., Merkley, E. D., Ansong, C., Deatherage Kaiser, B. L., Valovska, M. T., ...
Shamoo, Y. (2014). Mutations in global regulators lead to metabolic selection during
adaptation to complex environments. PLoS Genetics, 10(12), e1004872.
https://doi.org/10.1371/journal.pgen.1004872

Schaufler, K., Semmler, T., Pickard, D. J., De Toro, M., De La Cruz, F., Wieler, L. H., ... Guenther,
S. (2016). Carriage of extended-spectrum beta-lactamase-plasmids does not reduce fitness
but enhances virulence in some strains of pandemic E. coli lineages. Frontiers in
Microbiology, 7(MAR). https://doi.org/10.3389/fmicb.2016.00336

Schuster, M., Hawkins, A. C., Harwood, C. S., & Greenberg, E. P. (2004). The Pseudomonas
aeruginosa RpoS regulon and its relationship to quorum sensing. Molecular Microbiology,
51(4), 973-985. https://doi.org/10.1046/j.1365-2958.2003.03886.x

Skowron, K., Watecka-Zacharska, E., Grudlewska, K., Gajewski, P., Wiktorczyk, N., Wietlicka-
Piszcz, M., ... Gospodarek-Komkowska, E. (2019). Disinfectant susceptibility of biofilm
formed by Listeria monocytogenes under selected environmental conditions.
Microorganisms, 7(9), 280. https://doi.org/10.3390/microorganisms7090280

Smet, C., Govaert, M., Kyrylenko, A., Easdani, M., Walsh, J. L., & Van Impe, J. F. (2019).
Inactivation of single strains of Listeria monocytogenes and Salmonella Typhimurium
planktonic cells biofilms with plasma activated liquids. Frontiers in Microbiology, 10(July),
1-15. https://doi.org/10.3389/fmicb.2019.01539

Stoll, R., & Goebel, W. (2010). The major PEP-phosphotransferase systems (PTSs) for glucose,
mannose and cellobiose of Listeria monocytogenes, and their significance for extra- and
intracellular growth. Microbiology, 156(4), 1069-1083.
https://doi.org/10.1099/mic.0.034934-0

Suh, S. J,, Silo-Suh, L., Woods, D. E., Hassett, D. J., West, S. E. H., & Ohman, D. E. (1999). Effect of
rpoS mutation on the stress response and expression of virulence factors in Pseudomonas
aeruginosa. Journal of Bacteriology, 181(13), 3890-3897.
https://doi.org/10.1128/JB.181.13.3890-3897.1999

Tack, I. L. M. M., Nimmegeers, P., Akkermans, S., Hashem, I., & Van Impe, J. F. M. (2017).
Simulation of Escherichia coli dynamics in biofilms and submerged colonies with an
individual-based model including metabolic network information. Frontiers in
Microbiology, 8(2509), 1-14. https://doi.org/10.3389/fmicb.2017.02509

Tekiner, I. H., & Ozpinar, H. (2016). Occurrence and characteristics of extended spectrum beta-
lactamases-producing enterobacteriaceae from foods of animal origin. Brazilian Journal of
Microbiology, 47(2), 444—451. https://doi.org/10.1016/j.bjm.2015.11.034

Verran, J., Rowe, D. L., & Boyd, R. D. (2001). The effect of nanometer dimension topographical
features on the hygienic status of stainless steel. Journal of Food Protection, 64(8), 1183—
1187. https://doi.org/10.4315/0362-028X-64.8.1183

Weber, H., Polen, T., Heuveling, J., Wendisch, V. F., & Hengge, R. (2005). Genome-wide analysis
of the general stress response network in Escherichia coli: 6S-dependent genes, promoters,
and sigma factor selectivity. Journal of Bacteriology, 199(7), e00755-16.
https://doi.org/10.1128/JB.187.5.1591-1603.2005

75



Discussion

WHO. (2017). WHO publishes list of bacteria for which new antibiotics are urgently needed.
Retrieved from  https://www.who.int/news/item/27-02-2017-who-publishes-list-of-
bacteria-for-which-new-antibiotics-are-urgently-needed

Wiernasz, N., Cornet, J., Cardinal, M., Pilet, M. F., Passerini, D., & Leroi, F. (2017). Lactic acid
bacteria selection for biopreservation as a part of hurdle technology approach applied on
seafood. Frontiers in Marine Science, 4(MAY), 1-15.
https://doi.org/10.3389/fmars.2017.00119

Wong, G. T., Bonocora, R. P., Schep, A. N., Beeler, S. M., Fong, A. J. L., Shull, L. M., ... Stoebel, D.
M. (2017). Genome-wide transcriptional response to varying RpoS levels in Escherichia coli
K-12. Journal of Bacteriology, 199(7), e€00755-16. https://doi.org/10.1128/JB.00755-16

Wu, S., Zhang, B, Liu, Y., Suo, X., & Li, H. (2018). Influence of surface topography on bacterial
adhesion: A review. Biointerphases, 13(6), 060801. https://doi.org/10.1116/1.5054057

Yuan, Y., Hays, M. P., Hardwidge, P. R., & Kim, J. (2017). Surface characteristics influencing
bacterial adhesion to polymeric substrates. RSC Advances, 7(23), 14254-14261.
https://doi.org/10.1039/c7ra01571b

Zhao, Y.-M., Patange, A., Sun, D. W., & Tiwari, B. (2020). Plasma-activated water:
Physicochemical properties, microbial inactivation mechanisms, factors influencing
antimicrobial effectiveness, and applications in the food industry. Comprehensive Reviews
in Food Science and Food Safety, 19(6), 3951-3979. https://doi.org/10.1111/1541-
4337.12644

Zhao, Y. M., Ojha, S., Burgess, C. M., Sun, D. W., & Tiwari, B. K. (2020). Inactivation efficacy and
mechanisms of plasma activated water on bacteria in planktonic state. Journal of Applied
Microbiology, 129(5), 1248-1260. https://doi.org/10.1111/jam.14677

Zheng, 1., Li, L, Tsao, H. K., Sheng, Y. J., Chen, S., & Jiang, S. (2005). Strong repulsive forces
between protein and oligo (ethylene glycol) self-assembled monolayers: A molecular
simulation study. Biophysical Journal, 89(1), 158-166.
https://doi.org/10.1529/biophysj.105.059428

Zhong, L. J., Pang, L. Q., Che, L. M., Wu, X. E., & Chen, X. D. (2013). Nafion coated stainless steel
for anti-biofilm application. Colloids and Surfaces B: Biointerfaces, 111, 252-256.
https://doi.org/10.1016/j.colsurfb.2013.05.039

Zhou, R., Zhou, R., Prasad, K., Fang, Z., Speight, R., Bazaka, K., & Ostrikov, K. (2018). Cold
atmospheric plasma activated water as a prospective disinfectant: The crucial role of
peroxynitrite. Green Chemistry, 20(23), 5276-5284. https://doi.org/10.1039/c8gc02800a

76



5. Conclusions / Conclusiones




Conclusions / Conclusiones

Conclusions

1. The results here obtained confirm the relevance of the alternative factor RpoS in the initial
stages of biofilm formation by C. sakazakii. However, for Pseudomonas spp. and E. coli, the
polymorphisms observed in the rpoS gene could not be related to changes in the strains’

biofilm formation capacity.

2. The characterization of a wide collection of Pseudomonas strains isolated from the food
industry revealed their high ability to form biofilms, both on stainless steel and on
polystyrene, and allowed the identification of green colony pigmentation on solid media as

a biomarker of strong biofilm formation ability.

3. Although the phenotypic variability observed in the collection of E. coli strains was low, in
general, the strains of food origin (belonging to different sequence types) showed greater
resistance to heat treatments compared to the strains of clinical origin (mainly from
sequence type 131); both groups showed a higher biofilm formation ability than the
collection strains; and the strains that carried the genes blasuy, blarev and blacrx.nm did not

show a characteristic ability to form biofilms or tolerate stress conditions.

4. The anti-biofilm coating applied on stainless steel by non-thermal atmospheric plasma
polymerization, made of an APTES base and a functional layer of acrylic acid, reduced biofilm
formation by L. monocytogenes by up to 90 %, due to its hydrophilic character and low
roughness, presenting optimal activity at low temperatures. However, its effectiveness was
reduced against multispecies biofilms formed from the indigenous microbiota from meat

industry processing environments, which evidences the need for its improvement.

5. Treatments with two disinfectants commonly used in the food industry produced significant
changes in the taxonomic composition of the multispecies biofilms developed on stainless
steel, which influenced the persistence of L. monocytogenes. This indicates that
L. monocytogenes persistence in food processing environments depends on interspecific

competitive relationships.

6. Plasma-activated water was shown to be an effective alternative to the chemical agents
currently used for the disinfection of food-contact surfaces, achieving, with short exposure
times (30 minutes), an inactivation greater than 4 logarithmic units for both

L. monocytogenes planktonic and biofilm cells.
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Conclusions / Conclusiones

The transcriptomic analysis, through RNA-seq, of L. monocytogenes after its treatment with
plasma-activated water showed changes mainly in carbon metabolism, the expression of
some virulence genes and the general stress response. It is worth noting that several of the
most overexpressed genes belong to the cobalamin-dependent gene cluster, which has

been previously related to L. monocytogenes pathogenicity and response to a wide range of

stressors.
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Conclusions / Conclusiones

Conclusiones

1. Los resultados obtenidos en esta Tesis Doctoral han permitido confirmar la relevancia del
factor alternativo RpoS en los estadios iniciales de la formacidon de biopeliculas por
C. sakazakii. Sin embargo, para Pseudomonas spp. y E. coli, los polimorfismos observados en
el gen rpoS no se pudieron relacionar con cambios en la capacidad de formacién de

biopeliculas.

2. Lacaracterizacién de una amplia coleccion de cepas de Pseudomonas aisladas de la industria
alimentaria puso de manifiesto su elevada capacidad para formar biopeliculas, tanto en
acero inoxidable como en poliestireno, y permitié identificar la pigmentacién verde de las
colonias en medio sdélido como biomarcador de fuerte capacidad de formacidon de

biopeliculas.

3. Aunque la variabilidad fenotipica observada en la coleccion de cepas de E. coli fue reducida,
en general, las cepas de origen alimentario (pertenecientes a distintas secuencias tipo)
presentaron una mayor resistencia a los tratamientos térmicos en comparacion con las
cepas de origen clinico (mayoritariamente del ST 131); ambos grupos mostraron una mayor
capacidad de formacidn de biopeliculas que las cepas de coleccién; y las cepas potadoras de
los genes de resistencia a antibidticos B-lactamicos blasyy, blarem y blacrx.m no presentaron
una capacidad diferencial de formacidn de biopeliculas o una tolerancia caracteristica a las

condiciones de estrés evaluadas.

4. El recubrimiento anti-biopelicula aplicado sobre acero inoxidable mediante polimerizacion
por plasma atmosférico no térmico, compuesto por una base de APTES y una capa funcional
de acido acrilico, permitié reducir hasta en un 90 % la formacién de biopelicula por
L. monocytogenes, debido a sus caracteristicas hidrofilicas y baja rugosidad, presentando
actividad dptima a bajas temperaturas. Sin embargo, su efectividad se vio reducida frente a
biopeliculas multiespecie formados a partir de la microbiota autéctona de ambientes de
procesado de industrias cdrnicas, lo que indica que es necesario continuar trabajando en su

mejora.

5. Los tratamientos con dos desinfectantes habitualmente empleados en la industria
alimentaria produjeron modificaciones importantes en la composicion taxondmica de los
biopeliculas multiespecie formados en acero inoxidable, que condicionaron la persistencia
de L. monocytogenes, lo que indica que ésta depende de relaciones de competicién

interespecifica.
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6.

Conclusions / Conclusiones

El agua activada por plasma resultd una alternativa eficaz a los agentes quimicos
actualmente utilizados para la desinfeccién de superficies en contacto con los alimentos,
consiguiendo, con tiempos cortos de exposicidn (30 minutos), una inactivacién superior a 4
unidades logaritmicas para células de L. monocytogenes tanto en estado plancténico como

formando biopeliculas.

El analisis transcriptémico mediante RNA-seq de L. monocytogenes tras su tratamiento con
agua activada por plasma mostré cambios principalmente en el metabolismo del carbono,
la expresion de algunos genes de virulencia y la respuesta general a estrés. Cabe destacar
gue varios de los genes mas sobreexpresados pertenecen al cluster de genes dependientes
de cobalamina, que ha sido previamente relacionado con la patogenicidad y respuesta a

distintas condiciones de estrés de L. monocytogenes.
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