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Resumen

RESUMEN

Los sectores avicola, porcino y piscicola son de gran importancia para la
productividad de nuestro pais, siendo Espafia un referente a nivel Europeo. El aumento
exponencial de la poblacion de los ltimos afios, el cual se prevé que siga creciendo, hace
necesaria la busqueda de estrategias que permitan aumentar la produccion de alimentos
de origen animal. Durante afios, se han conseguido mantener o aumentar los niveles
productivos gracias en parte a la mejora genética de las razas destinadas a la produccion,
a la mejora en las dietas, y también por la utilizacién de antibidticos promotores del
crecimiento (APCs). Sin embargo, el uso excesivo de estos compuestos ha conllevado a
un incremento de la resistencia a los antimicrobianos (AMR, Antimicrobial Resistance),
lo que origino su prohibicion en alimentacion animal por parte de la Unién Europea y de
otros paises. Ademas, en los Gltimos afios se ha cuestionado la sostenibilidad de algunos
de los compuestos utilizados de forma tradicional para la elaboracion de dietas de
animales. Todo esto ha hecho necesaria la busqueda de nuevos compuestos capaces de:
(1) aumentar la calidad nutricional y la sostenibilidad de las dietas; (2) incrementar la
produccién y el crecimiento de los animales; y (3) eliminar o reducir en lo posible la
administracion de antibi6ticos como promotores del crecimiento y como terapéuticos. En
este contexto se han propuesto algunos compuestos como posibles alternativas, entre los

gue destacan enzimas, prebidticos, probidticos y extractos de plantas o fitobidticos.

Los probidticos son microorganismos vivos que, al ser administrados en
cantidades adecuadas en la dieta, confieren un beneficio para la salud del organismo
hospedador. Los beneficios ocasionados por los probidticos se producen a través de
diversos mecanismos, como la induccién de inmunomodulacion, la mejora de la funcién
intestinal o la modulacién las comunidades microbianas del intestino. Entre las bacterias
empleadas como probidticos en la dieta de animales destacan bacterias pertenecientes a
los géneros Lactobacillus, Bifidobacterium, Bacillus o Enterococcus. Dentro de este
ultimo género, la cepa Enterococcus faecalis UGRAL0 presenta propiedades
tecnoldgicas, funcionales y potencialmente probioticas, y ha mostrado resultados
positivos para la salud, el crecimiento y la composicion de la microbiota intestinal de
pollos, cerdos y peces en estudios previos. En el Capitulo | de esta Tesis se ha estudiado
la suplementacion de la dieta de gallinas ponedoras con esta cepa potencialmente
probidtica, mostrando una mejora en la produccion de huevos. Las gallinas alimentadas

con este probiotico mantuvieron la puesta de huevos a largo plazo (40 a 76 dias), mientras
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que las gallinas control sufrieron una disminucion de la puesta durante este periodo.
Ademaés, la suplementacion con esta cepa produjo un incremento de la diversidad
microbiana en el ileon y en el ciego, el cual podria estar mediando en la mejora observada

en la produccién de huevos.

Por su parte, los extractos de plantas o fitobioticos, han sido ampliamente
utilizados como suplementos en la dieta de numerosas especies animales por su capacidad
para modular las comunidades microbianas del intestino y producir mejoras en su sistema
inmunitario, y por su actividad antimicrobiana, antioxidante y antiestrés. Entre los
fitobidticos empleados en alimentacion animal destacan las especies del género Allium,
las cuales presentan numerosos compuestos organosulfurados, como la alicina, el PTS
(propil propano tiosulfinato) o el PTSO (propil propano tiosulfonato). Los resultados de
estudios previos han mostrado sus posibles beneficios sobre la productividad, el
crecimiento, la salud o la inmunidad de animales de granja como pollos de engorde o
cerdos. En el Capitulo Il de esta Tesis se han estudiado los efectos de un extracto de
Allium rico en PTSO sobre la composicion de la microbiota intestinal y la productividad
de gallinas ponedoras. La adicién de este extracto produjo un incremento en la puesta, asi
como un aumento del peso y la talla de los huevos tras s6lo 30 dias de experimento. Este
aumento en la productividad estuvo acompafiado de cambios en la composicion de la
microbiota intestinal que podrian resultar positivos para los animales, caracterizados
principalmente por un aumento de especies potencialmente beneficiosas como
Lactococcus en el ileon y Lactobacillus en el ciego, sugiriendo la posibilidad de utilizar

este extracto como aditivo para la dieta de gallinas ponedoras.

En el Capitulo 111 se ha evaluado el efecto de la adicion de un extracto de Allium
sobre el crecimiento y las comunidades microbianas del intestino de lechones destetados
a los 28 dias de edad. Los resultados se han comparado con los obtenidos utilizando una
dieta control y una dieta suplementada con un tratamiento antibiotico (colistina y 6xido
de zinc). Los lechones alimentados con el extracto de Allium mostraron valores de peso
corporal, ganancia de peso diaria y tasa de conversion alimenticia similares a los
obtenidos por los lechones del tratamiento antibidtico y mayores a los obtenidos con la
dieta control. Ademas, los lechones del tratamiento experimental mostraron cambios en
la estructura general de las comunidades microbianas de las regiones posteriores del
intestino (ciego y colon), asi como una disminucion de la diversidad bacteriana del

intestino en estas regiones intestinales. Ademas, esta dieta produjo un aumento de algunos
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géneros relacionados con potenciales efectos beneficiosos en los animales, como son los
géneros Lactobacillus, Blautia o Megasphaera. Los resultados obtenidos indican la
posibilidad de utilizar el extracto de Allium con el fin de reducir el uso de colistina, uno
de los principales antibidticos utilizados de forma masiva como promotor del crecimiento

y como terapéutico para tratar la diarrea post-destete en lechones.

Por otra parte, los estudios relacionados con la utilizacion de fitobidticos en la
dieta de animales acuéaticos han aumentado en los ultimos afios, mostrando en la mayoria
de los casos resultados beneficiosos para los animales. Sin embargo, la utilizacion de
PTSO derivado de plantas del género Allium en la dieta de animales acuéticos no se ha
explorado hasta la fecha. En los Capitulos 1V y V se ha utilizado este compuesto en la
dieta de juveniles de doradas y lubinas, estudiando las consecuencias de su adicion sobre
pardmetros relacionados con el crecimiento y el microbioma intestinal. En ambos estudios
se han obtenido resultados similares en relacién al crecimiento, manteniendo los peces
alimentados con PTSO valores de peso similares a los obtenidos con la dieta control a lo
largo del experimento. Sin embargo, las lubinas suplementadas con PTSO si que
mostraron un aumento significativo del peso al final del experimento (Dia 89) respecto a
los peces control. En cuanto a la composicion y la diversidad bacteriana, el PTSO tuvo
efectos diferentes en ambas especies de peces, observandose un aumento de la diversidad
microbiana del intestino en doradas, y una disminucién en las lubinas suplementadas con
PTSO. Ademas, en el intestino de lubinas se observaron cambios en las bacterias
mayoritarias y minoritarias de las comunidades microbianas respecto a las lubinas
control. No obstante, en ambas especies se observé una disminucién en la abundancia del
género Vibrio en la parte anterior y posterior del intestino. Este género incluye algunas
especies de bacterias potencialmente patdgenas de estos animales, por lo que su
disminucion podria resultar beneficiosa para la salud de los peces. Los resultados
obtenidos, aunque muestran un comportamiento distinto en ambas especies de peces,
parecen indicar la posibilidad de utilizar PTSO como potencial aditivo para la dieta de

estas especies piscicolas.

Los ultimos capitulos de esta Tesis se centran en el uso de microalgas como
alternativa para tratar de reducir el uso de productos derivados del pescado en la dieta de
peces. La harina de pescado se ha utilizado de forma masiva durante afios como uno de
los principales ingredientes de los piensos de animales acuéticos. Sin embargo, en la

actualidad se esta investigando el uso de compuestos que sean mas sostenibles y que
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permitan reducir el uso de harinas de pescado. En este contexto, se ha propuesto la
utilizacion de microalgas como ingrediente y por lo tanto como alternativa para la dieta
de peces, ya que son faciles de producir y han demostrado ser eficaces en estudios previos.
En el Capitulo VI se ha evaluado la inclusién de 5% y 10% de biomasa cruda e
hidrolizada de Arthrospira platensis en la dieta de larvas de dorada. El uso de hidrolizados
facilita la digestion de los alimentos, especialmente en etapas tempranas del desarrollo,
dada la falta de la actividad enzimatica necesaria para digerir algunos componentes de la
dieta. Nuestros resultados no mostraron alteraciones en el crecimiento de las larvas
suplementadas con biomasa de microalgas crudas e hidrolizadas, apareciendo valores de
peso y longitud corporal similares a los de las larvas control. Ademas, las dietas que
presentaban un 5% de biomasa de A. platensis tanto cruda como hidrolizada mostraron
una composicion de las comunidades microbianas similar a las de las larvas control, no
afectando a la composicion de su microbiota intestinal. La dieta que incluia un 10% de A.
platensis hidrolizada produjo cambios solamente en las especies minoritarias, mientras
que 10% de A. platensis cruda produjo alteraciones de las especies mayoritarias y una
reduccion de la diversidad microbiana. Estos resultados sugieren que la inclusién de 5%
de A. platensis cruda y 5% y 10% de A. platensis hidrolizada podria ser atil para reducir
los niveles de harina de pescado en el pienso, manteniendo el crecimiento y sin alterar el

comportamiento y la composicion de la microbiota intestinal de larvas de dorada.

Por ultimo, en el Capitulo VII se ha utilizado una dieta complementada con
biomasa cruda de microalgas y diferentes concentraciones de fitasa. La fitasa es una
enzima que degrada el &cido fitico, liberando fosforo y otros nutrientes que pueden ser
utilizados por los animales. Tanto la fitasa como otras enzimas se han utilizado como
aditivos en dietas en animales terrestres y acuaticos, produciendo un aumento de la
digestibilidad de los nutrientes y un incremento en el crecimiento de los animales. En
nuestro estudio se ha utilizado una formulacion que incluye 2,5% de biomasa cruda de
microalgas (Arhtrospira platensis y Nannochloropsis gaditana), junto con diferentes
concentraciones de fitasa (500, 1.000, 2.000 y 10.000 FTU/kg) en la dieta de juveniles de
lubina. La inclusion de biomasa de microalgas junto niveles altos de fitasa (2.000 y 10.000
FTU/kg) produjo un aumento en el peso de los peces, siendo los peces alimentados con
la dieta de 10.000 FTU/kg los que mostraron un mayor crecimiento. Estos resultados
indican que el incremento del peso es proporcional a la concentracion de fitasa,

produciéndose mayor crecimiento a medida que aumenta la concentracion de la enzima.
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Con respecto a las comunidades microbianas intestinales, las dietas con 500, 1.000 y
2.000 FTU/kg produjeron cambios en la diversidad o en la composicion microbiana del
intestino, mientras que la dieta que contenia un 2,5% de biomasa de microalgas y 10.000
FTU/kg de fitasa no alteré la composicion de la microbiota intestinal. Esta Gltima dieta
parece ser la mas beneficiosa para los juveniles de lubina, produciendo un aumento
significativo del crecimiento sin alterar la estructura de las comunidades microbianas

intestinales.

En resumen, los resultados de esta Tesis muestran la importancia de suplementar
la dieta de animales con diferentes aditivos, como potenciales probiéticos, fitobidticos y
microalgas solas o junto con preparados enzimaticos, permitiendo mejorar la calidad
nutricional de las dietas y mantener o aumentar el crecimiento y los parametros
productivos de animales del sector avicola, porcino y piscicola, ademas de inducir en
algunos casos cambios potencialmente beneficiosos en la composicién de la microbiota
intestinal. Serdn necesarias mas investigaciones en el futuro que permitan conocer la
accion de estos compuestos sobre patdgenos especificos de los distintos animales
empleados, asi como otros pardmetros relacionados con la salud y el bienestar o la
respuesta del sistema inmunitario de los animales, lo que completaria los resultados

obtenidos en esta Tesis.
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Introduccion

1. Importancia de los sectores avicola, porcino y piscicola en Espafia

La ganaderia en Espafia representa uno de los sectores productivos mas importante
del pais, siendo una referencia a nivel europeo. Este sector se encuentra representado por
la cria de diferentes especies de animales, siendo la actividad porcina la de mayor peso
en cuanto a produccion. El sector porcino supuso en torno al 43% del valor de la
produccion total ganadera en el afio 2020 (Figura 1.1), con una produccion estimada
entorno a 5 millones de toneladas de carne. En este mismo afio, el censo de ganado
porcino se situd alrededor de los 32,7 millones de animales, representando el 22,4% del
total de animales de la Union Europea (en adelante UE), y convirtiendo a nuestro pais en
el principal productor de la UE, y superando a otros grandes paises productores como
Alemania o Francia (Ministerio de Agricultura Pesca y Alimentacién, 2020c).

En cuanto al sector avicola, representa un 5,7% del valor de la produccion final
ganadera el sector avicola de puesta, y un 12,2% el sector avicola de carne (Figura 1.1).
La produccion de huevos ha aumentado los ultimos afios, produciéndose en Espafia en
torno a 1.250 millones de docenas de huevos en el afio 2020 (Ministerio de Agricultura
Pesca y Alimentacion, 2020b). Con respecto a la UE, Espafia ocupa el tercer lugar en
produccion de huevos, correspondiente al 13% de la produccion de la UE y siendo
superada solo por Alemania y Francia. En lo que se refiere al namero de gallinas
ponedoras, los Ultimos datos obtenidos en el afio 2020 mostraron un censo superior a 47
millones de animales, lo que supone un aumento respecto a afios anteriores (Ministerio
de Agricultura Pesca y Alimentacion, 2020b). En cuanto a la produccion de carne de ave
en Espana, en el afio 2020 se produjeron 1,7 millones de toneladas, lo que supuso un
12,7% de la produccion de la UE, convirtiendo a Esparfia en el segundo mayor productor

tras Polonia (Ministerio de Agricultura Pesca y Alimentacién, 2020a).

Por su parte, la acuicultura también representa una actividad con gran impacto
econdmico en nuestro pais, siendo el principal productor de acuicultura de los estados
miembro de la UE. Los datos mas recientes, sittan la produccién acuicola de Espafia en
torno a las 300.000 toneladas en el afio 2020, colocandose a la cabeza de la EU. Sin
embargo, considerando el valor de la produccion, Esparia ocupa la segunda posicion con
una produccion superior a 560 millones de euros (APROMAR, 2021). Centrandonos
solamente en la produccidn de peces (sin tener en cuenta la produccion de moluscos),
Espafia se sitla en segundo lugar de la UE, con una produccion de en torno a 80.000

toneladas, con un valor aproximado de unos 450 millones de euros (Figura 1.2). Las
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VALOR DE LA PRODUCCION FINAL
GANADERA ANO 2020 (MILLONES DE €)

QOvino y Caprino
(5,49%) Equino (0,37%)

Avicola (12,24%)
Otros (1,92%)

Huevos (5,71%)

Bovino (15,29%)

Figura 1.1. Valor de la produccion final ganadera en Espafia en el afio
2020. La mayor parte de la produccion ganadera pertenece al ganado
porcino, seguido del bovino, avicola y del sector avicola de puesta de
huevos (Ministerio de Agricultura Pesca y Alimentacion, 2020b).

principales especies de peces producidas en la UE incluyen la trucha arcoiris
(Onchorhynchus mykiss), la dorada (Sparus aurata) y la lubina (Dicentrarchus labrax).
Ademas, el informe Fish to 2030 (The World Bank, 2013) considera que la produccion
de pescado seguira creciendo de forma exponencial en los préximos afios, pudiendo
alcanzar niveles de produccion cercanos a los 190 millones de toneladas anuales en el afio

2030, siendo su componente principal el proveniente de la acuicultura.

Por otra parte, el aumento exponencial de la poblacion mundial de los ultimos
afios, la cual se estima que pueda alcanzar valores cercanos a los 9.700 millones de
personas en el afio 2050 y casi 11.000 millones en el afio 2100 (United Nations,
Department of Economic and Social Affairs, Population Division, 2019), ha llevado a la
necesidad por parte de la industria agroalimentaria de buscar nuevas metodologias que
sean capaces de incrementar los niveles productivos y al mismo tiempo aumentar el
bienestar animal (Wu et al., 2020). Entre estos métodos, la suplementacién de las dietas
con aditivos de tipo alimentario ha resultado ser una herramienta muy eficaz, pues permite
influir favorablemente el rendimiento y el bienestar animal, particularmente mediante
modificaciones de la microbiota intestinal. El establecimiento de una microbiota
intestinal adecuada constituye una barrera eficaz frente a patégenos (Ubeda et al., 2017),

ademas de suponer un estimulo para el desarrollo del sistema inmunitario y aportar

10



Introduccion

VALOR VOLUMEN PRODUCCION (t)

Grecia  448,3 M€
Espafia 446,2Mc [N 77.060
Italia 2099 Mc [ s0.928
Francia 1920 mMc [ 47.540
Polonia 1308 mc [N 44,718
Dinamarca  110,8 ME 33.624
Chequia 37,4 MC 20.986
Alemania 69,8 M€ 18.615
Croacia 93,0 M€ 18.440
Hungria 32,3 ME 17.283
Finlandia 56,0 M€ 15.296
Bulgaria 33,7 ME 13.571
Rumania 28,5 M€ 12.848
Irlanda 97,3 M€ 11.941
Suecia 32,6 M€ 9.602
Chipre 39,0 M€ 8.058
Portugal 45,6 M€ 7.152
Paises Bajos 27,1 M€ 5.500
Austria 254 ME | 4.250
Lituania 12,1 me 4.202
Malta 30,1 M€ 4.041
Eslovaquia 6,4 M€ 2.688
Eslovenia 4,9 M€ 1.310
Estonia 6,5 M€ 1.061
Letonia 1,5 M€ 609 .
Bélgica 0,5 M€ | 86 % 104.874t o -

Figura 1.2. Distribucion de la produccion de acuicultura de peces en los estados miembro de la
UE por su cantidad (toneladas) y valor (millones de euros) en el afio 2020. Espafia se sitda en
segundo lugar en valor y volumen de produccion, s6lo por detras de Grecia (tomado de
APROMAR (2021)).

metabolitos necesarios para el bienestar intestinal, tanto en humanos como en animales
(Duarte & Kim, 2021; Rescigno, 2014). De ahi la importancia de conocer la composicion
de microbiota intestinal de los animales, asi como los principales factores que puedan
alterarla.

2. Microbiota del tracto digestivo

La microbiota intestinal hace referencia a la comunidad de microorganismos que
habitan un determinado ambiente del tracto gastrointestinal, incluyendo bacterias,
hongos, protozoos, arqueas y levaduras (Turner, 2018). El tracto gastrointestinal es una
de las regiones corporales que alberga una microbiota mas abundante y compleja,
llegando a niveles cercanos a 10 bacterias totales en todo el tracto gastrointestinal (Kim
& lsaacson, 2015; Thursby & Juge, 2017). Los microorganismos residentes en el tracto
gastrointestinal otorgan diversos beneficios al hospedador, desempefiando papeles clave
en funciones nutricionales, fisiolégicas, inmunoldgicas y protectoras (Frick & Autenrieth,
2013; Gensollen et al., 2016), ademas de desempefiar un papel importante en la absorcién
y utilizacién de nutrientes (Frick & Autenrieth, 2013; Morgan & Huttenhower, 2012).
Por otra parte, la microbiota intestinal también se encuentra comunicada con otros

organos y sistemas del cuerpo a traves de los ejes intestino-cerebro, intestino-pulmones,
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intestino-piel o intestino-higado (Martinez et al., 2021). Esta comunicacién se produce
principalmente a traves de metabolitos secundarios, siendo de especial importancia los
acidos grasos de cadena corta (short-chain fatty acids - SCFASs) producidos por el
metabolismo de las bacterias intestinales (O’Riordan et al., 2022). Por tanto, la presencia
de una microbiota intestinal beneficiosa puede afectar positivamente a la salud y las
enfermedades relacionadas con diversos 6rganos y sistemas de humanos y animales
(Morais et al., 2020).

Numerosos estudios en humanos y animales han demostrado que la composicion
de la microbiota intestinal estd influenciada por numerosos factores, entre los que se
incluyen el genotipo o especie del hospedador, la edad, el ambiente, la temperatura, la
dieta o el uso de antibidticos, entre otros (Bian et al., 2016; Donaldson et al., 2015;
Leeming et al., 2019; Wen & Duffy, 2017; Yukgehnaish et al., 2020). Cambios en estos
factores pueden conllevar a alteraciones en su composicién, lo que puede ocasionar
distintas enfermedades. Sin embargo, algunos estudios han sugerido que los factores
dietéticos son probablemente los determinantes mas importantes que dan forma a la
microbiota intestinal, por lo que pequefios modificaciones en la dieta pueden conllevar a
diferencias en la composicion (Ringg et al., 2016; Scott et al., 2013; Zmora et al., 2018).
Por ello, resulta enormemente importante conocer su estructura y como se desarrolla en
cada uno de los animales objeto de estudio de estudio de esta Tesis Doctoral, para asi
poder conocer como pueden afectar las dietas experimentales a su composicion final y

como afectan a su salud.

2.1. Microbiota intestinal del ganado porcino

La microbiota intestinal de los cerdos, al igual que la del resto de animales es
estéril en el momento del nacimiento (Guevarra et al., 2019; Isaacson & Kim, 2012). Los
primeros microorganismos que colonizan el tracto digestivo provienen del medio,
principalmente del tracto vaginal, la piel y las heces de la madre (Isaacson & Kim, 2012).
Durante las primeras horas de vida el tracto es colonizado rapidamente por
microorganismos aerobios o facultativos, produciéndose una sucesidn progresiva hacia
anaerobios en los adultos (De Rodas et al., 2018). La participacion de los primeros
colonizadores crea un ambiente favorable para los anaerobios. Durante la fase de
lactancia, la microbiota intestinal se mantiene bastante estable, siendo la leche materna el

factor externo que mas influye en las comunidades microbianas (Bian et al., 2016).
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El destete es una de las etapas mas criticas en el ciclo de vida de los cerdos, ya
que genera estrées y cambios fisiologicos, ambientales y sociales en los lechones
(Campbell et al., 2013; Gresse et al., 2017; Guevarra et al., 2018). Ademas, en la industria
ganadera actual, el destete se suele realizar entre las 3-4 semanas de vida, mientras que
de forma natural ocurre en torno a la semana 17, lo que conlleva un mayor grado de estrés
para los lechones (Gresse et al., 2017). Por otra parte, el cambio de leche a comida s6lida,
con fuentes de energia mas complejas, puede favorecer la aparicién de modificaciones en
la microbiota intestinal encaminados hacia el establecimiento de una comunidad
microbiana caracteristica de adultos (Bian et al., 2016). Todos estos cambios pueden dar
lugar a una alteracion de la microbiota, proceso que se conoce como disbiosis y que puede
Ilevar a la aparicion de infecciones asi como a la aparicién de diarrea post-destete en los
lechones, lo cual conlleva importantes pérdidas econdmicas para los ganaderos, siendo
una de las principales causas de muerte de los lechones (Guevarra et al., 2018; Rhouma
et al., 2017). Se han llevado a cabo algunos estudios mediante técnicas de secuenciacion
masiva para determinar la composicién de la microbiota intestinal de lechones, mostrando
una predominancia de los filos Firmicutes, Bacteroidetes y Proteobacteria, que pueden
llegar a representar casi el 100% de la comunidad microbiana del intestino. A nivel de
género, el tracto gastrointestinal se encuentra colonizado principalmente por especies de
Lactobacillus, Clostridium, Bacteroides o Prevotella, entre otros (Bian et al., 2016;
Guevarra et al., 2018; Rodas et al., 2018).

Tras el proceso de destete, los lechones adquieren una microbiota similar a la de
los animales adultos, llegando a una comunidad climax bastante estable y caracteristica
de cada individuo (Kim et al., 2011). Los grupos mayoritarios presentes en la microbiota
intestinal de cerdos adultos son los mismos que en lechones (Firmicutes, Bacteroidetes y
Proteobacteria), produciéndose tras el destete cambios en la abundancia relativa de
algunos grupos mayoritarios, como una disminucion de Lactobacillus y un aumento de
Proteobacteriaceae, Clostridium y Prevotella (Crespo-Piazuelo et al., 2018; Gresse et al.,
2017; Holman et al., 2017; Looft et al., 2014). Este Gltimo género aparece principalmente
en regiones intestinales posteriores (ciego y colon), en las cuales se produce un aumento
del filo Bacteroidetes y una reduccion de Firmicutes y Proteobacteria (Crespo-Piazuelo
et al., 2018; Looft et al., 2014) (Figura 1.3). Sin embargo, esta microbiota puede sufrir

variaciones ya que se encuentra influenciada por factores internos, como el genotipo del
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= Firmicutes
m Bacteroidetes
Proteobacteria ™
= Spirochaetes lleon
Synergistetes
» Otros

Figura 1.3. Abundancia relativa de los filos presentes en la
microbiota intestinal de diferentes regiones del tracto gastrointestinal
de cerdos. El ileon esta colonizado principalmente por Firmicutes,
mientras que en el ciego y el colon se produce un aumento de
Bacteroidetes (modificada de Looft et al., 2014).

hospedador, la edad o el sexo, y externos como el ambiente, el sistema de cria, la dieta o
administracion de antibioticos (Bian et al., 2016; Guevarra et al., 2019; Pajarillo et al.,
2014). Otro de los factores que afecta a la composicion de la microbiota intestinal es la
region del tracto gastrointestinal, produciéndose un gradiente creciente de
microorganismos autdctonos a medida que se avanza en el tracto gastrointestinal (Crespo-
Piazuelo et al., 2018; Holman et al., 2017).

2.2. Microbiota intestinal del ganado avicola

A diferencia de los mamiferos, el embrion de las aves se desarrolla en un huevo,
sin contacto directo con el cuerpo materno (Ding et al., 2017). El tracto gastrointestinal
de aves entra en contacto con microorganismos exdgenos en el momento del nacimiento,
encontrandose microbiota en el tracto gastrointestinal desde el primer dia de vida (Ballou
et al., 2016). Conforme el hospedador va creciendo, su microbiota se va haciendo mas
diversa, hasta llegar a una microbiota estable y muy compleja en el adulto (Pan & Yu,
2013; Pourabedin & Zhao, 2015; Shang et al., 2018). Diversos estudios han mostrado el
papel fundamental de la microbiota intestinal en la salud, la absorcion de nutrientes, el
desarrollo del sistema inmunitarito, la resistencia a enfermedades y la productividad de
las aves (Clavijo & Florez, 2018; Pan & Yu, 2013; Qi et al., 2019; Shang et al., 2018). La
microbiota de las aves, al igual que la del resto de animales, se encuentra influenciada por

maultiples factores como el género (Lumpkins et al., 2008), la edad (Ballou et al., 2016),
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el genotipo del hospedador (Pan & Yu, 2013; Zhao et al., 2013), la dieta (Oakley et al.,
2014), las condiciones ambientales (Shang et al., 2018) o el material de suelo (Cressman
et al., 2010; Nordentoft et al., 2011).

A nivel general, el intestino de pollos y gallinas se encuentra principalmente
colonizado por bacterias de los filos Firmicutes y Bacteroidetes, que representan entre
ambos filos en torno al 90% del total de la poblacién microbiana, seguido de bacterias
pertenecientes a los filos Proteobacteria, Actinobacteria y Deferribacteres (Oakley et al.,
2014; Pourabedin & Zhao, 2015; Qi et al., 2019; Shi et al., 2019). El género mas
abundante en la microbiota intestinal es Lactobacillus, seguido de Bacteroides,
Enterococcus y diversos géneros pertenecientes a la clase Clostridia (Ding et al., 2017;
Rychlik, 2020). Sin embargo, la microbiota no es constante a lo largo del intestino, con
diferencias a lo largo de las distintas regiones. El tracto gastrointestinal de pollos y
gallinas esta formado por el buche, proventriculo, molleja, duodeno, yeyuno, ileon, ciego,
colon y cloaca, teniendo cada region una funcion metabdlica diferente, lo cual conlleva
modificaciones en la comunidad microbiana de cada regién (Clavijo & Flérez, 2018;
Shang et al., 2018; Yeoman et al., 2012). El buche se encuentra principalmente
colonizado por especies de la familia Lactobacillaceae; el proventriculo y la molleja
también se encuentran colonizados por Lactobacillaceae y por algunas especies del filo
Proteobacteria; la microbiota del duodeno, yeyuno e ileon es bastante similar, incluyendo
especies de las familias Lactobacillaceae y Clostridiaceae, asi como Enterococcus y
Escherichia coli/Shigella (Figura 1.4); el ciego por su parte es la regién con mayor
densidad y diversidad bacteriana, estando colonizado mayoritariamente por bacterias de
las familias Ruminococcaceae, Lachnospiraceae y Clostridiaceae (Figura 1.4); por ultimo
la microbiota de colon, cloaca y fecal son bastante parecidas entre si y muy similares a la
microbiota del ciego, ya que el tiempo de retencion en esta Gltima parte es bastante corto
y el contenido que sale del ciego es muy similar a las heces (Clavijo & Flérez, 2018;
Pourabedin & Zhao, 2015; Rychlik, 2020).
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Figura 1.4. Descripcion de la abundancia relativa de los filos y familias bacterianas presentes
en las comunidades microbianas del ileon y el ciego de aves de corral (imagen modificada de
Pourabedin & Zhao, 2015).

2.3. Microbiota intestinal de peces

La colonizacion intestinal de las larvas de peces se produce a través de los huevos,
el agua y los primeros alimentos. Esta colonizacion inicial es especifica de especie, con
diferencias controladas por la variacién y composicion de las proteinas de membrana de
la superficie de los huevos (Larsen, 2014). Hasta el momento de la eclosion de los huevos
las larvas permanecen estériles, y en el momento de la eclosion entran en contacto con
las bacterias de la cubierta de los huevos. Posteriormente empiezan a beber agua, lo que
ayuda que la microbiota intestinal se diversifique (Egerton et al., 2018). A medida que
los individuos van creciendo, también aumenta su diversidad microbiana. Diversos
estudios sobre microbiota intestinal de peces han mostrado gran diversidad a nivel tanto
intra- como interespecifico. Los factores que pueden afectar a esta diversidad incluyen la
dieta, estacion, habitat, sistema de crianza, edad, sexo, filogenia y genética del
hospedador (Egerton et al., 2018; Piazzon et al., 2019). Por otra parte, también se ha
comprobado que la densidad y el tipo de microbiota intestinal puede cambiar dentro de
un mismo individuo, apareciendo diferencias en la microbiota presente en distintas partes

del intestino, asociadas a diferencias fisiologicas de los animales (Clements et al., 2014;
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Jones et al., 2018). El intestino de los peces se puede dividir en tres secciones principales:
el tracto anterior (foregut), donde se lleva a cabo la absorcion de nutrientes; el tracto
medio (midgut), donde se realiza el transporte de macromoléculas, asi como reacciones
de inmunoestimulacién; y el tracto posterior (hindgut), encargado de la captura de
antigenos y de la estimulacion del sistema inmunitario (Egerton et al., 2018; Estruch et
al., 2015).

Estudios realizados mediante secuenciacion masiva han sefialado los filos
Proteobacteria, Firmicutes y Bacteroidetes como los que presentan una abundancia
relativa mayor en las comunidades microbianas del intestino de peces criados en sistemas
de acuicultura, llegando a suponer entre los tres filos cerca del 90% de las bacterias, y
siendo el filo de Proteobacteria el que presenta una mayor prevalencia (Ghanbari et al.,
2015; Nikouli et al., 2018). Algunos trabajos mostraron también altos niveles de
Actinobacterias (Estruch et al., 2015; Piazzon et al., 2019). A nivel de género, los mas
comunes son Vibrio, Pseudomonas, Photobacterium, Acinetobacter, Acinetobacter,
Aeromonas, Clostridium y Moraxella, asi como algunos géneros de bacterias del acido
lactico (Lactobacillus, Streptococcus o Carnobacterium) (Egerton et al., 2018; Estruch et
al., 2015; Kormas et al., 2014). Con respecto a la microbiota intestinal de doradas (Sparus
aurata) y lubinas (Dicentrarchus labrax), especies objeto de estudio de esta Tesis, ambas
presentan una composicién bacteriana similar. Los estudios realizados utilizando doradas
y lubinas provenientes de acuicultura también han mostrado una predominancia de los
filos Proteobacteria, Firmicutes y Actinobacteria, y niveles mas bajos de Bacteroidetes
(Estruch etal., 2015; Kormas et al., 2014; Nikouli et al., 2018). Con respecto a los géneros
bacterianos, los que tienen mayor representacion en el tracto gastrointestinal de ambas
especies son Photobacterium, Vibrio, Lactobacillus, Pseudomonas, Corynebacterium,
Propionibacterium y Clostridium (Estruch et al., 2015; Kormas et al., 2014).

3. Uso de antibi6ticos en la industria animal

Los antibidticos se han administrado en la industria animal desde su
descubrimiento y durante mas de 60 afios para el control, tratamiento y la prevencion de
enfermedades infecciosas (Allen et al., 2013; Thacker, 2013). Se ha estimado que en torno
al 50% de los antibioticos utilizados en América del Norte y Europa estaban destinados a
animales de consumo (Capita & Alonso-Calleja, 2013). Estos, ademas, se han utilizado

en alimentacion animal desde los afios 40 como agentes promotores del crecimiento
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(APC, Antibidticos Promotores del Crecimiento) (Capita & Alonso-Calleja, 2013; Seal
et al., 2013). Durante este periodo, las empresas ganaderas han incorporado dosis
subterapéuticas de antibioticos como promotores del crecimiento (APCs) a la dieta de los
animales, permitiendo mantener asi altos niveles productivos del sector. Los posibles
mecanismos de accion mediante los cuales los APCs aumentan el rendimiento de los
animales incluyen la reduccidn de la carga bacteriana total, la eliminacion de patégenos,
el adelgazamiento de la mucosa intestinal y la modulacion de su sistema inmunitario
(Dibner & Richards, 2005; Niewold, 2007). Sin embargo, la mayoria de los estudios
sugieren que el principal efecto de los APC parece estar relacionado con modificaciones
en el equilibrio de las comunidades que conforman la microbiota intestinal, provocando
cambios en los procesos digestivos y metabolicos de los animales, que se traducen en una
mayor absorcion de nutrientes y aumento significativo de peso (Kim et al., 2012; Lin et
al., 2013; Unno et al., 2015). El efecto de estos compuestos sobre la composicion de la
microbiota intestinal podria explicar una disminucion en la competencia por los nutrientes
o la reduccion de metabolitos microbianos que reducen el crecimiento (Capita & Alonso-
Calleja, 2013; Looft et al., 2012). Ademas, con su uso no solo se lograba disminuir el
riesgo potencial de desarrollar enfermedades infecciosas por patdgenos como
Campylobacter, Salmonella, Listeria o Clostridium perfringens, sino también
incrementar la produccion de carne. Sin embargo, el uso abusivo de los APC en la
industria ganadera conlleva diferentes riesgos asociados, como la presencia de residuos
de antibidticos en la comida de origen animal o la liberacion de antibi6ticos al ambiente
a través de las heces, y, sobre todo, la aparicion y diseminacion de genes o bacterias
resistentes a la mayoria de agentes antimicrobianos utilizados extensivamente en
ganaderia (Capita & Alonso-Calleja, 2013; Ferri et al., 2017).

Se han encontrado evidencias de que los genes de resistencia a los antibioticos
pueden transferirse a la microbiota humana, lo que hace que, en la actualidad, la
resistencia a los antimicrobianos (AMR, Antimicrobial Resistance) se haya convertido en
una amenaza global para la salud publica, siendo un problema de primer orden tanto para
la salud de los animales como la humana (World Health Organization, 2021). La
preocupacion por la aparicion de resistencia a los antibidticos ha ido creciendo y
extendiéndose a nivel nacional e internacional, llegando a definirse por algunos
organismos como una pandemia global o como uno de los mayores desafios sanitarios

del siglo XXI (World Health Organization, 2021). Dondequiera que se usen

18



Introduccion

antimicrobianos se pueden encontrar reservorios de resistencia, como en la microbiota
humana y animal, sus entornos asociados, el agua, el suelo, el medio ambiente y muchos
otros nichos ecoldgicos (Ferri et al., 2017; McEwen & Collignon, 2018; Woolhouse &
Ward, 2013) (Figura 1.5). Sin embargo, es ampliamente reconocido que su consumo es el
principal factor de riesgo para la aparicion de resistencia. Con respecto a los animales,
hay numerosos casos de uso inapropiado de antibioticos, entre los que se encuentra su
uso a dosis subterapéuticas para promover el crecimiento animal (Capita & Alonso-
Calleja, 2013).

Estos problemas asociados al uso masivo de antimicrobianos hicieron que en los
ultimos 30 afios saltara la alarma, concluyendo finalmente su prohibicién en el caso de
antibidticos promotores del crecimiento a partir de 2006 por parte de la UE (EC
Regulation 1831, 2003). Estas restricciones se han ido extendiéndose a los paises
miembros de la UE y posteriormente por otros paises como Estados Unidos, México o
Corea del Sur, donde se ha prohibido o se ha limitado su uso (Maron et al., 2013; U.S.
FDA, 2017; Unno et al., 2015).
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Figura 1.5. Diferentes vias de propagacion de bacterias resistentes a los antimicrobianos,
pudiendo llegar de forma directa e indirecta a los humanos y a los animales de consumo.
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4. Alternativas al uso de antibioticos

La prohibicion de los antibioticos como promotores del crecimiento ha supuesto
un aumento en la muerte de animales debido a infecciones por microorganismos
patogenos, lo que puede llevar a un incremento del uso de antibidticos con fines
terapéuticos, con los riesgos que esto conlleva (Capita & Alonso-Calleja, 2013). Ademas,
esta prohibicion ha llevado consigo un aumento en los costes de produccion de los
animales y por tanto un incremento en el precio final de los productos (Teillant &
Laxminarayan, 2015). Todo esto, sumado al aumento de la poblacion, hace necesaria la
busqueda nuevas estrategias para aumentar la produccién de proteina animal reduciendo
o eliminando el uso de antibidticos. En este contexto, diversos paises han comenzado a
desarrollar nuevas politicas y programas que permitan erradicar o reducir en lo posible el
uso indiscriminado de estos compuestos en la industria agroalimentaria (Founou et al.,
2016). Se ha mostrado un interés creciente por el desarrollo de nuevas productos y
complementos bioldgicos capaces de: (1) reemplazar total o parcialmente el uso de
antibidticos como promotores del crecimiento, (2) restringir su uso terapéutico cuando
sea posible, y (3) tratar de evitar la aparicién de resistencia en los microorganismos
asociados a la industria ganadera (Cheng et al., 2014). Numerosos compuestos y aditivos
de tipo alimentario se han propuesto como alternativas viables a los APCs, destacando
los péptidos antimicrobianos, acidos orgénicos, enzimas, probidticos, prebidticos o
fitobidticos, entre otros (Cheng et al., 2014; Seal et al., 2013) (Figura 1.6).

Probiéticos
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Figura 1.6. Posibles compuestos y aditivos utilizados como
alternativas a los antibi6ticos como terapéuticos y como promotores
del crecimiento en alimentacion de animales de consumo humano.
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4.1. Enzimas

Las enzimas son proteinas biolégicamente activas que facilitan la hidrolisis
quimica de nutrientes en compuestos mas pequefios que posibilitan su digestion y
absorcion. Algunas enzimas pueden facilitar la digestion de compuestos vegetales
presentes en los alimentos, como celulosa o pectina, las cuales no pueden ser degradadas
de forma natural. Esta capacidad para degradar compuestos y facilitar la absorcion se ha
relacionado con una mejora del rendimiento de los animales, caracterizada por un
aumento del peso corporal, de la tasa de conversion del alimento o de la productividad
(Thacker, 2013). Sin embargo, el mecanismo por cual las enzimas pueden actuar como
promotores del crecimiento no se conoce con detalle, pero puede incluir cambios en la
composicion de la microbiota, prevencién del dafio causado por partes de las plantas en
el interior del intestino o la descomposicion de moléculas en compuestos potencialmente
prebidticos (Huyghebaert et al., 2011). La mayor parte de las enzimas que se utilizan en
la industria animal, entre las que destacan fitasas, carbohidrasas y proteasas, suelen estar
producidas por bacterias, hongos o levaduras (Gadde et al., 2017; Thacker, 2013). La
adicion de estas enzimas en la dieta ha mostrado efectos beneficiosos sobre parametros
relacionados con la salud y el crecimiento de animales del sector avicola, porcino y
piscicola, como una mayor digestibilidad de nutrientes, un aumento de la tasa de
crecimiento o un incremento en la actividad enzimaética intestinal (Castillo & Gatlin,
2015; Lei et al., 2017; Walk et al., 2018; Zuo et al., 2015).

La fitasa es una enzima que lleva a cabo la hidrolisis del &cido fitico, un compuesto
abundante en el material vegetal, especialmente en semillas y fibras, e indigerible por
parte de los animales. El acido fitico sirve principalmente como almacenamiento de
fosforo, pero también se puede asociar con cationes cargados positivamente, como calcio,
magnesio, zinc, cobre, hierro o potasio, reduciendo su biodisponibilidad para los animales
(Kumar et al., 2012). La presencia de &cido fitico también afectar de forma directa al
estado fisioldgico de los animales, produciendo efectos negativos en su crecimiento, la
utilizacion de nutrientes y la absorcion de minerales (Kumar et al., 2012). Ademas, se ha
demostrado que dietas ricas en acido fitico disminuyen la expresion de genes relacionados
con el apetito y la absorcion de glucosa en lechones y peces (Liu et al., 2014; Woyengo
et al., 2012). Por tanto, la accion de la fitasa permite liberar el fésforo y otros minerales
asociados al acido fitico, aumentando con ello su disponibilidad para la absorcion por

parte de los animales (Cao et al., 2007; Romano & Kumar, 2018) (Figura 1.7). Esta enzima
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se encuentra de forma natural en los componentes vegetales y es producida por algunas
bacterias intestinales, sin embargo, en algunos casos resulta insuficiente, pudiendo
ocasionar deficiencias de fosforo y otros minerales que pueden conllevar a efectos
adversos en los animales, como una disminucion de la mineralizacion de los huesos
(Romano & Kumar, 2018). Esto hace necesaria la suplementacion de algunas dietas con
fitasa exdgena, mostrando en diversas investigaciones un aumento del crecimiento y una
mejora de la salud de animales del sector porcino, avicola y piscicola. En pollos de
engorde, la inclusion de fitasa ha conseguido mejorar la salud gastrointestinal,
produciendo un incremento de SCFAS y un aumento de las poblaciones de Lactobacillus
y Enterococcus en el ileon, los cuales pueden actuar como promotores del crecimiento
(Ptak et al., 2015). En peces, la suplementacion de la dieta con fitasa también ha mostrado
resultados positivos. La adicidn de esta enzima en la dieta del pez dorado (Carassius
auratus) produjo un aumento de peso y de la utilizacion de fosforo, asi como una mejora
en la tasa de conversion del alimento (Nie et al., 2017). En tilapia del Nilo, la accién de
la fitasa también conllevo a un aumento de parametros relacionados con el peso, produjo
un incremento en los niveles de proteina y lipidos, y mejoré la respuesta inmune (Norag
et al., 2018). Sin embargo, el estudio de los efectos de la fitasa sobre la composicion y la
diversidad de la microbiota intestinal mediante técnicas de secuenciacion masiva, y su

relacién con parametros de crecimiento de peces es practicamente desconocido.
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Figura 1.7. Hidrdlisis del acido fitico por parte de la fitasa, liberando acido fosférico y generando
inositol como producto final de la reaccion (imagen modificada de Herrera Bravo de Laguna et al.,
2015).
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4.2. Probioticos

Los probidticos se definen como microorganismos vivos que, cuando se
administran en cantidades adecuadas, confieren un beneficio para la salud del organismo
hospedador (Hill et al., 2014). Las caracteristicas méas importantes que deben de presentar
los microorganismos utilizados como probidticos son resistir las condiciones estomacales
e intestinales, fijarse al epitelio intestinal, no ser patdgenos y generar efectos beneficiosos
para la salud (FAO, 2016). Los efectos beneficiosos que se atribuyen al consumo de
probidticos suelen estar asociados a diversos mecanismos, los cuales incluyen la
induccion de inmunomodulacion, el aumento de la digestibilidad de nutrientes, la
produccion de sustancias antimicrobianas, la supresion de patdgenos, la modulacién de
la microbiota y la mejora de la funcion de barrera del epitelio intestinal (FAO, 2016;
Markowiak & Slizewska, 2018). La actividad probi6tica esta asociada a género, especie
0 cepa, pudiendo emplearse una mezcla de diferentes organismos. Son numerosas las
especies del dominio Bacteria y también algunas levaduras las que tradicionalmente se
han utilizado como probidticos en alimentacion animal para mejorar la salud y los
parametros productivos de los animales. La mayoria de estas especies estan relacionadas
con las bacterias del acido lactico (BAL), como algunas especies de géneros de
Lactobacillaceae  (Levilactobacillus, Limosilactobacillus, Lentilactobacillus,
Lactobacillus, Lacticaseibacillus, Lactiplantibacillus, entre otros), asi como especies de
Enterococcus, Streptococcus, Lactococcus, Leuconostoc, Pediococcus, Bacillus,
Bifidobacterium o Propionibacterium, y finalmente entre los eucariotas, las especies de
Saccharomyces o Aspergillus (Cheng et al., 2014; Gadde et al., 2017). De todos estos
microorganismos, algunos de los mas ampliamente utilizados como probi6ticos en
alimentacion animal incluyen a especies de los géneros Bacillus y Enterococcus y de la

familia Lactobacillaceae.

Dentro de la familia Lactobacillaceae, numerosos géneros se han utilizado como
probidticos en aves de corral, cerdos y peces, siendo de gran importancia las bacterias
anteriormente englobadas dentro del género Lactobacillus. Diferentes estudios han
mostrado un aumento del peso y una mejora de la productividad en pollos de engorde,
lechones y peces tras la suplementacion de una dieta enriquecida con diferentes especies
lactobacilos (Cho et al., 2011; Gadde et al., 2017; Mookiah et al., 2014; Veizaj-Delia et
al., 2010). La adicidn de bacterias pertenecientes a este grupo también ha conllevado otros

efectos en los animales, como una mejora en la salud intestinal y cambios en la
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composicion de su microbiota, caracterizados por un aumento de bacterias beneficiosas
o la inhibicion de potenciales patdgenos como determinadas cepas de E. coli (Gadde et
al., 2017; Pieper et al., 2009). En un estudio de Wang et al. (2019) en el cual se ha
suplementado la dieta de lechones destetados con una mezcla de Lactobacillus fermentum
y Pediococcus acidilactici, se ha asociado con una alteracién de la estructura de las
comunidades microbianas del ciego y el colon, debida principalmente al aumento de las
poblaciones de lactobacilos en la microbiota intestinal. En pollos, una dieta probidtica
que incluia Lactobacillus acidophilus produjo igualmente un aumento de los lactobacilos

y una reduccién de E. coli en el ciego de pollos de engorde (Zhang & Kim, 2014).

Con respecto al género Bacillus, distintas especies pertenecientes a este género se
han empleado como potenciales probioticos en alimentacion animal, siendo Bacillus
subtilis la especie cominmente utilizada. La adicion de esta especie ha conseguido no
solo mejorar la salud en cerdos, aves y diversas especies acuicolas, sino también mejoras
en su crecimiento y su sistema inmunitario (Ahmed et al., 2014; Luise et al., 2019;
Martinez Cruz et al., 2012; Park & Kim, 2014). La suplementacién de la dieta con este
probidtico también ha mostrado cambios en la composicion de la microbiota intestinal.
En un estudio realizado por Khan & Chousalkar (2021), la inclusion de varias cepas de
Bacillus no produjo alteraciones en el comportamiento general de las comunidades
microbianas del intestino de gallinas, pero si que produjo un aumento de las poblaciones
de los filos Bacteroidetes y Proteobacteria, y una reduccion de algunos patégenos como
por ejemplo Salmonella. Esta reduccion de patdgenos también se ha visto en un estudio
de Abou-Kassem et al. (2021) realizado con codornices, donde también disminuyeron las
poblaciones de E. coli y otros coliformes en las aves suplementadas con Bacillus

toyonensis.

Por su parte, algunas bacterias pertenecientes al género Enterococcus también se
han empleado como potenciales probidticos en alimentacion animal, siendo Enterococcus
faecium la especie més utilizada. La adicion de esta especie en la dieta de lechones ha
mostrado un aumento del crecimiento y mejoras en su sistema inmunitario, asi como un
incremento de bacterias potencialmente beneficiosas (lactobacilos) y una disminucion de
coliformes en la microbiota intestinal (Mallo et al., 2010; Sukegawa et al., 2014). La
adicion de la cepa probidtica E. faecium NCIMB 10415 en pollos de engorde también
produjo un aumento del peso corporal y de la tasa de conversion del alimento, asi como

un incremento en los niveles de bacterias del &cido lactico en el ileon y las heces (Samli
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et al., 2007). Otra especie potencialmente probidtica de este género es Enterococcus
faecalis, la cual se ha utilizado en estudios con pollos, cerdos y también en acuicultura,
mostrando resultados positivos en el crecimiento y la salud animal, asi como cambios en
la composicion bacteriana del intestino, reduciendo los niveles de patdgenos y
favoreciendo a las bacterias beneficiosas (Bafios et al., 2019; Li et al., 2017; Rodriguez-
Estrada et al., 2013; Song et al., 2016). En gallinas, la suplementacion de la dieta con E.
faecalis produjo un aumento de Bacteroidetes y una reduccion de Firmicutes (Song et al.,
2019), lo cual se ha relacionado con un aumento del peso de las gallinas durante la
produccion de huevos (Videnska et al., 2014). La cepa UGRA10 de E. faecalis presenta
propiedades tecnoldgicas, funcionales y potencialmente probidticas, como son la
resistencia a altas concentraciones de bilis o la capacidad para estimular la respuesta
inmunitaria en animales (Bafios, 2016; Cebrian et al., 2012). Ademas, E. faecalis
UGRAL0 se ha utilizado como suplemento para la dieta de trucha arcoiris, consiguiendo
reducir los niveles del patégeno Lactococcus garviae (Barfios et al., 2019). Sin embargo,
hasta la fecha no se han realizado estudios que investiguen los efectos potencialmente
probidticos de esta cepa sobre la produccion de huevos y la microbiota intestinal de
gallinas ponedoras, por lo que su uso se aborda por primera vez en el Capitulo | de esta
Tesis.

4.3. Extractos de plantas o fitobioticos

Los extractos de plantas, también conocidos como fitobioticos, son compuestos
bioactivos naturales derivados de plantas y que incorporados en la alimentacion animal
pueden mejorar la productividad (Gheisar & Kim, 2018). Son numerosos los productos
derivados de las plantas que han mostrado propiedades beneficiosas y que se han
categorizado como potenciales fitobidticos en alimentacion animal, particularmente por
sus capacidades para modular la microbiota intestinal, reforzar la respuesta inmunitaria y
también en algunos casos por sus actividades como antimicrobianos, antioxidantes y
antiestrés (Hashemi & Davoodi, 2011; Vondruskova et al., 2010). Estas propiedades
beneficiosas suelen ser derivadas de los componentes activos de las plantas, siendo la
mayoria de ellos metabolitos secundarios como terpenoides, compuestos fendlicos,
glucdsidos y alcaloides (Huyghebaert et al., 2011). Aunque los mecanismos de accion de
estas sustancias no estan totalmente aclarados, se han propuesto varios mecanismos

relacionados con su actividad biologica y sus efectos sobre la salud y el crecimiento de
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los animales. Entre estos, se incluyen la ruptura de la membrana celular de patégenos
(antimicrobianos), la modificacion de la superficie celular, la activacion del sistema
inmunitario (inmunomodulacién) o la promocién de bacterias beneficiosas en el tracto
intestinal (Diaz-Sanchez et al., 2015).

En los ultimos afios, numerosos compuestos potencialmente fitobioticos
procedentes de diferentes especies de plantas, entre las que se incluyen el tomillo,
orégano, romero, ajo, cebolla, jengibre, comino, cilantro o canela, entre otras, se han
utilizado por su potencial para mejorar la calidad nutricional de algunas dietas y tratar de
reducir el uso de antibidticos en alimentacion animal, tanto en la industria avicola, porcina
y acuicultura. Algunos de estos compuestos han mostrado un aumento del crecimiento y
la productividad, y/o una mejora de la tasa de conversion del alimento en aves, cerdos y
peces (Gadde et al., 2017; Liu et al., 2018; Reverter et al., 2014; Windisch et al., 2008).
En este sentido, cerdos alimentados con extracto de ajo, tomillo, clavo y orégano han
mostrado un incremento del peso corporal y una mejora en su rendimiento de carne (Liu
et al., 2008; Oetting et al., 2006; Tatara et al., 2008). La adicion de orégano, estevia o
comino también han mostrado resultados similares en pollos de engorde, con aumento
del peso y mejora de la tasa de conversion del alimento (Jahan et al., 2016; Peng et al.,
2016; Sadeghi et al., 2016). Con respecto a los peces, meros, lenguados y tilapias del Nilo
alimentados con extractos de plantas como ajo, jengibre o albahaca, han mostrado una
mayor ganancia de peso que los peces alimentados con dietas tradicionales (revisado en
Reverter et al., 2014). Por otra parte, el uso de estos compuestos ademas de suponer una
mejora en los pardmetros productivos de los animales, también han mostrado capacidad
de inducir otros cambios, como alteraciones morfolégicas, mejoras en el sistema
inmunitario de los animales o cambios beneficiosos en la composicién de la microbiota
intestinal (aumento de cepas beneficiosas y disminucién de patégenos) (Clavijo & Florez,
2018; Lee & Gao, 2012; Ren et al., 2019). Por ejemplo, la utilizacion de ingredientes
activos derivados de plantas (carvacrol, cinamaldehido y eugenol) produjo un incremento
en las poblaciones de algunas especies con caracteristicas probiéticas del género
Lactobacillus en el buche de gallinas ponedoras (Ren et al., 2019). Con respecto a la
reduccion de patdgenos, algunos compuestos derivados de orégano o canela han mostrado
una disminucion de los niveles de E. coli o Eimeria, y por tanto la reduccion de la
mortalidad de aves y cerdos (Gheisar & Kim, 2018). La adicion de harina de hoja de

cilantro vietnamita y de betel ha también ha mostrado una disminucion de bacterias
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patdgenas en el intestino de pollos de engorde, como E. coli, Salmonella y Staphylococcus
aureus (Basit et al., 2020).

Dentro de los fitobidticos, algunos de los mas importantes son los extractos de
plantas del género Allium, principalmente los procedentes de ajo (Allium sativum) y
cebolla (Allium cepa). Son muchos los trabajos que han demostrado que algunos
compuestos derivados del ajo tienen actividad bioldgica relacionada con la salud y el
crecimiento, principalmente en alimentacion animal (Guillamon et al., 2021; Valenzuela-
Gutiérrez et al., 2021). Estudios realizados por Yan et al. (2012) en cerdos mostraron un
aumento del crecimiento y de la digestibilidad de nutrientes de los animales
suplementados con polvo de ajo. Otro estudio realizado con cerdas lactantes demostré un
aumento del peso y un mayor desarrollo de los 6rganos del tracto gastrointestinal en las
cerdas suplementadas con extractos de ajo (Tatara et al., 2005). Resultados similares se
han obtenido en pollos, con una mejora de los parametros productivos y de la actividad
metabolica, y una reduccion de E. coli en el microbioma intestinal (Aji et al., 2011; Ren
etal., 2019). También se han obtenido efectos beneficiosos utilizando extractos de Allium
en acuicultura; asi el trabajo de Blyukdeveci et al. (2018) con trucha arcoiris
suplementada con extracto de ajo mostré un aumento de la tasa de crecimiento y una
mayor abundancia relativa de Clostridium y Exiguobacterium en la microbiota del tracto
gastrointestinal, los cuales pueden aportar acidos grasos esenciales, vitaminas y lipidos a

los peces, mejorando asi la salud y el crecimiento.

Los beneficios para la salud de los animales inducidos por el suplemento
alimenticio con productos derivados del ajo, parecen estar relacionados con compuestos
bioactivos organosulfurados como ajoeno, alicina, isoalicina, propil propano tiosulfinato
(PTS) o propil propano tiosulfonato (PTSO) (Guillamén et al., 2021; Valenzuela-
Gutiérrez et al., 2021). La alicina ha sido uno de los compuestos méas estudiados,
mostrando la suplementacién de la dieta de cerdos con este compuesto un aumento de la
diversidad microbiana y un incremento en los niveles de Prevotella, el cual esta
relacionado con la fermentacion y la hidrélisis de proteinas y carbohidratos (Liu et al.,
2018). La alicina también ha mostrado un aumento del crecimiento de diferentes especies
de peces, ademas de mostrar capacidad antimicrobiana frente a numerosas bacterias
patogenas de peces como Aeromonas hydrophila, Pseudomonas fluorescens,
Streptococcus agalactiae o Staphylococcus aureus, entre otras (Lee & Gao, 2012).

Algunos estudios han evaluado los efectos de otros dos compuestos organosulfurados
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derivados del género Allium, como el propil propano tiosulfinato (PTS), y especialmente
el propil propano tiosulfonato (PTSO) (Guillamon et al., 2021). Estas moléculas se
generan cuando se producen dafos en los tejidos de plantas del género Allium y la enzima
alinasa degrada los compuestos iniciales presentes en las células, produciendo estos
compuestos organosulfurados (Lira et al., 2020) (Figura 1.8). La adicion de PTSO a la
dieta de pollos de engorde produjo una reduccion de los niveles de potenciales patdgenos
como Salmonella, Campylobacter y especies de Clostridium (Peinado et al., 2013;
Peinado et al., 2012). Otro estudio con pollos realizado por Ruiz et al. (2015) mostro el
efecto del PTSO en la composicion de la microbiota asociada a la mucosa del ileon,
produciendo un aumento de las bifidobacterias. Por su parte, la suplementacion de la dieta
de gallinas ponedoras con PTSO produjo un aumento del peso de los huevos y mostré un
incremento en las poblaciones de Lactobacillus y Bifidobacterium, y una reduccion de
enterobacterias en las heces de los animales en un estudio realizado utilizando técnicas
dependientes de cultivo (Abad et al., 2021). EI PTSO también se ha utilizado en la
industria porcina, obteniendo resultados positivos en el tracto gastrointestinal de cerdas,
caracterizados por una reduccion de patégenos como E. coli y S. typhimurium (Ruiz et
al., 2010), y provocando una reduccion de procesos diarreicos e inflamacion causada por
Escherichia coli en lechones (Liu et al., 2013). Ademaés, en un estudio reciente de Lira et
al. (2020) confirmo la seguridad del PTSO a nivel toxicoldgico y a las dosis empleadas.

Todos estos resultados hacen que estos compuestos organosulfurados puedan ser
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Figura 1.8. Vias bioquimicas y estructuras quimicas de los compuestos organosulfurados. S-
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tiosulfinato (PTS) (imagen modificada de Lira et al., 2020).
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alternativas en la preparacion de dietas seguras y que permitan reducir o eliminar el uso
de antibioticos con fines terapéuticos y promotores del crecimiento, pudiendo ademas
mejorar el rendimiento y la salud de los animales. Sin embargo, pocos trabajos han
utilizado técnicas de secuenciacion masiva para estudiar en profundidad los efectos de los
extractos derivados de Allium sobre la microbiota intestinal y su relacion con el
crecimiento y la productividad de animales de los sectores avicola, porcino y piscicola.
Por tanto, el objetivo de los Capitulos Il a V de esta Tesis se centrara en investigar el uso

de estos compuestos en gallinas ponedoras, lechones, doradas y lubinas.

5. Uso de harina y aceite de pescado, problemas asociados y posibles alternativas

En los altimos afios se ha planteado otro problema asociado a la alimentacion de
especies piscicolas, como es el uso abusivo de harina y aceite de pescado para la
elaboracion de dietas (Gasco et al., 2018). El incremento constante de la produccion en
la acuicultura en los ultimos afios y el uso excesivo de estos compuestos derivados del
pescado, ha redundado paralelamente en un incremento de los precios. Ademas, la
formulacién de dietas para peces elaboradas a base de harina y aceite de pescado
actualmente no se considera sostenible, al menos a largo plazo (Gasco et al., 2018; Oliva-
Teles et al., 2015). Por otra parte, puede que no sea éticamente correcto recolectar peces
para elaborar piensos de especies acuaticas, los cuales podrian utilizarse directamente
como alimento para humanos (Olsen & Hasan, 2012). Por tanto, ha surgido la necesidad
de reducir su uso, buscando para ello alternativas que puedan satisfacer los requerimientos

nutricionales de los peces y mejorar en lo posible la salud y su crecimiento.

Los piensos suplementados con extractos de plantas han sido considerados como
alternativa a los compuestos derivados del pescado por su gran disponibilidad y bajos
precios. Una de sus principales aplicaciones es como sustitutos de las harinas y aceites de
pescado en ciertas dietas, sin embargo, sigue siendo un desafio su empleo en aquellas
especies carnivoras donde se ha asociado a la aparicion de efectos adversos, como la
disminucion en el crecimiento y la salud de los peces (Gasco et al., 2018). Otra de las
propuestas desarrollada en los Gltimos afios ha sido el uso de microalgas como alternativa
a los compuestos derivados de pescado en las dietas de acuicultura (Shah et al., 2018). El
término microalga utilizado en ficologia aplicada generalmente incluye a las algas
microscopicas y las bacterias fotosintéticas (como las cianobacterias) (Garcia et al.,

2017). De aqui en adelante se utilizara el término microalga para referirse a estos grupos.
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Las microalgas tienen gran potencial para su uso en acuicultura, dado que presentan una
gran fuente de proteinas, lipidos, vitaminas, minerales, pigmentos, entre otros (Roy &
Pal, 2014). Estos aditivos han mostrado mejoras en el crecimiento de especies acuaticas
debido al aumento de triglicéridos y proteinas en masculo, también un aumento en los
niveles de acidos grasos omega-3, una mayor resistencia a las enfermedades y una mayor
actividad fisioldgica (Ansari et al., 2021). Ademads, las microalgas presentan otras
ventajas adicionales, como su capacidad de crecer en numerosos tipos de habitats, e
incluso muchas de las especies tienen mayor capacidad de produccidn que las plantas, por
lo cual se pueden multiplicar con muy pocos requerimientos nutricionales (Hemaiswarya
etal., 2011). Sin embargo, las microalgas también presentan ciertos inconvenientes, como
su elevado coste de produccidn, la posibilidad de contaminacién de los cultivos y la
presencia de paredes celulares poco digeribles en ciertas especies (Shah et al., 2018). Esta
dificultad para digerir las microalgas puede provocar inflamacion intestinal, incremento
de la permeabilidad intestinal y alteraciones en los procesos de digestion y absorcién de
nutrientes (Cerezo-Ortega et al., 2021). Todo esto puede provocar problemas de salud en
los animales, por lo que algunas investigaciones han propuesto el uso de hidrolizados de
microalgas, los cuales han mostrado un aumento en la absorcién de nutrientes, una mayor
actividad enzimatica del intestino, y han conseguido mantener o aumentar el crecimiento
de los peces (Galafat et al., 2020). Asi, en los uGltimos afios ha aumentado
exponencialmente el nimero de estudios sobre el uso de microalgas crudas e hidrolizadas
en dietas para animales acuaticos, indicando su gran potencial como aditivos para piensos
de acuicultura (Chen et al., 2021; Roy & Pal, 2014; Shah et al., 2018). Algunas de las
microalgas mas utilizadas en la elaboracion de dietas para acuicultura incluyen especies
de los géneros Chlorella, Scenedesmus, Nanofrustulum, Tetraselmis, Arthrospira o
Nannochloropsis (Chen et al., 2021; Shah et al., 2018).

El género Arthrospira (Cyanobacteria) es conocido por su alto contenido en
proteinas, acidos grasos poliinsaturados como el &cido gamma-linolénico, vitaminas A 'y
B12, minerales y pigmentos con actividad antioxidante como los carotenoides (Galafat et
al., 2020). Dentro de este genero, la especie A. platensis (también llamada Spirulina
platensis (Guiry & Guiry, 2021)) es una de las mas ampliamente utilizadas para la
elaboracion de piensos para acuicultura. A. platensis es una cianobacteria verde azulada
de agua dulce, con un contenido en proteinas cercano al 70%, con alto contenido en

vitaminas, minerales y pigmentos, y un perfil de aminoacidos y acidos grasos equilibrado
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(Niccolai et al., 2019; Ronda et al., 2012). En los Gltimos afios, las investigaciones se han
centrado en el uso de esta especie como posible sustituto a la harina de pescado o como
aditivo funcional para piensos de acuicultura (Rosas et al., 2019). La inclusion de A.
platensis en la dieta se ha evaluado en diferentes especies de peces, no apareciendo
resultados negativos en su crecimiento, ni afectando a la salud o la utilizacion de
nutrientes de los animales (revisado en Rosas et al., 2019). En un estudio reciente de
Akter et al. (2021) con Ompok pabda, especie perteneciente a los siluridos, se observo
que la inclusién de A. platensis lleva asociada un aumento del peso corporal y de la tasa
de crecimiento, asi como un incremento en el contenido aminécidos. En otros estudios no
aparecieron diferencias significativas crecimiento y en la utilizacion de nutrientes de
juveniles de dorada suplementados con Arthrospira, pero si que se observaron mejoras
en la actividad de las enzimas intestinales (tripsina, quimotripsina y leucina
aminopeptidasa) y un aumento de la longitud y la capacidad de absorcion de las
microvellosidades intestinales (Galafat et al., 2020). No obstante, s6lo un par de trabajos
recientes han estudiado los efectos de la inclusion de A. platensis sobre la composicion y
la diversidad de la microbiota intestinal. El trabajo realizado por Rosenau et al. (2021) ha
mostrado un aumento de la diversidad microbiana del pez gato africano (Clarias
gariepinus) suplementado con A. platensis, sin afectar a la estructura general de las
comunidades microbianas. En otro estudio, la utilizacion A. platensis en mero gigante de
Sabah produjo una mejora en el crecimiento de los peces y modificaciones en el perfil de
las bacterias dominantes del intestino, caracterizadas por un aumento de especies del
género Vibrio (Man et al., 2020).

Por su parte, Nannochloropsis gaditana es una microalga que se caracteriza por
su alto contenido en &cido grasos poliinsaturados, como acido eicosapentanoico (EPA),
acido araquidoénico (ARA) y acido docosahexanoico (DHA), de especial importancia en
la nutricién de especies marinas en etapas tempranas del desarrollo (Ayala et al., 2020).
Ademas, presenta un alto contenido proteico de alta calidad, de vitaminas y pigmentos
(como clorofila a y carotenoides) (Cerezo-Ortega et al., 2021; Wang et al., 2014). Estas
caracteristicas hacen a N. gaditana una de las microalgas mas utilizadas en nutricion de
especies de acuicultura, especialmente durante las etapas larvarias (Jorge et al., 2019).
Los efectos de N. gaditana sobre el crecimiento y la salud han sido estudiados en algunas
investigaciones recientes utilizando diferentes especies de peces como modelo de estudio,

siendo la dorada la especie mas ampliamente estudiada. Un estudio reciente llevado a
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cabo por Ayala et al. (2020) utilizando 2,5 y 5% de N. gaditana en la dieta de juveniles
de dorada mostré un aumento del tamafio y el peso corporal. Por otra parte, la inclusion
de extractos lipidicos de N. gaditana tampoco mostré diferencias en el crecimiento de
juveniles de dorada, pero si aparecieron mejoras en la composicion y la pigmentacion del
masculo (Sales et al., 2021). También se ha observado que N. gaditana no provoca
alteraciones de la actividad enzimatica intestinal de doradas (Jorge et al., 2019). En
lubinas, si que se ha observado una mejora en la respuesta enzimatica antioxidante del
intestino y del higado de los peces alimentados con Nannochloropsis sp. (Castro et al.,
2020). Con respecto a la accion de esta microalga sobre la microbiota intestinal, el trabajo
de Cerezo-Ortega et al. (2021) no ha mostrado cambios en la composicion y en la
funcionalidad de la microbiota intestinal de doradas tras la adicion de 5% de biomasa
hidrolizada de N. gaditana, sugiriendo la posibilidad de emplearla como alternativa a la

harina de pescado.

Teniendo en cuenta lo expuesto en este apartado, los efectos potenciales de A.
platensis y N. gaditana sobre la composicion y la diversidad de la microbiota intestinal
de doradas y lubinas en etapas tempranas del desarrollo siguen siendo préacticamente
desconocidos. Por tanto, en esta Tesis se va a estudiar la inclusién de A. platensis cruda
e hidrolizada en larvas de dorada (Capitulo V1), y la adicion de biomasa cruda de A.
platensis y N. gaditana junto con diferentes niveles de fitasa en la dieta de juveniles de
lubina (Capitulo VII).
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Objetivos

A lo largo de la Introduccidn se ha puesto de manifiesto el interés en la busqueda
de compuestos que puedan mejorar los parametros relacionados con el crecimiento y la
productividad de los animales, o que produzcan cambios beneficiosos en la composicion
de la microbiota intestinal y que permitan en paralelo reducir la utilizacion de compuestos
poco sostenibles y/o de antibioticos como agentes promotores del crecimiento y
terapéuticos. Por ello, el objetivo general de esta Tesis ha sido evaluar la influencia de
varios tipos de compuestos sobre la produccién y el crecimiento, asi como sobre la
composicion y la diversidad de las comunidades microbianas del intestino de animales
del sector avicola, porcino y piscicola. Los compuestos utilizados en esta Tesis incluyen
la cepa potencialmente probiotica Enterococcus faecalis UGRALO, fitobidticos derivados
de plantas del género Allium, biomasa de Arthrospira platensis cruda e hidrolizada, y
biomasa de microalgas junto con la enzima fitasa. Para alcanzar este objetivo general se

plantearon los siguientes objetivos especificos:

1) Estudiar la inclusién de la cepa Enterococcus faecalis UGRA10 como potencial
probidtico para la dieta de gallinas ponedoras. Para ello se van a explorar los
efectos de su ingesta sobre el peso, la talla y el nimero de huevos puestos por
gallinas ponedoras, y se van analizar los cambios producidos por esta cepa en la
composiciény la diversidad de la microbiota intestinal tras 76 dias de experimento
(Capitulo I).

2) Comprobar los efectos de un extracto fitobidtico obtenido de plantas del género
Allium sobre el tamafio y la produccion de huevos, y sobre las comunidades

bacterianas del ileon y el ciego de gallinas ponedoras (Capitulo I1).

3) Evaluar el uso de un extracto de Allium como alternativa a la colistina, uno de los
principales antibidticos utilizados como promotores del crecimiento en lechones
destetados, y estudiar su efecto sobre el crecimiento y la microbiota de diferentes

regiones del tracto intestinal (Capitulo I11).

4) Determinar cémo afecta al peso corporal y a las comunidades microbianas del
intestino de juveniles de dorada (Capitulo 1V) y juveniles de lubina (Capitulo V)
la suplementacion de la dieta con el compuesto organosulfurado propil propano

tiosulfonato (PTSO), obtenido de plantas del género Allium.

5) Analizar los efectos de la suplementacion de la dieta de larvas de dorada con

biomasa cruda e hidrolizada de Arthrospira platensis sobre el crecimiento de los
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animales y la composicion de las comunidades bacterianas intestinales. Con este
objetivo se pretende determinar la posibilidad de emplear biomasa cruda e
hidrolizada de microalgas como aditivo para la dieta de larvas de dorada, lo que

permitiria reducir el uso de harinas de pescado (Capitulo VI).

6) Analizar la relacion entre el uso de dietas con microalgas (Arthrospira platensis y
Nannochloropsis gaditana) y diferentes concentraciones de la enzima fitasa con
el peso corporal y la composicion de la microbiota intestinal de juveniles de
lubinas. La incorporacion de esta enzima podria actuar sobre los componentes de
la dieta, aumentando su digestibilidad y, con ello, incrementar el crecimiento de

los animales (Capitulo V11).
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Material y Métodos

En este apartado se describe de forma general la metodologia empleada en los
experimentos llevados a cabo en esta Tesis Doctoral. Al final de este apartado, en las
Figuras M.2 a M.8, se resumen los esquemas de los disefios experimentales que se han
realizado en cada uno de los capitulos de esta Tesis. Una descripcion mas detallada de
cada disefio experimental se expone en cada uno de los capitulos especificos de la
memoria. Un esquema general de los pasos seguidos durante los diferentes estudios de

microbiota intestinal se muestra en la Figura M.9.

1. Medios de cultivo

Para el cultivo bacteriano se emplearon diversos medios de cultivo, tanto
generales como selectivos, detallados en las Tablas M.1 a M.5. Los medios se
esterilizaron en autoclave siguiendo las instrucciones de cada casa comercial, lo que
generalmente correspondié con una temperatura de 121°C durante un tiempo de 15

minutos. Para elaborar medios solidos se adiciond agar a una concentracion del 1,5 %.

Tabla M.1. Composicion del medio de triptona y soja (TSB) utilizado
como medio nutritivo de uso general. La composicion se expresa en gramos
por litro de agua.

Medio de triptonay soja (TSB, Scharlau)

Peptona de caseina 179
Peptona de soja 30
Sodio cloruro 50
Fosfato dipotasico 2549
D (+) Glucosa 250
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Tabla M.2. Composicion del medio Wilkins-Chalgren utilizado como
medio selectivo para bacterias anaerobias totales. La composicion se
expresa en gramos por litro de agua.

Medio Wilkins-Chalgren (Scharlau)

Triptona 109
Gelatina de peptona 10g
Extracto de levadura 50
Glucosa 1lg
Cloruro sddico 59
L-Arginina 1g
Piruvato sédico 1g
Vitamina K1 0,0005 g
Hemina 0,005¢

Tabla M.3. Composicion del medio Slanetz-Bartley, empleado para la
deteccion de Enterococcus sp. La composicidn se expresa en gramos por

litro de agua.
Medio Slanetz-Bartley (Scharlau)
Triptosa 209
Glucosa 29
Fosfato dipotasico 49
Azida de sodio 0,49
Extracto de levadura 50
2,3,5-Trifeniltetrazolio cloruro (TTC) 0,19

Tabla M.4. Composicién del medio de uso general de Infusion de Cerebro
Corazon (BHI). La composicion se expresa en gramos por litro de agua.

Medio de Infusion de Cerebro Corazén (BHI, Scharlau)

Extracto de cerebro 1259
Extracto de corazén 59
Peptona 109
Cloruro sddico 590
Fosfato disédico 250
Dextrosa 20
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Tabla M.5. Composicion del medio Mueller-Hinton, utilizado para los
estudios de inhibicién. La composicién se expresa en gramos por litro de

agua.
Medio Mueller-Hinton (Scharlau)
Peptona 175¢
Infusion de carne 290
Almidon 159

2. Técnicas de extraccion de ADN gendmico

Para aislar el ADN de las muestras objeto de estudio se emplearon diversos
métodos de extraccion en funcion de las particularidades de cada tipo de muestra. Para
las muestras de lechones (Capitulo I11) y juveniles de doradas (Capitulo V) se emple6 un
kit comercial (FavorPrep Stool DNA Isolation Mini Kit, Favorgen Biotech®) siguiendo
las instrucciones del fabricante. Este kit se basa en una lisis mecanica con perlas de vidrio
y en la separacion del ADN mediante columnas de silice. En el caso de gallinas ponedoras
(Capitulos 1 y 1), juveniles de lubina (Capitulos V' y VII) y larvas de dorada (Capitulo
V1), dado el bajo rendimiento obtenido con el kit anterior, especialmente con muestras de
peces, se realizaron mediante la técnica MSOP (Modified Salting Out Procedure, Martin-
Platero et al., 2007) modificada con un paso inicial de lisis mecanica mediante el disruptor
de células FastPrep® FP120 (BIO101, Thermo Savant), obteniéndose mejores

rendimientos de extraccién de ADN. El procedimiento se resume a continuacion:

- Unos 100 mg de muestra se resuspendieron en 900 pL de solucion de lisis
(Solucidn 1l de MSOP (Martin-Platero et al., 2007)), junto con unos 100 mg de
bolas de zirconio y se realiz6 una lisis mecanica mediante 2 pulsos de 30 segundos
en el disruptor de células.

- A continuacidn, se anadieron 10 pL de ARNasa (10 mg/mL) y se incubaron las
muestras a 37°C durante 20 minutos. Después se afiadieron 20 pL de Proteinasa
K (10 mg/ml), se incubaron las muestras a 55°C durante 15 minutos y
posteriormente a 80°C durante 10 minutos.

- Seguidamente se centrifugaron las muestras durante 3 minutos a 14.000 rpm y se
recuperaron unos 600 puL de sobrenadante, a los cuales se adicionaron 200 pL de
Solucién 111 de MSOP (Martin-Platero et al., 2007), se agitaron mediante vortex

durante 30 segundos y se incubaron en hielo durante 15 minutos.
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Posteriormente se centrifugaron durante 10 minutos a 4°C y 14.000 rpm, y se
recuperaron unos 600 uL de sobrenadante, al cual se le adiciond un volumen igual
de isopropanol para conseguir la precipitacion del ADN. Las muestras se agitaron
por inversién suave unas 40-50 veces hasta que se observd un precipitado
blanguecino correspondiente al ADN.

A continuacion, las muestras se centrifugaron 10 minutos a 14.000 rpm y se
descartd el sobrenadante. El sedimento, el cual contenia el ADN, se lavo con 1 ml
de etanol 80%. El lavado con etanol al 80 % se realizd dos veces.

Por ultimo, se secaron las muestras durante 10 minutos en una centrifuga de vacio,
y se resuspendieron en 200 puL de agua miliQ, almacenandose a -20°C hasta su

uso.

Las extracciones de ADN se comprobaron mediante electroforesis sumergida

horizontal en gel de agarosa al 0,7 %, en TAE 1x como tampdn de electroforesis. Las

muestras se cargaron en los pocillos de los geles utilizando solucion de carga. La

composicion del TAE y de la solucion de carga se detallan en las Tablas M.6 y M.7.

Posteriormente el gel se sumergio en una solucion de bromuro de etidio (1 pg/ml en agua

destilada) (Sigma-Aldrich) durante 15 minutos. Tras lavar en agua durante 15 minutos

para eliminar el exceso de bromuro de etidio, el gel se visualizd mediante el

transiluminador Gel Doc XR (Bio-Rad), el cual expone al gel a luz ultravioleta de 302

nm, pudiendo visualizar el ADN.
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Tabla M.6. Composicion del tamp6n TAE 50x.

Tampon TAE
Tris base 242,09
Acido acético glacial 57,1 mL
EDTA-Na2 0,5 M, pH 8 100 mL
Agua destilada Completar hasta 1 L

Tabla M.7. Composicion de la solucién de carga 10x.

Solucion de carga

Glicerol 50 % (v/v)
TE (10 mM Tris-HCI pH 8; EDTA 1 mM pH 8) 49,75 % (v/Vv)
Agua destilada 0,25 %
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Para conocer el tamafio aproximado de los ADNs se utilizo como patron de
tamarios el marcador lambda Hind III (Thermo Fisher Scientific™). La concentracion de
ADN de las muestras extraidas se llevd a cabo mediante el espectrofotdmetro
NanoDrop™ 2000 (Thermo Fisher Scientific™). La relacion Azeo/Azeo Sirvio para

comprobar la pureza del ADN, considerandose valores cercanos a 1,8 como ADN puro.

3. Identificacion de las comunidades bacterianas mediante secuenciacién masiva

La construccion de las librerias para la plataforma Illumina MiSeq se llevé a cabo
mediante una estrategia de PCR en dos pasos (Figura M.1) (Caporaso et al., 2011). Todas
las amplificaciones se realizaron en un termociclador Mastercycler® (Eppendorf) o
iCycler 170-8720 (Bio-Rad). La ADN polimerasa utilizada fue la polimerasa iProof HF
Master Mix (Bio-Rad) y los oligonucleotidos utilizados fueron suministrados por
StabVida y/o Metabion.

Para la realizacién de las librerias se llevd a cabo en un primer paso la
amplificacion mediante PCR de una region hipervariable del gen del ARNr 16S. En los
experimentos con gallinas (Capitulos 1y II), lechones (Capitulo I11), y doradas (Capitulos
IV y VI) se amplifico la region V4. En los estudios con lubinas (Capitulos V' y VII) se
amplificaron las regiones V6-V8 del gen del ARNr 16S dada la aparicion de
amplificaciones inespecificas y dimeros al utilizar los oligonucle6tidos de la region V4

con este tipo de muestras.

Los oligonucle6tidos utilizados para la realizacion de esta primera PCR en la cual
se amplifica la regidn variable del gen del ARNr 16S se detallan en la Tabla M.8.
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Tabla M.8. Secuencia nucleotidica de los oligonucleodtidos empleados para amplificar
diferentes regiones variables del gen del ARNr 16S.

Cebador Secuencia (5°-3") Region variable ARNr 16S
U515 GTGCCAGCMGCCGCGGTAA V4 (directo)

U515 barl TGGTCGTGCCAGCMGCCGCGGTAA V4 (directo)

U515 bar?2 ACGAAGTGCCAGCMGCCGCGGTAA V4 (directo)

E786 GGACTACHVGGGTWTCTAAT V4 (reverso)

B969F ACGCGHNRAACCTTACC V6-V8 (directo)
B969F barl TGGTCACGCGHNRAACCTTACC V6-V8 (directo)
B969F bar2 ACGAAACGCGHNRAACCTTACC V6-V8 (directo)
B969F _bar3 GTACCACGCGHNRAACCTTACC V6-V8 (directo)
BA1406R ACGGGCRGTGWGTRCAA V6-V8 (reverso)

1* PCR Step - Target PCR

/
A
I — I
Variable region of 165 gene
I — T
—Xlllumma Sequencing primer 2

I I —
Variable region of 16S gene

I I

2™ PCR Step - Barcoding PCR
5’ Flow Cell Linker (adaptor 1)
Index S50X

I I —
Variable region of 165 gene

— —_Index N70X

< ;3’ Flow Cell Linker (adaptor 2)
Index S50X Index N70X
I I

Variable region of 165 gene

I

Figura M.1. Proceso de construccion de librerias de Illumina MiSeq mediante amplificacion
en 2 pasos. En el primer paso de PCR el gen diana de ARNr 16S se amplifica utilizando cebadores
especificos de la region diana a amplificar, adicionados en el extremo 5°de la secuencia de
cebadores de Illumina. En la segunda PCR, los cebadores utilizados solapan con la secuencia
cebadora empleada en la primera PCR, y contienen los barcodes o cddigos de barras especificos
de cada muestra (S50X y N70X), ademas de los adaptadores de lllumina (modificado de Holm et
al., 2019).
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La composicion general de la mezcla de amplificacion y las condiciones de

amplificacion se detalla a continuacion:

Compuesto Cantidad Concentracioén final
IProof HF Master Mix Bio-Rad (2x) 12,5 pL 1x
Cebador directo (3 uM) 2,5 uL 0,3 uM
Cebador reverso (3 uM) 2,5 uL 0,3 uM

H.0 2,5 uL -

ADN molde SuL 100-200 ng

Condiciones de la amplificacion:

1) Desnaturalizacion inicial: 98°C, 1 min.

2) Desnaturalizacion: 98°C, 10 seg.

3) Hibridacion: 52°C, 20 seg.

4) Extension: 72°C, 15 seg.

5) EI numero de ciclos fue de 25 (incluyendo los pasos 2 a 4)

6) Terminacion: 72°C, 5 min.

Los productos de PCR se comprobaron mediante electroforesis sumergida
horizontal en gel de agarosa al 1-1,5 %. El tampdn de electroforesis utilizado fue TAE
1x. El proceso de visualizacion de geles de agarosa fue igual al empleado con los geles
utilizados para comprobar las extracciones de ADN, sumergiendo el gel en bromuro de
etidio durante 15 minutos, lavando posteriormente en agua abundante y visualizando en
el transiluminador Gel Doc XR (Bio-Rad). En este caso, para conocer el tamafio
aproximado de los amplicones se utilizaron como patrones los marcadores de pesos

moleculares 1 kb 0 100 bp (Thermo Fisher Scientific™).

Los productos de PCR se purificaron utilizando el kit de particulas magnéticas
DNA Purification SPRI Magnetic Beads (Canvax®) siguiendo las instrucciones del
fabricante. Este se basa en la técnica de inmovilizacion reversible en fase solida (Solid
Phase Reversible Immobilization, SPRI), mediante la cual el ADN se une de forma
reversible a particulas magnéticas, permitiendo eliminar de la muestra oligonucleétidos,
dimeros, dNTPs y otras impurezas. A continuacion, se resume el procedimiento de

purificacion:
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Los productos de PCR se mezclaron con un volumen igual de solucion de
particulas magnéticas, se repipetearon hasta conseguir una mezcla homogénea y
se dejaron 5 minutos a temperatura ambiente para aumentar la union de las
particulas magnéticas al ADN.

A continuacion, la placa con los productos de PCR se coloc6 encima de una placa
magnética (Magnetic Stand-96, Thermo Fisher Scientific™), permitiendo al ADN
unido a las particulas magnéticas pegarse a los imanes. Posteriormente, cuando
las particulas magnéticas se habian unido a los imanes, se retir6 el sobrenadante
y se realizaron dos lavados con 200 pL de etanol 70%.

Se dejo secar la placa de muestras durante 10 minutos para eliminar restos de
etanol, se separd de la placa magnética y se afiadieron 25 pL de agua y se
repipetearon las muestras varias veces para eluir el ADN.

Por ultimo, se volvio6 a poner la placa con los productos de PCR sobre la placa
magnética, permitiendo asi separar las particulas magnéticas del producto de PCR,
el cual se encuentra disuelto en el agua. Los productos de PCR purificados se
transfirieron a una nueva placa o a tubos de microcentrifuga para su

almacenamiento y uso posterior.

En un segundo paso se llevd a cabo una segunda amplificacion utilizando los

productos de PCR purificados como molde. En esta se introdujeron barcodes o cédigos

de barras especificos de cada muestra mediante el empleo de cebadores especificos, de

forma que la combinacion de estos codigos en los cebadores directo y reverso fue Unica

para cada muestra. Estos cebadores solapan con los adaptadores de Illumina incluidos en

la primera PCR (Figura M.1). La composicion general de la mezcla de amplificacion y

las condiciones de amplificacion se detalla a continuacion:

Compuesto Cantidad Concentracion final
IProof HF Master Mix Bio-Rad (2x) 12,5 uL 1x
Cebador N70(X) (3 uM) 3,3 UL 0,4 uM
Cebador S50(X) (3 uM) 3,3 UL 0,4 uM

H20 0,9 uL -

ADN molde 5uL 100-200 ng
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Condiciones de la amplificacion:

1) Desnaturalizacion inicial: 98°C, 1 min.

2) Desnaturalizacion: 98°C, 10 seg.

3) Hibridacion: 55°C, 20 seg.

4) Extension: 72°C, 15 seg.

5) EIl namero de ciclos fue de 8 (incluyendo los pasos 2 a 4)

6) Terminacion: 72°C, 5 min.

Al igual que tras el primer paso de amplificacion, tras esta segunda PCR se
comprob6 la amplificacion mediante electroforesis sumergida horizontal en gel de
agarosa al 1-1,5 % vy se purificaron los productos de PCR utilizando el kit DNA
Purification SPRI Magnetic Beads (Canvax®).

Finalmente, se determiné la concentracion de cada una de las librerias utilizando
Qubit® 3.0 Fluorometer (Thermo Fisher Scientific™). Las librerias se multiplexaron con
todas las muestras, normalizando todas con los mismos nanomoles de ADN. Previamente
a la secuenciacion se comprobo la integridad de las librerias mediante la utilizacion de
Bioanalyzer 2100 o D1000 ScreenTape (Agilent Technologies), los cuales permiten una
separacién de bandas de alta resolucion y una cuantificacion precisa del tamafio de los
amplicones. Con la mezcla de las librerias se llevd a cabo la secuenciacién masiva
mediante la plataforma MiSeq de Illlumina. Para las secuenciaciones se utilizaron los
cartuchos Nextera XT DNA Library Prep Kit (lllumina, San Diego, CA, USA),
obteniendo lecturas pareadas de 2 x 300 pares de bases de longitud de lectura. La
secuenciacion de las muestras de los distintos experimentos se llevo a cabo en el Centro
de Instrumentacion Cientifica de la Universidad de Granada (CIC-UGR) o en el Instituto

de Parasitologia y Biomedicina “Lopez-Neyra” de Granada.

4. Andlisis de secuencias

A continuacion, se muestra el flujo de trabajo comun en el procesamiento y
analisis de secuencias. Los analisis especificos de cada caso se detallan en los apartados
de materiales y métodos correspondientes a cada uno de los capitulos de resultados de la

presente Tesis.

Tras la secuenciacién, las secuencias obtenidas se procesaron y analizaron

utilizando el programa QIIME 2 (Quantitative Insights Into Microbial Ecology; Bolyen
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et al., 2018; Caporaso et al., 2010), software abierto disefiado para el anélisis de
comunidades microbianas. En primer lugar, se procesaron las lecturas generadas por el
secuenciador Illumina para su posterior analisis. Para ello se eliminaron los cebadores
mediante cutadapt trim-paired (para lecturas solapadas) y cutadapt trim-single (para
lecturas directas) (Martin, 2011), empleando los parametros por defecto del método.
Posteriormente se solaparon las lecturas directas (forward) y reversas (reverse) usando
los pardmetros por defecto de VSEARCH (Rognes et al., 2016). En aquellos casos en los
que no se pudieron solapar ambas lecturas de manera satisfactoria se llevo a cabo el
andlisis utilizando exclusivamente las lecturas directas. A continuacion, se realizo el
filtrado de calidad utilizando el scritp quality-filter g-score (Bokulich et al., 2013). Las
secuencias con més de 3 valores consecutivos de Phred inferiores a 20 se eliminaron de
los andlisis. Con las secuencias que pasaron el filtro de calidad se agruparon las lecturas
en OTUs mediante Deblur, algoritmo destinado a eliminar errores de secuenciacion (Amir
et al., 2017) y el cual genera OTUs equivalentes a OTUs al 100% de identidad (también
referidas en la literatura como ASVs; Amplicon Sequence Variants). Ademas, en este paso
las secuencias se cortaron a la misma longitud de pares de bases. El tamafio elegido para
cortar las secuencias en cada caso se seleccioné en funcion de la calidad de las lecturas,
cortando en la posicion en la cual la calidad media de las lecturas empieza a disminuir de
forma significativa. A continuacion, se llevé a cabo el alineamiento de secuencias y se
cred el arbol filogenético utilizando fragment insertion sepp, un script implementado en
QIIME 2 para incluir las secuencias en un arbol filogenético preconstruido (Janssen et
al., 2018). A las secuencias representativas de cada OTU se les asigno la taxonomia
empleando la base de datos de Greengenes (version 13.08) agrupada al 99% de similitud
como referencia (DeSantis et al., 2006). Finalmente, tras esta identificacion taxonémica
se eliminaron de la tabla de OTUs las secuencias correspondientes a cloroplastos,
mitocondrias y ADN no bacteriano, puesto que los cebadores empleados eran especificos

del Dominio Bacteria.

5. Estimas de diversidad

Para el anélisis de diversidad de las muestras se calcularon los componentes alfa
y beta de la diversidad microbiana de las comunidades objeto de estudio. Para controlar
el esfuerzo de secuenciacion, se llevé a cabo la rarefaccién de las tablas de OTUs a una

misma profundidad en cada experimento. Se selecciond aquella profundidad que permitia
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conservar el mayor nimero de muestras posible, manteniendo un nimero de secuencias
razonable. Para estimar la diversidad alfa se calcularon los siguientes indices: Riqueza de
OTUs; indice filogenético de Faith’s Phylogenetic Diversity (PD) (Faith & Baker, 2006);
indice de uniformidad de Pielou (Pielou, 1966); indice de diversidad de Shannon
(Shannon, 1948); e indice de diversidad de Chaol (Chao, 1984). Por otro lado, para
estimar la diversidad beta se calcularon los siguientes indices: Weighted UniFrac y
Unweighted UniFrac. Ambos indices basados en la métrica UniFrac (Lozupone &
Knight, 2005), que incorpora informacion filogenética en las distancias composicionales.
Weighted UniFrac pondera la distancia por la abundancia relativa, mientras que
Unweighted UniFrac no, por lo que este Gltimo se centra en la presencia o ausencia de
OTUs y, por tanto, las poblaciones minoritarias (rare biosphere) adquieren mayor peso
(Lozupone et al., 2007).

6. Analisis estadisticos

Para comprobar el efecto de los distintos tratamientos sobre los pardmetros
productivos animales en los diferentes experimentos se realizaron Modelos Lineales

Generalizados Mixtos (GLMM), ejecutados en el programa Statistica 10.0 (StatSoft).

Las diferencias en la abundancia relativa de los distintos grupos bacterianos
asociadas a los tratamientos experimentales se exploraron mediante el andlisis LEfSe
(Linear Discriminant Analysis Effect Size) (Segata et al., 2011), llevado a cabo en la

plataforma de Galaxy (https://huttenhower.sph.harvard.edu/galaxy/).

Para estudiar el efecto de los distintos tratamientos sobre las matrices de distancia
de beta diversidad se utilizd un test ANOVA con permutaciones (PERMANOVA),
usando para ello el programa PRIMER-7.0.20 (Primer-e¢) implementado con el
complemento (plugin) de PERMANOVA. Ademas, dichas matrices de beta diversidad se
representaron graficamente mediante Analisis de Coordenadas Principales (PCoA)
utilizando el complemento EMPeror (Vazquez-Baeza et al., 2013, 2017) implementado
en QIIME 2.
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Figura M.9. Esquema general de los pasos seguidos durante los diferentes estudios de
microbiota intestinal. En primer lugar, se extrajo el intestino de los distintos animales
suplementados con las diferentes dietas experimentales, a partir del cual se llevo a cabo la
extraccion del ADN genémico de las bacterias presentes en la microbiota intestinal. EI ADN se
utiliz6 como molde para amplificar el gen del ARNr 16S, obteniéndose las librerias de Illumina
tras dos pasos de amplificacion por PCR. Las librerias se secuenciaron mediante la plataforma
MiSeq de Illumina, obteniéndose millones de secuencias con las que se realizaron analisis de
composicion y diversidad microbiana, asi como analisis estadisticos.
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ABSTRACT

Antimicrobial resistance (AMR) is one of the most serious threats for human
health in the near future. Livestock has played an important role in the appearance of
antibiotic-resistant bacteria, intestinal dysbiosis in farming animals, or the spread of AMR
among pathogenic bacteria of human concern. The development of alternatives like
probiotics is focused on maintaining or improving production levels while diminishing
these negative effects of antibiotics. To this end, we supplied the potential
probiotic Enterococcus faecalis UGRA10 in the diet of laying hens at a final
concentration of 108 Colony Forming Units per gram (CFU/g) of fodder. Its effects have
been analyzed by: (i) investigating the response of the ileum and caecum microbiome;
and (ii) analyzing the outcome on eggs production. During the second half of the
experimental period (40 to 76 days), hens fed E. faecalis UGRAL10 maintained egg
production, while control animals dropped egg production. Supplementation diet with E.
faecalis UGRA10 significantly increased ileum and caecum bacterial diversity (higher
bacterial operational taxonomic unit richness and Faith’s diversity index) of laying hens,
with animals fed the same diet showing a higher similarity in microbial composition.
These results point out to the beneficial effects of E. faecalis UGRAL0 in egg production.
Future experiments are necessary to unveil the underlying mechanisms that mediate the

positive response of animals to this treatment.

Keywords: bacterial community, egg production, Enterococcus faecalis UGRAL0, high-

throughput sequencing, laying hens, probiotics
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INTRODUCTION

The emergence of antimicrobial resistance (AMR) is a worldwide issue in public
health (Ferri et al., 2017; World Health Organization, 2018). This situation has been
reached due to the abusive prescription of antibiotics, their inappropriate use by patients,
and the abuse of these substances in livestock (Hecker et al., 2003; Levy & Marshall,
2004; Capita & Alonso-Calleja, 2013). The indiscriminate use of antibiotics in livestock
is due to two major reasons. The first and most obvious one is disease control associated
with intensive farming and animal overcrowding (McEwen & Fedorka-Cray, 2002;
Gilchrist et al., 2007; Marshall & Levy, 2011). The second reason is the discovery of the
effects of antibiotics as growth promoters (AGPs, reviewed in McEwen & Fedorka-Cray,
2002; Dibner & Richards, 2005). Although the mechanisms of action are still unclear,
antibiotic imbalance alters the bacterial communities of the intestine, causes alterations
in the digestive tract and in the metabolic processes, and increases nutrient absorption
(Dibner & Richards, 2005; Miles et al., 2006; Niewold, 2007). In addition, antibiotics
affect the immune system, via changes in bacterial community or directly altering the
immune response (Bode et al., 2014; Yang et al., 2017). Therefore, one of the bacterial
communities most affected by the use of antibiotics is the intestinal microbiome
(McEwen & Fedorka-Cray, 2002; Wegener, 2003). These bacteria play a fundamental
role in gut homeostasis, balance, and resilience (Clemente et al., 2012; Huttenhower et
al., 2012). However, the appearance of undesirable collateral effects, especially affecting
the distribution and selection of AMR genes in commensal bacteria, makes these bacteria
risky to human health (Wegener, 2003) and makes it necessary to search alternatives to
the use of antibiotics in livestock (Ferket, 2004).

Antibiotics have played a major role in maximizing poultry production (Dibner &
Richards, 2005; McEwen & Fedorka-Cray, 2002). Thus, they have been used as growth
promoters in broilers (Gadde et al., 2018; Wealleans et al., 2018), or egg production
enhancers in laying hens (Park et al., 2016). This increase in productivity has been
associated with the beneficial role of antibiotics in infection control in poultry farms
(Gustafson & Bowen, 1997; McEwen & Fedorka-Cray, 2002; Singer & Hofacre, 2006).
However, undesirable and collateral effects have appeared, especially affecting changes
in the distribution and selection of AMR genes in commensal bacteria (Teuber, 2001;
Diarra et al., 2007; Diarrassouba et al., 2007; Gyles, 2008). Some evidences point out the
appearance of AMR in relation to the use of antibiotics in poultry. The relationship
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between the use of fluoroquinolones and AMR in Campylobacter sp. has been evidenced
(Alfredson & Korolik, 2007; Nelson et al., 2007). Multi-resistant strains of Escherichia
coli have been associated with avian farms and have been found in chicken-derived
products (Diarra et al., 2007; Diarrassouba et al., 2007; Thibodeau et al., 2008; Gyles,
2008; Osman et al., 2018). Several studies pointed out poultry and derivate-food as a
reservoir and potential resource for Salmonella sp. resistant strains (Carramifiana et al.,
2004; De Oliveira et al., 2005; Singh et al., 2010; Velasquez et al., 2018). Under this
scenario of AMR, governments and institutions started to ban the use of antibiotics in
livestock (European Commission, 2003, 2005; U.S. FDA, 2017). However, the
prohibition of antibiotics in livestock in general, and in the poultry sector in particular,
has caused an increase in incidence of infectious diseases by Campylobacter
jejuni or Clostridium perfringens (reviewed in Van Immerseel et al., 2010; Alfredson &
Korolik, 2007). Therefore, there is considerable concern and a certain need to replace
antibiotics in disease control and as growth promoters (Joerger, 2003; Griggs & Jacob,
2005).

Different agents have been suggested to substitute antibiotics in poultry farming,
such as prebiotics and probiotics (Patterson & Burkholder, 2003; Gaggia et al., 2010).
Most probiotics used in aviculture are bacteria that already exist in the digestive tract of
animals and have properties of interest as signal modulators of intestinal cells, bacterial
community stabilizers or competitors against undesirable bacterial species (de Vrese &
Schrezenmeir, 2008; Kabir, 2009). Although Enterococcus species are not “generally
recognized as safe” (GRAS, reviewed in Ogier &  Serror, 2008),
different Enterococcus species have been tested as probiotics (Fuller, 1989; Franz et al.,
2011). The use of enterococci as probiotics remains controversial: while the probiotic
benefits of some strains have been well-established, the increase in enterococcal diseases
associated with human health and resistance to multiple antibiotics has raised concerns
about their use (Franz et al., 2003). Despite this controversy, some strains are
commercialized as probiotics, such as Enterococcus faecium SF68 (Cylactin, F.
Hoffmann-Roche, S.A., Switzerland) and Enterococcus faecalis (Symbioflor,
SymbioPharm, Germany) (Habermann et al., 2001; Fenimore et al., 2017; Torres-
Henderson et al., 2017). E. faecalis has been pointed out as a potential substitute for
antibiotics (Gaggia et al., 2010). E. faecalis is a common bacterium in vertebrate gut,
Gram+, facultative anaerobe, with a high degree of tolerance to pH (3-10) and salinity
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[6.5% NaCl (w/v)] (Krieg & Holt, 1984; Schleifer & Kilpper-Bélz, 1984) which would
allow gastrointestinal transit to the large intestine. Moreover, they are good producers of
antagonistic substances, especially bacteriocins, also called enterocins, which allow a
great interaction with the rest of the community (Foulquié-Moreno et al., 2006; Martin-
Platero et al., 2006; Trmcic et al., 2011). In this sense, the strain E. faecalis UGRA10
isolated from an Andalusian goat cheese is a producer of the enterocin AS-48 and has
very interesting technological properties: it is resistant to high concentrations of bile [up
to 40% (w/v)]; shows a high antagonistic spectrum including Gram- and Gram+ bacteria
(Cebrian et al., 2012) and seems to stimulate immune response in animals (Bafios, 2016).
Interestingly, this strain is harmless to mice and fish, and protects against some
pathogenic strains such as C. perfringens in mice and Lactococcus garvieae in rainbow
trout and zebrafish (Bafos, 2016). These properties make E. faecalis UGRA10 an
excellent candidate for probiotic and a model to test its implantation, its effects on the
community and, especially, on health and production of animals.

We investigated the possible influence of E. faecalis UGRA10 on egg production
and gut microbiome of laying hens when administered in the diet, combining the classical
culture techniques with the latest high throughput sequencing.

MATERIAL AND METHODS
Laying hens and Farm Facilities

The experiment was performed at Granja Avicola Gil, SL, a laying hen farm
(Alhendin, Granada, Spain). Laying hens were kept at 20 + 2°C and 78 + 3% relative
humidity (average + standard deviation), under a photoperiod of 16 h per day. The farm
fulfilled the national regulations and the European directive for the protection of animal

welfare in research (Directive 2010/63/EU, European Commission, 2010).

Experimental Design and Sampling Collection

Three production lines housed 180 experimental laying hens in groups of 6 hens
per cage, with food and water ad libitum. All laying hens belonged to the same Hy Line
brown variety and were placed in cages at the age of 16 weeks. Cage distribution between
treatment groups was randomly assigned in three production lines. Hens were kept and

fed during 2 weeks for acclimation.
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Control hens (90 hens, 15 cages) received a basal fodder diet (45% fish flour, 35%
soya, 8% granulated corn, 7% bran corn, and 5% sunflower bread) while experimental
hens (90 hens, 15 cages) received the same diet but supplemented with the bacterium E.
faecalis UGRAL0 (see below).

Hens were first kept at the farm for 15 days for acclimation. Experiment started
on April 8" and egg production (number of eggs) of each treatment group was recorded
every working day until the day 76. At this experimental farm, laying hens are slaughtered
after 76 days. One day per week, eggs from each treatment were weighted and classified
into size categories (S: <53 g; M: 53-63 g; L: 63-73 g; XL; >73 g) according to EU
regulation (European Commission, 2008). Fecal samples were collected on days 7, 15,
40, and 76 of the experiment. On day 40, 13 hens of each group, they were euthanized by
an intrathoracic injection of 2 mL/hen of the euthanasic T-61 (Intervet, Salamanca,
Spain). On day 76, 10 hens from each group were euthanized following similar procedure.
Immediately after slaughtering, hens were dissected and ileum and caecum were collected
with sterile material, kept in sterile plastic bags, and transported directly to the lab where
samples were processed. No animal died during the experimental period due to illness or

malnutrition.

E. faecalis UGRA10 Production

Enterococcus faecalis UGRA10 was isolated by the Microbial Antagonism
research group from the University of Granada (Cebrian et al., 2012). The bacteria were
cultured in bioreactors in the DMC Research facilities located in Alhendin (Granada,
Spain), as by-product of AS-48 bacteriocin production. Briefly, the strain was cultured
from -80°C stock in Tryptic Soy Agar (Scharlau, S.L., Spain) and isolated colonies were
inoculated into 2 L Brain Heart Infusion broth (BHI, Scharlau, S.L., Spain) and incubated
at 28°C for 24 h. This primary inoculum was added (5%) to a broth based on
Lactoalbumin Esprion 300 (E-300, DMW International, Holland) as described in Ananou
et al. (2008) in a 20 L biofermenter (Biobech 20 Applikon Biotechnology, Delft,
Netherlands), and then incubated at 28°C for 24 h. Afterward, 16 L of this culture were
added of a 300 L of Lactoalbumin Esprion 300 in a CHEMAP fermenter (Compact Unit,
Process Engineering Company, India) and incubated at 29°C for 24 h. All inocula and

broths were adjusted at pH 6.5. Cells were collected by means of aM-500 ultra-filtration
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equipment (Bionetingenieria, Spain). Afterward, cells were suspended in saline buffer
and re-centrifuged twice. Final clean pellets were kept at -20°C.

Cells were encapsulated into B-cyclodextrin microstructures and kept at 4°C for
up to 15 days. B-cyclodextrin is an excellent transport agent due to the lack of significant
effects on hosts (Del Valle, 2004). In order to study cell viability included inside f-
cyclodextrin, we cultured serial decimal dilutions of three samples of these
microstructures (1 g of sample diluted in 10 mL of phosphate buffer) at different time
intervals (0, 7, 15, and 30 days of storage) in TSA and incubated at 37°C for 48 h. Cells
viability was reduced to 15-30 days of storage (Kruskal-Wallis, H2 11 = 9.36, P = 0.025).
Following a conservative strategy, B-cyclodextrin complex was produced every 15 days
in order to ensure cell viability. UGRA10-B-cyclodextrin microstructures were mixed
with the food of experimental laying hens at a final concentration of 108 Colony Forming
Units per gram (CFU/g) of fodder. Probiotic was administered daily throughout the

experiment.

Enumeration of Microorganisms in Fecal Samples

Once in the lab, fecal samples were weighted, transferred to lab blender bags, and
diluted 10-fold in phosphate saline buffer added with 0.5 g/L cysteine hydrochloride (for
ensuring viability of anaerobic bacteria). The samples were homogenized using a
stomacher lab blender (IUL Instruments, Spain) for 2 min. For each fecal treatment and
sampling point (7, 15, 40, and 76 days), three sets of samples were collected. Each set
consisted of a mixture of seven fecal samples from different cages with the same

treatment.

Decimal serial dilutions of each set were performed and cultured in triplicate on
Wilkins-Chalgren agar for total anaerobic bacteria (Scharlau, S.L., Spain) and Slanetz-
Bartley agar for Enterococcus sp. (Scharlau, S.L., Spain). Plates were incubated at 37°C
for 48 h in 2.5 L anaerobic chambers (Oxoid) and 2.5 L AnaeroGen Compact system

(Thermo Scientific). Bacterial counts were expressed as CFU/g per gram of fecal sample.

E. faecalis UGRALO0 Indirect Detection in Fecal Samples

We tested the inhibition capacity of isolates from fecal samples against two
indicator  strains, E. faecalisS-47 and E. faecalis UGRA10. We expected

the Enterococcus population in feces of the treated group to be dominated by E.
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faecalis UGRAL0, so most of the isolates will produce inhibition halos against S-47
(Cebrian et al., 2012). However, these halos will disappear in the presence of the original
strain due to the fact that E. faecalis UGRALO0 is immune to its own bacteriocin (Cebrian
etal., 2012).

Indicator strains were cultured from the stock of the Lactic Acid Bacteria
Laboratory in the University of Granada. After isolation in Brain Heart Infusion agar
(BHA), colonies were cultured overnight in 6 mL BHI. The antagonistic activity was
tested following Tagg & Mcgiven (1971). Stainless steel cylinders for antibiotics
(diameter: 8 mm, height: 10 mm; Scharlab, S.L.) were placed on a layer of 10 mL Mller-
Hilton agar (Scharlau, S.L.) buffered with phosphate buffer saline (pH 7.2, M = 0.2).
Afterward, a 6 mL of BHA (Scharlau, S.L.) tempered around 55°C, were inoculated with
one of the indicator strains (around 108 CFU per mL), shaken in a vortex and extended
over the Miuller-Hilton agar. Once the BHA solidified, the cylinders were taken out,

leaving a circular hole in the BHA layer.

From Slanetz-Bartley agar plates, we selected 320 colonies randomly from plates
for each treatment and sampling (2 treatments x 4 sampling times x 40 colonies). Each
colony was incubated overnight in tubes containing 6 mL of BHI tubes, 1 mL was
centrifuged and 100 uL of supernatant were added to the holes. Plates were incubated
during 18-24 h at 37°C. Inhibition activity was measured as presence or absence of
inhibition halo.

High-Throughput Sequencing

Bacterial total DNA from ileum and caecum samples was extracted by following
the Modified Salting-Out Procedure by Martin-Platero et al. (2007). Amplicon PCR was
performed from bacterial total DNA on the V4 region of the 16S rRNA gene by using the
primer  pair 515f (5-GTGCCAGCMGCCGCGGTAA-3") — 786r (5'-
GGACTACHVGGGTWTCTAAT-3") with Golay barcodes on the forward primer. High-
throughput sequencing was performed on Illumina Miseq platform in the Scientific
Instrumental Center at the University of Granada (Spain). lleum and caecum of 5 control
and 10 treated hens were used in subsequent analyses, for both sampling times (on days
40 and 76). Six samples failed to amplify (see distribution in Supplementary Table S1).
Sequences are available in the Sequence Read Archive (SRA) in the GenBank — NCBI
webpage under Accession Nos. SAMN09603288 to SAMN9603361.
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Subsequent analyses were performed with QIIME2 v2018.02 (Quantitive Insights
In Microbial Ecology, Caporaso et al., 2010). Primer trimming, pair joining, and quality
filtering were performed by using default parameters. Afterward, we used Deblur, a sub-
operational-taxonomic-unit (sOTU) approach, in order to remove sequencing errors
(Amir et al., 2017). We used the fragment insertion script implemented in QIIME2, a
script that performs the sequence alignment and de novo phylogenetic tree (Janssen et al.,
2018). Taxonomy assignment was based on Greengenes 13 08 with a similarity of 99%
(DeSantis et al., 2006). Finally, chloroplasts and mitochondria were removed from the

sOTU table, but Cyanobacteria were retained in subsequent analyses (Ley et al., 2005).

Statistical Analysis

We used general linear models (GLMs) to explore the effect of the treatment,
sampling date and their interaction in different dependent variables: bacterial cultures,
number of eggs (Supplementary Table S2), and different indexes of alpha diversity. We
also explored the effects of egg size as factor (S, M, L, or XL as describe
above). Whittaker (1972) defined diversity in three different levels: alpha diversity is the
diversity found in a sample; beta diversity is the compositional difference between
samples; and gamma diversity is the diversity at the regional scale. We calculated three
different alpha diversity indexes from the sOTU table: bacterial operational taxonomic
unit (OTU) richness (or number of observed OTUs), Faith’s phylogenetic diversity index
(Faith & Baker, 2006) and chaol (Chao, 1984). Residuals of the dependent variables after
analyses followed normal distribution (Kolmogorov—Smirnov normality test; P > 0.20)
and were homoscedastic (Levene’s test for homogeneity of variances, all P >0.19). These
results validate the use of parametric statistical tests. These analyses were performed in
Statistica 10.0.

Beta diversity distance matrixes were calculated using Unifrac distance
(Lozupone & Knight, 2005) based on a rarefied sOTU table at 1800 sequences depth per
sample. Both weighted and unweighted Unifrac distance matrixes were used in
subsequent analyses as we do not have a priori predictions in the effects of the
independent variables (treatment, sampling date, and gut portion) on the bacterial
community. Weighted Unifrac gives more importance to the most abundant bacteria as it
takes into account sequence abundance per sOTU, while unweighted Unifrac gives
similar weight to all bacterial SOTU present in the samples, i.e., it gives more importance
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to the minority bacteria as it takes into account the presence or absence of a sOTU.
Procrustes ANOVA was used to test these effects on both Unifrac distance matrixes
(Collyer et al., 2015), using the geomorph (Adams & Otéarola-Castillo, 2013) and vegan
(Oksanen et al., 2016) packages. Principal Coordinate Analyses were performed and
visualizations of the three first PCoA axes were plotted using Emperor 2018.2.0
(Vazquez-Baeza et al., 2013).

RESULTS
Alpha Diversity of Bacterial Community in lleum and Caecum

Ileum microbiome of control hens on both 40 and 76 days were dominated at the
class level by Clostridia, Bacteroidia, Erysipelotrichi, Mollicutes, Deltaproteobacteria,
and Bacilli (Figure 1 and Supplementary Figure S1). These dominant classes were
present in E. faecalis UGRALO treated hens on day 40, although proportions of each class
changed, being the class Clostridia the only dominant one (Figure 1 and Supplementary
Figure S1). The ileum community in the control hens was very diverse at the genus level,
dominated by Desulfovibrio, Bacteroides, an unknown genus of the order Bacteroidales,
an unknown genus of the family Ruminococcaceae and an unknown genus of the
family Mogibacteriaceae (Supplementary Figure S2). The bacterial community of
samples from hens treated with E. faecalis UGRA10 was very similar, although other
dominant genus as Phascolarctobacterium or Megamonas appeared (Supplementary
Figure S2).
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Figure 1. Bar plots of average relative bacterial abundance in gut regions of
laying hens at the class level, grouped by sampling time and treatment. Classes
in the legend are sorted by sequence relative abundance, from most abundant to
least abundant. UGRA refers to hen fed Enterococcus faecalis UGRA10 at 108
CFU per gram of fodder per day; while 40 and 76 refers to the number of days
after the experiment started.

Operational taxonomic unit richness in the ileum differed significantly between
treatments throughout the experimental period (Table 1). While E. faecalis UGRA10
group kept similar levels of bacterial OTU richness, the control one experienced an
increase in OTU richness until reaching similar levels to those of the treatment group at
day 76 (Figure 2 and Supplementary Table S3). Similar pattern was marginally significant
in the case of Faith’s diversity index (see interaction term in Faith’s diversity index in
ileum, Table 1).
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Table 1. General linear Models exploring the effects of treatment (control and E. faecalis
UGRA10 administration) and sampling time (days 40 and 76) in the different alpha diversity
indexes of the bacterial community of ileum and caecum of laying hens.

Explanatory variables d.f. F P
Ileum
Species richness Treatment 1,23 12.83 0.002
Time 1,23 1.79 0.194
Treatment x Time 1,23 5.18 0.032
Pielou evenness Treatment 1,23 0.27 0.608
Time 1,23 5.32 0.030
Treatment x Time 1,23 152 0.230
Faith’s diversity index Treatment 1,23 10.70  0.003
Time 1,23 1.40 0.249
Treatment x Time 1,23 4.08 0.055
Shannon’s diversity index Treatment 1,23 1.24 0.277
Time 1,23 1.60 0.219
Treatment x Time 1,23 0.01 0.987
Caecum
Species richness Treatment 1,23 0.23 0.636
Time 1,23 0.41 0.528
Treatment x Time 1,23 0.00 0.966
Pielou evenness Treatment 1,23 0.23 0.638
Time 1,23 0.84 0.370
Treatment x Time 1,23 041 0.529
Faith’s diversity index Treatment 1,23 0.72 0.405
Time 1,23 1.21 0.283
Treatment x Time 1,23 0.35 0.561
Shannon’s diversity index Treatment 1,23 0.26 0.618
Time 1,23 0.29 0.597
Treatment x Time 1,23 0.21 0.650
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Figure 2. Average * standard error of the mean of the bacterial

OTU richness (number of different OTUs) of ileum of laying hens

at different sampling times (in days) from control (n =5, red) and
hens supplemented with E. faecalis UGRAL0 (n = 10, blue).

The bacterial community of caecum was more diverse than that of ileum (Figure
1 and Supplementary Figure S1). Major classes on days 40 and 76 in both experimental
groups included Clostridia, Deltaproteobacteria, Bacteroidia and the unknown phylum
OP8 (Figure 1 and Supplementary Figure S1). The genera abundance between treatments
and sampling date followed similar patterns. Bacterial community was dominated by
Phascolarctobacterium, Fusobacterium, Desulfovibrio, an unknown genera belonging to
the class Cyanobacteria and Megamonas (Supplementary Figures S2A,B). Alpha
diversity was very similar between treatment groups, showing no significant changes

throughout the experimental period (Table 1).

Effects of Treatment and Sampling Date on Beta Diversity

In the ileum region, changes of bacterial communities throughout the experiment
period varied from one treatment to another (see Figure 3 and the interaction term in Table
2). Interestingly, control communities on day 76 overlapped with bacterial communities
of E. faecalis UGRA10 treatment.
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Figure 3. Two-dimensional figures showing three first axes of Principal Coordinate Analysis and
representing bacterial communities of ileum of laying hens, using Unweighted and Weighted Unifrac
distance matrixes. Proportion of explained variance by each PCo axes is also shown.

Treatment explained a significant proportion of the variance in bacterial

community of caecum (both Weighted and Unweighted Unifrac) and its effect depends

on the sampling date (see interaction term in Figure 4 and Table 2).

Table 2. PROCRUTES ANOVA exploring the effects of treatment, sampling date and their
interaction in the bacterial community of laying hens fed with a control diet or supplemented with
Enterococcus faecalis UGRA10.

p-diversity Explanatory df = P
distance matrix variables "

lleum Unweighted Unifrac  Day 1,23  1.47 0.020
Treatment 1,23  2.48 0.001

Day * Treatment 123 257 0.001

Weighted Unifrac Day 1,23 1.63 0.060

Treatment 1,23 204 0.026

Day * Treatment 123 4.16 0.001

Caecum  Unweighted Unifrac  Day 123 144 0.029
Treatment 1,23 2.12 0.004

Day * Treatment 123  2.06 0.003

Weighted Unifrac Day 1,23 154 0.105

Treatment 1,23 232 0.024

Day * Treatment 123  2.60 0.006
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Figure 4. Two-dimensional figures showing three first axes of Principal Coordinate Analysis
representing bacterial communities of caecum of laying hens, using Unweighted and Weighted

Unifrac distance matrixes. Proportion of explained variance by each PCo axes is also shown.

Presence of E. faecalis in Feces

Cultures from each sample were highly and significantly correlated within each
triplicate (Kruskal-Wallis, bacterial count as dependent variable, sample as factor,
H2372 = 62.44, P < 0.001), so we calculated the average values for each set of samples

within each sample date and each bacterial culture.

Enterococcus sp. was successfully recovered from all Slanetz-Bartley agar plates
[control, N =72, 1og10 CFUs = 6.55 + 0.16 (average + SE); E. faecalis UGRA10: N =72,
6.67 + 0.20]. However, treatment, sampling date or their interactions did not significantly
explain variation in bacterial counts of Enterococcus sp. (GLM, average bacterial count,
treatment as factor, F120 =0.01, P = 0.915, sampling time as covariable, F120 =2.15, P =
0.158, interaction, F120 = 0.13, P = 0.721).

Following a similar pattern, total anaerobic bacteria (control, N =72, log10 CFUs
= 7.27 + 0.99; E. faecalis UGRA10: N= 72, 7.40 = 0.86) did not differ between
treatments, sampling date or their interaction (GLM, average bacterial count, treatment
as factor, F1,20 = 0.05, P = 0.827, sampling time as covariable, F120 = 0.58, P = 0.454,
interaction, F1,20< 0.01, P = 0.990).
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E. faecalis UGRA10 Indirect Detection in Feces

The percentage of colonies that showed inhibition properties against E. faecalis
S-47 increased along the experiment but only in the treatment group. In the control group,
a low percentage of colonies showed antagonism against S-47 (Table 3). Interestingly,
most of the colonies that produced antagonism against E. faecalis S-47 in the treatment
group did not show inhibition against E. faecalis UGRA10, except 1 out of 30 colonies
on day 76. Most of these colonies may be attributed to E. faecalis UGRA10, as this strain

IS immune against its own bacteriocin (Table 3).

Table 3. Percentages of colonies from fecal samples of laying hens that showed inhibition against
indicators strain E. faecalis S-47 and percentage of those colonies that inhibition halo disappears
against E. faecalis UGRA10.

Sampling Treatment % inhibitor colonies % of colonies where inhibition halo
time against S-47 disappeared against UGRA10
7 Control 0.0 0.0
UGRA10 0.0 0.0
15 Control 2.5 0.0
UGRA10 10.0 100.0
40 Control 0.0 0.0
UGRA10 37.5 100.0
76 Control 2.5 0.0
UGRA10 75.0 96.7

Egg Production

As 13 hens were slaughtered on day 40, we analyzed both periods separately,
before and after slaughtering. Egg production was maintained in the first half of the
experiment, regardless of the treatment (Figure 5A and Table 4), as both slopes of egg
production did not differ from 0 (control slope = -0.007, r =-0.02, P > 0.915; experimental
slope = -0.09; r = -0.24; P = 0.277). However, egg production along the second period
significantly differed between treatments. While egg production of control hens
significantly decreased (slope = -0.15, r = -0.51, P = 0.020), hens supplemented with E.
faecalis UGRA10 maintained egg production along this period (slope = 0.07,r =0.24, P
=0.293; Figure 5B and Table 4).
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Figure 5. Correlations between number of eggs and sampling date
as function of treatment, during the first (A) and second (B) half of
the experimental period. Control hens (red) were fed a basal diet
while experimental hens (blue) were supplemented with E. faecalis
UGRA10.

Table 4. General Linear Models explaining egg production per laying hen in both control and
diet supplemented with Enterococcus faecalis UGRA10, during both halves of the experimental
period.

Explanatory variables d.f. F P
First half Treatment 1,40 0.65 0.425
Sampling date 1,40 0.88 0.353
Treatment* Sampling date 1,40 0.65 0.425
Second half Treatment 1,36 6.22 0.017
Sampling date 1,36 0.76 0.390
Treatment* Sampling date 1,36 6.22 0.017
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Laying hens throughout the experiment period produced significantly more eggs
of size L (between 63 and 73 g), regardless of the treatment (GLM, number of eggs as
dependent variable, Treatment as factor, F147 =0.04, P =0.848, Egg size as factor, F247 =
370.69, P < 0.001, Sampling date as covariable, F147 = 15.03, P < 0.001, Interaction
between egg size and treatment, F2,47 = 0.07, P = 0.931; Figure 6). Interestingly, no hen
produced any egg of size S (less than 53 g).
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Figure 6. Average * Standard error of the mean number of eggs produced by
laying hens. Once per week, number of eggs was recorded as well as their
weight and their size (m: medium; I: large; xI: extra-large). Control values are

shown in red while values of laying hens supplemented with E. faecalis
UGRAU10 in the diet are shown in blue.

DISCUSSION

The addition of E. faecalis UGRAL0 in the diet of laying hens had a positive and
significant effect on egg production during the second half of the experiment, allowing
these hens to maintain production levels throughout their productive lives. These
beneficial productive changes were accompanied by significant changes in the gut
microbiota and an increase in the presence of E. faecalis UGRA10 along the experimental
period in the feces. These results support the use of E. faecalis UGRA10 as an enhancer

of egg production in laying hens, while modifying bacterial community diversity.
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Maintenance of egg production levels throughout laying hens’ welfare is essential
in poultry and the use of probiotics is one of the most promising strategies to achieve this
goal (Patterson & Burkholder, 2003; Kabir, 2009). Our results support this strategy as
treated hens maintained egg production, especially during the second half of the
experimental period, without altering egg size. In fact, large size eggs (L: 63-73 g; and
XL: >73 g) were the most produced eggs. These results are really promising as large size
eggs are most demanded in different markets (Araneda Uson, 2006; Souza, 2008; Bejaei,
2009; Reichmann Bellino & Arias Nieto, 2016; Zakowska-Biemans & Tekief, 2017).
Different bacterial strains have been studied and their effects tested on animal
performance, egg production, enhancement of immune system and changes in gut
microbiome. For instance, Rhodobacter capsulatus improved hen health and egg quality
during the last period of the laying (Lokhande et al., 2013); Bacillus subtilis has been
tested successfully against Salmonella infection (Oh et al., 2017) and increased egg
quality and production (Ribeiro et al., 2014); or B. licheniformis acted as an immune
system enhancer and a hormone regulator (Wang et al., 2017). The use of E.
faecalis UGRA10 showed some advantages as enterococci are common bacteria in warm-
blood animals (Krieg & Holt, 1984) and have a beneficial interaction with immune system
(Franz et al., 2011), hormones and metabolism (Zhao et al., 2013) and gut microbiota
(Han et al., 2013; Park et al., 2016). We recovered a high proportion of Enterococcus sp.
in all fecal samples, around one logarithmic unit smaller than total anaerobic bacteria, so
this taxon is well-represented in those fecal samples. Interestingly, the presence of E.
faecalis UGRA10 increased during the experimental period in the treated group, until it
became dominant in fecal samples. This result suggests that this strain may substitute
other Enterococcus strains/species. This substitution between Enterococcus species has
been reported before (Sakai et al., 2006; Saelim et al., 2012) and may be caused by the
production of antagonistic substances against closely related species (Foulquié-Moreno
et al., 2003, 2006; Martin-Platero et al., 2006, 2009; Ruiz-Rodriguez et al., 2013). In this
sense, the ability of allochthonous bacteria, such as probiotics, to establish and flourish
in complex bacterial ecosystems (as the intestine of vertebrates) is low and depends on
taxon (Thomas & Versalovic, 2010). However, the positive effects of these transient
bacteria are related to the active and temporary interaction with the host immune system
(Are et al., 2008; Thomas & Versalovic, 2010), even though they do not establish as
resident members of the bacterial community (Derrien & Vlieg, 2015). For

instance, Enterococcus as probiotic in poultry seems to induce physical changes in the
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gut structure, especially in the development of villus height/crypt depth ratio and villus
height in the ileum (Awad et al., 2008), hence the increase in nutrient digestibility (Park
et al., 2016). An alternative and non-exclusive hypothesis would point out the role of
enterococci as immune system stimulators (Franz et al., 2011) or hormone mediators in
avian performance (Zhao et al., 2013). These interactions with the immune system have
been examined in model organisms (Foligne et al., 2007; de Vrese & Schrezenmeir,
2008), although our knowledge of this interaction in poultry is still scarce. In broilers,
probiotic supplementation in the diet increases serum/plasma immunoglobulin levels and
foster change in immune cell numbers and their phagocytosis capacities (Apata, 2008;
Lee et al., 2011; Zhang et al., 2012; Salim et al., 2013; Ahmed et al., 2014; Beirdo et al.,
2018). The use of E. faecium as a probiotic produces increases in antibody titers against
pathogens are also found (Nayebpor et al., 2007), changes in liver metabolic efficiency
(Zheng et al., 2016), modifications in intestinal mucosa proteome (Luo et al., 2013) or
increases in leptin levels and hence growth rate (Arslan et al., 2004). In laying hens, a
combination of probiotics enhanced antibody response (Zhang et al., 2012). However, the
mechanisms that explain the interaction between the use of Enterococcus as probiotic and
the immune system and/or hormones in laying hens are still elusive, so further

experiments are necessary to elucidate these relationships.

Microbiome of ileum in broilers is dominated by Lactobacillus, followed
by Clostridium, Streptococcus, and Enterococcus species (Lu et al., 2003). However,
Clostridium sp. and closely related species became dominant in caecum of laying hens,
followed by members of phylum Bacteroidetes, especially Bacteroides, Butyricimonas,
and Prevotella (Callaway et al., 2009; Nordentoft et al., 2011). Our results are consistent
with these previous findings, especially at the phylum level, although differ in the
importance of different genera. These differences in bacterial community were found
mainly in ileum between treatment and sampling time. Treated hens harbored more
bacterial species and a wider range of phylogenetic diversity in the ileum than control
ones. Nevertheless, bacterial community in caecum showed similar levels of alpha
diversity between treatments. These results of alpha diversity are supported with results
of beta diversity. Bacterial communities grouped closely when we compared similarities

in Unifrac distance matrixes, showing microbiome change in the gut of treated hens.

The beneficial effects of antibiotics on broilers and hens are related to changes in

the microbial community of the gut (Choi et al., 2018) especially toward short-chain fatty
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acid producers (Banerjee et al., 2018), but also to the increase of amino acid metabolites,
fatty acids, nucleosides, and vitamins (Gadde et al., 2018). Alternatively, antibiotics
improve performance through an anti-inflammatory effect mediated by the intestinal
epithelium (Niewold, 2007). In spite of the differences in nature of antibiotics and
probiotics, the effects of both agents on animals seem to be similar. Enterococcus used
as a probiotic in poultry induces shifts of fecal microbiota (Han et al., 2013), especially
reducing Salmonella populations (Waters et al., 2005), although the major phyla
abundance (Bacteroidetes and Firmicutes) remains stable (Zhao et al., 2013). The diet
supplemented with E. faecalis UGRA10 produced changes in the bacterial community,
both in the ileum and the caecum, and supports, at least partially, the hypothesis that the
beneficial effect on the maintenance of egg production could be mediated by effects on
the gut microbiome. Further experiments should be conceived in order to unveil possible
mechanisms in relation to the stimulation of the immune system or the interaction with

hormones.

This experiment supports the use of E. faecalis UGRA10 in the diet of laying hens
for successfully maintaining egg production levels and change microbiome diversity,
similar effects to those found with the use of antibiotics (Park et al., 2016). However, the
use of a bacterial strain would avoid the use of antibiotics in poultry, since a new member
of the bacterial community is introduced instead of high antibiotic doses during

prolongated exposition times.
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Supplementary Figure S1. Bar plots of bacterial relative abundance at the class level in
laying hens at different gut region, sampling times and treatments. Classes in the legend are
sorted by sequence relative abundance, from most abundant to lowest abundant. UGRA
refers to hen fed with Enterococcus faecalis UGRAL0 at 10® Colony Forming Units per
grams of fodder; while 40 and 76 refers to the number of days after the experiment started.
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Supplementary Table S1. Sample sizes of bacterial community of ileum and caecum of laying
hens, successfully amplified in Illumina MiSeq platform, at different sampling times. In
parentheses, sample size before amplification.

Day 40 Day 76
Control Treatment Control Treatment Total
lleum 5(5) 9 (10) 4 (5) 9 (10) 27
Caecum 5(5) 8 (10) 4 (5) 10 (10) 27

Supplementary Table S2. Number of eggs produced by hens fed with control diets and
supplemented with Enterococcus faecalis UGRAL0 along the experimental period.

Experimental Bout Experimental Bout

Bggs  Treatment  Day ppe riRST-SECOND) RE-FIRST-SECOND)

Eggs  Treatment Day ®

52 CONTROL 1 First Half 46 CONTROL 32 First Half

53 Experimental 1 First Half 46  Experimental 32 First Half

48 CONTROL 2 First Half 51 CONTROL 37 First Half

46 Experimental 2 First Half 50 Experimental 37 First Half

42 CONTROL 3 First Half 45 CONTROL 38 First Half

45 Experimental 3 First Half 40 Experimental 38 First Half

49 CONTROL 9 First Half 42  CONTROL 39 First Half

54 Experimental 9 First Half 42  Experimental 39 First Half

41 CONTROL 10 First Half 51 CONTROL 40 First Half

40 Experimental 10 First Half 50 Experimental 40 First Half

46 CONTROL 11 First Half 35 CONTROL 44 Second half
45 Experimental 11 First Half 33 Experimental 44 Second half
52 CONTROL 12 First Half 36 CONTROL 45 Second half
50 Experimental 12 First Half 33 Experimental 45 Second half
42 CONTROL 16 First Half 37 CONTROL 46 Second half
51 Experimental 16 First Half 35 Experimental 46 Second half
49 CONTROL 17 First Half 37 CONTROL 47 Second half
47 Experimental 17 First Half 37 Experimental 47 Second half
41 CONTROL 18 First Half 33 CONTROL 51 Second half
39 Experimental 18 First Half 40 Experimental 51 Second half
44  CONTROL 19 First Half 32 CONTROL 52 Second half
42 Experimental 19 First Half 39 Experimental 52 Second half
45 CONTROL 23 First Half 34 CONTROL 53 Second half
42 Experimental 23 First Half 36 Experimental 53 Second half
46 CONTROL 24 First Half 32 CONTROL 54 Second half
45 Experimental 24 First Half 36 Experimental 54 Second half
44  CONTROL 25 First Half 34 CONTROL 58 Second half
52 Experimental 25 First Half 36 Experimental 58 Second half
49 CONTROL 26 First Half 29 CONTROL 59 Second half
46 Experimental 26 First Half 35 Experimental 59 Second half
45 CONTROL 30 First Half 29 CONTROL 60 Second half
43 Experimental 30 First Half 35 Experimental 60 Second half
45 CONTROL 31 First Half 31 CONTROL 61 Second half
40 Experimental 31 First Half 36 Experimental 61 Second half
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Experimental Bout

Bggs ~ Treatment  Day ppr FiRST-SECOND)
27 CONTROL 65 Second half
34 Experimental 65 Second half
31 CONTROL 66 Second half
33 Experimental 66 Second half
26 CONTROL 67 Second half
30 Experimental 67 Second half
30 CONTROL 68 Second half
32 Experimental 68 Second half
34 CONTROL 71 Second half
40 Experimental 71 Second half
32 CONTROL 73 Second half
39 Experimental 73 Second half
32 CONTROL 74 Second half
41 Experimental 74 Second half
34 CONTROL 75 Second half
40 Experimental 75 Second half
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SIMPLE SUMMARY

The misuse of antibiotics has led several countries to ban their use as prophylactics
against bacterial diseases or as growth promoters in livestock and poultry. Phytobiotics
(bioactive compounds extracted from plants) are one of the alternatives, due to their
antimicrobial activity and its modulation of the gut microbiota and the improvement of
productive properties. Garlic and onion extracts, rich in antimicrobial compounds, are of
the most promising alternative to antibiotics. We supplemented a garlic- and onion-based
product in the diet to laying hens at the beginning of their productive life. The group
supplied with this product produced in one month more eggs and with bigger size. This
increase in production was accompanied by changes in the bacterial community of the
gut. These changes in the microbiota suggest an improvement in food digestibility, as the
most important changes produced by these compounds occur in the most distal parts of
the gut. The relative abundance of beneficial Lactococcus in the ileum and Lactobacillus
in the cecum increased in the experimental group. Both genera are known to have
beneficial effects on host. These results are very promising for the use of these compounds
in poultry for short periods.

ABSTRACT

Phytobiotics (bioactive compounds extracted from plants) are one of the explored
alternatives to antibiotics in poultry and livestock due to their antimicrobial activity and
its positive effects on gut microbiota and productive properties. In this study, we
supplemented a product based on garlic and onion compounds in the diet to laying hens
at the beginning of their productive life (from 16 to 20 weeks post-hatching). The
experimental group showed a significant increase in the number of eggs laid and in their
size, produced in one month compared to the control. This increase in production was
accompanied by microbiota changes in the ileum and cecum by means of high throughput
sequencing analyses. These bacterial shifts in the ileum were mainly the result of
compositional changes in the rare biosphere (unweighted UniFrac), while in the cecum,
treatment affected both majority and minority bacterial groups (weighted and unweighted
UniFrac). These changes in the microbiota suggest an improvement in food digestibility.
The relative abundance of Lactococcus in the ileum and Lactobacillus in the cecum
increased significantly in the experimental group. The relative abundance of these
bacterial genera are known to have positive effects on the hosts. These results are very
promising for the use of these compounds in poultry for short periods.

Keywords: Allium-based phytobiotic; Alliaceae extract; laying hens; gut microbiota; egg
production; high-throughput sequencing; Illumina MiSeq platform
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INTRODUCTION

The abusive and inappropriate use of antibiotics in the animal production industry
and clinical medicine has favored the selection of resistant bacteria and the spread of
antibiotic resistance worldwide (Levy & Marshall, 2004; World Health Organization,
2018; Wise, 2008). As a consequence, numerous countries have banned the use of most
antibiotics as growth-promoters in livestock and poultry (Bengtsson & Wierup, 2007;
Commision, 2003, 2018; Food & Administration, 2013; Wierup, 2004). Some works
predicted that these policies will increase production costs and final product prices
(Hardy, 2002; Hayes et al., 2001), so the animal production industry is searching for
efficient alternatives to the use of antibiotics as growth promoters in livestock, poultry
and aquaculture (Allen et al., 2013; Ferket, 2004; Jana et al., 2018). Bacteriocins,
bacteriophages, phytobiotics, probiotics, prebiotics and synbiotics have been proposed as
the most promising alternatives (Hume, 2010; Joerger, 2003).

Phytobiotics are bioactive compounds supplemented in the diet to improve the
health and performance of farm animals (Vidanarachchi et al., 2005; Windisch et al.,
2008). Like antibiotics, phytobiotics can directly affect pathogenic bacteria, acting as
antimicrobials (EI-Ghany & Ismail, 2014; Vidanarachchi et al., 2005) or by blocking
some membrane receptors in pathogenic bacteria, making their adhesion to the intestinal
mucosa difficult (reviewed in Vidanarachchi et al., 2005). Phytobiotics can also act as
prebiotics, supplying specific substrates and stimulating the growth of beneficial bacteria,
or acting as growth-promoter metabolites (Allen et al., 2013; Vidanarachchi et al., 2005).
Interestingly, phytobiotics may modulate the microbiota-gut-immune system, especially
thorough antioxidant and anti-inflammation activities of these compounds (Gheisar &
Kim, 2018). Moreover, phytobiotics increase digestive enzyme activity, enhance feed
conversion and hence improve the productive parameters of farm animals (Gheisar &
Kim, 2018; Windisch et al., 2008). These improvements in digestive function have been
related to the growth of beneficial bacteria in the cecum of broilers supplemented with
phytobiotics, especially lactic acid bacteria such as lactobacilli and bifidobacteria (Attia
et al.,, 2017; Guo et al., 2004). These bacterial groups improve the host’s health by
interacting with and training the immune system, allowing the host to allocate resources
to production traits (Al-Yasiry et al., 2017; Liu et al., 2013).
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Extracts from plants of the Alliaceae family, mainly garlic (Allium sativum), onion
(Allium cepa) and leek (Allium porrum) produce a wide variety of compounds showing
antimicrobial activity, known of since ancient times (Amagase et al., 2001; Harris et al.,
2001; Ye et al., 2013). The supplementation of these compounds has shown promising
results in the health and productive parameters of several farm animals such as sheep
(Anassori et al., 2017), goats (Zhu et al., 2013), cattle (Abad et al., 2017), pigs (Abad et
al., 2018), broilers (Jimoh et al., 2012; Lee et al., 2017) and fishes (Natasya-Ain et al.,
2018). These compounds improve intestinal functions such as rumen fermentations or
energy-related blood metabolites, contributing to animal health and productivity
(Anassori et al., 2017; Busquet et al., 2005). In poultry, allium extracts supplemented in
diets produce significant modulatory effects on growth, performance indices, lipid
metabolism, gut ecosystem as well as immune responses, especially when poultry are
experiencing stress and disease challenge conditions (Kothari et al., 2019). Most of these
compounds are secondary metabolites, volatile organosulfur compounds, mainly
thiosulfites and thiosulfonates which are responsible for the pungent odor, such as propyl
thiosulfinate (PTS) and propyl propane thiosulfonate (PTSO) (Amagase et al., 2001; Liu
et al., 2012; Ruiz et al., 2010). In in vitro experiments, these compounds showed anti-
inflammatory properties in alveolar macrophages from pig lumps (Liu et al., 2012),
antimicrobial activity against bacterial strains isolated from pig feces (Ruiz et al., 2010)
and against Gram-negative and Gram-positive multidrug-resistant bacteria isolated from

human fecal samples (Sorlozano-Puerto et al., 2018).

Previous works showed that experimental supplementation of garlic in the diet did
not result in an increase in egg production (Asrat et al., 2018; Ghasemi et al., 2010;
Mahmoud et al., 2010; Omer et al., 2019), or even in decrease in egg productivity (Kaya
& Macit, 2012). However, in a recent paper, Abad et al., (2020) showed that a commercial
Allium compound has positive effects on egg production. These differences in
productivity effects due to Allium additives may be due to dose, duration of feeding or
processing techniques (Khan et al., 2019). In this manuscript, we hypothesize that the
supplementation of Allium compounds in the diet of laying hens will affect bacterial
community composition as well as egg production. We predict that a commercial
Alliaceae extract supplemented in the diet of laying hens, similar to that used by Abad et
al. (2020) and based on PTS and PTSO, produces beneficial shifts in the gut microbiota
and increase productive parameters, i.e., the number of laid eggs and their weights.
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MATERIAL AND METHODS
Experimental Animals and Facilities

The experiment was performed in 2014 at an experimental farm (Granja Avicola
Gil, SL, Alhendin, Granada, Spain). Laying hens (Hy Line Brown) were placed in cages
at the age of 16 weeks with food and water ad libitum and kept at 20 °C + 2 °C and 78%
* 3% relative humidity (average + standard deviation), under a photoperiod of 16 h per

day throughout the experimental procedure.

Experimental Design and Sampling Collection

One hundred and eighty experimental laying hens were housed in groups of 6 hens
per cage, with treatment groups being randomly distributed between production lines.
Control hens (90 hens, 15 cages, 6 animals per cage) received a basal fodder diet
(Supplementary Table S1), while experimental hens (90 hens, 15 cages, 6 animals per
cage) received the same diet supplemented in feed with a commercial Alliaceae extract,
Garlicon40 (DOMCA SAU, Granada, Spain) at a final concentration of 150 mg/kg (60
mg of PTSO per kg of feed).

The acclimation period lasted 15 days and then daily egg production (number of
eggs) and their weight were recorded every working day (15 days of sampling). On day
30 after experiment started, 5 control and 8 experimental hens selected at random from
different cages were euthanized by an intrathoracic injection of 2 mL/hen of T-61
(Intervet, Salamanca, Spain). Immediately after being slaughtered, the hens were
dissected and the ileum and cecum were collected using sterile material. Each portion was
homogenized in buffered peptone broth and aliquoted with 10% sucrose and finally
frozen at -80 °C. Afterwards, the aliquots were lyophilized (LyoQuest, TELSTAR
Technologies SL, Barcelona, Spain). No animal died during the experimental period due

to illness or malnutrition.

High-Throughput Sequencing

A total of 20 mg of lyophilized samples were used for bacterial DNA extraction
from ileum and cecum samples using the QIAamp DNA Stool Mini Kit (QIAGEN).
Amplicon libraries of the V4 region of the 16S rRNA gene were produced from total
bacterial DNA by PCR amplification wusing primer pair 515f (5°-
GTGCCAGCMGCCGCGGTAA-3") and 786r (5°-GGACTACHVGGGTWTCTAAT-
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3’) with barcodes on the forward primer following Illumina library preparation (see
Supplementary Materials and library preparation details in Peralta-Sanchez et al., 2019).
High-throughput sequencing was performed on Illumina MiSeq platform in the Scientific

Instrumental Center at the University of Granada (Spain).

Subsequent analyses were performed with QIIME2 v2018.02 (Bolyen et al.,
2019). Primer trimming and pair joining were performed using default parameters.
Afterwards, quality-filtering and sequence clustering were carried out using the Deblur
algorithm, a sub-operational-taxonomic- unit approach that removes low quality
sequences as well as sequencing errors (Amir et al., 2017), with a sequence length
trimming limit of 252 base pairs. This algorithm allows an Amplicon Sequence Variant
(ASV) table to be created. The fragment insertion script implemented in QIIME2 was
used to perform a sequence alignment and construct a de-novo phylogenetic tree (Janssen
et al., 2018). Taxonomy assignment was based on Greengenes 13_08 with a similarity of
99% (DeSantis et al., 2006). Finally, non-bacterial sequences, i.e., chloroplasts and
mitochondria, were removed from the sub-OTU table, although Cyanobacteria were

retained in subsequent analyses (Ley et al., 2005).

Statistics

We used General Linear Models (GLM) to explore the effect of the treatment,
sampling date and their interaction in number of eggs produced per day, mean egg size
per day and alpha diversity indexes. For bacterial diversity analyses, we rarefied the ASV
table at 2500 sequence depth per sample. We calculated different alpha diversity within
sample diversity (Whittaker, 1972), indexes from the ASV table: bacterial OTU richness
(or number of observed OTUs), evenness (Pielou, 1966), Faith’s phylogenetic diversity
index (Faith & Baker, 2006) and Shannon diversity index (Shannon, 1948). Residuals of
the number of eggs, mean egg size and alpha diversity indexes after the analyses followed
a normal distribution (Kolmogorov-Smirnov normality test; p > 0.20), validating the use
of parametric statistical tests. These analyses were performed using STATISTICA 12.5
(Statsoft, Tulsa, OK, USA).

Difference in genera and phyla relative abundance between control and treated
hens were explored by means of Linear Discriminant Analysis (LDA) Effect Size (LEfSe)
(Segata et al., 2011). LEfSe analyses were performed on the Galaxy web platform, run

from a public server (Segata et al., 2011).
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Weighted and unweighted UniFrac distance (Lozupone et al., 2007; Lozupone &
Knight, 2005) were used to calculate beta diversity distance matrixes [differences
between sample diversity, (Whittaker, 1972)]. While weighted UniFrac gives more
importance to the most abundant bacteria, unweighted UniFrac gives more importance to
rare bacteria in the sub-OTUs as it takes into account their presence or absence regardless
of abundance (Lozupone et al., 2007). PERMANOVA was performed in order to test
these effects on both UniFrac distance matrixes using PRIMER-7 software. Principal
Coordinate Analyses were performed in order to visualize the first two PCoA axes using
Emperor 2018.2.0 (Vazquez-Baeza et al., 2013).

RESULTS
Effect of Allium Supplementation on Egg Productivity of Laying Hens

Laying hens supplemented with the Alliaceae extract had higher egg production
than the control group (Table 1, Figure 1A). While the control group decreased production
throughout the experimental period in just 30 days (average egg number (standard error):
47.07 (0.79), the experimental group increased the number of eggs produced (52.07
(0.79); see interaction term in Table 1, Figure 2A).

The size of the eggs was also significantly affected by our experimental
manipulation. Laying hens supplemented with the Alliaceae extract laid larger eggs
(70.16 (0.18)) than the control group (68.85 (0.18)) (Table 1; Figure 1B). During the
experimental period, egg weight in experimental hens increased, while egg size slightly
decreased in the control group (see interaction term in Table 1, Figure 2B).

Table 1. General Linear Models exploring the effects of treatment and date in egg productivity
(Number of eggs) and size (mean egg size) of laying hens. Treated hens received a basal diet

supplemented with a commercial Alliaceae extract (Garlicon40 ©). Significant values were set at
0.05, which are in bold. Degrees of freedom (d.f.) are also shown.

Model Variables d.f. F p
Egg number 1 Treatment 1,27 20.10 <0.001
Date 1,27 1.07 0.310
Treatment 1,26 <0.01 0.991
2 Date 1,26 1.46 0.238
Treatment *Date 1,26 10.82 0.003
Mean egg weight 3 Treatment 1,27 16.93 <0.001
Date 1,27 2.89 0.089
Treatment 1,26 0.04 0.840
4 Date 1,26 2.44 0.119
Treatment *Date 1,26 5.56 0.019
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Figure 1. Differences in the mean number of eggs (A) and mean egg weight (B) produced by
control and experimental laying hens. Control hens were fed a basal diet while experimental ones
were fed a basal diet supplemented with a commercial Alliaceae extract (Garlicon40©). In both
cases, the number of eggs and egg weight were significantly higher in the experimental group fed
the Alliaceae extract. Whiskers show 95% confidence interval and asterisks indicate outliers.
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Figure 2. Changes in the number of eggs (A) and egg weight (B) produced by control laying hens
(in blue) and laying hens experimentally supplemented with a commercial Alliaceae extract
(Garlicon40©) (in red) during 30 days of the experimental period. Regression lines and 95% ClI are
also shown.

Changes in Bacterial Community Composition

The gut microbiota of laying hens is dominated by Firmicutes, Bacteroidetes and
Proteobacteria. The relative abundance of these phyla depended on the gut region and
treatment group (Figure 3). Firmicutes dominated in the ileum while Proteobacteria is
dominant in the cecum. It is noteworthy that some minority phyla such as Elusimicrobia

or Synergistetes decreased in the cecum of laying hens supplemented with the Alliaceae
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Figure 3. Bar plot of the relative bacterial abundance at the phylum level
in different gut regions of laying hens and treatments. Control refers to
laying hens fed a basal diet while Garlicon refers to experimental laying
hens fed a basal diet supplemented with a commercial Alliaceae extract
(Garlicon400©).

extract (Figure 3). However, only phylum OP8 differed significantly between treatments

in both the ileum and cecum (Figure 4).

At the genus level, Lactococcus (Firmicutes) and an unidentified genus of
Anaeroplasmataceae (Tenericutes) increased in the ileum while Bulleidia (Firmicutes),
Bacteroides (Bacteroidetes) and an unknown genus of the phyla OP8 decreased in the

supplemented hens (Figure 4, Supplementary Figures S1 and S2). In the cecum, two
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unknown genera of a-Proteobacteria and Lactobacillus (Firmicutes) increased
significantly in the supplemented group. Anaerobiospirillum and Acinetobacter from
Gammaproteobacteria, the genus RFN20 (Firmicutes), an unknown genus from
Bacteroidetes and an unknown genus of OP8 decreased significantly in laying hens

supplemented with the Alliaceae extract (Figure 4, Supplementary Figures S1 and S3).
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Figure 4. Linear Discriminant Analysis Effect Size (LEfSe) analyses showing
bacterial genera (outer circles in the trees) and phyla (inner circles in the tree) that
differed significantly between control hens and those supplemented with a
commercial Alliaceae extract (Garlicon40©), in the ileum and cecum. Green bars
and dots indicates a significant increase in relative abundance in the supplemented
groups while red bars and dots showed a significant decrease. The cladograms show
the position of each of these genera in the bacterial phylogenetic tree.
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Effect of Allium Compound Supplementation on Alpha and Beta Diversity

Supplementing the diet of laying hens with the Alliaceae extract did not affect any
of the alpha diversity indexes after 30 days of treatment in any of the gut regions, ileum

or cecum (Table 2).

Table 2. General Linear Models exploring the effects of 30-days treatment in alpha diversity
indexes in ileum and cecum of laying hens. Treated hens received in their basal diet supplemented
with a commercial Alliaceae extract (Garlicon40 ©). Significant values were set at 0.05. Degrees
of freedom (d.f.) are also shown.

Alpha diversity index Control Experimental d.f. F p
lleum sub-OTU richness 165.6 (13.12) 162.25(10.37) 1,11  0.04  0.845
Faith’s diversity index 20.92 (1.51) 2056 (1.19) 1,11  0.03  0.857
Evenness 0.79 (0.03) 0.74(0.02) 111 220 0.167
Shannon’s diversity index 5.79 (0.26) 5.40 (0.21) 1,11 141  0.260
Cecum sub-OTU richness 173.20 (13.66) 172.12(10.80) 1,11 <0.01 0.952
Faith’s diversity index 21.34 (1.09) 20.96 (0.86) 1,11  0.08  0.789
Evenness 0.67 (0.04) 0.69 (0.03) 1,11  0.18  0.682

Shannon’s diversity index 4.97 (0.33) 5.11 (0.26) 1,11 0.12 0.737

After 30 days of treatment, the bacterial community in laying hens varied
significantly between the control and the supplemented hens (Table 3), in both the ileum
and cecum samples, forming clear non-overlapping clusters (Figure 5). Interestingly,
changes in the bacterial community between the ileum and cecum were similar between
control and supplemented hens (see interaction terms in Table 3). Within each gut region,
samples from the same treatment level clustered significantly together (Table 3, Figure
5), except for weighted UniFrac metrics in the ileum, showing a marginally significant
trend (Table 3). Our experiment affected both, abundant and rare bacterial taxa, as it

shows weighted and unweighted UniFrac results, respectively (Table 3, Figure 5).
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Table 3. General Linear Models exploring the effects of 30-days treatment in beta diversity
indexes in ileum and cecum of laying hens. Treated hens received a basal diet supplemented with
a commercial Alliaceae extract (Garlicon40 ©). Significant values were set at 0.05, which are in
bold. Degrees of freedom (d.f.) are also shown.

Beta diversity index Factors d.f. F P
Gut Unweighted UniFrac Treatment 122 353 <0.001
Gut 1,22 196 0.002
Gut * Treatment 1,22 0.76 0.898
Weighted UniFrac Treatment 1,22 4.27 0.003
Gut 122 655 <0.001
Gut * Treatment 1,22 1.03 0.391
lleum Unweighted UniFrac Treatment 1,11 1.81 <0.001
Weighted UniFrac Treatment 1,11 2.21 0.056
Cecum Unweighted UniFrac Treatment 1,11 2.63 0.002
Weighted UniFrac Treatment 111 311 0.020
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Figure 5. Principal Coordinate Analysis based in Unweighted UniFrac (A) and Weighted UniFrac
(B) distance matrixes exploring the effects in the bacterial gut community of the supplementation
with a commercial Alliaceae extract (Garlicon40©) in laying hens’ diet (red: ileum, treated hens;
orange: cecum, treated; blue: ileum, control; green: cecum, control). Circles surround samples from
similar gut region and treatment. Percentages show the proportion of variance explained by each

axis.

DISCUSSION

This study found that laying hens experimentally supplemented with Allium by-

product compounds, based mainly on PTS and PTSO, significantly increased the number

of laid eggs, as well as their size, after only 30 days of treatment. These productive

increases in egg production and quality were accompanied by shifts in ileum and cecum
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microbiota, where some bacterial groups differed between the supplemented and the

control group.

Phytobiotics have shown promising results in the health, performance and
productivity of laying hens. Diet supplementation with Allium compounds possess
beneficial effects: significantly reduces cholesterol levels in the plasma of laying hens
(Abdel-Wareth & Lohakare, 2014; Ao et al., 2010; Chowdhury et al., 2002; Yal¢in et al.,
2006), in egg contents (Yalgin et al., 2006) and even protects against several diseases,
including cancer (Omar & Al-Wabel, 2010). Supplementation with different phytobiotics
such as black cumin seeds or leaves and extracts from the Lamiaceae family (such as
peppermint, sage, rosemary, thyme and oregano) increase egg production and egg weight
(Abdel-Wareth & Lohakare, 2014; Bélukbasi & Erhan, 2007; Bozkurt et al., 2012; Khan
et al., 2013; Park et al., 2016; Radwan et al., 2008). However, results for egg production
in laying hens with their diet supplemented by Allium compounds are contradictory.
Some studies pointed out the lack of effect on egg production or egg weight when hens
were provided with different garlic preparations such as garlic paste, oil or powder
(Chowdhury et al., 2002; Lanzotti, 2006; Yalgin et al., 2006). However, and in accordance
with our results, supplementation of garlic powder shows an increase in egg production
(Yalgmn et al., 2006). Olobatoke & Mulugeta (2011) found an increase in egg weight and
a reduction in laying rate, but in laying hens supplemented with high doses of garlic
powder. The differences in the associations between garlic-based compounds
supplementation and these variables may be related with breeds of hen and the preparation
and presentation of the garlic products (Chowdhury et al., 2002; Lanzotti, 2006; Yalgin
et al., 2006), probably related to the composition and quantity of sulfur components
(Yalgm et al., 2006).

Garlic, onion and its relatives are plants rich in several volatile organosulfur
compounds responsible for the pungent odor and antimicrobial properties (Amagase et
al., 2001; Lanzotti, 2006). Allicin was one of the first compounds with antimicrobial
activity to be isolated from garlic (Cavallito & Bailey, 2002), although its instability does
not allow it to be used in livestock and poultry (Amagase et al., 2001). Allicin has been
substituted by other compounds in the use of Allium-derived substances in animal
production and welfare, such as PTS and PTSO, by-products of the initial compounds
present in garlic and onion such as alliin and propiin (Ruiz et al., 2010; Wettenhall, 2020).

PTS is quite instable but it converts rapidly into PTSO, a more stable compound (Ruiz et
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al.,, 2010). PTS and PTSO preparations have been shown to increase propionate
concentrations in lamb rumen, improve weight gain and reduce non-esterified fatty acids
and B-hydroxybutyrate (Anassori et al., 2017). Interestingly, high concentrations of garlic
powder (5%) shows stronger garlic flavor in the eggs compared with those eggs laid by
control and laying hens supplemented with lower doses (3%) (Olobatoke & Mulugeta,
2011). In spite of this negative effects in organoleptic properties of eggs, PTSO did not
seem to alter animal derived products. For instance, milk maintains its organoleptic
properties after two months of PTSO supplementation in the diet of cows (Abad et al.,
2017).

In broilers, supplementation of PTS and PTSO in the diet produces changes in the
morphology and histology of the ileum and increases mucosa complexity in the gut
(Peinado et al., 2012). It also produces shifts in the proximal intestinal microbiota of
broilers, maintaining mucosal enzyme activity but improving food digestibility (Peinado
et al., 2013), with an associated increase in body weight (Peinado et al., 2012). These
compounds also reduce Salmonella abundance in the ileum and Escherichia coli in the
cecum of broilers (Peinado et al., 2012). Besides this direct effect of Allium-derived
compounds, bacterial communities of the gut exclude pathogenic bacteria and enhance
the development of the intestinal mucosa, epithelium and lamina propria, resulting in an
improvement in farm animals’ health (Baurhoo et al., 2009). Reducing pathogenic
bacteria brings relief to intestinal challenge and immune stress and hence the host can
allocate resources to other traits (Gadde et al., 2017; Thomas & Versalovic, 2010). In this
sense, our results showed a significant shift in the bacterial community in the ileum and
cecum in laying hens supplemented with Allium-derived compounds, as shown by the
UniFrac analyses. Our results agree with previous findings where these changes in
microbiota are especially important in the most distal parts of the gut of monogastric
animals, such as the cecum (Ruiz et al., 2010). The underlying action mechanisms of
phytobiotics have not been explored yet, so it would deserve further studies, especially

those related with changes in gut mucosa, the immune system and food digestibility.

Our results show that the relative abundance of Lactococcus in the ileum
and Lactobacillus in the cecum increased significantly in laying hens supplemented with
PTS and PTSO, while egg production improved. A recent paper based in culture-
dependent techniques showed similar increase in egg production and

fecal Lactobacillus counts in laying hens, supplemented with even lower doses of PTSO
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than the present work (Abad et al., 2020). The increase in relative and absolute bacterial
abundances of both Lactococcus and Lactobacillus produce beneficial effects in poultry
and farm animals (Gaggia et al., 2010). Han et al. (2016) found that the relative abundance
of Lactococcus in the cecum of broilers was positively correlated with body weight.
Moreover, supplementation  with a  phytobiotic in laying hens
increased Lactobacillus relative abundance in the cecum and simultaneously improved
egg production as well as egg weights (Park et al., 2016). Most lactic acid bacteria have
an intimate relationship with the health of their animal hosts (Donaldson et al., 2015), so
these strains have been widely used as probiotics due to their many beneficial properties
(Picard et al., 2005; Song et al., 2017; Zhang et al., 2018). In this sense, these bacteria
reduce the intestinal pH by producing lactic acid, and hence, inhibiting the proliferation
of pathogenic bacteria (revised in Kiczorowska et al., 2017). The action
of Lactobacillus may be also related with the reduction in the adhesion ability
of Salmonella or of pathogenic bacteria as some strains of Clostridium spp. or E.
coli (Gaggia et al., 2010). Moreover, the levels of Lactobacillus could play a major role
in promoting and maintaining intestinal inflammation, especially during inflammatory
disease (Gaggia et al., 2010). In this sense, lactic acid bacteria also increase the
histological complexity of the gut and stimulate the immune response of the mucosa
(Baurhoo et al., 2007; Kiczorowska et al., 2017). Despite not exploring the variables
involved in these effects, a net positive effect in both lactic acid bacteria and egg

production was found.

In animals, Bacteroidetes is present in the small and large intestine, although its
relative abundance is much higher in the latter (Donaldson et al., 2015). Our experimental
procedure produced a significant reduction in the relative abundance of Bacteroides in
the ileum and in an unidentified genus of the Order Bacteroidalesin the
cecum. Bacteroidetes species are involved in several metabolic activities in the gut, from
carbohydrate fermentation to bile acid degradation (Bry et al., 1996; Phillips, 2009).
Interestingly, Peinado et al. (2013) found using qPCR that the absolute abundance
of Bacteroides in Cobb broiler guts negatively correlated with Lactobacillus populations.
In that study, they found an increase in Bacteroides and broiler performance in animals
supplemented with PTSO while Lactobacillus abundance decreased. We can only
speculate that these discrepancies may be due to the use of different molecular techniques
(gPCR vs. high-throughput sequencing, absolute vs. relative abundances), different hen
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breeds (Cobb vs. Hy Line Brown) and more importantly, differences in age and sex. For
instance, ileum microbiota differs significantly between male and female broilers only 3
days after hatching (Lumpkins et al., 2008). Moreover, age, sex and breed has a strong
effect on bacterial community in the gut of broilers (Kers et al., 2018). Further research
is needed to clarify the effects of these confounding factors and explore new possibilities
in broilers and laying hens as shown by the depletion of Bacteroides observed in obese
children (Rinninella et al., 2019).

Our supplementation with PTS and PTSO depleted other genera that may cause
negative effects on their hosts. Acinetobacter (Moraxellaceae, Gammaproteobacteria) is
a common bacterium in soil environments and related with infections in immune-
depressed patients (Doughari et al., 2011). Anaerobiospirillum (Succinivibrionaceae,
Gammaproteobacteria) is a strict anaerobic genus causing septicemia and diarrhea in
humans (Garrity, 2005). Some other taxa are poorly described so the effect of the
reduction in abundance is unknown. These taxa include members of
the Erysipelotrichaceae family, such as Bulleidaand the genus RFN20, and an
unidentified genus in the candidate phylum OP8. In this sense, Aminicenantes, the
proposed name for this phylum, is poorly characterized and the few described strains
cover a wide range of environments (Farag et al., 2014). Similarly, other groups increased
their abundance, such as a genus of Anaeroplasmataceae, anaerobic obligate commensals
in the rumen of some mammals, the role of which has not yet been properly described
(Krieg et al., 2010) or the genus belonging to the Order RF32, the abundance of which
correlates with histopathology and colonic inflammation in ray challenge with E. coli.
Due to the lack of available information about the ecology and function of these groups
in the gut, we cannot explain the significance of these changes in abundance in most of
these strains in the treated hens. Culture-based methods are experiencing a rebirth in order
to fill the gap in the knowledge of the huge amount of new microorganisms and diversity

that next-generation technology is uncovering (Tamaki, 2019).

CONCLUSIONS

Our experimental supplementation of PTS and PTSO compounds in diet of laying
hens increased their egg production and size, while producing shifts in the bacterial
communities in the ileum and cecum of the hens. These results are very promising for the

use of these phytobiotics in poultry for short periods (4 weeks in this study). Future
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research is necessary to understand the underlying mechanisms involved in these
improvements, regarding the immune system, food digestibility and for longer exposition

periods.

Supplementary  Materials:  The following are available online at
https://www.mdpi.com/2076-2615/11/2/448/s1; Figure S1. Bar plot of the relative
bacterial abundance at the genus level in different gut regions of laying hens and
treatments. Control refers to laying hens fed a basal diet while Garlicon refers to
experimental laying hens fed a basal diet supplemented with the commercial Alliaceae
extract. The sixteen most abundance genera are shown in a unique color set. The color of
the rest of genera (less abundant) are repeated every 8 colors; Figure S2. Linear
Discriminant Analysis Effect Size (Lefse) showing genera from the ileum that
significantly differ between control and experimentally supplemented with a commercial
Alliaceae laying hens. Bars showed relative abundance of the genus in each sample. Solid
line represents mean relative abundance while dashed line represent the median. k:
kingdom; p: phylum; c: class; o: order; f: family; and g: genus; Figure S3. Linear
Discriminant Analysis Effect Size (Lefse) showing genera from the cecum (ciego) that
significantly differ between control and experimentally supplemented with a commercial
Alliaceae laying hens. Bars showed relative abundance of the genus in each sample. Solid
line denotes relative abundance while dashed line showed median relative abundance. k:
kingdom; p: phylum; c: class; o: order; f: family; and g: genus; Table S1: Nutritional

information of the basal feed employed in laying hens.
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. Nutritional
information of the basal feed employed
in laying hens.

%

Raw protein 16.00
Carbohydrates 57.57
Raw fiber 3.90
Fat content 3.5

Ashes 13.00
Calcium 3.85
Phosphorus 0.59
Sodium 0.16
Lysine 0.97
Metionine 0.46
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ABSTRACT

Antimicrobial resistance (AMR) has risen as a global threat for human health. One
of the leading factors for this emergence has been the massive use of antibiotics growth-
promoter (AGPs) in livestock, enhancing the spread of AMR among human pathogenic
bacteria. Thus, several alter-natives such as probiotics, prebiotics, or phytobiotics have
been proposed for using in animal feeding to maintain or improve productive levels while
diminishing the negative effects of AGPs. Reducing the use of antibiotics is a key aspect
in the pig rearing for production reasons, as well as for the production of high-quality
pork, acceptable to consumers. Here we analyze the potential use of Allium extract as an
alternative. In this study, weaned piglets were fed with Allium extract supplementation
and compared with control and antibiotic (colistin and zinc oxide) treated piglets. The
effects of Allium extract were tested by analyzing the gut microbiome and measuring
different productive parameters. Alpha diversity indices decreased significantly in Allium
extract group in caecum and colon. Regarding beta diversity, significant differences
between treatments appeared only in caecum and colon. Allium extract and antibiotic
piglets showed better values of body weight (BW), average daily weight gain (ADG), and
feed conversion ratio (FCR) than control group. These results indicate that productive
parameters can be implemented by modifying the gut microbiota through phytobiotics

such as Allium extract, which will drive to drop the use of antibiotics in piglet diet.

Keywords: Allium extract; bacterial community; high-throughput sequencing;
phytobiotic; piglet microbiome; productive parameters.
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INTRODUCTION

Antibiotics have been used to promote growth and production in livestock
(Antibiotic Growth Promoters, AGP (Phillips et al., 2003; Thacker, 2013)). However, the
inappropriate and indiscriminate use of them contributed to a rising of resistance to
antibiotics (Capita & Alonso-Calleja, 2013). This situation drove the World Health
Organization (WHO) to call for a global action against Antimicrobial Resistance (AMR;
(WHO, 2014)). For this reason, AGPs are banned by the European Union since 2006 (EC
Regulation 1831/2003; http://eur-lex.europa.eu/en/index.htm) and by other countries
during following years (Maron et al., 2013; U.S. FDA, 2016). However, this ban has
produced an increase in mortality, especially at weaning when many stressors affects
piglets’ health, leading to an increase of post-weaning diarrhea caused by Escherichia
coli infections (Casewell et al., 2003; Campbell et al., 2013). This increase in mortality
directly affects the pork industry, as pork and its derivatives are product highly consumed
daily throughout the world (Dietze, 2011). In this sense, reducing the use of antibiotics is
a key aspect in the pig rearing for production reasons, but also for the production of high-

quality pork, acceptable to consumers.

The mechanisms through which AGPs act are not very clear but it is believed that
growth promotion could be associated with changes in the gut microbiota (Kim et al.,
2012; Dibner & Richards, 2005). AGPs may favor the reduction of pathogenic bacteria,
the reduction of bacterial competition for nutrients, and reduction of microbial
compounds, which can decrease animal growth (Gaskins et al., 2002; Niewold, 2007).
However, the use of AGPs has undesirable effects such as selection and spread of
antibiotic resistance genes (Barton, 2014). Some studies show evidence of the occurrence
of AMR in relation to the use of antibiotics in cattle and specifically in the swine industry
(Faldynova et al., 2013; Gerzova et al., 2015). Many bacterial strains resistant to a wide
variety of antibiotics have been found in the intestinal microbiota of pigs, such as
Campylobacter coli, C. jejuni, Salmonella, or the multiresistant Staphylococcus aureus
(livestock-associated MRSA) (Barton, 2014; Gomes-Neves et al., 2014; Peeters et al.,
2015; Thakur & Gebreyes, 2005). Given this problem of AMR and the subsequent ban of
AGPs in food animal production, there has been a need to look for alternatives that
maintain animal health and increase productive levels of pigs while decreasing the use of
antibiotics (Thacker, 2013; Liu et al., 2018).
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Different compounds have been proposed as substitutes to AGPs in swine industry
improving health and performance of pigs. Probiotics, prebiotics, organic acids, enzymes,
or phytobiotics have been widely recognized as promising alternatives to antibiotics in
feeds (Thacker, 2013). Phytobiotics are plant-derived products used in animal feed to
improve performance of livestock. Some studies had demonstrated their antimicrobial,
antioxidants, and immunoregulatory effects in poultry and pigs (Thacker, 2013; Windisch
et al., 2008). Given these positive properties of phytobiotics, several researchers have
tried to demonstrate that their inclusion in diets can improve pig performance. Some
studies have shown positive results using different plant extracts including oregano oil
(Lietal., 2012; Ragland et al., 2008), menthol and cinnamon (Li et al., 2012; Maenner et
al., 2011), a mixture of different plant extracts (Ahmed et al., 2013; Huang et al., 2010),
and garlic (Liu et al., 2013). Garlic had also been used due to its antifungal, antimicrobial,
and antioxidant properties (Harris et al., 2001; Tatara et al., 2008). Currently, several
active organosulfur compounds extracted from garlic and other Allium plants, such as
PTS (propyl propane thiosulfinate) and PTSO (propyl propane thiosulfonate), have been
characterized (Ruiz et al., 2010). An Allium extract, which includes these compounds, has
shown high antimicrobial activity against Salmonella, E. coli, Clostridium, methicillin-
resistant Staphylococcus aureus (MRSA), Campylobacter jejuni, and Aspergillus
pathogens (Peinado et al., 2012; Sorlozano-Puerto et al., 2018). This product had been
mainly used in broiler chickens, modulating intestinal microbiota, improving nutrient
digestibility, and reducing pathogens and potentially pathogenic bacteria in the intestinal
content (Peinado et al., 2012; Peinado et al., 2013). PTS and PTSO had also been add to
pig diet and showed antimicrobial activity against different bacterial groups, decreasing

fecal counts of Enterobacteriaceae and coliforms (Ruiz et al., 2010).

The aim of the present study was to evaluate the influence of the Allium extract in
weaned piglet gut microbiota and how it affects productive parameters such as body
weight, daily weight gain, daily feed intake, and feed conversion rate. In this study, we
have made a fully randomized experiment using piglets as research animal model
supplemented with the Allium extract. We have characterized the microbiota in different
gut regions by high-throughput sequencing of 16S rRNA gene at 70 days of life. We
suggest that this phytobiotic compound improves piglet productive parameters by means

of distal gut microbiota modification.
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MATERIAL AND METHODS
Piglets and Farm Facilities

The experiment was carried out at IMASDE AGROALIMENTARIA S.L. in
Granja La Mata (Experimental Authorization Ref No: B-82334855), a swine
experimental farm situated in Mata de Cuellar (Segovia, Spain). A total of 240 piglets
(50% female, 50% male) were used in the experiment. Piglets were housed in a non-litter
housing system consisting of 2 rooms, using a total of 24 blocks (12 of each room). Ten
crossbred piglets of the same sex (50% Pietrain x 25% Landrace* 25% Large White) from
commercial genetic breeds were kept per block of 6.05 m? (2.16 x 2.80 m). Piglets were
from stress-free parents. The rooms had natural and artificial lighting, and the temperature
was adjusted according to the piglet age. Piglets were weaned at 28 days of life, with an
average weight of 7.34 + 0.89 kg. The farm fulfilled the national regulations and the
European directive for the protection of animal welfare in research (Directive
2010/63/EU, European Commission, 2010).

Experimental Design and Sample Collection

Before starting the experiment, animals were examined and those with signs of
illness or injury were removed. Subsequently, groups of 10 piglets of the same sex were
as-signed randomly to different blocks (8 blocks per treatment, 4 in each room). Piglets
were regularly monitored during rearing. No signs of loss of weight, abnormal behaviors
or deaths were detected. Control piglets were fed with a basal diet, while experimental
pig-lets received basal diet supplemented with Allium extract (equivalent to 20 mg/kg of
thiosulfinates and thiosulfonates). This Allium extract is commercialized under the
trademark of Garlicon (DOMCA S.A.U., Spain), and the applied dose is the
recommended by the product leaflet. In addition, another group received basal diet
supplemented with 120 mg/kg of the antibiotic colistin (Nipoxyme 100) and 3000 ppm
of zinc oxide (ZnO) as positive control (colistin was only used for research purpose
because it is prohibited for commercial purpose). Basal diet differed in pre-starter (28 to
42 days) and starter (43 to 70 days) (Supplementary material: Table S1). Both diets and
water were supplied ad libitum. Diets were formulated by IMASDE
AGROALIMENTARIA S.L. and produced at the factory Gireporc S.A. in Bernuy de

Porreros (Segovia, Spain).
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Piglets were weighed at weaning (beginning of the experiment—28 days old), at
42 and 70 days old. Other productive parameters were recorded at the end of each
experimental stage (42 and 70 days old): Average daily feed intake, ADFI; Average daily
weight gain, ADG; and Feed conversion rate, FCR (ADFI divided by ADG). At the end
of the experiment (70 days old), one piglet per block (a total of eight piglets of each
treatment) was slaughtered by previous electrically stunned and bleed, according to the
standardized procedures of slaughterhouse "EI cochinillo segoviano™ S.L. (Boceguillas,
Segovia, Spain). Immediately, pieces of about 10 cm were dissected from different
intestinal regions (duodenum and ileum from small intestine; caecum and colon from
large intestine) with sterile material. Intestinal pieces were stored in sterile containers and
transported to the laboratory, where they were kept at -80°C until DNA extraction.
Intestinal pieces from different gut regions of piglets were dissected using a sterile scalpel

and approximately 100 mg of gut content were collected.

DNA Extraction

DNA extraction was carried out using FavorPrep Stool DNA Isolation Mini Kit
(Favorgen Biotech Corp., Taiwan), according to manufacturer instructions. DNA
extraction was checked by 0.7% agarose gel electrophoresis and DNA concentration was
measured using NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, USA).
Samples were standardized at the same DNA concentration (10 ng/ul) and then stored at
-20 °C until DNA amplification.

High-Throughput Sequencing

Amplicon PCR was performed from bacterial total DNA of the V4 region of the
16S rRNA gene using the primer pair US15F (5
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTA
A-3") and E786R (5"-GTCTCGTGGGCTCG-
GAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT-3") with overlap
partial Illumina primers. This PCR was carried out in a final volume of 25 pL containing
12.5 pL of iProof High-Fidelity DNA Polymerase (Bio-Rad Laboratories, Inc.), 0.3 uM
of each primer, and 5 pL of template DNA. The amplification program consisted of an
initial denaturing step of 98°C for 1 min followed by an amplification step of 25 cycles
of 10sat 98 °C, 20 s at 52 °C, and 15 s at 72 °C, and a final extension of 5 min at 72 °C.
Then, a second PCR was applied to include specific barcodes by adding a unique
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combination of a couple of barcodes per sample. This PCR was carried out in a final
volume of 25 pL containing 12.5 pL of iProof High-Fidelity DNA Polymerase (Bio-Rad
Laboratories, Inc.), 0.4 uM of each primer, and 5 pL of purified PCR product from the
previous PCR. The amplification pro-gram consisted of an initial denaturing step of 98°C
for 1 min followed by an amplification step of 8 cycles of 10 s at 98 °C, 20 s at 55 °C,
and 15 s at 72 °C, and a final extension of 5 min at 72 °C. Purification steps were made
using magnetic microparticles with a surface functional group to which DNA can be
reversibly linked. Subsequently, the DNA of the magnetic particles were separated by
elution (Hawkins, 1998). Then, DNA concentration was measured using Qubit® 3.0
Fluorometer (Invitrogen, Carlsbad, CA) and normalized to the same concentration. High-
throughput sequencing was carried out on Illumina MiSeq platform in the Scientific
Instrumental Center at the University of Granada (CIC-UGR, Spain). Sequences are
available in  the  Genbank-NCBI  Sequence  Read  Archive (SRA)
(https://www.ncbi.nlm.nih.gov/sra/), BioProject: PRJINA664026, Accession Nos.
SAMN16192455 to SAMN16192544.

Sequences Processing and Data Analysis

The processing of the sequences obtained from Illumina MiSeq was carried out
with QIIMEZ2 v2018.02 (Quantitative Insights In Microbial Ecology (Bolyen et al., 2019;
Caporaso et al., 2010)). First, primers trimming were performed using default parameters
using cutadapt plugin (Martin, 2011). Forward reads were selected for the following
analysis due to low quality in reverse reads after 120 bp (Phred score < 20). Quality
filtering were performed using default parameters. Afterwards, we used Deblur for
sequence clustering into sub-OTUs, a sub-operational-taxonimic-unit (sOTU) approach,
in order to remove sequencing errors (Amir et al., 2017). Sequences that passed quality
filters were truncated to 200 bp, using Phred score of 20 as quality threshold, giving a
dataset of 6,548,564 total reads with a mean depth of 70,415 reads per sample. We used
fragment insertion script adapted to QIIME2 through the SATé-enabled phylogenetic
placement (SEPP) technique, a script that performs the alignment of the sequences and
the phylogenetic tree (Janssen et al., 2018). Taxonomy assignation was made with a
classifier pretrained on Greengenes 13.08 with a similarity of 99% (DeSantis et al., 2006).
Finally, because the primers used are de-signed for bacteria, chloroplasts, mitochondria,

and non-bacterial DNA were removed from the sOTU table.
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Statistics

To test the effect of treatment on production parameters of pigs, we used
Generalized Linear Mixed-Models (GLMM). We used 24 experimental units (2 rooms of
12 experimental units each) with treatment as fixed factor, sex, and room as random

factors, and initial body weight as covariate.

For alpha and beta diversity analyses, sOTU table was rarified at 17,000
sequences depth per sample. Samples that did not reach this sequencing depth were
excluded for subsequent analyses. Two alpha diversity indices were calculated, i.e.,
bacterial species richness, as number of observed species; and Faith’s phylogenetic
diversity index (Faith & Baker, 2006). We used General Linear Models (GLM) to explore
the effect of treatment and gut region in different alpha diversity indices. Piglet was used

as experimental unit for alpha and beta diversity analysis.

Productive parameters and alpha diversity analyses were performed in Statistica
10.0 (StatSoft).

Beta diversity distance matrixes were calculated using UniFrac distance (C.
Lozupone & Knight, 2005). In sub-sequent analysis, we used both Weighted UniFrac and
Unweighted UniFrac distance matrixes as we do not have a priori predictions in the
effects of the independent variables (gut region and treatment) in the bacterial community.
Weighted UniFrac gives more importance to most abundant bacteria as it takes into
account the abundance of sequences per sOTU, while Unweighted UniFrac gives the
same importance to all bacterial SOTU presents in the samples, giving more importance
to minority bacteria as it takes into ac-count the presence or absence of SOTU (Lozupone
etal., 2007). Permutational ANOVA (PERMANOVA) based on Type Il sums of squares
with 999 permutations was used to test treatment and gut region effects on both UniFrac
distance matrixes (Collyer et al., 2015) using PRIMER-7 (PRIMER-e). Principal
Coordinates Analysis were calculated and visualizations of the first three axes of the

PCoA were plotted using Emperor 2018.2.0 (Vazquez-Baeza et al., 2013).
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RESULTS
Effects of Treatment on Piglets’ Gut Bacterial Alpha Diversity

Duodenum and ileum microbiota of 70 days control piglets were mainly
dominated at classes Bacilli and Clostridia, representing more than 90% between both
groups. This pattern was similar in Allium extract and antibiotic groups, but with a lower
proportion of Bacilli and higher proportion of Gammaproteobacteria in duodenum
(10.5% and 3.9% in antibiotic and Allium extract group respect to 1.9% in control group)
and Clostridia in ileum (35.3% and 21.1% in antibiotic and Allium extract group respect
to 13.5% in control group) (Figure 1). At genus level, duodenum and ileum community
of piglets was very diverse, dominated by Lactobacillus (more than 65%), followed by
an unidentified genus of the family Clostridiaceae (6.7%), Sarcina (5.9%), Streptococcus
(3%), and an unidentified genus of the family Peptostreptococcaceae (2.8%). Duodenum
microbiota was very similar in three groups, but in the ileum, more differences appeared,
with lower proportion of Lactobacillus in both Allium extract and antibiotic group
(Supplementary material: Figure S1). However, no statistically significant differences
appeared between treatments in duodenum and ileum in neither Species richness (LSD

Posthoc test, p > 0.314) nor Faith’s diversity index (LSD Posthoc test, p > 0.253).

100%
90% -

80% -
. Firmicutes; Bacilli
- Firmicutes; Clostridia
Bacteroidetes; Bacteroidia
Proteobacteria; Gammaproteobacteria

70%

60% -

. Firmicutes; Erysipelotrichi
Proteobacteria; Epsilonproteobacteria

. Proteobacteria; Deltaproteobacteria

- Proteobacteria; Betaproteobacteria

. Actinobacteria; Coriobacteriia

- Actinobacteria; Actinobacteria

. 20 minority classes

50% —

Relative Frequency

40% |

30% —|

20% -

10%

=
o
=]
5
&)

em— ———
Jum ) mm— pis=—}
0% | = —— —_ EE .
°T s 8 & © 5 8B &€ © 8 L2
e 5 = S 2 8 = e 8 =
E= = O i = “ 9 e 5 @2
5 ¥ =2 2 S ¥ & § ¥ =2
o o £ ) o o £ o v
£ < £ E < £ <
3 3 3 3
< < < <
Duodenum lleum Caecum Colon

Figure 1. Microbial composition at class level of piglet gut microbiota grouped by gut region and
treatment. Classes in the legend are sorted from most abundant to lowest abundant.
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Large intestine (caecum and colon) microbiota showed a shift in dominant classes
respect to small intestine, with lower proportion of Bacilli and higher proportion of
Clostridia and Bacteroidia (Figure 1). Caecum microbiome had a very similar distribution
in piglets from different treatments, with a slightly higher proportion in Allium extract fed
piglets of Bacilli (48.9% respect to 40.8% in control group) and lower proportion of
Bacteroidia (9.0% respect to 18.1% in control group). At the class level, colon
microbiome of control and Allium extract groups were very similar, but the Antibiotic
group microbiome showed a lower proportion of Bacilli (20.5% compared to 52.3% in
control group) and higher proportion of Clostridia and Bacteroidia (Figure 1). At genus
level, caecum microbiome of piglets from different treatments was similar, but in colon
region, differences appeared in the antibiotic group, with lower proportion of
Lactobacillus (14.2%) with respect to control and Allium extract groups (48.9 and 46.5%,
respectively) and higher proportion of Prevotella and the rest of minority genera
(Supplementary material: Figure S1). Regarding alpha diversity indices, in caecum,
Allium extract group showed lower values of Species richness and Faith’s diversity index
than Control group (LSD Posthoc test, p = 0.007; LSD Posthoc test, p = 0.034
respectively). In colon, Allium extract group had lower values of Species richness and
Faith’s diversity index than antibiotic group (LSD Posthoc test, p = 0.008; LSD Posthoc
test, p = 0.019 respectively).

Therefore, none of the small intestine region (duodenum and ileum) showed
differences between treatments in Species richness and Faith diversity indices, but
significant differences in these alpha diversity indices appeared in large intestine regions
(caecum and colon) (Figure 2). Taking into account the whole gut, species richness and
Faith’s diversity index differed significantly between treatments and between gut regions
(Table 1). However, interactions between treatments and gut region were not significant,
indicating that alpha diversity indices along the piglets’ gut of different treatments

changed in the same way (see interaction Gut Region and Treatment in Table 1).
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Figure 2. Alpha diversity by gut region. Average * standard error of the mean of the bacterial
species richness and Faith’s diversity index of weaned piglets in different gut regions. Bars with
different letter within the same gut region denote significant differences in treatment (LSD
Posthoc test; p < 0.05).

Table 1. General Linear Models exploring the effects of treatment (control, antibiotic and Allium
extract) and gut region in the different alpha diversity indices of the bacterial community of
weaned piglets. D.f. refers to degree of freedom. The first number is the degree of freedom of the
independent variable and the second one for the error term. Significant p-values (p < 0.05) are

shown in bold.
Alphziln[;:a\;ersny Control Allium Extract  Antibiotic  Explanatory Variables D.f. F p
311.75 (27.38) 243.77 (18.71) 294.14 (41.60) Treatment 261 4.03 0.023
Species richness Gut Region 3,61 26.41 <0.001
Gut Region*Treatment 6,61 157 0.171
Faith’s diversit 24.53 (1.89) 20.14 (1.31) 22.59 (2.89) Treatment 2,61 325 0.046
a i; dgfr“y Gut Region 361 2211 <0.001

Gut Region*Treatment 6,61 1.46  0.208

Effects of Treatment and Gut Region on Beta Diversity

Changes in bacterial communities along different piglets’ gut regions were similar
in the three experimental groups (see non-significant interaction terms Gut
Region*Treatment of both Unweighted and Weighted UniFrac in Table 2). However, Gut
Region and Treatment had a significant effect on the intestinal microbiota of the piglets
in both UniFrac indices (Table 2). These differences were observed graphically in the
Principal Coordinates Analysis (PCoA) when Gut Region, but not Treatment were taken
into account (Figure 3). It can also be observed main clustering between small and large

intestine samples.
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Table 2. General Linear Models exploring the effects of treatment, gut region, and their
interaction in beta diversity indices of bacterial community of weaned piglets fed with control
diet or supplemented with antibiotic or Allium extract. D.f. refers to degree of freedom. The first
number is the degree of freedom of the independent variable and the second one for the error

term. Significant p-values are shown in bold.

-diversit Explanator

Disliance Ma)t/rix Vlcc';riablesy Df. Pseudo-F  p
Treatment 2,61 1.84 0.001
Unweighted UniFrac Gut Region 3,61 7.88 0.001
Gut Region*Treatment 6,61 1.06 0.303
Treatment 2,61 2.35 0.044
Weighted UniFrac Gut Region 3,61 9.14 0.001
Gut Region*Treatment 6,61 1.02 0.412

When we studied the effect of Treatment within each gut region, significant

differences appeared at the. caecum level with Unweighted UniFrac (Figure 3) and at the
colon level with both Unweighted and Weighted UniFrac (Figure 3). Antibiotic samples

grouped in a cluster separated from control and Allium extract samples. Therefore, our

treatment affected mainly to large intestine regions (Table 3).
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Figure 3. Dimensional figures showing the first two axes of Principal Coordinate Analysis and
representing bacterial communities of weaned piglets in all gut regions and taking into account only
caecum and colon using Unweighted and Weighted UniFrac distance matrixes. Samples are colored
by treatment (Control - yellow; Antibiotic - blue; Allium extract - red) and samples from each
intestinal region are represented by different shapes (Duodenum - ring; lleum - sphere; Caecum -
cone; Colon - square). Proportion of explained variance by each PCo axes is shown.
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Table 3. General Linear Models exploring the effects of treatment in beta diversity indices of
bacterial community of weaned piglets fed with control diet or supplemented with antibiotic or
Allium extract. D.f. refers to degree of freedom. The first number is the degree of freedom of the
independent variable and the second one for the error term. Significant p-values are shown in
bold.

p-diversity Distance Matrix D.f. Pseudo-F p

Duodenum Unweighted UniFrac 2,16 1.23 0.099
Weighted UniFrac 2,16 0.25 0.977

lleum Unweighted UniFrac 2,15 0.93 0.502
Weighted UniFrac 2,15 1.08 0.377

Caecum Unweighted UniFrac 2,15 1.56 0.007
Weighted UniFrac 2,15 1.48 0.191

Colon Unweighted UniFrac 2,15 1.55 0.017
Weighted UniFrac 2,15 4.18 0.009

Effects of Treatment on Piglets’ Productive Parameters

Body weight significantly differed between treatments at day 70 (Table 4;
Supplementary material: Table S2). Antibiotic and Allium extract fed piglets showed
higher values of body weight than Control piglets (Table 4; Supplementary material:
Table S2; Figure 4A). Allium extract group showed lower values of body weight than
Antibiotic one, although this difference was marginally significant (LSD Posthoc test; p
=0.080).

During pre-starter stage (from 28 to 42 days), Antibiotic piglets had significantly
more ADG and showed a better FCR than Control piglets, while Allium extract fed piglets
showed intermediate values in both parameters. During starter stage (from days 43 to 70)
Antibiotic and Allium extract showed higher values of ADG than Control piglets
(Supplementary material: Table S2). Analyzing global stage (from 28 to 70 days), results
showed that Antibiotic and Allium extract fed piglets significantly had higher ADG and
lower FCR than Control piglets (Table 4; Supplementary material: Table S2; Figure 4B,
4C). No differences were observed between treatments in average daily feed intake

(ADFI) or mortality (Table 4; Supplementary material: Table S2).
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Table 4. General Linear Models exploring the effects of treatment as factor, sex, and block as
random factors and initial body weight as covariate, in weaned piglets fed with control diet or
supplemented with antibiotic or Allium extract. BW refers to body weight, ADG to average daily
gain, FCR to feed conversion rate, and ADFI to average daily feed intake. D.f. refers to degree of
freedom. The first number is the degree of freedom of the independent variable and the second

one for the error term. Significant p-values are shown in bold.

Dependent Variable Control  Allium Extract Antibiotic Independent D.f. p
Variables
Initial BW (28 days), kg 7.34 (0.35) 7.34 (0.33) 7.32(0.37) Treatment <0.01 2,19 0.998
Sex 021 1,19 0.653
Room 093 1,19 0.346
BW 42 days, kg 10.50 (0.49) 10.87 (0.57)  11.40 (0.55) Treatment 5.69 2,18 0.012
Sex 498 1,18 0.039
Room 29.67 1,18 <0.001
Initial BW 116.14 1,18 <0.001
BW 70 days, kg 21.01(0.76) 22.79(0.98) 23.76 (0.92) Treatment 1459 2,18 <0.001
Sex 896 1,18 0.008
Room 2.46 1,18 0.134
Initial BW 86.30 1,18 <0.001
ADG 28-70 days, g/d 325.25 (11.01) 367.71 (16.84) 391.53 (15.37) Treatment 1459 2,18 <0.001
Sex 896 1,18 0.008
Room 246 1,18 0.134
Initial BW 26.13 1,18 <0.001
ADFI 28-70 days, g/d 562.73 (30.24) 566.26 (23.25) 583.79 (19.97) Treatment 0.49 2,18 0.620
Sex 2.14 1,18 0.161
Room 18.45 1,18 <0.001
Initial BW 1122 1,18 0.004
FCR 28-70 days, g/g 1.73 (0.06) 1.55 (0.06) 1.50 (0.04) Treatment 827 2,18 0.003
Sex 1.64 1,18 0.216
Room 11.88 1,18 0.003
Initial BW  1.26 1,18 0.277
Mortality 28-70 days, %  5.00 (2.67) 2.50 (1.64) 1.25(1.25) Treatment  0.90 2,18 0.423
Sex 0.08 1,18 0.787
Room 1.52 1,18 0.233
Initial BW 0.66 1,18 0.428
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Figure 4. Average + standard error of the mean of the Body Weight (BW) at 70 days of life (A),
Average Daily Gain (ADG) (B), and Feed Conversion Ratio (FCR) (C) from 28 to 70 days of life
of weaned piglets fed with control diet or antibiotic or Allium extract supplemented diets. Bars
with different letter denote significant differences in treatment (LSD Posthoc test; p < 0.05).

DISCUSSION

The addition of Allium extract in the diet of weaned piglets had a significant
increase of body weight (BW) and average daily gain (ADG), and decrease of feed
conversion ratio (FCR) respect to control diet. Allium extract fed piglets reached similar
productive levels to those of antibiotic group (colistin + ZnO), but marginally significant
differences appeared in BW and ADG. These beneficial productive changes were
accompanied by significant changes in bacterial community as diminution of alpha
diversity indices and significant changes in beta diversity in large intestine regions
(caecum and colon). These changes in beta diversity only appeared in the caecum and
colon but general behavior of gut microbiota was not affected by the treatment (no
differences in interaction between Gut and Treatment; Table 2).

Alternatives to antibiotics that maintain productive parameters in pig breeding is
essential to fight AMR spreading and improve animal welfare. Several alternatives to
antibiotic growth promoters such as probiotics, prebiotics, enzymes, and plant extracts
had been proposed to achieve it and also to reduce the probability of AMR appearing
(Thacker, 2013; Windisch et al., 2008). From this point of view, plant extracts or
phytobiotic, which can modulate microbiota and increase productive parameters, appear
to be good and safe alternative to antibiotics (Soler et al., 2018). Different plant extracts
improve animal performance, productive parameters, and induce changes in gut

microbiome of animals. For instance, oregano oil in growing-finishing pigs improved
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growth performance and nutrient digestibility by modulating gut microbiota (Cheng et
al., 2018), and oregano oil had been also used together with carbohydrases in piglets,
improving feed conversion ratio with respect to control and antibiotic growth promoter
diets (Ragland et al., 2008). Other essential oils obtained from thyme and cinnamon
improved body weight of weaning pigs and decreased the number of pathogens as E. coli
in different gut regions (Li et al., 2012); and a mixture of essential oil from mint and
cinnamon improved feed efficiency in piglets. Allium extract, mainly garlic extract, had
also been used in piglets’ diet in different studies, reducing diarrhea and inflammation
caused by E. coli (Liu et al., 2013) and improving piglet performance and body weight
(Tatara et al., 2008). In our study, piglet diet was supplemented with Allium extract, an
extract of onion and garlic, of which the principal active components are propyl propane
thiosulfinate (PTS) and propyl propane thiosulfonate (PTSO). Our results support the use
of this phytobiotic compound in piglet diet given that animals showed a performance
improvement characterized by an increase of body weight (BW) and average daily gain
(ADG), and a decrease of feed conversion ratio (FCR) with respect to control group.
Furthermore, in our study, piglets fed with Allium extract reached productive levels
similar to those obtained using an antibiotic growth promoter (colistin) and ZnO. These
results are promising as pork is one of the most consumed meat all over the world (Dietze,
2011; Resano et al., 2011), thus Allium extract could be a good alternative to antibiotic
growth promoters in pig diet given that improve productive parameters. Results obtained
in other studies carried out with piglets suffering from diarrhea fed with plant extracts
suggest that the growth promoting effects may be due to their antimicrobial activity
(Hanczakowska et al., 2015; Hernandez et al., 2004). This conclusion was also obtained
in studies of Ruiz et al. (2010) using both PTS and PTSO in swine, which had
antimicrobial activity against different bacterial group in pig feces, especially against
Enterobacteriaceae and other coliforms. Other studies pointed out that plant extracts
increase productive parameters stimulating feed consumption (Hanczakowska &
Swiatkiewicz, 2012), but other authors found that plant extracts decrease feed
consumption (Nowak et al., 2017). Nevertheless, our results shown that piglets fed with
Allium extract had similar levels of average daily feed intake (ADFI) compared to control

and antibiotic groups.

Microbiome of intestine of pigs is dominated by Firmicutes, followed by
Proteobacteria in the small intestine and Bacteroidetes in the large intestine (De Rodas et
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al., 2018; Xiao et al., 2018; Yang et al., 2016; Zhang et al., 2018). At the class level,
dominant classes of each phylum are Bacilli and Clostridia (Firmicutes), Bacteroidia
(Bacteroidetes), and Gammaproteobacteria (Proteobacteria). Our results are consistent
with these previous findings, especially at the phylum level. Other studies had shown that
some Lactobacillus species play an important role in intestinal health of piglets by
influencing intestinal physiology, regulating the immune system, and balancing the
intestinal ecology of the host (Park et al., 2014; Wang et al., 2019). In our experiment, in
caecum and colon, piglets supplemented with Allium extract showed similar levels of
Bacilli versus control group, mainly due to the genus Lactobacillus. However, antibiotic
group showed lower proportion of Lactobacillus, especially in the colon, showing that
colistin and ZnO would have an effect on Lactobacillus depletion, whereas the genus
Prevotella had an increase occupying its niche. This decrease in Lactobacillus abundance
in colistin and ZnO piglets may be related to a depletion in carbohydrate levels in distal
parts of the gut. In vitro studies have demonstrated that shifts in pig gut microbiome
composition can be produced by changes in substrate structure (Warren et al., 2018).
Different Allium extracts produce changes in the physiology and histology of the gut of
animals. In broilers, onion powder increased length, width, and surface area of intestinal
villus (Rahman et al., 2017). In piglets, aged garlic extract improved body weight, the
morphology of intestinal villi, and non-specific immune response (Tatara et al., 2008).
Other studies using Allium extract in growing-finishing pigs showed an increase in
productive parameters and an increase of short-chain fatty acids (SCFA) in feces, which
is related to high Lactobacillus abundance in distal gut (Sanchez et al., 2020). These
changes may suggest that Allium extracts produce changes in the availability of some
substrates necessary for the growth of beneficial bacteria. However, an in vitro study
showed that PTSO extracted from Allium plants have antimicrobial activity against
lactobacilli, bifidobacteria, Bacteroides, and Clostridia, and strongly reduce
enterobacteria and coliforms in swine microbiota (Ruiz et al., 2010). Whether PTSO and
Allium extracts affect bacterial community directly or indirectly by change the substrate

availability deserve future research.

Changes due to the supplementation of antimicrobials showed that main changes
in bacterial community were produced in caecum and colon (Looft et al., 2014). Our
results are consistent with these previous findings, showing differences between

treatments in large intestine regions (caecum and colon) in both alpha and beta diversity
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indices. These changes in bacterial community indices may be due to differential
bioavailability of Garlicon in these intestinal regions. In vitro digestion studies of (Abad
et al., 2019) showed that Garlicon bioavailability increases as it progresses in the
gastrointestinal tract of pigs. Alpha diversity indices in the colon in the Antibiotic group
were higher than in the Allium extract group. This reduction in alpha diversity levels could
be related to the increase of body weight since reduction of alpha diversity has been
associated with obesity in several human studies (Menni et al., 2017; Peters et al., 2018;
Turnbaugh et al., 2009). Different studies have found evidences that differences in
microbial composition could be due to body weight (Han et al., 2017) while other studies
showed that changes induced by feed additives in gut microbiota can produce changes in
body weight (Angelakis, 2017).

CONCLUSIONS

Our experiment supports the use of Allium extract supplemented in the diet of
weaning piglets for successfully improving productive parameters such as body weight,
average daily gain, or feed conversion ratio levels with respect to control diet. These
beneficial effects in productivity correlates with significant changes in the bacterial
community of the distal gut. These results are preliminary as further experiments are
necessary to untangle whether Allium extracts directly affect the gut microbiota and hence
the productivity parameters or whether the effects are directly on the bacterial community

or on specific bacterial groups related to immune system or piglet’s health.

Supplementary  Materials: The following are available online at
https://www.mdpi.com/2079-6382/10/3/269/s1: Table S1. Calculated composition and
analysis (% per Kg of feed) of the diet used for piglets; Table S2. Average + standard
error of the mean of the Body Weight (BW) at 28, 42 and 70 days of life; and Average
Daily Gain (ADG), Average Daily Feed Intake (ADFI), Feed Conversion Ratio (FCR)
and mortality in different experimental stages and global stage of weaned piglets fed with
control diet or Allium extract or antibiotic supplemented diets. Rows with different letter
denote significant differences in treatment (LSD Posthoc test; p < 0.05); Figure S1.
Microbial composition at genus level of piglets gut microbiota grouped by gut region and

treatment. Genera in the legend are sorted from most abundant to lowest abundant.
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SUPPLEMENTARY MATERIAL

Table S1. Calculated composition and analysis (% per Kg of feed) of the diet used for piglets.

Ingredients Prestarter (28-42 d) Starter (43-70 d)
Barley 15.00 20.00
Corn 0.00 13.39
Cornflakes 10.00 0.00
Wheat 34.24 35.00
Fullfat soybean 7.00 5.00
Soybean meal 47% 9.82 15,51
HP-300 (Soy extract) 8.00 4.00
Acid serum 10.00 0.00
Fat 1.92 2.57
Calcium carbonate 0.86 1.04
Monocalcium phosphate 0.89 1.20
Salt 0.34 0.52
Methionine 0.28 0.24
L-Lysine 50 0.90 0.84
L-Threonine 0.28 0.23
L-Tryptophan 0.06 0.06
Vit & Min Premix 0.40 0.40

Calculated analysis, %

Ashes 5.57 5.12
Crude protein 19.00 18.50
Ethereal extract 4.92 5.32
Crude fiber 2.93 3.24
Neutral detergent fiber 9.51 10.64
Starch 34.96 40.23
Calcium 0.75 0.72
Total phosphorus 0.63 0.63
Available phosphorus 0.40 0.38
Sodium 0.24 0.22
Net energy, kcal / kg 2.500 2.470
Total lysine 1.39 1.31
Total methionine 0.52 0.48
Total Met+Cys 0.83 0.79
Total threonine 0.95 0.87
Total tryptophan 0.29 0.28
Digestible lysine 1.28 1.20
Digestible methionine 0.49 0.45
Digestible Met+Cys 0.76 0.72
Digestible threonine 0.86 0.78
Digestible tryptophan 0.26 0.25
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Table S2. Average * standard error of the mean of the Body Weight (BW) at 28, 42 and 70 days
of life; and Average Daily Gain (ADG), Average Daily Feed Intake (ADFI), Feed Conversion
Ratio (FCR) and mortality in different experimental stages and global stage of weaned piglets fed
with control diet or Allium extract or antibiotic supplemented diets. Rows with different letter

denote significant differences in treatment (LSD Posthoc test; p < 0.05).

Dependent variable Control Allium extract Antibiotic
Initial BW (28 days), kg 7.34 (0.35)? 7.34 (0.33)? 7.32 (0.37)?
BW 42 days, kg 10.50 (0.49)? 10.87 (0.57)% 11.40 (0.55)°
BW 70 days, kg 21.01 (0.76)? 22.79 (0.98)° 23.76 (0.92)°
ADG 28-42 days, g/d 225.21 (16.71)? 251.93 (29.99)® 291.25 (20.93)°
ADG 42-70 days. g/d 375.27 (11.27)2 425.60 (23.67)° 441.67 (15.87)°
ADG 28-70 days, g/d 325.25 (11.01)2 367.71 (16.84)° 391.53 (15.37)°
ADFI 28-42 days, g/d 299.02 (29.28)? 248.17 (14.10)® 286.10 (16.40)?
ADFI 42-70 days, g/d 694.59 (38.32)? 725.31 (31.73)% 732.64 (23.50)?
ADFI 28-70 days, g/d 562.73 (30.24)? 566.26 (23.25)? 583.79 (19.97)2
FCR 28-42 days, g/g 1.33 (0.09)2 1.07 (0.12)* 0.99 (0.04)°
FCR 42-70 days, g/g 1.85 (0.09)2 1.74 (0.12)2 1.67 (0.06)?
FCR 28-70 days, g/g 1.73 (0.06)? 1.55 (0.06)° 1.50 (0.04)°
Mortality 28-42 days, % 1.25 (1.25)2 1.25 (1.25)2 0.00 (0.00)?
Mortality 42-70 days, % 3.88 (1.90)2 1.25 (1.25)2 1.25 (1.25)2
Mortality 28-70 days, % 5.00 (2.67)? 2.50 (1.64)? 1.25 (1.25)2
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Figure S1. Microbial composition at genus level of piglets gut microbiota grouped by gut region and
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ABSTRACT

Aquaculture plays an important role in supplying the world food demand and
protein sources. High doses of antibiotics are used as prophylactic and growth promoters
in the aquaculture industry as a result of high stocking densities and the impossibility of
individual treatment of fish, increasing the spread of antimicrobial resistance among
pathogenic bacteria. Thus, several alternatives such as probiotics, prebiotics and
phytobiotics have been proposed in order to maintain or improve productive levels while
diminishing the negative effects of antibiotic growth promoters (AGPs). This study aims
to analyze the potential use of an Allium-derived compound propyl propane thiosulfonate
(PTSO) as an alternative to antibiotics in aquaculture. Gilthead seabream (Sparus aurata)
juveniles were supplemented in the diet with an Allium-derived compound (150 mg/kg of
PTSO) and compared with control fish. The effects of this organosulfur compound were
tested by measuring the body weight and analyzing the gut microbiota after 12 weeks.
The relative abundance of potentially pathogenic Vibrio and Pseudomonas in the foregut
and hindgut of supplemented fish decreased, while potentially beneficial Lactobacillus
increased compared to control fish. Shannon’s alpha diversity index significantly
increased in both gut regions of fish fed with Allium-derived PTSO supplemented diet.
Regarding beta diversity, significant differences between treatments only appeared in the
hindgut when rare Operational Taxonomic Units (OTUs) were taken into account. No
differences occurred in body weight during the experiment. These results indicate that
supplementing the diet with the Allium-derived PTSO could produce beneficial changes
in intestinal microbiota while maintaining the productive parameters of juvenile gilthead

seabream.

Keywords: Allium-based phytobiotic; body weight; gilthead seabream; Sparus aurata;
gut microbiota; propyl propane thiosulfonate.
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INTRODUCTION

Aquaculture plays an important role in supplying the world food demand and
protein sources, with fish accounting for 17% of the world’s animal protein intake. In
2018, world aquaculture production reached 82 million tons, with an estimated value of
US$ 250 billion (FAO, 2020). However, economic profits in the industry are affected by
fish diseases caused by several pathogenic bacteria. The majority of severe infectious
diseases in the industry include furunculosis, caused by Aeromonas species;
photobacteriosis, caused by Photobacterium species; and vibriosis, caused by Vibrio
species (Yukgehnaish et al., 2020). High doses of antibiotics are used to treat these
diseases, given the high stocking densities and the impossibility of individual treatment
of fish (Resende et al., 2012). Furthermore, antibiotics have been used for several years
for growth promoting purposes in the aquaculture industry. Dietary inclusion of sub-
therapeutic doses of antibiotics has been shown to improve feed efficiency and growth in
different fish species (He et al., 2017). However, the extensive use of antibiotics in
aquaculture, both for therapeutic and growth-promoting purposes, has contributed to a
rise in antibiotic resistance in pathogens (Cafiada-Cariada et al., 2009). This rise may be
further increased by aquaculture systems, which facilitate the accumulation of antibiotic-
resistant bacteria in water, sediments, animals and the environment around farms, posing
a risk to animal and human health (Baquero et al., 2008). Therefore, a worldwide effort
IS necessary to minimize or eliminate the use of antibiotics for growth-promoting
purposes in livestock and aquaculture. For this reason, the use of antibiotic growth
promoters (AGPs) was banned by the European Union in 2006 (European Commision,
2018) and by other countries in the following years (Maron et al., 2013; U.S. FDA, 2016).

The development of non-antibiotic compounds as an alternative to AGPs in the
aquaculture industry is of primary importance. Several feed additives have been proposed
as promising alternatives for promoting growth performance and increasing immune
resistance in fish. Bacteriophages, organic acids, probiotics, prebiotics, synbiotics and
phytobiotics or plant extracts have been described as the most promising alternatives
(Dawood et al., 2018; Pérez-Sanchez et al., 2018). Phytobiotics are defined as plant-
derived bioactive compounds supplemented in the diet to improve the productivity of
livestock (Windisch et al., 2008). These include a wide range of plant-derived products
such as essential oils, herbs and oleoresins. Phytobiotics are known to exert antimicrobial

activity against pathogenic microbes, acting directly as antimicrobials or modulating the
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cell membrane, impeding the adhesion of pathogenic microbes to intestinal mucosal cells
(Vidanarachchi et al., 2005). Phytobiotics can also act as prebiotics by facilitating a
continuous supply of specific substrates for the protective intestinal microbiota or by
minimizing the risk of development of pathogens (Vidanarachchi et al., 2005).
Furthermore, phytobiotics are known to stimulate digestive secretions such as saliva and
bile, and hence improve productive parameters (Gheisar & Kim, 2018). These changes in
digestive function have been related to the growth of beneficial bacteria such as
Lactobacillus or bifidobacteria in the intestine of broiler chickens supplemented with
phytobiotics (Attia et al., 2017; Basit et al., 2020).

Allium-species plants, mainly garlic (Allium sativum) and onion (Allium cepa),
produce a wide variety of compounds showing antifungal, antimicrobial and antioxidant
activity (Kyung, 2012). Some studies have demonstrated the beneficial effects of Allium
on growth performance, immune system and control of pathogenic bacteria and fungi in
several fish species (Lee & Gao, 2012; Valenzuela-Gutiérrez et al., 2021). Inclusion of
onion powder in the diet of beluga juveniles (Huso huso) improved growth performance,
immune function and blood parameters (Akrami et al., 2015). Inclusion of garlic also
showed an increase in weight gain and growth performance of rainbow trout
(Oncorhynchus mykiss) (Buyukdeveci et al., 2018), an increase in growth performance
and immune parameters of guppy fish (Poecilia reticulata) (Motlagh et al., 2020a), and
increased health status and performance of Nile tilapia (Oreochromis niloticus) (Shalaby
et al., 2006). Moreover, supplementation of the diet of Asian seabass (Lates calcarifer)
with garlic showed an improvement in immunological parameters and an increase in body
weight, feed conversion and survival after Vibrio harveyi challenging (Talpur &
Ikhwanuddin, 2012). This ability to control pathogens has also been described in other
studies, showing huge potential as antimicrobial agents against fish pathogenic fungi and
bacteria, including Pseudomonas fluorescens, Myxococcus piscicola and Vibrio

anguillarum (Lee & Gao, 2012; Valenzuela-Gutiérrez et al., 2021).

The activity of these plant compounds in animal feed is related to secondary
metabolites, volatile organosulfur compounds such as ajoene, allicin, isoalliin, propyl
propane thiosulfinate (PTS) or propyl propane thiosulfonate (PTSO) (Guillamon et al.,
2021; Valenzuela-Gutiérrez et al., 2021). PTSO have been widely reported for its
antibacterial, antifungal (Sorlozano-Puerto et al., 2018, 2021) and anticoccidial activity

(Kim et al., 2013). In addition, it showed beneficial effects on gut health (Guillamon et
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al., 2021) and changes in gut microbiota and performance of different species of terrestrial
animals, such as mice, broilers chickens, laying hens and pigs (Abad et al., 2020; Peinado
et al., 2013; Rabelo-Ruiz et al., 2021a; Rabelo-Ruiz et al., 2021b; Ruiz et al., 2015;
Sanchez et al., 2020; Vezza et al., 2021). Furthermore, PTSO have been shown to be
toxicologically safe in studies carried out in experimental animals (Lira et al., 2020).
However, the potential effects of Allium-derived PTSO on the intestinal microbiota and

growth performance of fishes have not yet been explored.

Therefore, in this study, we have used juvenile gilthead seabream (Sparus aurata)
as the animal model in order to evaluate the effects of Allium-derived PTSO in foregut
and hindgut microbiota by high-throughput sequencing of the 16S rRNA. Our results
show how fish supplemented with Allium-derived PTSO shifts to a more beneficial
bacterial community, by increasing potential probiotic Lactobacillus and reducing
potential pathogens like Vibrio. These changes in microbiota are accompanied by an

absence of differences in body weight.

MATERIAL AND METHODS
Allium-based product

The Allium-based product used is commercialized under the trademark
AgquaGarlic® and was supplied by DOMCA (Granada, Spain). This product is
standardized in propyl propane thiosulfonate (PTSO) at a concentration of 10%. It is in

powder form supported on inert sepiolite.

Animals, experimental design and sample collection

This research was carried out with juvenile gilthead seabream. Animals (n = 780)
were randomly assigned to two different experimental groups (390 fish per group),
consisting of triplicate tanks (400 L per tank; 130 fish per tank). Fish were kept in a
recirculating RAS D-400 water system equipped with physical and biological filters. The
temperature was maintained at 21 £ 1 °C with a photoperiod regime of 12:12 hours
(light:dark). All studied specimens were handled in accordance with the European Union
Guidelines (Directive 2010/63/UE) for the use of laboratory animals. The Ethical
Committee at the University of Granada approved the experiments and they were

175



Capitulo IV

endorsed by the Regional Government (Junta de Andalucia, Spain, ref. no.
13/04/2018/048).

The experimental diets were made from commercial fish meal (NUTRAPLUS,
Dibaq, Spain) by adding the Allium based product (150 mg/kg of PTSO). Once the meal
was homogenized, the granulated fish feed was manufactured by SPAROS (Olhéo,
Portugal). A diet without additive was prepared as a control. In addition, to ensure the
concentration of PTSO in feed, UHPLC-ESI-MS/MS analyses were performed,
according to the method described by Abad et al. (2016).

At the beginning, fish were randomly housed in different tanks, getting the same
initial biomass in each tank. After 2 weeks of acclimatization, they were anesthetized with
80 mg/L of tricaine methanesulfonate (MS-222) and weighed, with average initial body
weight (BW) of 7.72 £ 0.61 g. During the experiment (12 weeks), fish were fed ad libitum
3-4 times per day, 6 days per week. All the fish from each tank were collected every 2
weeks until the end of the experiment, anesthetized using MS-222 and weighed in groups
of 10 fish. At the end of the experiment (12 weeks), 20 fish per experimental tank were
euthanized by an overdose of anesthesia (400 mg/L), followed by spine severing. The fish
were immediately dissected and the whole intestine was collected with sterile material.
Intestinal pieces were stored in sterile containers and transported to the laboratory, where

they were kept at -80°C until DNA extraction.

DNA extraction

Intestinal pieces from the foregut and hindgut of gilthead seabream were dissected
using a sterile scalpel and approximately 100 mg of gut were crushed using a FastPrep
FP120 cell disrupter (B1O 101, Thermo Savant). DNA extraction was carried out using
FavorPrep™ Stool DNA Isolation Mini Kit (Favorgen Biotech Corp., Taiwan), according
to the manufacturer’s instructions. DNA extraction was checked by 0.7% agarose gel
electrophoresis and DNA concentration was measured using NanoDrop™ 2000
Spectrophotometer (Thermo Fisher Scientific, USA). Samples were stored at -20°C until

DNA amplification.

16S rRNA gene high-throughput sequencing

Amplicon PCR was performed on the bacterial total DNA of the V4 region of the
16S rRNA gene using the primer pair US515F (5
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TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTA
A-3) and E786R (5-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCT

AAT-3") with Illumina adapter overhang sequences as indicated by the underlined text.

Then, a second PCR was performed in order to add two unique Illumina compatible
barcodes to each sample, so that the derived sequences can be demultiplexed into their
respective samples in downstream analysis. These barcodes overlapped with the sequence
of the primers used in the first PCR. Purification steps were made using DNA Purification
SPRI Magnetic Beads (Canvax®). PCR amplicons were checked by 1% agarose gel
electrophoresis, DNA concentrations were measured using Qubit® 3.0 Fluorometer
(Invitrogen™, Carlsbad, CA) and normalized to reach the same concentration per sample.
High-throughput sequencing was performed using Nextera XT DNA Library Prep Kit
(Illumina, San Diego, CA, USA). This sequencing results in paired-end reads of 2 x 300
bp length. Sequencing was carried out on the lllumina MiSeq platform in the Scientific
Instrumental Center at the University of Granada (CIC-UGR, Spain). Sequences are
available from the Sequence Read Archive (SRA) at the Genbank - NCBI webpage
(https://www.ncbi.nlm.nih.gov/sra), BioProject: PRJINA749674, Accession Nos.
SAMN20396460 to SAMN20396707.

Sequences processing and data analysis

The Quantitative Insights Into Microbial Ecology (QIIME2 v2020.11; Bolyen et
al., 2019) software was used to analyze the 16S rRNA sequences generated from Illumina
MiSeq. First, primer trimmings were performed using cutadapt plugin (Martin, 2011).
Forward reads were selected for the following analysis due to low quality in reverse reads.
Quality filtering was performed using a Phred score of 20 as the threshold. Deblur was
used for sequence clustering into a sub-operational-taxonomic-unit (sub-OTU) approach,
in order to remove sequencing errors (Amir et al., 2017). Sequences that passed quality
filters were trimmed to 200 bp, giving a dataset of 5,568,329 total reads with a mean of
21,667 reads per sample. The fragment insertion script implemented in QIIME2 was used
to align the sequences and build a bacterial phylogenetic tree based on a reference
phylogenetic tree (SEPP reference Greengenes 13.8; Janssen et al., 2018). Taxonomy
assignation was based on a classifier pretrained on Greengenes 13.08 with a similarity of
99% (DeSantis et al., 2006). Finally, reads of chloroplast and mitochondria were excluded
by filtering the OTUs table.
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Statistics

To test the effect of treatment on the fish’s body weight, we used Generalized
Linear Mixed-Models (GLMM). We used BW of 10 fish as an experimental unit with
treatment as a fixed factor, sampling time as a covariate and tank nested in treatment as a

random factor.

For alpha and beta diversity analyses, the OTU table was rarified at 8,000
sequencing depth per sample. Samples that did not reach this sequencing depth were
excluded from subsequent analyses. Two alpha diversity indices were calculated, i.e.,
Shannon diversity index (Shannon, 1948); and bacterial OTU richness (or number of
observed OTUs). We used GLMM to explore the effect of treatment and gut region as
fixed factors and tank nested in treatment as a random factor in both alpha diversity
indices. In these analyses, fish were the experimental unit for alpha and beta diversity

analysis.

Body weight and alpha diversity analyses were performed using STATISTICA
10.0 (StatSoft).

Differences in genus and class abundances between control and treated fish were
explored by means of Linear Discriminant Analysis Effect Size (LEfSe) (Segata et al.,
2011). LEfSe analyses were performed on the Galaxy web platform, implemented on the

public server (https://huttenhower.sph.harvard.edu/galaxy/).

Beta diversity distance matrixes were calculated using UniFrac distance. Both
Weighted and Unweighted UniFrac indices (Lozupone et al., 2007; Lozupone & Knight,
2005) were used for subsequent analysis. Weighted UniFrac gives more importance to
most abundant OTUs, while Unweighted UniFrac gives more importance to low abundant
OTUs as it takes their presence or absence irrespective of their abundance. Permutational
ANOVA (PERMANOVA) was performed in order to test these effects on both UniFrac
distance matrixes using PRIMER-7 software (PRIMER-e), implemented with
PERMANOVA plugin. Principal Coordinate Analyses (PCoA) were performed in order
to visualize the 2 first axes using EMPeror 2018.2.0 (Vazquez-Baeza et al., 2013).
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RESULTS

Changes in bacterial community composition

The gut microbiota of juvenile gilthead seabream is dominated by the classes
Gammaproteobacteria, Bacilli and Actinobacteria. The relative abundance of these
classes depended on the gut region and treatment. Gammaproteobacteria showed higher
abundances in the control group in both gut regions, while Bacilli significantly dominated
both gut regions in the Allium group (Figure 1, Supplementary Figure S1). Furthermore,
significant differences also appeared in minority classes. In the foregut, Coriobacteriia,
Bacteroidia, Clostridia and Erysipelotrichi showed higher abundance in Allium group. In
the hindgut, Clostridia and class WCHB1_64 were higher in Allium group while class
AT _s54 was higher in the control group (Figure 1).
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Figure 1. LDA Effect Size (LEfSe) analyses showing bacterial classes and genera
that differ significantly between control fishes and those supplemented with Allium-
derived PTSO, in the foregut and in the hindgut. Significant LDA Score > 4.0.
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At the genus level, the foregut and hindgut of control fish were dominated by

Vibrio, Pseudomonas, Lactobacillus and Sphingomonas. These genera were also the most

abundant in Allium-derived PTSO supplemented fish, but the relative abundance of these

genera changed compared to the control group (Figure 2). While Vibrio and Pseudomonas

showed significantly higher abundances in the foregut of control gilthead seabream,

Lactobacillus abundance was significantly higher in the foregut of Allium supplemented

fish (Figure 1). In the hindgut, the genera Vibrio and Pseudomonas also showed

significantly higher abundances in the control group, as well as the minority genus

Gardnerella, while the Allium based product supplemented fish experienced significantly

higher abundances of Lactobacillus and Aliivibrio (Figure 1).
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Figure 2. Barplot summarizing the relative bacterial abundance at the genus level in different gut
regions (foregut and hindgut) and treatments. Control refers to juvenile gilthead seabream fed
with basal diet while Allium-derived PTSO refers to experimental juvenile gilthead seabream fed
with basal diet supplemented with Allium-derived PTSO.
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Effect of Allium supplementation on alpha and beta diversity indices

Supplementing the diet of juvenile gilthead seabream with Allium-derived PTSO
affected the Shannon diversity index in both gut regions (Table 1). Supplemented animals
showed higher diversity than the control in foregut and hindgut (LSD post-hoc test, p <
0.012). However, no differences appeared in number of bacterial OTU richness between
the control and Allium supplemented fish, either in the foregut or in the hindgut (Table 1;
LSD post-hoc test; p > 0.107). Shifts in bacterial alpha diversity between foregut and
hindgut were similar between the control and Allium supplemented gilthead seabream

(see Gut Region*Treatment interaction term in both alpha diversity indexes in Table 1).

The bacterial community of gilthead seabream did not vary significantly between
the two diets, either when taking into account the most abundant bacterial OTUs
(Weighted UniFrac) or minority OTUs (Unweighted UniFrac) (Table 2, Figure 3). In the
foregut, marginally significant differences between treatments appeared using weighted
UniFrac. Similar non-significant trends were found in the hindgut for both Unweighted
and Weighted UniFrac (Table 2). The bacterial community in the foregut significantly
differed from hindgut microbiota irrespective of the treatment (Table 2, Supplementary
Figure S2). In fact, shifts in the bacterial community between the foregut and hindgut
showed similar trends in the control and supplemented animals (non-significant, see Gut
Region*Treatment interaction terms in Table 2). Significant differences appeared
between tanks in the same treatment group for both UniFrac distance matrixes (Table 2,
Supplementary Figure S3). This differences in gut region and tank cannot be observed
graphically in the PCoA since it does not take into account the 100% of the variance
(74.77% in Weighted UniFrac and 24.01% in Unweighted UniFrac) (Supplementary
Figures S2 and S3).
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Table 1. General Linear Mixed Models exploring the effects of the treatment (control and Allium-
derived PTSO), and gut region as factors, and tank nested in treatment in the different alpha
diversity indices of the bacterial community of juvenile gilthead seabream. D.f. refers to degree
of freedom. The first number is the degree of freedom of the independent variable and the second
one is for the error term. Significant p-values (p < 0.05) are shown in bold.

Explanatory variables D.f F p
Treatment 1,188 3.35 0.386
Bacterial OTU Gut Region 1,188 3.20 0.075
richness Tank (Treatment) 4,188 3.56 0.008
Gut Region*Treatment 1,188 0.18 0.668
Treatment 1,188 20.23 0.009
Shannon Gut Region 1,188 6.67 0.011
Tank (Treatment) 4,188 0.89 0.469
Gut Region*Treatment 1,188 0.91 0.341

Effect of Allium supplementation on the body weight of juvenile gilthead seabream

No differences appeared in initial body weight between the control and Allium-
derived PTSO supplemented fish (Table 3). Juvenile gilthead seabream supplemented
with PTSO showed production levels similar to those of the control group. Both groups
of fish showed a similar trend in body weight throughout the experiment (12 weeks). At
the end of the experimental period (12 weeks), no differences in body weight between
control and Allium-derived PTSO supplemented fish were observed (GLMM, p = 0.057)
(Figure 4, Table 3).
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Figure 3. Principal Coordinate Analysis based in Weighted UniFrac (A) and Unweighted
UniFrac (B) distance matrixes exploring the effects in the bacterial gut community of the
supplementation with Allium-derived PTSO in the diet of juvenile gilthead seabream (red:
foregut, control fish; blue: hindgut, control; orange: foregut, treated fish; green: hindgut, treated
fish). Percentages show the proportion of variance explained by each axis.
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Table 2. General Linear Mixed Models exploring the effects of treatment, gut region, tank nested
in treatment and the interaction of treatment and gut region in beta diversity indices of bacterial
community of juvenile gilthead seabream fed with control diet or supplemented with Allium-
derived PTSO. D.f. refers to degree of freedom. The first number is the degree of freedom of the
independent variable and the second one is for the error term. Significant p-values (p < 0.05) are
shown in bold.

-diversity dist i
B-diversity distance Explanatory variables ~ D.f. Pseudo-F p

matrix
Gut Weighted UniFrac Treatment 1,195 8.13 0.092
Gut region 1,195 5.13 0.005
Tank (Treatment) 4,195 3.31 0.002
Treatment*Gut region 1,195 0.44 0.702
Unweighted UniFrac  Treatment 1,195 2.22 0.088
Gut region 1,195 1.65 0.031
Tank (Treatment) 4,195 1.83 0.001
Treatment*Gut region 1,195 0.83 0.745
Foregut Weighted UniFrac Treatment 1,195 5.26 0.082
Tank (Treatment) 4,195 2.03 0.016
Unweighted UniFrac ~ Treatment 1,195 1.55 0.189
Tank (Treatment) 4,195 1.38 0.011
Hindgut Weighted UniFrac Treatment 1,195 7.82 0.074
Tank (Treatment) 4,195 2.27 0.025
Unweighted UniFrac  Treatment 1,195 2.15 0.021
Tank (Treatment) 4,195 1.28 0.041
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Figure 4. Average + 95% confidence intervals of the mean of the body weight (g) of control and
Allium-derived PTSO supplemented fish during the whole experiment (12 weeks).
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Table 3. General Linear Mixed Models exploring the effects of treatment as a factor, sampling
time as a continuous factor and tank nested in treatment as a random factor in juvenile gilthead
seabream fed with control diet or supplemented with Allium-derived PTSO (average + SD).
Sample unit is body weight of 10 fish. BW refers to body weight. D.f. refers to degree of freedom.
The first number is the degree of freedom of the independent variable and the second one is for

the error term. Significant p-values are shown in bold.

Sampling Control Allium-derived Independient F D.f. p
time PTSO variables
Mean BW 158.33+£5.65 153.84+5.46 Treatment 1.74 1,454 0.188
Whole Tank (Treatment) 1.12 4454 0.346
experiment Ssampling time 5438.96 1454 <0.001
(/10 ish) Treatment*Sampling time 1.85 1,454 0.174
Initial BW 78.93 £ 0.67 77.96 £0.62  Treatment 3.12 1,72 0.268
(10 fish) Tank (Treatment) 1.29 472 0.622
BW Week 12 385.37+3.49 376.32+3.50 Treatment 3.57 1,30 0.057
(10 fish) Tank (Treatment) 035 430 0.772
DISCUSSION

In this study, juvenile gilthead seabream supplemented with an Allium-based
product rich in the organosulfur compound propyl propane thiosulfonate (PTSO)
produced significantly changes in the bacterial abundances of some bacterial groups in
the foregut and hindgut after 12 weeks of treatment. Differences in Allium-derived PTSO
supplemented fish appeared in both gut regions, with a decrease in potentially pathogenic
Vibrio and Pseudomonas and an increase in potentially beneficial Lactobacillus in the
foregut and hindgut. These results were accompanied by non-significant differences in

body weight during this experimental period.

Alternatives to AGPs that maintain productive parameters in aquaculture are
essential to stop antimicrobial resistance (AMR) from spreading and to improve animal
welfare. Probiotics, prebiotics, phages and plant extracts had been proposed as good
alternatives to AGPs in order to reduce the prevalence of AMR (Romero et al., 2012). In
this sense, plant extracts or phytobiotics have been reported to modulate gut microbiota
and increase productive parameters, appetite stimulation and anti-pathogenic properties
in terrestrial and aquatic species, resulting in a good, safe alternative to antibiotics
(Reverter et al., 2014; Windisch et al., 2008). Extracts from Allium plants, mainly garlic
and onion extracts, have been used supplemented in fish diets in different studies,

showing beneficial effects on immune system, growth performance and health status
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(Chen et al., 2021; Lee & Gao, 2012; Valenzuela-Gutiérrez et al., 2021). The effects of
this plant extracts are related to secondary metabolites and organosulfur compounds such
as allicin, PTS or PTSO (Guillamon et al., 2021; Valenzuela-Gutiérrez et al., 2021). The
addition of allicin on aquafeed has shown beneficial effects on growth performance and
survival rate of large yellow croaker (Larimichthys crocea) (Huang et al., 2020). Other
studies using allicin showed an improve in biochemical, antioxidant and immunological
parameters of Nile tilapia (O. niloticus) (Hamed et al., 2021) and antibacterial activity in
rainbow trout (O. mykiss) (Nya et al., 2010). However, no studies have yet explored the
effects of Allium-derived PTSO on intestinal microbiota and growth performance of fish
species. Nevertheless, Allium-derived PTSO has been widely used as diet supplement
showing beneficial effects in terrestrial animals (reviewed in Guillamén et al. (2021)).
This compound has been reported for its antibacterial, antifungal and anticoccidial
activity (Kim et al., 2013; Sorlozano-Puerto et al., 2018, 2021). In addition, PTSO have
shown beneficial effects on gut microbiota and performance of different species of
terrestrial animals, such as mice, broilers chickens, laying hens and pigs (reviewed in
Guillamén et al. (2021)). The addition of different doses of PTSO in broiler chickens
improved digestibility and productive parameters, and produced changes in intestinal
microbiota (Peinado et al., 2012; Rubio et al., 2015; Ruiz et al., 2015). In laying hens,
PTSO supplementation produced an increase in the number of eggs laid and in egg size,
as well as an increase in potentially beneficial bacterial genera (Abad et al., 2020; Rabelo-
Ruiz et al., 2021a). In pig production, PTSO has also shown beneficial effects in gut
microbiota and an increase in body weight and productive parameters, both in piglets and
growing-finishing pigs (Rabelo-Ruiz et al., 2021b; Sanchez et al., 2020).

Despite the lack of research on the use of PTSO in aquaculture, different extracts
from Allium plants have been used as diet supplement in different studies. The use of
onion (A. cepa) powder increased body weight and specific growth rate and improved
hematological and immune parameters of juvenile beluga (H. huso) (Akrami et al., 2015).
Supplementing the diet with garlic (A. sativum) showed beneficial effects on growth
performance of Asian seabass (L. calcarifer) (Abdelwahab et al., 2020; Talpur &
Ikhwanuddin, 2012), African catfish (Clarias gariepinus) (Gabriel et al., 2019) and
rainbow trout (O. mykiss) (Blyukdeveci et al., 2018). Other studies using garlic-derived
organosulfur compounds, showed its effect as a feed stimulator, growth promoter and

antimicrobial agent in several fish species (reviewed in Lee & Gao, 2012). However,
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these results are controversial, because other studies noted the lack of effect of Allium and
their derived organosulfur compounds on different fish species in aquaculture (Motlagh
etal., 2020b; Nya et al., 2010). Our results showed no differences in body weight between
control and Allium-derived PTSO supplemented fish, either during the experiment or at
the end of the experimental period (12 weeks). Further studies are needed in order to
clarify differences between laboratories, fish species and more importantly, between

different active principles and phytobiotic presentation.

Our study showed a significant increase in Shannon’s alpha diversity index in the
foregut and hindgut of gilthead seabream supplemented with Allium-derived PTSO but
no correlation with body weight were detected. In a study with largemouth bronze
gudgeon (Coreius guichenoti), differences in bacterial diversity did not translate into
differences in body weight (Li et al.,, 2016). Alternatively, some studies have
demonstrated that the reduction of alpha diversity could be related to increased body
weight in birds and obesity in humans (Bae et al., 2017; Menni et al., 2017). Furthermore,
a recent study of (Blytikdeveci et al., 2018) with rainbow trout (O. mykiss) showed an
increase in body weight and a decrease in alpha diversity as the garlic concentration
increased. However, another study with rainbow trout (O. mykiss) by (Betiku et al., 2018)
suggested increased body weight related to higher bacterial diversity. In our study, we
observed differences between the foregut and hindgut bacterial communities,
independently of supplementation with the Allium-derived PTSO. These differences in
microbiota are related with differences in gut morphology and functionality, food
processing and nutrient intake (Ye et al., 2014). The foregut is the major site of
carbohydrate, protein and lipid digestion, while the absorption of undigested compounds
continues in the hindgut (Le et al., 2019). The foregut is closer to the fish’s mouth and its
microbiota could be affected by environmental factors such as diet, water and other
external factors, while the microbiota in the hindgut is more affected by host factors, such
as health and genotype (Li et al., 2020). In spite of having found significant differences
between treatments in some classes and genera, the gut community did not differ in
general between the control and Allium-derived PTSO treatment, either when considering
majority OTUs (Weighted UniFrac) or minority OTUs (Unweighted UniFrac). We only

found significant differences in the hindgut when minority OTUs were taken into account.

It is likely that the significant variation between tanks would mask any effects of

PTSO supplementation. These differences between tanks have been observed in other
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researches. In a recent study, (Minich et al., 2019) found a strong association between
tank and Atlantic salmon (Salmo salar) microbiota in recirculating aquaculture system
(RAS). There may be a continual bacterial exchange between fish microbiota and the
water in the tank (Blancheton et al., 2013). Furthermore, an excess of organic matter in
the RAS tank, including fish feed and feces, can build up in the tank and promote changes
in some bacterial groups (Rurangwa & Verdegem, 2015). Previous research has shown
high similarity in fecal microbiota in individuals from the same tank (De Schryver et al.,
2011). Fish in the same tank are continuously exchanging excreta and feces, so it is likely
a positive feedback between the bacterial community of the gut and the surrounding
water, marking strong differences in the gut microbiota between fish from different tanks.

Indeed, our supplement produced changes in the majority genera of the intestinal
microbiota. The relative abundance of Vibrio and Pseudomonas in the foregut and
hindgut significantly decreased in juvenile gilthead seabream supplemented with Allium-
derived PTSO. Vibrio spp. are ubiquitous in marine environments and since some species
produce clinical diseases, such as vibriosis, this genus is considered to be potentially
pathogenic for fish and shellfish species (Abdel-Aziz et al., 2013; Pérez-Sanchez et al.,
2018). Some Vibrio species which cause devastating impacts on marine fish are V.
anguillarum, V. salmonicida, V. alginolyticus, V. harveyi and V. parahaemolyticus
(Mohamad et al., 2019). In gilthead seabream, (Haldar et al., 2010) showed that V. harveyi
caused tail rot disease. This fish species is also affected by V. anguillarum, which causes
external clinical signs, including lethargy, red spots on the ventral and lateral sides of fish
and ulcerative injuries (Frans et al., 2011). Remarkably, different plant extracts have
demonstrated antimicrobial activity against this pathogenic species in aquaculture. Ginger
powder and A. sativum powder have shown antimicrobial effects against V. harveyi in
Asian seabass (L. calcarifer). In addition, Eriobotrya japonica and Siegesbeckia
glabrescens showed similar antimicrobial effects against different Vibrio species in the
kelp grouper (Epinephelus bruneus) (reviewed in (Reverter et al., 2014; Stratev et al.,
2018)). Pseudomonas have been also described as an ubiquitous bacterial genus, but some
species are emergent opportunistic fish pathogens (Fadel et al., 2018). P. anguilliseptica
is the causative agent of winter disease, an induced septicemia characterized by
abdominal distension, hemorrhagic kidney, pale liver and congestive intestine with
fibrinous yellowish exudate (Fadel et al., 2018). This disease is associated with several
farmed fish species such as cod (Gadus morhua), seabass and gilthead seabream
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(Wiklund, 2016). Other Pseudomonas species are considered to be opportunistic
pathogens in aquaculture, such as P. aeruginosa, P. fluorescens and P. putida (Altinok et
al.,, 2006). Several plant extracts have also shown antimicrobial activity against
Pseudomonas species. A study by Kac¢aniova et al. (2017) using different essential oils
extracted from plants demonstrated antimicrobial activity against different Pseudomonas
species. Another study using garlic extract reduced the mortality of Nile Tilapia (O.
niloticus) infected with P. fluorescens (Diab et al., 2008). The control of these diseases is
very relevant due to the reduction in costs derived from fish losses and disease treatment.
In this sense, our results highlight the beneficial effect of the Allium based compound rich
in PTSO in the reduction of pathogens such as Vibrio and opportunistic bacteria such as

Pseudomonas.

The Allium-derived PTSO supplemented in the diet of juvenile gilthead seabream
also had positive effects, particularly by the increase in potentially beneficial
Lactobacillus in the foregut and hindgut. This genus is a prevalent constituent of intestinal
microbiota of many fish species and is considered a beneficial organism associated with
a healthy intestinal epithelium (Estruch et al., 2015). Furthermore, some strains can
inhibit the adhesion of fish pathogens to the intestinal epithelium (Balcazar et al., 2008).
In addition, different studies using Lactobacillus as probiotic in aquaculture showed a
positive correlation with fish health and productive parameters. Dietary supplementation
of L. rhamnosus in red seabream (Pagrus major) increased growth, feed utilization and
protein and lipid contents (Dawood et al., 2016). Supplementation of probiotic
Lactobacillus spp. in the live food of gilthead seabream larvae increased digestive enzyme
activity, specific growth rate and survival (Suzer et al., 2008). Plant-based diets have been
associated with high abundance of bacteria belonging to the phylum Firmicutes
(especially lactic acid bacteria, BAL) in the rainbow trout microbiota (Desai et al., 2012).
The addition of Allium-derived PTSO have also shown an increase in the abundance of
different BAL species like Bifidobacterium, Lactobacillus and Lactococcus in broiler
chickens, laying hens and piglets (reviewed in Guillamon et al. (2021)). In our study,
PTSO supplementation also increase Firmicutes, especially Lactobacillus. However,
despite this beneficial effect described in this research (increased Lactobacillus and

decreased Vibrio and Pseudomonas), no differences in body weight appeared.
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CONCLUSIONS

Our experimental supplementation of the diet of juvenile gilthead seabream with
Allium-derived PTSO, produces shifts in abundance of the majority bacterial OTUs in the
foregut and hindgut, while not affecting growth parameters such as body weight after 12
weeks of experiment. These results are very promising for the use of these phytobiotic
compound in aquaculture, given the reduction in potentially pathogenic bacteria such as
Vibrio and Pseudomonas and the increase in potentially beneficial Lactobacillus.
However, further research is necessary to study how this organosulfur compound from
Allium affects specific pathogenic strains of these genera. In addition, it would be
necessary to study how it affects other parameters related with productivity and health

status, such as feed digestibility, intestinal enzyme activity and the immune system.
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Supplementary Figure S1. Barplot summarizing the relative bacterial
abundance at the class level in different gut regions (foregut and hindgut)
and treatments. Control refers to juvenile gilthead seabream fed with
basal diet while Allium-derived PTSO refers to experimental juvenile
gilthead seabream fed with basal diet supplemented with Allium-derived

PTSO.
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Supplementary Figure S2. Principal Coordinate Analysis based in Weighted UniFrac (A) and
Unweighted UniFrac (B) distance matrixes exploring differences in bacterial community between
both gut regions (blue: foregut, red: hindgut). Percentages show the proportion of variance
explained by each axis.
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by each axis.
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ABSTRACT

The global demand for fish products has increased in recent years and is expected
to continue growing significantly in the next years due to the increase in the world
population, which is expected to reach 11 billion people by 2100. In this sense,
aquaculture plays an important role in supplying the world food demand and protein
sources. High doses of antibiotics are used as prophylactic and growth promoters in the
aquaculture industry, increasing the spread of antimicrobial resistance among pathogenic
bacteria. Therefore, probiotics, prebiotics or phytobiotics have been proposed as
alternatives in order to reduce the negative effects of antibiotic while maintaining or
improving productive levels. In this study we have analyzed the use of 150 mg/kg of
Allium-derived propyl propane thiosulfonate (PTSO) in European seabass juveniles and
compared with control fish. The effects of PTSO were tested by measuring the body
weight and analyzing the gut microbiome of European seabass juveniles after 89 days of
feeding trial. The relative abundance of potentially pathogenic Vibrio in the foregut and
hindgut of supplemented fish decreased, while Pseudomonas and Kocuria increased
compared to control fish. Alpha diversity indices significantly decreased in both gut
regions of fish fed with Allium-derived PTSO supplemented diet. Studying beta diversity,
significant differences between fish fed with different diet appeared in both gut regions
with both majority and minority OTUs. These results indicate that supplementing diet
with Allium-derived PTSO could reduce potentially pathogenic Vibrio and increase body
weight at the end of the experiment (89 days), producing changes in diversity and

composition of microbial communities.

Keywords: Allium-derived phytobiotic; body weight; European seabass (Dicentrarchus

labrax) juveniles; gut microbiota; propyl propane thiosulfonate (PTSO).
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INTRODUCTION

In recent years there has been an exponential increase in the world population,
which is expected to continue growing in the coming years, reaching almost 11 billion
people worldwide in the year 2100 (United Nations, Department of Economic and Social
Affairs, Population Division, 2019). This increase in world population will cause an
increase in food demand, which can be partially covered by food from aquaculture given
the high impact of land-based animal production and the stagnation of wild fishery
catches (Merino et al., 2012). This industry currently plays an important role in supplying
the world food demand and protein source, with a global aquaculture production of 82
million tons in 2018, which represents a value of US$ 250 billion (FAO, 2020). However,
economic profits in the industry are affected by fish diseases caused by several pathogenic
bacteria like Aeromonas, Vibrio or Photobacterium (Yukgehnaish et al., 2020). The
diseases caused by these pathogenic bacteria are treated by high doses of antibiotics,
given the high fish stocking densities and the impossibility of individual treatment
(Resende et al., 2012). Furthermore, in aquaculture industry, antibiotics have been used
as growth promoters (Antibiotic Growth Promoters, AGP) for several years, showing an
improvement in feed efficiency and growth performance in different fish species (He et
al., 2017; Lulijwa et al., 2020). However, the extensive use of antibiotics for growth-
promoting and therapeutic purposes in aquaculture systems has increase antibiotic
resistance in pathogenic bacteria (Cafiada-Cafiada et al., 2009). Therefore, a worldwide
effort is necessary to eliminate or minimize the use of antibiotics in livestock and
aquaculture. For this reason, the use of antibiotic growth promoters (AGPs) in animal
feed was banned by the European Union in 2006 (European Commision, 2018) and by
other countries in the following years (Maron et al., 2013; U.S. FDA, 2016).

Several feed additives have been proposed as alternatives to AGPs in aquaculture
industry. The most promising alternatives includes enzymes, bacteriophages, probiotics,
prebiotics and plants extracts or phytobiotics (Dawood et al., 2018; Pérez-Sanchez et al.,
2018). Phytobiotics are defined as plant-derived bioactive compounds supplemented in
the diet to improve animal productivity (Windisch et al., 2008). Phytobiotics are known
to have antimicrobial activity against pathogenic bacteria and can act as prebiotics,
facilitating a continuous supply of specific substrates for intestinal microbiota or
minimizing the risk of pathogenic bacteria development (Vidanarachchi et al., 2005).

These products also act as stimulant of saliva and bile secretion, which helps productive
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parameters improvement (Gheisar & Kim, 2018). Many potential plants have been
identified and used in aquaculture for improvement of fish health, including more than
60 different medicinal-plant species (Bulfon et al., 2015; Van Hai, 2015).

Allium species, mainly garlic (Allium sativum) and onion (Allium cepa), produce
a wide variety of bioactive compounds with antifungal, antimicrobial and antioxidant
activity (Kyung, 2012). Dietary supplementation of these compounds has shown
promising results, improving health and productive parameters of livestock animals,
including goats, cattle, pigs and poultry (Chen et al., 2021). The use of A. cepa extract in
cattle produced no changes in milk attributes (Abad et al., 2017), while in goats, A.
sativum oil showed a beneficial effect in the fatty acids profile of the milk (Zhu et al.,
2013). The inclusion of Allium in growing finishing pigs showed a reduction of
Salmonella, an increase of Lactobacillus and acids levels in feces and an improvement in
growth performance (Sanchez et al., 2020; Zivkovic et al., 2019). In poultry industry,
Allium supplemented in laying hens improved health status, intestinal microbiota and
increased egg size and weight (Abad et al., 2020; Omer et al., 2019), and increased growth
performance, immunity and antioxidant status of broiler chickens (Ismail et al., 2020;
Omar et al., 2020). Application of Allium species in fish farming has become popular for
promoting growth and improving the activity of defense systems against diseases caused
by pathogenic bacteria (Chen et al., 2021; Valenzuela-Gutiérrez et al., 2021). The
inclusion of onion (A. cepa) powder in the diet of beluga juveniles (Huso huso) improved
growth performance, immune function and blood parameters (Akrami et al., 2015).
Regarding to dietary supplementation of garlic (A. sativum) extract, it has been proven
that it promotes growth, enhances immune system and improves the control of pathogens
(Lee & Gao, 2012; Valenzuela-Gutiérrez et al., 2021). Inclusion of garlic in diet showed
an increase in weight gain and growth rate of rainbow trout (Oncorhynchus mykiss)
(Buyukdeveci et al., 2018), an improvement of food digestibility and biochemical effects
of Eurasian perch (Perca fluviatilis) juveniles (Zare et al., 2021), and increase immune
parameters of skin mucus of guppy fish (Poecilia reticulata) (Motlagh et al., 2020b).
Many other studies have shown beneficial effects of garlic in aquafeeds. Furthermore,
dietary inclusion of garlic has demonstrated its ability to control pathogens, showing
antimicrobial activity against fungi and bacteria, including Pseudomonas fluorescens or

Vibrio species (reviewed in Lee and Gao, 2012; Valenzuela-Gutiérrez et al., 2021).
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The activity of these plant compounds has usually been related to volatile
organosulfur compounds such as ajoene, allicin, isoalliin, methiin, propiin, propyl
propane thiosulfinate (PTS) and propyl propane thiosulfonate (PTSO) (Guillamon et al.,
2021; Valenzuela-Gutiérrez et al., 2021). PTS and PTSO have shown antibacterial,
antifungal (Sorlozano-Puerto et al., 2018, 2021) and anticoccidial activity (Kim et al.,
2013). Furthermore, PTSO have demonstrated beneficial effects on intestinal health in
several animal species (Guillamén et al.,, 2021) and has produced changes in gut
microbiota and growth performance of different livestock animals, such as mice, broiler
chickens, laying hens and pigs (Abad et al., 2020; Peinado et al., 2013; Rabelo-Ruiz et
al., 2021a, 2021b; Ruiz et al., 2015; Sanchez et al., 2020; Vezza et al., 2021). In addition,
recent studies of Lira et al. (2020) using experimental animals indicated PTSO as a
toxicologically safe compound. However, the potential effects of Allium-derived PTSO
on intestinal microbiota and body weight of European seabass juveniles has not yet been
explored.

Therefore, in this study, we have used European seabass (D. labrax) juveniles as
the animal model in order to evaluate the impact of Allium-derived PTSO in foregut and
hindgut microbiota by high-throughput sequencing of the V6-V8 region of 16S rRNA
gene. We predict that the inclusion of this Allium-based product will increase fish growth

performance and will induce changes in the gut microbiota after 89 days of feeding trial.

MATERIAL AND METHODS
Animals, experimental design and fish sampling

European seabass (Dicentrarchus labrax) juveniles (n = 780) were randomly
assigned to two experimental groups (390 fish per group), consisting of triplicate tanks
(400 L; 130 fish per tank). Fish were kept in a recirculating RAS D-400 water system
equipped with physical and biological filters. 5-10% of the water was renewed daily
depending on the quality of water. The temperature was adjusted at 21 + 1°C and a
photoperiod regime of 12L/12D hours was applied. All studied fish were handled in
accordance with the European Union Guidelines (Directive 2010/63/UE) for the use of
laboratory animals. The Ethical Committee at the University of Granada approved the
experiments and they were endorsed by the Regional Government (Junta de Andalucia,
Spain, ref. no. 13/04/2018/048).
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The experimental diet was made from commercial fishmeal (NUTRAPLUS,
Dibaq, Spain) by adding the Allium-based product (150 mg/kg of PTSO). After the meal
homogenization, the granulated fish feed was manufactured by SPAROS (Olhdo,
Portugal). A diet without Allium-based additive was prepared as a control. PTSO
concentration in feed was checked by UHPLC-ESI-MS/MS analyses, according to the
method described by Abad et al. (2016). The Allium-based product used is
commercialized under the trademark AquaGarlic® and was supplied by DOMCA
(Granada, Spain). This product is standardized in propyl propane thiosulfonate (PTSO)
at a concentration of 10%. It is presented as a powder on inert sepiolite.

At the beginning of the experiment, fish were randomly housed in different tanks,
getting the same initial biomass in each tank. After 2 weeks of acclimatization, fish were
anesthetized with 80 mg/L of tricaine methanesulfonate (MS-222) and weighed, with
average initial body weight (BW) of 3.78 = 0.09 g. During the feeding trial (89 days), fish
were fed 3-4 times per day, 6 days per week. All the fish from each tank were collected,
anesthetized using MS-222 and weighed at days 0, 12, 26, 42, 63 and 89. At the end of
the feeding trial (89 days), 20 fish per experimental tank were euthanized by an overdose
of anesthesia MS-222 (400 mg/L), followed by spine severing. Fish were immediately
dissected and the whole intestine was collected with sterile material. Intestines were
stored in sterile 90 mm Petri dishes and transported to the laboratory, where they were
kept at -80°C until DNA extraction.

DNA extraction

Intestinal pieces of approximately 100 mg were dissected from the foregut and
hindgut of European seabass (D. labrax) juveniles using a sterile scalpel. DNA extraction
was carried out following the Modified Salting Out Procedure (MSOP) of Martin-Platero
et al. (2007). An initial mechanical lysis step using a cell disrupter FastPrep FP120 (BIO
101, Thermo Savant) was introduced in order to increase cell lysis. In summary, intestine
pieces of about 100 mg were introduced in a 2 mL microcentrifuge screw cap tube filled
with 100 mg of 2 mm zirconia beads and homogenized by two consecutive pulses of 30
seconds at speed 5 in FastPrep FP120. After that, the MSOP protocol was followed. The
yield of the DNA extraction was checked by 0.7% agarose gel electrophoresis. DNA
concentration was measured using NanoDrop™ 2000 Spectrophotometer (Thermo Fisher

Scientific, USA) and then DNA was stored at -20°C until PCR amplification.
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V6-V8 16S rRNA gene amplification and high-throughput sequencing

V6-V8 region of 16S rRNA gene libraries were constructed using the primers pair
B969F (5-ACGCGHNRAACCTTACC-3) and BA1406R (5™
ACGGGCRGTGWGTRCAA-3') (Comeau et al., 2011) with Illumina adapter overhang
sequences. PCR amplification was carried out using the iProof™ High-Fidelity DNA
Polymerase (BioRad®). The PCR products were purified and then used as template for a
second PCR. In this second PCR amplification, two unique lllumina compatible barcodes
were index to each sample. These unique barcodes allow that the derived sequences can
be demultiplexed into their respective samples in downstream analysis. The barcodes
overlapped with the sequence of the primers used in the first PCR. Purification steps were
made using DNA Purification SPRI Magnetic Beads (Canvax®), following the
manufacturer’s instructions. PCR amplicons were checked by 1% agarose gel
electrophoresis and DNA concentrations were measured using Qubit® 3.0 Fluorometer
(Invitrogen™, Carlshad, CA). After that, PCR amplicons were pooled in equimolar
concentrations and high-throughput sequencing was carried out with Nextera XT DNA
Library Prep Kit (Illumina, San Diego, CA, USA). This sequencing results in paired-ends
reads of 2 x 300 bp length. Sequencing was carried out in the Illumina MiSeq platform in
the Institute of Parasitology and Biomedicine “Lopez-Neyra” (Granada, Spain). Raw
sequence files are available in the Sequence Read Archive (SRA) in the Genbank - NCBI
webpage (https://www.ncbi.nlm.nih.gov/sra/) under project number PRINA809405 and
accession numbers SAMN26177506 to SAMN26177705.

Sequences processing and data analysis

16S rRNA reads generated from Illumina MiSeq sequencer were analyzed using
the Quantitative Insights Into Microbial Ecology (QIIME2 v2020.11; Bolyen et al., 2019)
software. At the beginning, primer trimming was performed using cutadapt plugin
(Martin, 2011). Quality filtering was performed using a Phred score of 20 as the threshold,
removing from the analyses sequences with more than 3 consecutives base pair with a
Phred score lower than 20. After that, pair joining was carried out using VSEARCH
default parameters (Rognes et al., 2016). Afterward, we use Deblur was used for sequence
clustering into a sub-operational-taxonomic-unit (sub-OTU) approach, in order to remove
sequencing errors (Amir et al., 2017). Sequences that passed quality filters were trimmed
to 400 bp, giving a dataset of 10,832,912 total reads with a mean of 51,098.64 reads per
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sample. The fragment insertion script implemented in QIIME2 was used to align the
sequences and build a bacterial phylogenetic tree based on a reference phylogenetic tree
(SEPP reference Greengenes 13.8; Janssen et al., 2018). The taxonomy was assigned
based on a classifier pretrained on Greengenes 13.08 with a similarity of 99% (DeSantis
et al., 2006). At the end, sequences of chloroplast, mitochondria and non-bacterial DNA
were filtered of the OTU table.

Statistics

To test the effect of different diets on the fish’s body weight, we used Generalized
Linear Mixed-Models (GLMM). We used mean body weight in the tank as experimental

unit with diet as fixed factor.

For alpha and beta diversity analyses, the OTU table was rarified at 10,000
sequencing depth per sample. Samples that did not reach this sequencing depth were
excluded from subsequent analyses. Four alpha diversity indices were calculated, i.e.,
Shannon diversity index (Shannon, 1948); chaol index (Chao, 1984); Faith phylogenetic
diversity index (Faith, 1992); and OTU Richness. We used GLMM to explore the effect
of diet and gut region as fixed factors in both alpha diversity indices. In these analyses,

fish were the experimental unit for alpha and beta diversity analysis.

Body weight and alpha diversity analyses were performed using STATISTICA
10.0 (StatSoft).

Differences in genera and classes abundances between control and Allium-derived
PTSO supplemented fish were explored by means of Linear Discriminant Analysis Effect
Size (LEfSe) (Segata et al., 2011). LEfSe analyses were performed on the Galaxy web

platform, implemented on the public server https://huttenhower.sph.harvard.edu/galaxy/.

Beta diversity distance matrixes were calculated using UniFrac distance. Both
Weighted and Unweighted UniFrac indices (Lozupone et al., 2007; Lozupone & Knight,
2005) were used for subsequent analysis. Weighted UniFrac takes into account the
relative abundance of bacteria shared between samples, giving more importance to the
most abundant bacteria. Unweighted UniFrac gives more importance to rare bacteria in
the OTUs as it only considers their presence or absence irrespective of their abundance.
Permutational ANOVA (PERMANOVA) was performed in order to test these effects on
both UniFrac distance matrixes using PRIMER-7 software (PRIMER-e), implemented
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with PERMANOVA plugin. Principal Coordinate Analyses (PCoA) were performed in
order to visualize the 2 first axes using EMPeror 2018.2.0 (Vazquez-Baeza et al., 2013,
2017).

RESULTS
Effect of feeding diet on European seabass juvenile growth performance

No differences appeared in the initial body weight of fish fed with control diet and
fish fed with Allium-derived PSTO supplemented diet (Table 1, Figure 1). No differences
in body weight appeared between European seabass juveniles fed with control diet or
Allium-derived PTSO along the experiment, showing similar body weight at days 12, 26,
42 and 63 (Table 1, Figure 1). However, fish supplemented with Allium-derived PTSO
showed a significant increase in body weight at the end of the feeding trial (Day 89)
(Table 1, Figure 1).

Table 1. General Linear Mixed Models exploring the effects of diet as factor in European seabass
juveniles fed with control diet or supplemented with Allium-derived PTSO. Significant p-values
are shown in bold.

Control Allium-derived PTSO p
Body Weight Day 0 (g/fish) 3.72+0.05 3.84 £0.02 0.110
Body Weight Day 12 (g/fish) 4.64 +0.06 4.70 £0.04 0.438
Body Weight Day 26 (g/fish) 5.90+0.12 5.87 £ 0.09 0.818
Body Weight Day 42 (g/fish) 8.21+0.12 8.14 £ 0.08 0.640
Body Weight Day 63 (g/fish) 11.96 +0.09 12.25+0.10 0.089
Body Weight Day 89 (g/fish) 21.14+0.21 22.08 £ 0.08 0.013
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Figure 1. Evolution of growth performance of European seabass (D. labrax) juveniles fed with
control diet or supplemented with Allium-derived PTSO along the feeding trial.

Bacterial community composition

The foregut microbiota of juvenile European seabass was dominated at class level
by Gammaproteobacteria (47%), Alphaproteobacteria (25%), Betaproteobacteria (9%),
Actinobacteria (8%) and Bacilli (8%) (Figure 2). Fish supplemented with Allium-derived
PTSO showed a significant decrease in Alphaproteobacteria (13%), Betaproteobacteria
(7%) and Bacilli (7%), and an increase of Actinobacteria (21%) (Figure 2, Figure 4). At
genus level, the foregut of control fish was dominated by Ochrobactrum (22%),
Pseudomonas (19%) and Vibrio (19%). In the foregut of Allium-derived PTSO fish
appeared an increase in Pseudomonas (40%) and Kocuria (15%), and a decrease in Vibrio
(< 1%) and Ochrobactrum (11%) (Figure 3, Figure 4).
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Figure 2. Microbial composition at class level of juvenile
European seabass gut microbiota group by experimental diet
(control and Allium-derived PTSO). Classes in the legend are
sorted from most abundant to lowest abundant.
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Figure 3. Microbial composition at genus level of juvenile European seabass gut
microbiota group by diet (control and Allium-derived PTSO). Genera in the
legend are sorted from most abundant to lowest abundant.
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The bacterial composition of hindgut of control fish was similar to foregut, being
dominated at class level by Alphaproteobacteria (41%), Gammaproteobacteria (40%),
Betaproteobacteria (7%), Bacilli (5%) and Actinobacteria (5%) (Figure 2). The hindgut
microbiota of Allium-derived PTSO supplemented fish was similar to control, but with a
small but no significant increase of Gammaproteobacteria and a decrease of
Alphaproteobacteria (Figure 2). Furthermore, a significant increase in Actinobacteria
(13%) and decrease of Betaproteobacteria (4%) and the minority class Mollicutes (Figure
4). At genus level, the foregut of control fish was dominated by Ochrobactrum (39%),
Pseudomonas (18%) and Vibrio (15%). In the hindgut of Allium-derived PTSO
supplemented fish appeared an increase in Kocuria (9% respect to 1% in control fish) and

Pseudomonas (41%), as well as a decrease in Vibrio (< 1%) (Figure 3, Figure 4).
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Figure 4. LDA Effect Size (LEfSe) analyses showing bacterial classes
and genera that differ significantly between control fish and those
supplemented with Allium-derived PTSO, in the foregut and in the
hindgut of European seabass juveniles. Significant LDA Score > 4.0.
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Effect of feeding diet on Alpha and Beta Diversity

Supplementing the diet of European seabass juveniles with Allium-derived PTSO
affected the alpha diversity indices studied (Table 2). Allium-derived PTSO supplemented
fish showed a reduction in alpha diversity respect to control fish. However, no differences
appeared in gut region, with both foregut and hindgut showing similar levels of alpha
diversity. Furthermore, no differences appeared in the interaction of Diet*Gut Region,
indicating that the changes in diversity between both gut regions occurs in the same way

in both feeding diets (see Diet*Gut Region interaction term in Table 2).

Table 2. General Linear Mixed Models exploring the effects of fish experimental diet (control
and Allium-derived PTSO) and gut region in the different alpha diversity indices of the bacterial
community of juvenile European seabass. D.f. refers to degree of freedom. The first number is
the degree of freedom of the independent variable and the second one for the error term.
Significant p-values (p < 0.05) are shown in bold.

Alpha Diversity Index Explanatory variables D.f. F p
Diet 1,177 83.97 <0.001
Chaol Index Gut Region 1,177 0.02 0.899
Diet*Gut Region 1,177 1.52 0.220
Diet 1,177 79.90 <0.001
Faith PD Gut Region 1,177 0.02 0.903
Diet*Gut Region 1,177 0.36 0.547
Diet 1,177 95.10 <0.001
OTUs Richness Gut Region 1,177 0.21 0.652
Diet*Gut Region 1,177 0.55 0.459
Diet 1,177 6.51 0.012
Shannon Diversity Index Gut Region 1,177 15.23 <0.001
Diet*Gut Region 1,177 0.96 0.330

The bacterial community of European seabass juveniles vary significantly
between the two diets, taking into account both the most abundant bacterial OTUs
(Weighted UniFrac) and minority OTUs (Unweighted UniFrac) (Table 3, Figure 5).
Regarding both gut regions separately, significant differences appeared in both regions.
In the foregut, differences between experimental diets appeared with both majority
(GLMM, Weighted UniFrac, diet as factor, Pseudo-F14 = 18.79, p = 0.001) and minority
OTUs (GLMM, Unweighted UniFrac, diet as factor, Pseudo-F18 = 4.99, p = 0.001). In

the hindgut, results were similar, with differences in diet with both majority (GLMM,
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Weighted UniFrac, diet as factor, Pseudo-F192 = 13.03, p = 0.001) and minority OTUs
(GLMM, Unweighted UniFrac, diet as factor, Pseudo-F192 = 4.89, p = 0.001). This
differences in experimental diet and gut region cannot be observed graphically in the
PCoA since it does not take into account the 100% of the variance (61.14% in Weighted
UniFrac and 15.00% in Unweighted UniFrac) (Figure 5).

Table 3. Permutational ANOVA (PERMANOVA) exploring the effects of Diet, Gut region and
the interaction Diet*Gut region in beta diversity indices of bacterial community of European
seabass juveniles fed with control diet or supplemented with Allium-derived PTSO. D.f. refers to
degree of freedom. The first number is the degree of freedom of the independent variable and the
second one for the error term. Significant p-values are shown in bold.

p-diversity distance

. Explanatory variables D.f. Pseudo-F p
matrix

Diet 1,177 31.51 0.001
Weighted UniFrac Gut region 1,177 14.00 0.001
Diet*Gut region 1,177 0.98 0.409
Diet 1,177 8.89 0.001
Unweighted UniFrac Gut region 1,177 1.05 0.325
Diet*Gut region 1,177 0.94 0.595
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Figure 5. Dimensional figures showing the first two axes of Principal Coordinate Analysis and
representing bacterial communities of foregut and hindgut of juvenile European seabass fed with
control diet or supplemented with Allium-derived PTSO using Unweighted and Weighted
UniFrac distance matrixes. Samples are colored by gut region and experimental diet (Foregut
control - red; Hindgut control — blue; Foregut Allium-derived PTSO — yellow; Hindgut Allium-
derived PTSO - green). Proportion of explained variance by each PCo axes is shown.
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DISCUSSION

In this study, juvenile European seabass supplemented with an Allium-derived
organosulfur compound such as propyl propane thiosulfonate (PTSO) produced an
increase in body weight at the end of the experiment (89 days). This increase in growth
parameters was accompanied by significant changes in the structure of bacterial
communities, a reduction of alpha diversity and a decrease in relative abundance of

potentially pathogenic Vibrio in the foregut and hindgut of PTSO supplemented fish.

The spreading of antimicrobial resistance (AMR) makes it necessary to search for
new alternatives to antibiotic growth promoters (AGP) in aquaculture that are capable of
stopping the spread of AMR and improving animal welfare. Some compounds have been
proposed as good alternatives to AGPs, like probiotics, prebiotics, organic acids and plant
extracts (Romero et al., 2012). Plant extracts, also known as phytobiotics, includes a wide
range of plant-derived products such as essential oils, herbs and oleoresins (Gheisar &
Kim, 2018). Phytobiotics have been proposed as good and safe alternatives to AGPs
capable to modulate intestinal microbiota and increase productive parameters, anti-
pathogenic properties and appetite stimulation of both terrestrial and aquatic animals
(Reverter et al., 2014; Windisch et al., 2008). The phytobiotics used in animal feed come
from different plant species, being the products derived from Allium plants the most
widely used, mainly garlic (Allium sativum) and onion (Allium cepa) (Guillamoén et al.,
2021; Kothari et al., 2019). Organosulfur compounds are the most important bioactive
compounds derived from Allium, showing antibacterial, antifungal, antiviral, anti-
inflammatory and antioxidant activities (Kim et al., 2013; Sorlozano-Puerto et al., 2018,
2021). Some of the most commonly used Allium-derived organosulfur compounds for
animal feed include ajoene, allicin, isoalliin, methiin, propiin, propyl propane
thiosulfinate (PTS) and propyl propane thiosulfonate (PTSO) (Guillamoén et al., 2021;
Valenzuela-Gutiérrez et al., 2021). PTSO addition has shown beneficial effects in
different farm animals. In poultry, different doses of PTSO in broiler chickens improved
food digestibility and growth performance, and produced changes in gut microbiota
(Peinado et al., 2012; Rubio et al., 2015; Ruiz et al., 2015); in laying hens, PTSO
increased the number and the size of eggs laid, and produced an increase in potentially
beneficial bacteria in the intestinal tract microbiota (Abad et al., 2020; Rabelo-Ruiz et al.,
2021a). In pig industry, PTSO has shown beneficial effects in intestinal microbiota and

increased growth performance in piglets and growing-finishing pigs (Rabelo-Ruiz et al.,
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2021b; Sanchez et al., 2020). The use of Allium-derived PTSO in aquaculture has only
been studied in gilthead seabream juveniles, showing potentially beneficial changes in
gut microbiota and producing no changes in growth performance after 12 weeks of

treatment (Rabelo-Ruiz et al., unpublished manuscript).

Despite the little research using PTSO in aquaculture, other Allium-based
compounds have been used in aquafeeds in different studies using different fish species
(Valenzuela-Gutiérrez et al., 2021). Dietary inclusion of onion (Allium cepa) powder
produced an increase in body weight, specific growth rate (SGR) and immune parameters
of beluga juveniles (Akrami et al., 2015). Supplementing the diet with garlic (Allium
sativum) showed an increase in growth performance in Asian seabass (Lates calcarifer)
(Abdelwahab et al., 2020; Talpur & Ikhwanuddin, 2012). The use of crude
polysaccharides from garlic produced an increase in body weight and SGR in rainbow
trout (Onchorhynchus mykiss) (Buytikdeveci et al., 2018). Other studies using allicin, a
garlic-derived organosulfur compound, showed its benefits as growth promoter,
antimicrobial agent and feed stimulator (reviewed in Lee & Gao, 2012). However, these
results are controversial, because other studies noted the lack of effect of Allium extract
and Allium-derived compounds on different fish species in aquaculture (Motlagh et al.,
2020a; Nya et al., 2010). In fact, in a previous work by our research group using PTSO
in gilthead seabream juveniles, the inclusion of this Allium-derived compound did not
produce changes in growth performance after 12 weeks of treatment (Rabelo-Ruiz et al.,
unpublished manuscript). The results of this study showed no differences in body weight
between control and Allium-derived PTSO supplemented European seabass juveniles
along the experiment but did evidence a significant increase in body weight at the end of
the experimental period (89 days). Further studies are needed to clarify the effects of
different phytobiotic presentations on growth performance and health status of different

fish species.

Our study showed a significant decrease in all the alpha diversity indices studied
in the foregut and hindgut of European seabass juveniles supplemented with PTSO,
except in the hindgut with Shannon diversity index. These results were accompanied by
no differences in body weight along the experiment and even an increase at the end of the
feeding trial (89 days). Some studies have demonstrated that the reduction of alpha
diversity could be related to increased body weight in birds and obesity in humans (Bae

et al., 2017; Menni et al., 2017). In aquaculture, it is unclear whether microbial diversity
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correlates positively or negatively with fish growth. Li et al. (2016) found that differences
in bacterial diversity did not translate into differences in body weight of largemouth
bronze gudgeon (Coreius guichenoti). However, studies with rainbow trout
(Onchorhynchus mykiss) and Songpu Mirror Carp (Cyprinus specularis Songpu)
suggested an increase in body weight when appear an increase in bacterial diversity
(Betiku et al., 2018; Luo et al., 2020). The studies of Bolnick et al. (2014) showed mixed
results, appearing an improve of condition factor (K) of fish related with low microbial
diversity of Eurasian perch, and in threespine stickleback (Gasterosteus aculeatus)
appeared an increase of microbial diversity related with the improve of condition factor.
Previous results from our research group (Rabelo-Ruiz et al., unpublished manuscript)
showed no differences in body weight accompanied by an increase in alpha diversity
indices in gilthead seabream juveniles supplemented with Allium-derived PTSO. Despite
these differences, it seems clear that changes in microbial diversity are associated with
variations in fish condition and growth performance (Bolnick et al., 2014).

Intestinal community differed between the control and Allium-derived PTSO
diets, either when considering majority OTUs (Weighted UniFrac) or minority OTUs
(Unweighted UniFrac). The relative abundance of Pseudomonas increased in both the
foregut and hindgut of Allium-derived PTSO supplemented fish. These results could be
negative, since despite the fact that Pseudomonas have been described as a ubiquitous
bacterial genus, some species are emergent opportunistic fish pathogens (Fadel et al.,
2018). P. anguilliseptica is considered as pathogen, being the causative agent of winter
disease, an illness associated with several farmed fish such as seabass, cod and gilthead
seabream (Wiklund, 2016). Other Pseudomonas species such P. aeruginosa, P. putida or
P. fluorescens are considered as opportunistic pathogens in aquaculture (Altinok et al.,
2006). However, there were also changes in other bacterial groups that may be beneficial.
Kocuria species are normally found in fish gastrointestinal tract. They have many
characteristics for use as potential probiotics in aquaculture, such as the ability to grow
in awide range of pH, salinity and temperature, and their capacity to produce extracellular
enzymes that can play an important role in digestion (Piazzon et al., 2019). Furthermore,
in rainbow trout, Kocuria has been shown to induce the immune system by inhibiting
pathogenic bacteria such as Vibrio anguillarum (Sharifuzzaman et al., 2011). Therefore,
this increase of Kocuria found in our experiment could be positive for fish. In addition,

we found a significant decreased of relative abundance of Vibrio in the foregut and
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hindgut of European seabass juveniles supplemented with Allium-derived PTSO. Vibrio
species are ubiquitous in marine environments and some species are considered
potentially pathogenic, causing clinical diseases as tail rot disease or vibriosis (Abdel-
Aziz et al., 2013; Pérez-Sanchez et al., 2018). V. anguillarum, V. salmonicida, V.
alginolyticus, V. harveyi or V. parahaemolyticus are some of the Vibrio species which
cause the most devastating effects on marine fish (Mohamad et al., 2019). Some plant
extracts have demonstrated antimicrobial activity against different Vibrio species in
aquaculure. Ginger powder and garlic powder showed antimicrobial effects against V.
harveyi in Asian seabass (Stratev et al., 2018). The use of garlic has shown antimicrobial
effects against Vibrio species in aquaculture (Valenzuela-Gutiérrez et al., 2021). An study
of Natasya-Ain et al. (2018) showed in vitro inhibitory activity of garlic (A. sativum)
agaisnt V. anguillarum, V. alginolyticus and V. harveyi. Our results also showed a
reduction of potentially pathogenic Vibrio in foregut and hingut of Allium-derived PTSO

supplemented fish, which could be beneficial for animal’s health.

CONCLUSIONS

Our experimental supplementation of the diet of European seabass juveniles with
Allium-derived PTSO, produces an increase in fish body weight at the end of the feeding
trial (89 days). This beneficial effects in growth performance were accompanied by
significant differences in bacterial communities and a significant reduction of alpha
diversity in both foregut and hindgut. In addition, a significant reduction of potentially
pathogenic Vibrio and an increase of Kocuria appeared in the intestine of PTSO
supplemented fish. Further research is necessary to unveil how the Allium-derived PTSO
affects specific pathogenic strains and how this phytobiotic product influence immune

system and health status of fish.
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ABSTRACT

Aquaculture production plays an important role in supplying the world demand
for food and protein sources. Fish feed has traditionally been made from fishmeal and
fish oil, but the industry is currently looking for more sustainable alternatives. In this
context, microalgae and cyanobacteria have been proposed as good alternatives for
aquafeeds. Therefore, this study evaluates the effect of dietary inclusion of crude or
hydrolyzed Arthrospira platensis biomass on the growth and intestinal microbiota of
gilthead seabream (Sparus aurata) fry. A 45-day feeding trial was carried out using four
experimental diets containing 5% and 10% (w/w) crude or hydrolyzed A. platensis as well
as a cyanobacteria-free diet as the control. At the end of the feeding trial, individual body
weight and length were recorded to evaluate growth, and the intestines were dissected to
analyze the microbiota. None of the dietary treatments evaluated had any effect on fish
growth. Diets including 5% crude or hydrolyzed biomass did not produce any changes in
either alpha or beta diversity. Fish supplemented with 10% A. platensis hydrolysate only
showed significant differences with respect to control fish in minority OTUs of the
intestinal microbiota (Unweighted UniFrac). However, the inclusion of 10% crude
biomass of this cyanobacterium showed a decrease in intestinal alpha diversity and
produced significant changes in majority OTUs of the bacterial community (Weighted
UniFrac), with diet showing the greatest difference with respect to control fish. These
results suggest that 5% crude biomass or 5% or 10% hydrolyzed A. platensis biomass
supplemented in the diet of gilthead seabream fry could be useful in order to reduce the

use of fishmeal and fish oil in starter feeds while maintaining the fish’s overall condition.

Keywords: Arthrospira platensis, fish nutrition, gut microbiota, microalgae hydrolysate,

Sparus aurata, spirulina.
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INTRODUCTION

Global fish production reached 179 million t in 2018, where 82 million t came
from aquaculture production (FAO, 2020). In the same year, the production of
aquaculture had an estimated value of US$ 250 billion. Aquaculture accounts for half of
the fish for human consumption, and plays an important role in supplying the world
demand for food and protein sources. Regarding fish aquaculture, some of the most
produced species in the European Union include Atlantic salmon (Salmo salar), rainbow
trout (Oncorhynchus mykiss) and gilthead seabream (Sparus aurata) (APROMAR, 2020).

In fish production, the early life-cycle stages constitute a critical phase in fish
development. During this period, fish undergo drastic morphological and physiological
changes that determine their viability in later stages (Torres et al., 2020). Weaning is one
of the most critical stages in marine fish rearing, where optimum quality inert diets should
be used. These diets must be attractive, tasty, economical, suitable fit for fish mouth size,
and provide necessary nutrients for larval or fry growth and development (Vizcaino et al.,
2016). From a nutritional point of view, these diets must contain an adequate fatty acid
profile, especially for n-3 and n-6 polyunsaturated fatty acids and high protein levels
(Vizcaino et al., 2016). These nutritional requirements are currently covered by fishmeal
and fish oil as the main sources of protein and fatty acids, as well as by plant ingredients
such as soybean meal (Camacho-Rodriguez et al., 2018; Oliva-Teles et al., 2015). In
recent years, there has been great interest in using microalgae as a sustainable alternative
to reduce or replace the use of unsustainable feedstuff for preparing aquafeeds such as
fishmeal or fish oil (Shah et al., 2018). Several species of microalgae (including some
species of cyanobacteria) have been used in weaning diets, being a promising feed
ingredient due to its high micronutrient and macronutrient content, such as
polyunsaturated fatty acids and protein (Roy & Pal, 2014). Species of the genus
Arthrospira present balanced amino acid and fatty acid profiles and high contents of
proteins, vitamins, minerals and bioactive compounds (Niccolai et al., 2019). These
Arthrospira species, mainly A. platensis, have been successfully used as ingredients in
aquafeeds for several fish species such as rainbow trout (Oncorhynchus mykiss) (Giroy
et al., 2019), catfish (Ompok pabda) (Akter et al., 2021; Liu et al., 2019) and gilthead
seabream (S.aurata) (Galafat et al., 2020). However, including microalgae in the diet of
early life stages of fish is difficult because the fish larvae cannot digest dietary compounds
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like juvenile or adult fish, given that fish larvae lack the enzymatic activity necessary for
digesting the formulated diets (Khoa et al., 2019; Zambonino Infante & Cahu, 2001).

In this sense, protein hydrolysates in fish diets during early life stages could help
improve the maturation of the digestive organs, as well as nutrient digestion and
assimilation (Srichanun et al., 2014). These benefits could be related to the mixture of
free amino acids, di-, tri-, and oligopeptides obtained after enzymatic hydrolysis, which
are more easily digestible by intestinal cells (Galafat et al., 2020). Several studies have
shown the positive effects on survival, health status and productive parameters of dietary
inclusion of protein hydrolysates during early life stages of marine and freshwater fish
(Egerton et al., 2020; Refstie et al., 2004; Srichanun et al., 2014; Zheng et al., 2012).
However, most of the protein hydrolysates used in the research are of animal origin,
mainly from fish, although some are of plant origin. In this regard, and taking into account
the aforementioned interest in using microalgae as dietary ingredient for fish diets, protein
hydrolysates obtained from microalgae could be used as an alternative in order to reduce
or replace fishmeal in weaning diets for marine fish larvae, while maintaining growth
parameters. Some recent studies have demonstrated the beneficial effects of microalgae
hydrolysates in aquafeeds. A study by Valente et al. (2019) demonstrated that the use of
defatted biomass from the microalga Nannochloropsis sp. did not affect the gut
morphology or growth of European seabass (Dicentrarchus labrax). Recent research by
Ayala et al. (2020) supplementing juvenile gilthead seabream (S. aurata) with 2.5% and
5% crude and hydrolyzed Nannochloropsis gaditana showed similar levels of feed
conversion rate, specific growth, daily feed intake and survival. The beneficial effects of
Arthrospira sp. (Cyanophyceae) have previously been demonstrated in a recent study by
Galafat et al. (2020) using low doses of this microalgae species hydrolysate as an additive
in juvenile gilthead seabream (S. aurata) diet. However, no research has studied the use
of this microalga, crude or hydrolyzed, in early life stages of fish and related it to growth

parameters and gut microbiota.

The results obtained in this research indicate that the inclusion of 5% and 10% of
crude or hydrolyzed A. platensis biomass did not affect the growth performance of
gilthead seabream fry after a 45-day feeding trial. Furthermore, 5% crude or hydrolyzed
microalgae biomass did not produce changes in microbial diversity and composition, and
10% hydrolyzed biomass produced changes only in minority OTUs, so these diets could

be suitable for use in starter feed for aquaculture species.
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MATERIAL AND METHODS
Microalgae biomass

Crude Arthrospira platensis biomass was provided by Biorizon Biotech (Almeria,
Spain). A. platensis and Spirulina platensis are considered to be synonyms (Guiry &
Guiry, 2021). The term microalgae refers to unicellular photosynthetic microorganisms
of microscopic size, including the cyanobacterium A. platensis (Cyanophyceae). To
obtain the microalgal protein hydrolysate from crude biomass, enzymatic hydrolysis was
performed following the method described by Saadaoui et al. (2019) and modified by
Galafat et al. (2020). In summary, a sludge containing 150 g/L of microalgae biomass
was incubated with 0.2% w/w mixture of commercial proteases (Alcalase 2.4L® and
Flavourzyme 1000L® from Novozymes A/S, Bagsvaerd, Denmark) under controlled
conditions (pH 8.0 and 50 °C with continuous stirring) for 4 h. After hydrolysis, the
reaction mixture was immediately heated to 80 °C for 15 min in order to inactivate the

proteolytic enzymes. The hydrolysate was kept at 4 °C until use.
Experimental diets

Five isonitrogenous and isolipidic experimental diets were formulated. C-5 and
C-10 included 5 and 10% crude microalgae biomass, respectively, and H-5 and H-10
included 5% and 10% microalgae protein hydrolysate, respectively. Additionally, a
microalgae-free diet was used as control (CT). The formulation and proximate
composition of these experimental diets are shown in Table 1. The diets were designed
and manufactured by Ceimar-University of Almeria (Service of Experimental Diets,

Almeria, Spain) following standard aquafeed procedures.
Fish and experimental design

Fertilized gilthead seabream eggs (Sparus aurata) were stocked in an incubator
until hatching. Then, hatched larvae were transferred to a 5,000 L tank. Larval rearing
took place at the Planta Experimental de Cultivos Marinos facility at the Instituto Espafiol
de Oceanografia (IEO, Mazarron, Murcia, Spain). At the beginning, hatched larvae began
to feed with rotifers (Brachionus plicatilis) from when mouth opening occurred (5 days
post-hatching, dph) until 27 dph. The rotifer density was adjusted to 20 rotifers per mL.
From 20 to 27 dph, Artemia nauplii was introduced in the tank at a concentration of 1-3
per mL, and Artemia metanauplii was introduced in the tank at 26 dph until the end of the
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weaning period (50 dph). From 40 to 50 dph, larvae were progressively weaned by a
feeding regime based on A. nauplii and inert diet (Skretting commercial feed). Artemia
was progressively reduced from 3 to 0.5 Artemia per mL, while inert feed was
progressively increased. After weaning, the gilthead seabream larvae were transferred to
170 L tanks (510 larvae per tank, with a density of 3 larvae per L) in an open circulation
system five days before the feeding trial. The water was sterilized by UV, adjusted to 20-
23 °C and provided to the tank system at 150 L/hour. The photoperiod was fixed at a
14:10 (light:dark) cycle (450 Ix). Dissolved oxygen was maintained above 6.5 mg/L by
supplemental aeration. Nitrate (<50 mg/L), nitrite (<0.2 mg/L) and ammonia (<0.1 mg/L)

levels were determined once weekly.

Table 1. Ingredients and proximate composition (g/kg on dry matter) of the experimental diets.

CT C5 C-10 H5 H-10

Ingredients
Fishmeal LT941 685.0 641.0 597.0 641.0 597.0
A. platensis meal? 50.0 100.0
A. platensis protein hydrolysate® 50.0 100.0
Attractant premix* 80.0 80.0 80.0 80.0 80.0
Wheat gluten® 50.0 50.0 50.0 50.0 50.0
Soybean protein concentrate® 20.0  20.0 20,0 20.0 20.0
Fish oil 530 550 580 550 580
Soybean lecithin’ 40.0 40.0 40.0 40.0 40.0
Choline chloride 2.0 2.0 2.0 2.0 2.0
Wheat meal® 17.0 9.0 9.0
Betaine 2.0 2.0 2.0 2.0 2.0
Vitamins and minerals premix® 30,0 300 300 30.0 300
Vitamin C 1.0 1.0 1.0 1.0 1.0
Binder (alginate) 200 200 20.0 20.0 200
Proximate composition (% dry weight)
Crude protein 589 591 593 593 59.4
Crude lipid 181 180 179 184 183
Ash 160 160 157 158 161
Crude fiber 2.1 1.9 2.3 2.0 2.2
NfE 4.9 5.0 4.8 4.5 4.0

Dietary treatment codes are CT: control diet, C-5: 5% crude A. platensis-supplemented diet, C-
10: 10% crude A. platensis-supplemented diet; H-5: 5% A. platensis protein hydrolysate -
supplemented diet; H-10: 10% A. platensis protein hydrolysate-supplemented diet. (protein:
69.4%; lipid: 12.3%), Norsildemel (Bergen, Norway); ?(protein: 60.5%; lipid: 5.6%); Liquid
product containing 150 g microalgae meal L; 4(50% squid meal, 25% shrimp meal, 25% krill
meal); 3(protein: 76.0%; lipid: 1.9%); 8(protein: 50.0%; lipid: 1.0%); ‘Lecico P700 IP (Lecico
GmbH, Germany) é(protein: 12.0%; lipid: 2.0%); °Vitamin & Mineral Premix: Vitamins (1U or
mg/kg premix): vitamin A (retinyl acetate), 2,000,000 I1U; vitamin D3 (DL-cholecalciferol),
200,000 1U; vitamin E , 10,000 mg; vitamin K3 (menadione sodium bisulphite), 2,500 mg;
vitamin Bl1(thiamine hydrochloride), 3,000 mg; vitamin B2 (riboflavin), 3,000 mg; calcium
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pantothenate, 10,000 mg; nicotinic acid, 20,000 mg; vitamin B6 (pyridoxine hydrochloride),
2,000 mg; vitamin B9 (folic acid), 1,500 mg; vitamin B12 (cyanocobalamin), 10 mg vitamin H
(biotin), 300 mg; inositol, 50,000 mg; betaine, 50,000 mg; vitamin C (ascorbic acid), 50,000 mg.
Minerals (mg kg premix): Co (cobalt carbonate), 65 mg; Cu (cupric sulphate), 900 mg; Fe (iron
sulphate), 600 mg; | (potassium iodide), 50 mg; Mn (manganese oxide), 960 mg; Se (sodium
selenite), 1 mg; Zn (zinc sulphate) 750 mg; Ca (calcium carbonate), 186,000 mg; KCI, 24,100
mg; NaCl 40,000 mg; excipient sepiolite, colloidal silica (Lifebioencapsulation SL, Almeria
Spain); °NfE: Nitrogen free extract calculated as 100 — (% crude protein + % ether extract + %
ash + % crude fiber).

From 55 dph, fry were fed ad libitum exclusively with the experimental diets six
times daily. The different dietary treatments (CT, C-5, C-10, H-5, H-10) were randomly
assigned to the experimental tanks. Each dietary treatment was tested for 45 days (until
100 dph). Feeding rate and feed size were adjusted according to fish age, larval weight
and water temperature, following the recommendations for gilthead seabream fry

provided by Skretting Espafia (Burgos, Spain).
Fish sampling

At the beginning of the experimental trial (55 dph), larvae were individually
weighed and measured after 12 h fasting. At the end of the feeding trial (100 dph), fasted
fish from each tank were randomly sampled and 24 fasted fish per treatment were
euthanized by overdose of anesthesia (50 ppm clove oil) according to the requirements of
the Council Directive 2010/63/UE. The fish were dissected and the whole intestine was
collected with sterile material. The intestines were stored in sterile tubes and transported

to the laboratory, where they were kept at -80 °C until DNA extraction.
DNA extraction

DNA extraction of the whole intestine from the gilthead seabream fry was carried
out following the Modified Salting Out Procedure (MSOP) by Martin-Platero et al.
(2007), modified with an initial mechanical lysis step using the cell disrupter FastPrep
FP120 (BIO 101, Thermo Savant). Briefly, intestines were introduced into a 2 mL
microcentrifuge tube filled with approximately 100 mg of 2 mm zirconia ceramic beads
and homogenized by two 30-second pulses at speed 5 in FastPrep FP120. Then, the
MSOP protocol was followed. DNA extraction was checked by 0.7% agarose gel
electrophoresis and DNA concentration was measured using NanoDrop™ 2000
Spectrophotometer (Thermo Fisher Scientific, USA). Samples were stored at -20 °C until

DNA amplification.
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V4 16S rRNA gene amplification and high-throughput sequencing

V4 region of 16S rRNA gene libraries were constructed using the primer pair
U515F
(5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGG
TAA-3") and E786R (5°-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCT
AAT-3") with Illumina adapter overhang sequences indicated by the underlining. This
PCR was carried out with 12.5 uL of iProof™ High-Fidelity DNA Polymerase

(BioRad®), 0.3 uM of each primer and 5 pL of template DNA in a final volume of 25 L.
The amplification program consisted of an initial denaturing step of 98 °C for 1 min
followed by an amplification step of 25 cycles of 10 s at 98 °C, 20 s at 52 °C and 15 s at
72 °C, and a final extension step of 5 min at 72 °C. After that, the purified PCR amplicons
were used as template for a second PCR in order to index two unique Illumina compatible
barcodes to each sample, so that the derived sequences could be demultiplexed into their
respective samples in downstream analysis. These barcodes overlapped with the sequence
of the primers used in the first PCR. This second PCR was carried out in a final volume
of 25 uL, containing 12.5 uL of iProof™ High-Fidelity DNA Polymerase (BioRad®), 0.4
UM of each primer, 5 pL of DNA and water to a final volume of 25 pL. The amplification
program consisted of an initial denaturing step of 98 °C for 1 min followed by an
amplification step of 8 cycles of 10 s at 98 °C, 20 s at 55 °C, and 15 s at 72 °C, and a final
extension step of 5 min at 72 °C. Purification steps were made using DNA Purification
SPRI Magnetic Beads (Canvax®) following the manufacturer’s instructions. PCR
amplicons were checked by 1% agarose gel electrophoresis, DNA concentrations were
measured using Qubit® 3.0 Fluorometer (Invitrogen™, Carlsbad, CA) and pooled in
equimolar concentrations. High-throughput sequencing was carried out with Nextera XT
DNA Library Prep Kit (Illumina, San Diego, CA, USA), resulting in paired-end reads of
2 x 300 bp length. Sequencing was carried out on the Illumina MiSeq platform at the
Institute of Parasitology and Biomedicine “Lopez-Neyra” (Granada, Spain). Sequences
are available in the Sequence Read Archive (SRA) in the Genbank - NCBI webpage
(https://www.ncbi.nlm.nih.gov/sra/), BioProject: PRINA795922, Accession Nos.
SAMN24803029 to SAMN24803111.
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Sequences processing and data analysis

The Quantitative Insights Into Microbial Ecology (QIIME2 v2021.4; Bolyen et
al., 2019) software was used to analyze the 16S rRNA sequences generated from Illumina
MiSeq. First, primer trimming was performed using Cutadapt plugin default parameters
(Martin, 2011). Pair joining was performed using VSEARCH default parameters (Rognes
et al., 2016). Sequences with more than 3 consecutives Phred scores lower than 20 were
filtered out from the analyses in the quality filtering step. Then Deblur, a sub-operational-
taxonomic-unit (sub-OTU) approach, was used in order to remove sequencing errors
(Amir et al., 2017). The fragment insertion script implemented in QIIME2 was used in
order to align the sequences and build a de-novo bacterial phylogenetic tree (Janssen et
al., 2018). Taxonomy assignation was performed using the Greengenes 13.8 database
with a similarity of 99% (DeSantis et al., 2006). Finally, reads of chloroplast,
mitochondria or eukaryotes were also excluded by filtering the OTU table.

Statistics

For alpha diversity analysis, the OTU table was rarified at 10,000 sequences depth
per sample. Samples that did not reach this sequencing depth were excluded from
subsequent analyses. We calculated four alpha diversity indexes from the OTU table:
Shannon diversity index (Shannon, 1948), Faith’s phylogenetic diversity index (Faith &
Baker, 2006), Chaol index (Chao, 1984) and bacterial OTU richness (or number of
observed species). These analyses were performed using STATISTICA 10.0 (StatSoft).

Beta diversity distance matrixes were calculated using UniFrac distance based on
the rarified OTU table at 10,000 sequence depth per sample. Both Weighted and
Unweighted UniFrac indices (Lozupone et al., 2007; Lozupone & Knight, 2005) were
used for subsequent analysis. Weighted UniFrac gives more importance to the most
abundant OTUs, while Unweighted UniFrac gives more importance to minority OTUs as
it takes into account their presence or absence independently of their abundance.
Permutational ANOVA (PERMANOVA) was performed in order to test the effect of
different diets on both UniFrac distance matrixes, using PRIMER-7 software (PRIMER-
e), implemented with PERMANOVA plugin. Principal Coordinate Analyses (PCoA)
were performed in order to visualize the 2 first axes using EMPeror 2021.4.0 (Vazquez-
Baeza et al., 2017; Vazquez-Baeza et al., 2013).
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RESULTS

Effect of diet on growth performance

The inclusion of 5% and 10% crude and hydrolyzed A. platensis did not affect
gilthead seabream fry growth. In fact, no differences appeared among the different
experimental groups in any of the growth parameters studied, such as final body weight
(GLMM, treatment as factor, p = 0.239) and final body length (GLMM, treatment as
factor, p = 0.373) (Figure 1, Table 2).

190 Final body weight (g) 140 Final body length {cm)
1.00 4.30
0.80 _I_ 7 _I_ 4.20
0.60 4.10
0.40 4.00
0.20 3.90
0.00 3.80

Control C-5 Control C-5 C-10 H-5 H-10

Figure 1. Final fish body weight and body length of European seabass fry fed with control diet
or supplemented with 5% crude microalgae (C-5), 10% crude microalgae (C-10), 5% microalgae
hydrolysate (H-5) and 10% microalgae hydrolysate (H-10) (mean + standard deviation).

Table 2. Weight and length of gilthead seabream fry fed experimental diets at the end of the 45-
day feeding trial. Dietary treatments are CT: control diet, C-5: 5% crude A. platensis-
supplemented diet, C-10: 10% crude A. platensis-supplemented diet; H-5: 5% A. platensis
hydrolysate-supplemented diet; H-10: 10% A. platensis hydrolysate-supplemented diet. Values
are mean + Standard Error of triplicate tanks. D.f. refers to degree of freedom. The first number
is the degree of freedom of the independent variable and the second one is for the error term.
Values in the same row with different lowercase letter indicate significant differences among
dietary treatments (p < 0.05).

cT C5 C10 H5 H10 Df F  p
Finalbody 090+ 097+ 087+ 091+ 090z
weight (g)  0.03*  0.04 003 004  0.05°
Finalbody 410 419+ 406+ 413+ 414z
length (cm)  0.058  0.09°  0.04®  0.06®  0.06°

4,10 1.08 0.416

4,10 0.70 0.608
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Bacterial community composition

The gut microbiota of gilthead seabream fry is dominated at class level by
Alphaproteobacteria (71%), followed by Gammaproteobacteria (21%) and Bacilli (5%).
The relative abundance of these phyla was similar in fish feed diets supplemented with
microalgae, but small differences in gut composition appeared between the different
treatments (Figure 2). However, the microbiota of fish supplemented with 10% crude
biomass (C-10) was the one that differed the most with respect to control fish, showing
an increase in Alphaproteobacteria (83%) and a decrease in Gammaproteobacteria (14%)
and Bacilli (1%).

At the genus level, the intestines of gilthead seabream fry were dominated by
Ochrobactrum, Pseudomonas and Vibrio. The relative abundance of these genera was
similar in all experimental groups, with the microbiota of fish fed with diet C-10 being
the one that differed most with respect to control fish (Figure 3). These fish showed an

increase of the majority genus Ochrobactrum and a small decrease in minority genus such

as Vibrio and an unknown genus of Bacillales (Figure 3).
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Figure 2. Barplot of the relative bacterial abundance at the class level
in fish fed on the different dietary treatments. Each bar represents the
mean of the relative abundance for the different bacterial classes in
the samples from each treatment. Dietary treatments are CT: control
diet, C-5: 5% crude A. platensis-supplemented diet, C-10: 10% crude
A. platensis-supplemented diet; H-5: 5% A. platensis hydrolysate-
supplemented diet; H-10: 10% A. platensis hydrolysate-
supplemented diet.
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Figure 3. Barplot of the relative bacterial abundance at the genus level in fish fed on the
different dietary treatments. Each bar represents the mean of the relative abundance of the
different bacterial genera in the samples from each treatment. Dietary treatments are CT: control
diet, C-5: 5% crude A. platensis-supplemented diet, C-10: 10% crude A. platensis-
supplemented diet; H-5: 5% A. platensis hydrolysate-supplemented diet; H-10: 10% A.
platensis hydrolysate-supplemented diet.

Effect of diet on Alpha and Beta Diversity

The supplementation of crude and hydrolyzed microalgae in the diet of gilthead
seabream fry did not affect bacterial OTU richness (Table 3). Regarding Shannon’s alpha
diversity index, C-10-fed fish showed a decrease in this index with respect to the control
and the rest of experimental groups after the 45-day feeding trial (Table 3).

At the end of the feeding trial, the bacterial community of gilthead seabream fry
varied significantly between different dietary treatments, taking into account both the
most abundant (Weighted UniFrac) and minority OTUs (Unweighted UniFrac) (Table 4).
Regarding the most abundant OTUs, fish supplemented with 10% crude biomass (C-10)
were the only ones showing changes in the bacterial community with respect to control
fish (LSD Post-hoc, p = 0.002). Fish fed on other experimental diets did not differ with
respect to the control (LSD Post-hoc, p > 0.231). Regarding minority OTUs, the only diet
that produced changes in gut bacterial communities with respect to the control was that
including 10% hydrolyzed biomass (H-10) (LSD Post-hoc, p = 0.022). No differences
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appeared between the control and fish fed on the other experimental diets (LSD Post-hoc,
p > 0.183). These differences in diet cannot be observed graphically in the PCoA since it
does not take into account 100% of the variance (69.35% in Weighted UniFrac and
22.35% in Unweighted UniFrac) (Figure 4).

Table 3. General Linear Mixed Models exploring the effects of the treatment (CT, C-5, C-10, H-
5 and H-10) as factor in the different alpha diversity indices of the bacterial intestinal community
in gilthead seabream fry. D.f. refers to degree of freedom. The first number is the degree of
freedom of the independent variable and the second one is for the error term. Significant p-values
(p < 0.05) are shown in bold.

Alpha Diversity Index Explanatory Variables D.f. F p
Shannon’s Diversity Index Treatment 477 425 0.004
Bacterial OTU richness Treatment 477 110 0.363

Table 4. General Linear Mixed Models exploring the effects of treatment in beta diversity indices
of bacterial community in juvenile gilthead seabream fry fed on control or 5% and 10% of crude
or hydrolysed A. platensis-supplemented diets. D.f. refers to degree of freedom. The first number
is the degree of freedom of the independent variable and the second one is for the error term.
Significant p-values (p < 0.05) are shown in bold.

B-Diversity Distance Matrix  Explanatory Variables D.f.  Pseudo-F p
Weighted UniFrac Treatment 4,77 3.22 0.003
Unweighted UniFrac Treatment 4,77 1.28 0.035

Weighted UniFrac Unweighted UniFrac
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Figure 4. Principal Coordinate Analysis based in Weighted UniFrac (A) and Unweighted UniFrac
(B) distance matrixes exploring the effects in the bacterial gut community of the supplementation
with A. platensis in gilthead seabream fry’ diet (CT: control diet, C-5: 5% crude A. platensis-
supplemented diet, C-10: 10% crude A. platensis-supplemented diet; H-5: 5% A. platensis
hydrolysate-supplemented diet; H-10: 10% A. platensis hydrolysate-supplemented diet).
Percentages show the proportion of variance explained by each axis.
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DISCUSSION

This study found that dietary inclusion of 5% and 10% of crude and hydrolyzed
A. platensis in gilthead seabream fry did not affect growth performance. Furthermore,
inclusion of 5% crude and hydrolyzed A. platensis biomass did not produce changes in
intestinal microbial diversity and composition, and 10% hydrolyzed biomass only
produced changes in minority OTUs of the bacterial communities. However, the inclusion
of 10% crude biomass caused a reduction in alpha diversity and changes in majority
OTUs.

Total fish production has increased in the last few decades, with aquaculture being
of great importance and reaching worldwide production of 82 million t in 2018 (FAO,
2020). Furthermore, the global demand for fish products is expected to continue
increasing significantly in the years to come, due to the increase in world population,
which is expected to reach almost 11 billion in 2100 (FAO, 2020). This increase in
aquaculture production together with finite supplies and the unsustainability of fishmeal
makes it necessary to find sustainable alternative protein sources for the aquafeed sector
to be able to maintain its productive parameters (Rimoldi et al., 2020). Various sources
of protein have been proposed as alternatives, with plant feedstuffs being the most
commonly used in aquaculture as they are cheap and available in large quantities
compared to fishmeal (Daniel, 2018; Gasco et al., 2018). However, single cell proteins,
including bacteria, microalgae and yeasts, represent alternative non-conventional
nitrogen sources that can be used as dietary ingredients for aquafeeds with a high content
of valuable and bioactive compounds (Rimoldi et al., 2020). The inclusion of different
microalgae and cyanobacteria species in feed have been successfully evaluated as fish
dietary supplements, noting positive effects on fish health and performance in different
life stages (Roy & Pal, 2014). However, few studies have considered the effect of dietary
microalgae inclusion in starter diets in marine fish, obtaining mixed results. Dietary
supplementation of A. platensis showed no differences in growth performance but
enhanced immune activity in yellow catfish (Pelteobagrus fulvidraco) (Liu et al., 2020).
Another study by Vizcaino et al. (2016) showed increased growth performance, nutrient
absorption and utilization, and survival of gilthead seabream fry fed a diet supplemented
with 5% Tetraselmis suecica, but 5% inclusion of Tisochrysis lutea induced a significant
reduction in fish growth and nutrient utilization. Including 3% Phaeodactylum sp.,

Nannochloropsis sp., and Chlorella sp. in aquafeed improves the growth performance of
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Senegalese sole (Solea senegalensis) fry (Peixoto et al., 2021). Our results found that
dietary inclusion of 5% and 10% crude and hydrolyzed A. platensis did not affect fish
body weight and body length after a 45-day feeding trial.

Enzymatic hydrolysis techniques have been developed to improve the functional
and nutritional properties of by-products, by degrading native proteins into smaller
biologically active peptides (Wu et al., 2021). The enzymatic hydrolysis treatment has
demonstrated some advantages in nutrient digestibility and bioavailability of fish proteins
(Siddik et al., 2021). As well as the positive effects of including the protein hydrolysate
in aquafeeds, an improvement in growth parameters could be expected. Recent studies
have indicated that protein hydrolysates in aquatic animals’ diet act as growth promoters,
improving animals’ health and enhancing the utilization efficiency of nutrients, making
them a good alternative to fishmeal (Leduc et al., 2018). Given the results obtained with
fish protein hydrolysates, enzymatic treatment of microalgae biomass has arisen as a
novel strategy for aquafeeds. Some studies have demonstrated an increase in nutrient
quality and bioavailability after hydrolysis of different microalgae species (Agboola et
al., 2019; Teuling et al., 2019). In a recent study by Galafat et al. (2020), Arthrospira sp.
protein hydrolysate increased intestinal enzyme activity and improved the intestinal
health of gilthead seabream juveniles, but no differences appeared in growth
performance. In addition, Ayala et al. (2020) did not observe changes in growth
parameters and feed intake in gilthead seabream juveniles influenced by dietary inclusion
of crude or hydrolyzed Nannochloropsis gaditana either. Our results agree with these
previous studies, with no differences in body growth of gilthead seabream fry appearing
after a 45-day feeding trial, either with 5 or 10% crude or hydrolyzed A. platensis

biomass.

Gut microbiota is a complex community of microorganisms, which is dynamically
altered depending on several biotic (e.g., genotype, genetics, sex, age and diet) and abiotic
(e.g., environmental factors like water composition and temperature) factors (Butt &
Volkoff, 2019). Diet is one of the most important factors influencing the diversity and
composition of the gut microbiota. The inclusion of microalgae in the fish diet has shown
the influence of this supplement on intestinal microbiota (Sagaram et al., 2021). Lyons et
al. (2017) investigated the effects of 5% Schizochytrium limacinum meal on rainbow trout
(Oncorhynchus mykiss) distal intestinal microbiota. In this study, similar microbial taxa

were observed in algae-fed and control fish, however, the algae-fed group showed higher
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microbial diversity levels. Another study by Jorge et al. (2019) also showed an increase
in the microbial diversity of gilthead seabream juveniles supplemented with N. gaditana
meal. Carballo et al. (2019) investigated the effects of microalgae Phaeodactylum
tricornutum cells and polysaccharide-enriched extract on Senegalese sole (Solea
senegalensis) gut microbiome. The polysaccharide-enriched extract decreased microbial
diversity, whereas P. tricornutum cells increased microbial diversity and produced a
reduction in the relative proportion of Vibrio. Research by Rico et al. (2015) showed an
increased number of species when 15% Ulva rigida and Gracilaria cornea was included,
while a large reduction in microbial diversity was observed when 25% U. rigida was
added. Results from Rosenau et al. (2021) showed that total fishmeal replacement with
A. platensis in African catfish (Clarias gariepinus) produced an increase in the different
alpha diversity indices studied. However, our results showed no differences in the
microbial diversity of gilthead seabream fry supplemented with 5% crude A. platensis, or
5 or 10% hydrolyzed A. platensis. A reduction in alpha diversity was observed in fish fed
with a diet supplemented with 10% crude microalgae biomass. Therefore, these disparate
results suggest that microbial diversity depends on fish species, development stage and

microalgae presentation and concentration.

Regarding the intestinal microbial composition of gilthead seabream fry, in our
experiment this was mainly dominated by  Alphaproteobacteria  and
Gammaproteobacteria. These results corroborate the findings of another study with early
embryonic stages of gilthead seabream (Nikouli et al., 2019). At the genus level, the gut
microbiota was dominated by Ochrobactrum, Pseudomonas and Vibrio. Species of the
genus Ochrobactrum have previously been described as opportunistic pathogens in
humans (Brady & Leber, 2018; Hernandez-Torres et al., 2014; Ryan & Pembroke, 2020).
Ochrobactrum spp. have been detected in gut microbiota of different fish species such as
Atlantic salmon (S. salar), European seabass (D. labrax), yellow catfish (P. fulvidraco)
and zebrafish (Danio rerio) (Cantas et al., 2012; Gajardo et al., 2016; Lokesh & Kiron,
2016; Nayak, 2010; Ringg et al., 2016; Wu et al., 2010), but the pathogenic effects of
species of this genus on fish have not yet been described. The relative abundance of
Ochrobactrum in the gut microbiota of gilthead seabream fry supplemented with different
experimental diets was quite similar to the control, except for fish fed on the C-10 diet
which showed an increase in the most abundant genus Ochrobactrum. A study by Ringe
et al. (2006) suggested that the abundance of this bacteria in the microbiota of the
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gastrointestinal tract of fish species is easily affected by dietary manipulation. In turn,
Pseudomonas and Vibrio are diverse genera and among the most important bacterial
genera in aquaculture (Egerton et al., 2018). Species of Vibrio are ubiquitous in fish
species but some of them are considered to be fish pathogens and opportunistic pathogens
(Abdel-Aziz et al., 2013; Pérez-Sanchez et al., 2018). The reduction of Vibrio in gut
microbiota of fish supplemented with 10% crude biomass could be positive, but further
studies are necessary to find out whether the Vibrio that appeared in fish microbiota

correspond to pathogenic species or not.

Therefore, further research would be necessary to discover whether changes in
10% crude A. platensis supplemented diet on microbial diversity and changes in majority
species such as Ochrobactrum or Vibrio could be beneficial or detrimental to fish health
and growth. Unlike the C-10 diet, the other experimental diets did not produce major
changes in the composition and diversity of the microbial communities, nor changes in
gilthead seabream fry body growth. The results obtained in this study indicate the possible
use of diets including 5% crude or 5% or 10% hydrolyzed A. platensis biomass in

aquafeed for gilthead seabream fry.

CONCLUSIONS

The inclusion of crude or hydrolyzed A. platensis did not affect gilthead seabream
fry growth compared to fish fed with the control diet. The inclusion of 5% crude or
hydrolyzed biomass did not affect gut microbiota, while 10% hydrolyzed biomass only
produced changes in minority OTUs. However, 10% crude biomass reduced microbial
diversity and affected the most abundant intestinal bacterial OTUs. Based on the results
obtained in this work, 5% crude and 5% and 10% hydrolyzed A. platensis biomass could
be recommended as dietary ingredients in starter feeds for gilthead seabream fry. Still,
further studies should be conducted in order to ascertain the optimum utilization of this
microalga or its hydrolysate as well as the feasibility of incorporating it into commercial
diets.
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ABSTRACT

This work evaluates the effect of dietary inclusion of crude microalgae
formulation (Arthrospira platensis and Nannochloropsis gaditana) and phytase on
growth performance and intestinal microbiota of European seabass (Dicentrarchus
labrax) juveniles. An 83-day feeding trial was carried out using four experimental diets
containing 2.5% of microalgae formulation and 500, 1,000, 2,000 and 10,000 phytase
units (FTU) per kg of feed as well as a microalgae and phytase free diet as control. At the
end of the feeding trial, body weight was recorded for evaluation of growth performance,
and intestines were dissected for microbiota analysis. Fish fed with diet including
microalgae and the higher concentrations of phytase (2,000 and 10,000 FTU/kg feed)
increased significantly their body weight respect to control, while fish fed with lower
phytase concentrations showed intermediate body weight. Furthermore, the inclusion of
2.5% of microalgae and 10,000 FTU/kg showed a similar bacterial composition to control
group, not appearing differences in alpha and beta diversity, nor with majority OTUs
(Weighted UniFrac) nor minority OTUs (Unweighted UniFrac). The rest of experimental
diets showed differences respect to control diet in alpha diversity (1,000 and 2,000
FTU/kg diets decreased Faith PD index) or beta diversity (500 FTU/kg diet in majority
and minority OTUs, and 1,000 and 2,000 FTU/kg diets in minority OTUs). These results
confirm the usefulness of the diet including 2.5% of microalgae formulation and 10,000
FTU/kg in European seabass juveniles producing no changes in the general structure of
gut bacterial communities and significantly increasing body weight after 83 days of
feeding trial. Therefore, this supplement could be useful to increase aquafeed quality and

maintain performance and health status of European seabass juveniles.

Keywords: Arthrospira platensis, Dicentrarchus labrax, fish nutrition, gut microbiota,
microalgae, Nannochloropsis gaditana, phytase.
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INTRODUCTION

As the world human population looks to reach about 9.7 billion people by 2050
and almost 11 billion people in 2100 (United Nations, Department of Economic and
Social Affairs, Population Division, 2019), our food systems need to produce large
amounts of animal protein for a growing population. Given the high impacts of land-
based animal production and the stagnation of wild fishery catches, researches are focused
on aquaculture to meet this growing protein demand (Merino et al., 2012). Furthermore,
the human health benefits of diets rich in fish make it even more pressing, so aquaculture
would potentially cover this demand (Tilami & Sampels, 2017). In 2018, global fish
production was estimated to reach about 179 million tons, of which 82 million tons
correspond to aquaculture. This production had an estimated value of US$ 250 billion
(FAO, 2020). Furthermore, aquaculture production accounted for the 52% of fish for
human consumption (FAO, 2020).

Traditionally, nutritional requirements of fish have been covered by fishmeal and
fish oil as the main protein and fatty acid sources, as well as by plant ingredients
(Camacho-Rodriguez et al., 2018; Oliva-Teles et al., 2015). However, the high
dependence of aquaculture on fishmeal and fish oil, as well as its increasing price and its
low sustainability, have led the aquafeed production industry to look for alternatives
(Ghamkhar & Hicks, 2020). Various alternative ingredients derived from plants and
animals have been proposed to fully or partially substitute fishmeal and fish oil in
aquafeeds. In recent years, great interest has arisen for the use of microalgae and specific
strains of cyanobacteria as a sustainable alternative to cover the nutritional requirements
of animals and to improve aquafeed quality and animals’ health and performance (Shah
et al., 2018). Several microalgae species have been used in fish diets due to their high
micronutrient and macronutrient contents, as protein and polyunsaturated fatty acids (Roy
& Pal, 2014). However, the nutritional value of microalgae can vary substantially between
different species, production methods or processing into functional aquafeeds (FAO,
2019).

Several studies have demonstrated the advantages of the application of microalgae
biomass as feed for aquaculture (Shah et al., 2018). The use of microalgae could have
beneficial effects because of their nutritional quality and their positive effects on growth

performance of fish species. Furthermore, the inclusion of microalgae produces an
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increase of protein and triglycerides in muscle, omega-3 content, physiological activity
and carcass quality (Becker, 2004). Some of the most commonly used microalgae genera
as feed for aquaculture include Tetraselmis, Schizochytrium, Chlorella, Nannochloropsis
and Arthrospira (reviewed in Shah et al., 2018 and Yarnold et al., 2019). Species of the
genus Arthrospira present high content of proteins, vitamins, minerals and active
compounds, as well as a balanced amino acid and fatty acid profiles (Niccolai et al.,
2019). This genus, and specially the species A. platensis, have been successfully used in
aquafeeds for several fish species such as gilthead seabream (Sparus aurata), rainbow
trout (Onchorhynchus mykiss) or pabda catfish (Ompok pabda) (Akter et al., 2021,
Galafat et al., 2020; Giroy et al., 2019). Regarding Nannochloropsis sp., this is one of
the most used microalgae in marine aquaculture nutrition, particularly during larval
stages. This microalga presents high protein, vitamin, pigment and fatty acid contents
(Jorge et al., 2019). Dietary inclusion of N. gaditana on gilthead seabream (S. aurata)
showed an increase in body length and body weight (Ayala et al., 2020) and increased
bacterial species richness (Jorge et al., 2019). However, despite the good results obtained
in previous researches, the inclusion of microalgae in aquafeeds for larvae, fry and
juveniles becomes difficult as they have lower enzymatic activity than adults’ fish, having

less ability to digest the formulated diets (Khoa et al., 2019).

Phytase is an enzyme that hydrolyze indigestible phytate rendering available
phosphorous for absorption (Cao et al., 2007). Phytase supplementation also leads to
increase bioavailability of other minerals and trace elements (Cao et al., 2007). The
incorporation of commercial enzymes such as phytase in aquafeeds could improve
nutrients digestibility and bioavailability (Kumar et al., 2012). A study of Cheng & Hardy
(2002) showed an increase in nutrient digestibility of barley, canola meal and wheat diets
supplemented with microbial phytase in rainbow trout (O. mykiss). The inclusion of
microbial phytase in plant-based diets increased apparent nutrient digestibility but not
influenced growth performance and body composition of juvenile olive flounder
(Paralichthys olivaceus) and juvenile Korean rockfish (Sebastes schlegeli) (Pham et al.,
2008; Yoo et al., 2005). Another study supplementing the diet with soybean and 2,000
units of phytase (FTU) per kg of feed showed an increase in productive parameters of red
seabream (Pagrus major) (Biswas et al., 2007). Nevertheless, the potential effects of
phytase together with microalgae on intestinal microbiota and growth performance of fish

species has not been explored yet.
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Therefore, we have used juvenile European seabass (D. labrax) as animal model
in order to evaluate the effects of 2.5% of microalgae formulation (A. platensis and N.
gaditana) together with different phytase concentrations (500, 1,000, 2,000 and 10,000
FTU/kg feed) on growth performance and on intestinal microbiota by high-throughput
sequencing of the V6-V8 region of 16S rRNA gene. We predict that the inclusion of
phytase together with microalgae will increase nutrients digestibility and bioavailability.
These changes might increase final body weight and productive parameters of fish, as

well as induce changes in gut microbiota.

MATERIAL AND METHODS
Animals, experimental design and fish sampling

Juvenile European seabass (Dicentrarchus labrax) were provided by commercial
sources (Cultivos Piscicolas de Barbate S.L., Cadiz, Spain). Fish (n = 375) were randomly
distributed in 400-L tanks (25 fish per tank with initial stocking density of ~2.5 kg of
fish/m®) in an open system circuit, and acclimated for one month to seawater (38 %o
salinity), natural photoperiod (September-December) for our latitude (36° 31° 44” N) and
constant temperature (18-19 °C) at the indoor wet laboratories located in the Servicios
Centrales de Investigacion en Cultivos Marinos (SCI-CM, CASEM, University of Cadiz,
Cadiz, Spain; Operational Code REGA ES11028000312).

Fish were kept and handled following the guidelines for experimental procedures
in animal research of the Ethics and Animal Welfare Committee of the University of
Cadiz, according to the Spanish (RD53/2013) and European Union (2010/63/UE)
legislation. The Ethical Committee from the Autonomous Andalusian Government
approved the experiments (Junta de Andalucia, reference number 23/10/2019/176).

Microalgae cultures were up-scaled from Erlenmeyer flasks with f/2 nutrient medium
for seawater strains and BG11 medium for freshwater strains, mean light intensity at 240
pumol photons m? s, photoperiod 12:12 (L:D), temperature 25 + 2°C and 1.5% CO;
enriched air continuously supplied during the light period. Crude biomass of Arthrospira
platensis was produced in 100 L bubble columns located inside a greenhouse at the
Biorizon Biotech facilities (Almeria, Spain) while Nannochloropsis gaditana was
obtained from tubular photobioreactors at the pilot plant (EU H2020 SABANA facilities)
of the Universidad de Almeria (Spain). The culture was harvested daily by centrifugation

(at a dilution rate of 0.3 d™%), and then the concentrated biomass was freeze-dried. Raw
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microalgae biomass (approx. 15% dry matter) was freeze-dried and stored at -20 °C until
further use. The chemical composition of crude biomass of A. platensis was 65% crude protein
and 5% crude lipid while N. gaditana meal yielded 44.5% crude protein, and 17.7% crude

lipid, all values on dry matter basis.

Five isolipid and isoenergetic experimental diets (46% crude protein, 15% crude
lipid) were designed and formulated by the Experimental Diet Service of the University
of Almeria (Spain). General proximal composition of the diets is shown in Table 1. The
four experimental diets contain 2.5 % of crude biomass of A. platensis (Cyanobacteria)
and N. gaditana and different concentration of phytase (500, 1,000, 2,000 and 10,000
phytase units, FTU) per kg of feed. One unit of phytase activity (FTU) is expressed as the
amount of enzyme that releases 1 pmol of inorganic phosphate from phytate per minute
under the reaction conditions specified in the International Standard 1SO 30024:20009.
Additionally, a free-microalgae and phytase diet was used as control (CT). The enzyme
phytase used in the diets was ePhyt®, which is produced by Global Feed S.L. (Tervalis
Group, Huelva, Spain). ePhyt® is a bacterial 3-phytase (EC 3.1.3.8.) preparation
produced by fermentation of a strain of Komagataella phaffii, belonging to the additive
category ‘zootechnical additives’ and to the functional group ‘digestibility enhancers’,
authorised as an additive in animal nutrition, according to Regulation (EC) 1831/2003
(additive number 4a25).

At the beginning of the experiment, fish were randomly housed in different tanks,
getting the same initial biomass within each tank. Before starting the feeding trial, fish
were anesthetized with 30 ppm of clove oil and weighed, with an average initial body
weight (BW) of 29.1 £ 0.2 g. The volume of each tank was adjusted to maintain a similar
fish density throughout the experiment (3.5 kg of fish/m®). During the experimental
period (83 days), fish were fed ad libitum two times per day (10:00 AM and 14:00 PM).
At the end of the feeding trial (day 83™), fish were fasted for one day and afterwards, 4
fish per tank (n = 12 fish per experimental group) were euthanized by a lethal dose (1
mL/L of marine water) of 2-phenoxyethanol (Sigma-Aldrich, Ref. 77699). Fish were
immediately dissected, the whole intestine was collected with sterile material and stored

in sterile containers. Intestinal pieces were kept at -80°C until DNA extraction.

At the end of the feeding trial the following growth parameters were calculated:
i) specific growth rate (SGR) = (100 x (In final body weight - In initial body weight)/days;
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i) weight gain (WG) = (100 x (body weigh increase)/initial body weight; and iii) feed
efficiency (FE) = weight gain/total feed intake.

DNA extraction

DNA extraction of the whole intestine of European seabass juveniles was carried
out following the Modified Salting Out Procedure (MSOP) by Martin-Platero et al.
(2007). The modification of this procedure includes an initial mechanical lysis step using
a cell disrupter FastPrep FP120 (BIO 101, Thermo Savant) to increase cell lysis. In short,
intestines were introduced in a 2 mL microcentrifuge screw cap tube filled with 100 mg
of 2 mm zirconia beads and homogenized by two consecutive pulses of 30 seconds at
speed 5 in FastPrep FP120. Afterwards, we followed the MSOP protocol. DNA extraction
yield was checked by 0.7% agarose gel electrophoresis and DNA concentration was
measured using NanoDrop™ 2000 Spectrophotometer (Thermo Fisher Scientific, USA).
DNA was stored at -20°C until PCR amplification.

Table 1. Ingredients (g/kg on dry matter) of the experimental diets.

Ingredients (g/kg dry matter) Control  2.5% microalgae + phytase Diets
LT94 fishmeal 100.0 100.0
Lysine 12.00 12.0
Methionine 6.0 6.0
Squid meal 20.0 20.0
Fishmeal hydrolysate CPSP90 10.0 10.0
Krill meal 20.0 20.0
Microalgae formulation 0 25.0
Wheat gluten 76.0 80.0
Soy protein concentrate 340.0 330.0
Pea protein concentrate 90.0 80.0
Sunflower seed 130.0 125.0
Fish oil 120.0 120.0
Soy lecithin 10.0 10.0
Wheat flour 15.0 11.0
Choline chloride 5.0 5.0
Betaine 5.0 5.0
Vitamins y minerals® 20.0 20.0
Vitamin C 1.0 1.0
Guar gum 20.0 20.0

Vitamin & Mineral Premix: Vitamins (IU or mg/kg premix): vitamin A (retinyl acetate),
2,000,000 IU; vitamin D3 (DL-cholecalciferol), 200,000 1U; vitamin E , 10,000 mg; vitamin K3
(menadione sodium bisulphite), 2,500 mg; vitamin B1(thiamine hydrochloride), 3,000 mg;
vitamin B2 (riboflavin), 3,000 mg; calcium pantothenate, 10,000 mg; nicotinic acid, 20,000 mg;
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vitamin B6 (pyridoxine hydrochloride), 2,000 mg; vitamin B9 (folic acid), 1,500 mg; vitamin B12
(cyanocobalamin), 10 mg vitamin H (biotin), 300 mg; inositol, 50,000 mg; betaine, 50,000 mg;
vitamin C (ascorbic acid), 50,000 mg. Minerals (mg kg premix): Co (cobalt carbonate), 65 mg;
Cu (cupric sulphate), 900 mg; Fe (iron sulphate), 600 mg; | (potassium iodide), 50 mg; Mn
(manganese oxide), 960 mg; Se (sodium selenite), 1 mg; Zn (zinc sulphate) 750 mg; Ca (calcium
carbonate), 186,000 mg; KCI, 24,100 mg; NaCl 40,000 mg; excipient sepiolite, colloidal silica
(Lifebioencapsulation SL, Almeria Spain).

V6-V8 16S rRNA gene amplification and high-throughput sequencing

V6-V8 region of 16S rRNA gene libraries were constructed using the primers pair
B969F (5-ACGCGHNRAACCTTACC-3) and BA1406R (5'-
ACGGGCRGTGWGTRCAA-3') (Comeau et al., 2011) with Illumina adapter overhang
sequences. Amplicons were generated using the iProof™ High-Fidelity DNA Polymerase
(BioRad®). The purified PCR products were used as template for a second PCR in which
two unique lllumina compatible barcodes were indexed to each sample. These barcodes
allow that the derived sequences can be demultiplexed into their respective samples in
downstream analysis. The barcodes overlapped with the sequence of the primers used in
the first PCR. All purification steps were made using DNA Purification SPRI Magnetic
Beads (Canvax®) following the manufacturer’s instructions. PCR amplicons were
checked by 1% agarose gel electrophoresis and DNA concentrations were measured using
Qubit® 3.0 Fluorometer (Invitrogen™, Carlsbad, CA). Then, PCR amplicons were pooled
in equimolar concentrations. High-throughput sequencing was carried out with Nextera
XT DNA Library Prep Kit (Illumina, San Diego, CA, USA), resulting in paired-ends
reads of 2 x 300 bp length. Sequencing was carried out in the lllumina MiSeq platform in
the Institute of Parasitology and Biomedicine “Lopez-Neyra” (Granada, Spain).
Sequences are available in the Sequence Read Archive (SRA) in the Genbank - NCBI
webpage (https://www.ncbi.nlm.nih.gov/sra/), BioProject: PRINA749674, Accession
Nos. SAMN20396460 to SAMN20396707.

Sequences processing and data analysis

In order to analyze the 16S rRNA sequences generated from Illumina MiSeq, we
used the Quantitative Insights Into Microbial Ecology (QIIME2 v2021.4; Bolyen et al.,
2019) software. First, primers trimming was performed using cutadapt plugin default
parameters (Martin, 2011). Pair joining was performed using default parameters. Then, a
quality filter was carried out to remove from the analyses the sequences with more than

3 consecutives base pairs with a Phred score lower than 20. Afterwards, we used Deblur,
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a sub-operational-taxonomic-unit (sub-OTU) approach, in order to remove sequencing
errors (Amir et al., 2017). We performed fragment insertion of 16S sequences using the
SEPP algorithm implemented in QIIMEZ2 in order to align the sequences and build a de-
novo bacterial phylogenetic tree (Janssen et al., 2018). Taxonomy assignation was based
on Greengenes 13.8 with a similarity of 99% (DeSantis et al., 2006). Finally, reads of
chloroplast, mitochondria or non-bacterial reads were also filtered out.

Statistics

Growth performance results are shown as average + standard error of the mean
(mean = SEM). After assessing homogeneity of variance and normality, statistical
analysis of the data was carried out using one-way ANOVA followed by Fisher LSD
Post-hoc tests. A comparison of triplicate tanks for all parameters was also performed
with one-way ANOVA.

For alpha diversity analysis, OTU table was rarified at 10,000 sequences depth
per sample. Samples that did not reach this sequencing depth were excluded for
subsequent analyses. We calculated three alpha diversity indices from the OTU table:
Shannon diversity index (Shannon, 1948), Faith Phylogenetic Diversity index (Faith and
Baker, 2006) and bacterial OTU richness (or Species richness). We used Generalized
Linear Mixed Models (GLMM) to explore the effect of diet as fixed factor and tank nested
in diet as a random factor in all the alpha diversity indices studied. In these analyses,
individual fish was the experimental unit. Post-hoc comparisons were performed using
Fisher LSD test. These analyses were performed using STATISTICA 10.0 (StatSoft).

Beta diversity distance matrixes were calculated using UniFrac distance based on
the rarified OTU table at 10,000 sequences depth per sample. We used both Weighted
and Unweighted UniFrac indices (Lozupone et al., 2007; Lozupone & Knight, 2005) for
subsequent analysis. Weighted UniFrac gives more importance to the most abundant
OTUs, while Unweighted UniFrac gives more importance to rare OTUs as it takes into
account their presence or absence independently of their abundance. Permutational
ANOVA (PERMANOVA) was performed in order to test the effect of diet as fixed factor
and tank nested in diet as random factor in both UniFrac distance matrixes. We used
PRIMER-7 software (PRIMER-e) implemented with PERMANOVA plugin. Principal
Coordinate Analyses (PCoA) were performed in order to visualize the 2 first axes using
EMPeror 2021.4.0 (Vazquez-Baeza et al., 2017; Vazquez-Baeza et al., 2013).
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RESULTS

Effect of feeding diet on European seabass juveniles growth performance

No differences appeared in initial mean body weight (IMBW) and initial biomass
in the tank (IB) between different experimental diets at the beginning of the feeding trial
(Table 2). The inclusion of 2.5% of microalgae and 2,000 or 10,000 FTU/kg significantly
increased final mean body weight (FMBW) respect to control diet. Dietary inclusion of
2.5% of microalgae together with lower levels of phytase (500 and 1,000 FTU/kg) showed
intermediate levels of FMBW, not appearing significant differences between fish fed with

these experimental diets and control fish (Table 2, Figure 1).

Other growth performance parameters showed similar results. Percentaje of
weight gain (WG%), final biomass in the tank (FB), total biomass gain per tank (TBG),
specific growth rate (SGR) and feed efficiency (FE) were also affected by inclusion 2.5%
of microalgae and 2,000 or 10,000 FTU/kg, showing higher values of these productive
parameters than control fish (Table 2). Furthermore, differences appeared between 2,000
and 10,000 FTU/kg, showing the most phytase concentrated diet the higher values of
FMBW, FB, TBG, WG% and FE (Table 2). No differences in survival rate occurred
bewteen any of the different experimental diets (p = 0.913).
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Figure 1. Evolution of fish growth of European seabass juveniles fed with control diet or

supplemented with 2.5% of microalgae (A. platensis and N. gaditana) and different phytase units
(500, 1,000, 2,000 and 10,000 FTU) (mean + standard deviation). Bars with different lowercase
letter indicate significant differences among dietary treatments (p < 0.05).
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Bacterial Community Composition

The gut microbiota of juvenile European seabass is dominated by
Gammaproteobacteria (>60%), followed by Alphaproteobacteria, Bacilli, Actinobacteria
and Betaproteobacteria. The relative abundance of these classes varied in the
experimental diets, especially in fish supplemented with 2.5% of microalgae and low
levels of phytase (500, 1,000 and 2,000 FTU/kg). The gut microbiota of European seabass
juveniles supplemented with 2.5% of microalgae and 10,000 FTU/kg showed a microbial

composition similar to control fish (Figure 2).

At genus level, gut microbiota of European seabass juveniles fed with control diet
was dominated by Pseudomonas, Vibrio and Ochrobactrum. Fish fed with experimental
diets containing 2.5% of microalgae and 500, 1,000 and 2,000 FTU/Kkg respectively
showed an increase in Vibrio and Ochrobactrum and a decrease in minority genera
(Figure 3). However, fish fed with the experimental diet containing 2.5% of microalgae
and the higher phytase concentration (10,000 FTU/kg) showed the most similar bacterial

composition to the control, following similar trend as at the class level.

Relative Frequency

0% 10% 20% 30% 40% 50% 60% 70% 80% 9(}% 10?%
1 1 | 1 1 I 1 I 1

Control

2.5% microalgae + 500 FTU/kg
2.5% microalgae + 1,000 FTU/kg
2.5% microalgae + 2,000 FTU/kg

2.5% microalgae + 10,000 FTU/kg

. Proteobacteria; Gammaproteobacteria . Bacteroidetes; Bacteroidia

. Proteobacteria; Alphaproteobacteria . Bacteroidetes; Flavobacteriia
. Firmicutes; Bacilli . Fusobacteria; Fusobacteriia
. Actinobacteria; Actinobacteria . Bacteroidetes; Sphingobacteriia
. Proteobacteria; Betaproteobacteria . Other classes

. Firmicutes; Clostridia

Figure 2. Microbial composition at class level of juvenile European seabass gut microbiota group
by experimental diet (control, 500, 1,000, 2,000 and 10,000 FTU/kg). Each bar represents the
mean of the relative abundance of the different bacterial classes in the samples from each
treatment. Classes in the legend are sorted from most abundant to lowest abundant.
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Effect of feeding diet on Alpha and Beta Diversity

Supplementing the diet of European seabass juveniles with 2.5% of microalgae
formulation and different phytase concentrations affected Shannon and Faith PD indices
after 83 days of feeding trial (Table 3). These differences in both alpha diversity indices
were characterized by a reduction on microbial diversity in fish with 1,000 and 2,000
FTU/kg diets respect to fish fed with control diet (Fisher LSD Post-hoc, p < 0.006 for
Shannon index and Fisher LSD Post-hoc, p < 0.033 for Faith PD index). Fish
supplemented with diets containing 2.5% of microalgae and 500 or 10,000 FTU/kg
showed similar levels in Shannon (Fisher LSD Post-hoc, p >0.052) and Faith PD indices
(Fisher LSD Post-hoc, p > 0.440) than control fish. However, bacterial OTU richness of
fish with control diets did not differ for fish with experimental diets (Table 3).

100%—
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. Proteobacteria; Gammaproteobacteria; Pseudomonadales; Pseudomonadaceae; Pseudomonas
80%- . Proteobacteria; Gammaproteobacteria; Vibrionales; Vibrionaceae; Vibrio
. Protecbacteria; Alphaproteobacteria; Rhizobiales; Brucellaceae; Ochrobactrum
70%- . Actinobacteria; Actinobacteria; Actinomycetales; Propionibacteriaceae; Propionibacterium
. Protecbacteria; Gammaproteobacteria; Enterobacteriales; Enterobacteriaceae; Unknown genus
g 60% . Firmicutes; Bacilli; Lactobacillales; Streptococcaceae; Lactococcus
o Actinobacteria; Actinobacteria; Actinomycetales; Corynebacteriaceae; Corynebacterium
E 50%- Proteobacteria; Gammaproteobacteria; Enterobacteriales; Enterobacteriaceae; Yersinia
) . Proteobacteria; Betaproteobacteria; Rhodocyclales; Rhodocyclaceae; Zoogloea
% . Firmicutes; Bacilli; Bacillales; Staphylococcaceae; Staphylococcus
E 40%- . Proteobacteria; Betaproteobacteria; Burkholderiales; Alcaligenaceae; Unknown genus
. Proteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Pelomonas
30%- . Proteobacteria; Gammaproteobacteria; Pseudomonadales; Moraxellaceae; Acinetobacter
. Firmicutes; Bacilli; Lactobacillales; Streptococcaceae; Streptococcus
20%- . Proteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Delftia
. Other 398 genera
10%-
0%-

Control

2.5% microalgae + 500 FTU/kg

2.5% microalgae + 1,000 FTU/kg -
2.5% microalgae + 2,000 FTu/kg [

2.5% microalgae + 10,000 FTU/kg

Figure 3. Microbial composition at genus level of juvenile European seabass gut microbiota
group by diet (control, 500, 1,000, 2,000 and 10,000 FTU/Kkg). Each bar represents the mean of
the relative abundance of the different bacterial genera in the samples from each treatment. Genera
in the legend are sorted from most abundant to lowest abundant.
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Table 3. General Linear Mixed Models exploring the effects of fish diet (control, 500, 1,000,
2,000 and 10,000 FTU/kg) and tank nested in diet in the different alpha diversity indices of the
bacterial community of juvenile European seabass. D.f. refers to degree of freedom. The first
number is the degree of freedom of the independent variable and the second one for the error
term. Significant p-values (p < 0.05) are shown in bold.

Alpha Diversity Index  Explanatory variables D.f F p
Shannon Diet 4,95 5.75 <0.001
Tank (Diet) 10,95 0.83 0.598
: Diet 4,95 2.77 0.031
Faith PD Tank (Diet) 1095 150 0152
Bacterial OTU Diet 4,95 2.26 0.068
Richness Tank (Diet) 10,95 1.36 0.212

After 83 days of feeding trial, the bacterial community in the gut of European

seabass juveniles varied significantly between the different diets, taking into account both

majority (Weighted UniFrac) and minority (Unweighted UniFrac) bacterial OTUs

(Figure 4, Table 4). Taking into account majority OTUs, fish with experimental diets

differed from control ones except the diet including 10,000 FTU/kg (Pair-wise test, t =

0.979, p = 0.368). Interestingly, results based in Unweighted UniFrac distance matrix

showed that diets supplemented with 2.5% of microalgae and 500 FTU/kg differed

significantly from the control one (Pair-wise test, t = 1.449, p = 0.049). Therefore, the

only diet that did not affect either majority or minority OTUs of the bacterial community
was the diet including 2.5% of microalgae and 10,000 FTU/Kg.
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Figure 4. Dimensional figures showing the first two axes of Principal Coordinate Analysis and
representing bacterial communities of juvenile European seabass fed with control diet or
supplemented with 2.5% of microalgae (A. platensis and N. gaditana) and different levels of
phytase (500, 1,000, 2,000 and 10,000 FTU/kg) using Weighted and Unweighted UniFrac
distance matrixes. Samples are colored by experimental diet (Control - red; 500 FTU/kg - blue;
1,000 FTU/kg — orange; 2,000 FTU/kg — green; 10,000 FTU/kg — purple). Proportion of explained
variance by each PCo axes is shown.
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Table 4. Permutational ANOVA (PERMANOVA) exploring the effects of diet and tank nested
in diet in beta diversity indices of bacterial community of European seabass juveniles fed with
control diet or supplemented with 2.5% of microalgae formulation (A. platensis and N. gaditana)
and different phytase units (500, 1,000, 2,000 and 10,000 FTU/kg). D.f. refers to degree of
freedom. The first number is the degree of freedom of the independent variable and the second
one for the error term. Significant p-values are shown in bold.

B-Diversity Plstance Explgnatory Df Pseudo-F p
Matrix variables
Diet 4,109 7.25 0.001
Weighted UniF - ’
eighted LUnikrac Tank (Diet) 10,109 0.65 0.929
Diet 4,109 1.96 0.001
- h -F - !
Unweighted UniFrac Tank (Diet) 10,109 1.20 0.006

DISCUSSION

Supplementation of European seabass juveniles with 2.5% of microalgae (A.
platensis and N. gaditana) and 10,000 FTU/kg showed a significant increase in body
weight respect to control diet and did not affect microbial composition and diversity. The
inclusion of microalgae and 2,000 FTU/kg also increased body weight of fish, but changes
in bacterial diversity and community composition appeared. Finally, lower levels of
phytase (500 and 1,000 FTU/kg) and 2.5% of microalgae produce a non-significant
increase in body weight as well as changes in bacterial communities’ composition and
diversity. These results support the use of 2.5% of microalgae and 10,000 FTU/kg of
phytase as a promoting of growth performance, while not modifying bacterial

communities’ diversity and composition.

The current increase in aquaculture production together with the unsustainability
of fishmeal and fish oil derived diets makes it necessary to look for sustainable
alternatives for aquaculture sector that can improve or maintain productive parameters
(Rimoldi et al., 2020). Dietary inclusion of different species of microalgae and
cyanobacteria have been successfully evaluated as fish dietary supplements, pointing out
positive effects on fish health and performance in different life stages (Roy & Pal, 2014).
The inclusion of the species used in our experiment (N. gaditana and A. platensis) in fish
diet have shown disparate results in previous studies. A recent study of Ayala et al. (2020)
showed an increase in body weight and body length of gilthead seabream (S. aurata)
supplemented with 2.5 and 5% of N. gaditana. Another research studying the inclusion
of N. gaditana extract in juvenile gilthead seabream (S. aurata) showed no differences in
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body weight but produces benefits in fish muscle composition and skin pigmentation
(Sales et al., 2021). Senegalese sole (Solea senegalensis) juveniles fed with 15% of N.
gaditana showed a better growth performance and nutrient utilization than commercial
diets, as well as an increase in microvilli length and surface (Vizcaino et al., 2018).
Regarding the use of A. platensis, dietary inclusion of 30% this cyanobacterium increased
growth performance, feed efficiency and health status of Nile tilapia juveniles
(Oreochromis niloticus) (Velasquez et al., 2016). Another research of Galafat et al. (2020)
showed higher enzyme activities and increased microvilli length and absorptive capacity
in gilthead seabream juveniles supplemented 2 and 4% of Arthrospira sp. Finally, another
study of Goda et al. (2018) evaluated the effect of dietary inclusion of 5% of A. platensis
during weaning of European seabass (D. labrax), producing these cyanobacteria an
increase in body weight, average daily gain, SGR, survival rate and proximate body
composition. Our results showed a significant increase in body weight, percentage of
weight gain and SGR in fish supplemented with 2.5% of microalgae formulation (A.
platensis and N. gaditana) and high levels of microbial phytase (2,000 and 10,000
FTU/KQ).

Supplementing animal diets with exogenous enzymes such as phytases, xylanases,
carbohydrases or proteases has been extensively investigated in poultry and swine
(Adeola & Cowieson, 2011). Phytases can increase feed digestibility by increasing the
bioavailability of phosphorous from phytate (Cao et al., 2007; Greiner & Konietzny,
2006). In aquaculture, the use of phytase to improve mineral and nutrient digestibility has
emerged quite rapidly. Several studies have demonstrated the benefits of phytase in
utilization and nutrient digestibility of nutrients in aquaculture diets (reviewed in Cao et
al., 2007 and Kumar et al., 2012). This increase in nutrient digestibility has not always
been related with an improvement in fish growth performance, as reported results have
been inconsistent. Microbial phytase inclusion in plant-based diets increased nutrient
digestibility but not affected growth performance of olive flounder (P. olivaceus) and
Korean rockfish juveniles (S. schlegelii) (Pham et al., 2008; Yoo et al., 2005). The
inclusion of 3,000 FTU/kg in Nile tilapia (O. niloticus) did not produced changes in body
weight respect to control diet (Green et al., 2021). However, other studies has
demonstrated an increase in productive parameters of red seabream (P. major) (Biswas
et al., 2007) and rainbow trout (O. mykiss) (Cantas & Yildirim, 2020) supplemented with
2,000 FTU/Kkg, and Nile tilapia (O. niloticus) supplemented with 500 or 1,000 FTU/kg
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(Abo Norag et al., 2018). Nevertheless, to our modest knowledge, the effects of phytase
inclusion together with microalgae biomass on fish growth performance has not been

explored previously.

The effects of the inclusion of microalgae on microbial diversity of fish intestine
has shown disparate results. Dietary inclusion of microalgae (Tetraselmis chuii and
Phaeodactylum tricornutum) in gilthead seabream (S. aurata) caused a reduction in alpha
diversity indices (Cerezuela et al., 2012). Other study with gilthead seabream (S. aurata)
fed with hydrolysed N. gaditana supplemented diet produced no changes in microbial
diversity (Cerezo-Ortega et al., 2021). However, total fishmeal replacement by A.
platensis on African catfish (Clarias gariepinus) indicated an increase in the different
alpha diversity indices studied (Rosenau et al., 2021). With regards to dietary phytase
inclusion on intestinal microbial diversity of fish species, it has been little studied, being
most of the studies related with Nile tilapia (O. niloticus). The inclusion of 300 mg/kg of
phytase showed no differences in species diversity of Nile tilapia (O. niloticus) intestinal
microbiota (Adeoye et al., 2016a). A blend of enzymes including phytase (together with
protease and xylanase) also produced no differences in species richness and Shannon
diversity index in Nile tilapia (Adeoye et al., 2016b). Another recent research of Maas et
al. (2021) showed similar results, with no differences in species richness and diversity of
Nile tilapia supplemented with 1,000 FTU/Kg. In our experiment, the addition of 2.5% of
microalgae and 1,000 and 2,000 FTU/kg produced a decrease in Shannon and Faith PD
alpha diversity indices, whereas no differences in alpha diversity appeared when adding
fish diet with 2.5% of microalgae and the lower (500 FTU/kg) or higher concentration of
phytase (10,000 FTU/Kg). These results point out that the effect of phytase addition to
microalgae could be dose dependent and that these high and low doses could be the most
efficient in fish diet, since intermediate doses produced a reduction in diversity.

Nevertheless, our results showed that the inclusion of 2.5% of microalgae and 500
FTU/kg produced changes in the majority and minority OTUs of intestinal microbial
communities. Intermediate concentrations of phytase (1,000 and 2,000 FTU/kg) also
showed differences in majority OTUs of intestinal microbiota respect to control group.
However, dietary supplementation with 2.5% of microalgae and 10,000 FTU/kg did not
affect microbial communities’ composition. This absence of differences together with the
increase in growth performance make the higher dose the most appropriate for use in

aquaculture. These results are promising given that the effects on microbial communities’
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composition of the inclusion of microalgae together with phytase in animal diets have not
been previously explored either in terrestrial or aquatic animals. On the other hand, the
use of microalgae and phytase independently has been previously studied showing
disparate results. The inclusion of 15% of A. platensis on Sabah giant grouper diet
produced changes in gut microbiome (Man et al., 2020). In other study, total fishmeal
replacement by A. platensis did not affect the overall microbiome structure of African
catfish (C. gariepinus) (Rosenau et al., 2021). Dietary inclusion of N. gaditana in gilthead
seabream (S. aurata) did not showed differences in microbial community composition
respect to control diet (Cerezo-Ortega et al., 2021). The effects of phytase inclusion on
beta diversity of fish species has hardly been studied. Adeoye et al. (2016b) demonstrated
that the inclusion of a blend of enzymes including phytase in Nile tilapia (O. niloticus)
produced changes in beta diversity of the intestinal microbial communities. However, the
effects of this dietary supplement on the composition of microbial communities has been
extensively studied previously in terrestrial animals. The inclusion of 500 U/kg of
microbial phytase in broiler chickens’ diet did not affect microbial communities of the
caecum (Tang et al., 2020). However, the inclusion of 1,500 FTU/kg produced changes
in microbial communities of crop and ileum of broiler chickens (Kinzel et al., 2019). A
recent study of Metzler-Zebeli et al. (2020) with fattening pigs also noted differences in
microbial communities of pigs supplemented with 650 FTU/kg. Therefore, further
experiments are needed in the industry to unveil the effect of different phytase levels on
microalgae degradation and digestibility and to see if an increase in microalgae
concentration could affect growth performance and gut microbiota of fish.

CONCLUSIONS

The results obtained in this study show that 2.5% of crude microalgae formulation
(A. platensis and N. gaditana) and 10,000 FTU/kg of phytase inclusion in juvenile
European seabass diet increased body weight and productive parameters while not
affected intestinal microbial diversity and microbial communities’ composition of fish
intestine. Therefore, this experimental diet could be a good supplement in aquafeed in
order to improve aquafeed quality and increase fish body growth. Still, future research
should be conducted in order to study the possibility of including higher levels of
microalgae and reduce fishmeal and fish oil levels without affecting growth performance

and gut microbiota.
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Discusion General y Conclusiones

1. DISCUSION GENERAL

El aumento exponencial que ha experimentado la poblacion mundial en los
ultimos afios, junto con los problemas asociados a la alimentacion de animales, como la
prohibicion de utilizar APCs o el empleo de compuestos poco sostenibles en la
elaboracion de dietas, ha hecho necesaria la basqueda de nuevos compuestos capaces de:
(1) mejorar la calidad nutricional de las dietas y aumentar su sostenibilidad, (2) mantener
0 aumentar el crecimiento y los niveles productivos de los animales, y (3) por ultimo
reemplazar en la medida de lo posible el uso de APCs. Para ello, en esta Tesis se han
evaluado los efectos de algunas dietas enriquecidas bien con microorganismos como la
cepa potencialmente probidtica Enterococcus faecalis UGRAL10 (Capitulo 1), o bien
mediante la utilizacion de extractos derivados de plantas del género Allium (Capitulos 11
a V), microalgas crudas e hidrolizadas (Capitulo V1) o microalgas junto con preparados
enzimaticos (Capitulo VII) sobre el crecimiento, la productividad y la microbiota

intestinal de animales del sector avicola, porcino y piscicola.

La utilizacién de probidticos en produccion animal ha mostrado resultados
positivos en diferentes animales de granja, como pollos, gallinas, cerdos, ovejas o vacas.
Estos compuestos han conseguido aumentar el crecimiento, la tasa de conversion del
alimento en carne o la productividad de los animales, ademéas de mejorar la actividad
enzimatica del intestino y en la actividad del sistema inmunitario, asi como una
estabilizacion de la microbiota del tracto gastrointestinal y una reduccion de
microorganismos potencialmente patégenos como Escherichia coli, Salmonella, Eimeria
acervulina o Clostridium perfringens (revisado en Anadén et al., 2019; Mahesh et al.,
2021; Markowiak & Slizewska, 2018). La mayoria de los probi6ticos empleados
actualmente pertenecen al grupo de bacterias del &cido lactico (BAL), destacando
especies de los géneros anteriormente englobados dentro de Lactobacillus, asi como
Lactococcus, Bifidobacterium, o Enterococcus, o también algunas especies del género
Bacillus. En el caso del género Enterococcus, sin embargo, su uso sigue siendo
controvertido pues no contiene el calificativo de GRAS (“Generally Recognized As
Safe”), ya que incluye algunas especies y cepas potencialmente patdgenas. Por ello, los
estudios con este género como potencial probidtico son escasos. Sin embargo, los que se
han llevado a cabo han mostrado resultados positivos no solo para la salud sino también
para el crecimiento de los animales (Franz et al., 2011). Especificamente, la utilizacion

de algunas cepas de E. faecalis como potencial probidtico en lechones, peces y aves ha
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mostrado efectos positivos para la salud, el crecimiento y la composicion de su microbiota
intestinal, como el aumento de bacterias beneficiosas y la reduccion de patdgenos. En
lechones, la cepa LAB31 de E. faecalis ha conseguido aumentar el crecimiento y reducir
los procesos diarreicos, ademas de producir un aumento de especies del género
Lactobacillus en las heces (Hu et al., 2015; Wei, 2014); en peces, en un trabajo realizado
por Barfios et al. (2019) con truchas arcoiris se observo el efecto protector de la cepa E.
faecalis UGRA10 frente al patdgeno Lactococcus garviae; mientras que en gallinas, la
suplementacion de la dieta con E. faecalis ha producido mejoras en la forma de los huevos
y ha conseguido aumentar la dureza de su corteza (Song et al., 2016). En otro trabajo de
Song et al. (2019) realizado con gallinas, la produccion de huevos no se vio afectada por
la presencia de E. faecalis en la dieta, pero se produjo una mejora en la calidad de los
huevos, apareciendo mayor dureza de la corteza y mayor calidad proteinica de la clara.
Ademas, se observo un aumento de la diversidad microbiana, asi como un ligero
incremento en las poblaciones del filo Bacteroidetes y una reduccion del filo Firmicutes,
lo cual se ha asociado con un aumento del peso de los animales durante la produccion de
huevos (Videnska et al., 2014). En otro estudio, la suplementacion de la dieta de gallinas
ponedoras con una cepa de E. faecalis ha aumentado la tasa de puesta, sin afectar al peso
ni a la calidad de los huevos (Zhang et al., 2019). Teniendo en cuenta todo lo comentado
anteriormente, y dado que el uso de la cepa E. faecalis UGRA10 como suplemento para
la dieta de gallinas ponedoras no se ha estudiado previamente, en esta Tesis se ha
evaluado el efecto de su incorporacion en la dieta sobre las comunidades microbianas del
intestino y la produccién de huevos de gallinas ponedoras (Capitulo 1). E. faecalis
UGRAU10 fue inicialmente seleccionada por sus propiedades tecnolégicas, funcionales y
potencialmente probidticas, ademas de por su capacidad de producir la enterocina AS-48,
una bacteriocina de amplio espectro de accion, y por ultimo por su capacidad para
estimular la respuesta inmunitaria en animales (Bafios, 2016; Cebrian et al., 2012). Los
resultados obtenidos en el Capitulo | han mostrado mejoras en la produccién de huevos
en gallinas ponedoras, manteniendo su produccion a largo plazo, mientras que en el grupo
control empieza a caer la puesta a partir de los 40 dias de experimento. Ademas, no se
observaron diferencias en el tamafio de los huevos, obteniéndose en su mayoria huevos
de tamafio L y XL, lo cual podria resultar bastante positivo dado que los huevos de gran
tamafio son los mas demandados por el consumidor (Zakowska-Biemans & Tekien,
2017). Resultados similares en cuanto al nimero, tamafio y peso de los huevos se han

obtenido en otros estudios utilizando otras bacterias potencialmente probioticas. Por
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ejemplo, la suplementacién de la dieta de gallinas con un probidtico formulado con
distintas especies bacterianas (Lactobacillus acidophilus, Lactobacillus casei,
Bifidobacterium bifidum, Enterococcus faecium) y/o con el hongo Aspergillus oryzae
también se relaciond con el incremento en la puesta de huevos de talla L y XL (Tang et
al., 2017). La cepa Gallipro de Bacillus subtilis provocé igualmente un incremento de la
produccion, del peso y de la calidad de los huevos (Ribeiro et al., 2014). Resultados
similares se obtuvieron al utilizar un preparado probiotico de B. subtilis KATMIRA1933
y Bacillus amyloliquefaciens B-1895 (Mazanko et al., 2018). Por su parte, la utilizacion
de Pediococcus acidilactici en la dieta de gallinas ponedoras también ha supuesto un
incremento en la produccion y en el peso de los huevos (Mikulski et al., 2020).

Los resultados de este capitulo sugieren que el mantenimiento de la produccion
de huevos podria estar asociado a cambios en la composicion de las comunidades
microbianas del ileon y del ciego de las gallinas suplementadas con E. faecalis UGRAL10.
Estas variaciones en la microbiota intestinal podrian estar mediando en la produccion de
huevos, como sugiere Kraimi et al. (2019). En un trabajo realizado por Shang et al. (2020)
utilizando el polisacérido inulina como suplemento de la dieta de gallinas ponedoras
también se observd que la funcion de la dieta en la produccién de huevos puede estar
asociada con una modulacion selectiva de las comunidades microbianas del intestino.
Algunos de los principales cambios observados en nuestro estudio incluyen un aumento
de la abundancia relativa de Fusobacterium y una reduccién del género
Phascolarctobacterium en las gallinas suplementadas con E. faecalis UGRA10. Este
incremento en la abundancia relativa de Fusobacterium en el ileon y el ciego se observd
principalmente al final del experimento (76 dias), y podria estar relacionado con
beneficios en el hospedador, dado que el género Fusobacterium contribuye a la
produccion de butirato y al metabolismo de los acidos biliares, ademas también se ha
relacionado con una reduccién de los niveles de colesterol en sangre (Tzeng et al., 2021).
En un trabajo de Zhang et al. (2021) también se ha observado un aumento de este género
asociado con la utilizacion de probiodticos como Bacillus subtilis en la dieta de gallinas.
Por su parte, la reduccion en el género Phascolarctobacterium podria ser negativa para
las gallinas puesto que la presencia de este género se ha asociado con la produccion de
propionato, el cual puede pasar a la sangre y llegar al cerebro, aumentando la produccion
de neurotransmisores; y ademas se ha relacionado con el metabolismo de los acidos

grasos (Borrelli et al., 2017). Por otra parte, los resultados obtenidos en nuestro estudio
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mediante técnicas dependientes de cultivo han demostrado una mayor presencia de la
cepa E. faecalis UGRA10 en las heces a medida que avanza el experimento, sugiriendo
que esta cepa podria estar sustituyendo a otras bacterias o enterococos autoctonos de la
microbiota intestinal, entre las que se podrian incluir a especies o cepas potencialmente
patdgenas. En trabajos anteriores se ha demostrado que la suplementacion de la dieta con
probioticos puede llevar asociada una reduccién de patdgenos. Por ejemplo, la adicion en
la dieta de una cepa probiotica de B. subtilis produjo una reduccion en los niveles de
bacterias patdgenas como E. coli y C. perfringens, y un aumento de las poblaciones de
bacterias beneficiosas, destacando Lactobacillus y Bifidobacterium, lo que podria estar
asociado con la mejora en la produccion y la calidad de los huevos (Guo et al., 2017). Por
ello, la mejora en la produccion de huevos encontrada en el Capitulo | también podria
estar asociada a la reduccion de bacterias patdgenas en el intestino de gallinas. Sin
embargo, hay otros motivos por los cuales este potencial probiético puede conllevar a un
incremento en la produccién de huevos, como las modificaciones en la morfologia
intestinal o la produccion de acidos grasos de cadena corta (SCFAS). Estudios anteriores
han mostrado cambios en la estructura intestinal producidos por cepas de Enterococcus
empleados como probidticos, ocasionando esta bacteria un aumento de la altura de las
vellosidades del ileon (Awad et al., 2008). También se ha observado que el uso de E.
faecalis aumenta los niveles de SCFAs como propionato o butirato en el intestino de
lechones y de peces, los cuales estan relacionados con el crecimiento y la salud de los
animales (Allameh et al., 2017; Wang et al., 2019). Por tanto, seria necesario completar
con mas estudios que permitan determinar la causa por la cual la cepa E. faecalis
UGRA10 actla sobre la estructura y morfologia de la mucosa del tracto digestivo de los
animales, sobre la produccion de SFCAs, o su influencia directa sobre la composicion de

bacterias potencialmente patdgenas que estén presentes en este ambiente.

Los extractos de plantas o fitobidticos también han sido ampliamente utilizados
en los ultimos afios como aditivos que permiten mejorar la calidad de las dietas e incluso
para eliminar o reducir en la medida de lo posible la utilizacién de los antibiéticos como
promotores del crecimiento (Hashemi & Davoodi, 2011; Vondruskova et al., 2010). La
presencia de estos compuestos en dietas, se ha relacionado con mejoras en la salud y el
rendimiento de animales de granja, pudiendo actuar adicionalmente como agentes
antimicrobianos, antioxidantes, antiinflamatorios o prebioticos (Allen et al., 2013;
Gheisar & Kim, 2018; Windisch et al., 2008). Entre los fitobioticos utilizados en
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alimentacion animal, son de gran importancia los derivados del género Allium, cuyos
efectos suelen estar relacionados con metabolitos secundarios, como los compuestos
bioactivos organosulfurados, entre los que destacan la alicina, el propil propano
tiosulfinato (PTS) o el propil propano tiosulfonato (PTSO) (Gheisar & Kim, 2018;
Guillamoén et al., 2021). EI PTSO presenta actividad antimicrobiana, antifingica y
anticoccidia (Kim et al., 2013; Sorlozano-Puerto et al., 2018, 2021), y ha mostrado efectos
beneficiosos en la salud, la microbiota y el crecimiento de ratones, pollos de engorde y
cerdos (Peinado et al., 2013; Peinado et al., 2012; Sanchez et al., 2020; Vezzaet al., 2021).
Sin embargo, son pocos los trabajos que relacionan los parametros productivos de los
animales suplementados con extractos de Allium ricos en PTSO con la composicion y la
diversidad de la microbiota intestinal mediante estudios de secuenciacion masiva. En esta
Tesis se han evaluado los efectos de estos compuestos sobre las comunidades microbianas
del intestino y sobre el crecimiento y los parametros productivos de gallinas ponedoras
(Capitulo 1), lechones destetados (Capitulo 11), juveniles de dorada (Capitulo IV) y

juveniles de lubina (Capitulo V).

Para determinar la posibilidad de emplear el extracto de Allium rico en PTSO
como suplemento para el sector avicola, en el Capitulo Il se ha utilizado este compuesto
en la dieta de gallinas ponedoras y se han estudiado sus efectos sobre la produccién de
huevos y la composicion de la microbiota del tracto intestinal. Los resultados en cuanto
a produccion obtenidos en estudios previos utilizando extractos de Allium en la dieta de
gallinas son dispares. En algunos casos no se han observado mejoras en la produccion de
huevos en gallinas suplementadas con extractos de ajo y cebolla (Asrat et al., 2018); en
otros trabajos se ha observado un incremento en el peso de los huevos pero no un aumento
de la produccion (Abad et al., 2021; Mahmoud et al., 2010); mientras que en otros se ha
observado un aumento de la produccién de huevos en gallinas suplementadas con
extractos de ajo y cebolla, pero no se ha producido un incremento en el peso y la talla de
los mismos (Omer et al., 2019). Probablemente la diferencia en los resultados de estos
trabajos esté relacionada con el porcentaje o la concentracién del principio activo en la
dieta, o incluso con la forma de administracion. Los resultados obtenidos en nuestro
estudio han evidenciado un incremento significativo en el peso de los huevos, asi como
un aumento de la produccion de huevos en las gallinas alimentadas durante 30 dias con
la dieta fitobidtica, mientras que la produccion del grupo control tiene una tendencia

negativa, produciéndose una disminucién en la puesta a medida que avanza el
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experimento. Comparando nuestros resultados con los del estudio de Abad et al. (2021),
se puede determinar que el PTSO tiene efectos similares en el peso de los huevos
utilizando diferentes concentraciones (30 mg/kg en el estudio de Abad et al. (2021) frente
a los 60 mg/kg utilizados en este trabajo). La produccién de huevos si parece estar
relacionada con la dosis de PTSO empleada, ya que la dosis de 60 mg/kg produjo un
aumento de la puesta de huevos (Capitulo I1) frente a la dosis de 30 mg/kg de PTSO, que
no se relacion6 con una mejora en la produccion de huevos por parte de las gallinas
respecto al grupo control (Abad et al., 2021). Sin embargo, estas diferencias también
podrian ser debidas a otros factores, como la utilizacion de diferentes variedades de
gallinas (Hy Line Brown vs Lohmann Brown) o también a la propia edad de las gallinas

al inicio del experimento (16 semanas vs 36 semanas).

El incremento en la puesta y el peso de los huevos estuvo acompafiado con
cambios en la diversidad y en la composicion de la microbiota intestinal en el ileon y en
el ciego de los animales. Los mayores cambios en la estructura de las comunidades
microbianas aparecen en la parte posterior del tracto digestivo intestinal, lo cual se podria
explicar por la mayor disponibilidad del principio activo (PTSO) en esta parte del
digestivo. En relacion con este resultado, Abad et al. (2018) demostraron un incremento
en la concentracién de este compuesto a medida que avanza el intestino en un modelo de
simulacion in vitro de intestino de cerdos, utilizando varios tanques y reactores
conectados en serie a los cuales se afiadian soluciones géstricas, simulando el
funcionamiento del intestino de cerdo. Sin embargo, y a pesar de las diferencias
morfoldgicas y funcionales del tracto gastrointestinal de gallinas y cerdos, como la mayor
compartimentacion o la presencia de microvellosidades més alargadas en el intestino de
gallinas, es posible que el PTSO actle de forma similar, resistiendo al efecto de las
enzimas digestivas en las regiones anteriores y liberandose mayoritariamente en el ciego
de los animales. EI PTSO produjo un incremento de ciertos grupos de bacterias
potencialmente beneficiosas en el intestino de las gallinas, como por ejemplo las del
género Lactococcus en el ileon y Lactobacillus en el ciego. Este incremento en la
abundancia relativa de las poblaciones de Lactobacillus también fue observado en los
estudios realizados por Abad et al. (2021), donde encontraron mayores niveles de este
género en heces de gallinas suplementadas con PTSO. Otra investigacion realizada en
gallinas ponedoras también mostré una relacion entre el incremento de las poblaciones

de Lactobacillus en el ciego y un aumento de la puesta y el peso de los huevos (Park et
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al., 2016). La mayor produccién de huevos podria estar relacionada con otros efectos
positivos ejercidos por Lactobacillus en el intestino de gallinas, como la secrecion de
metabolitos y enzimas que facilitan la digestion y absorcién de nutrientes (Alaqil et al.,
2020). En el trabajo de Pan & Yu (2013) también se ha relacionado una mayor absorcion
de nutrientes con un incremento en las poblaciones de Lactobacillus, lo cual podria estar
mediando en la productividad de las gallinas. Ademas, la presencia de Lactobacillus juega
un papel importante en la hidrolisis de lactosa, generando acido lactico y SCFAs que
reducen el pH intestinal y contribuyen a producir un efecto de barrera intestinal contra
algunos patégenos como por ejemplo Salmonella (Cesari et al., 2014). Por otra parte, Han
et al. (2016) encontraron una correlacion entre el aumento en las proporciones de
Lactococcus en el ciego de pollos y el incremento del peso de los animales. Ademas, la
utilizacion del extracto de PTSO en nuestro estudio también produjo una reduccién de
algunos grupos bacterianos que podrian estar asociados con efectos negativos en el
hospedador, como el género Acinetobacter, un potencial patégeno de gallinas (Zhu et al.,
2020) o el género Anaerobiospirillum, en el cual se incluyen algunas especies patdgenas
de mamiferos y aves (Elokil et al., 2020). Por ello, estos resultados parecen indicar los
posibles beneficios de la ingesta de PTSO en la produccién de huevos probablemente
equilibrando o modificando parte de la composicion de la microbiota intestinal de gallinas

ponedoras.

Con respecto a la industria porcina, como se ha descrito ampliamente en el
apartado de Introduccion, durante afios se han conseguido mantener los niveles de
produccidn gracias en parte a la mejora genética de las razas destinadas a la produccion
de carne, a la mejora en las dietas, y también por la utilizacion de APCs, entre otros
factores. Sin embargo, su impacto negativo por el incremento de multirresistencias a
antibidticos ha favorecido el uso de ciertos aditivos alimentarios como alternativa, entre
los que se encuentran algunos derivados de plantas, como los fitobidticos (Gheisar &
Kim, 2018; Thacker, 2013). Algunos de estos compuestos han mostrado resultados
positivos al ser incorporados a la dieta de animales del sector porcino (Windisch et al.,
2008). En este sentido, se ha propuesto el uso de un extracto derivado de plantas del
género Allium como alternativa a los APCs en la industria porcina. Para comprobar la
posibilidad de utilizar este compuesto en lechones, en el Capitulo 111 se han evaluado sus
efectos sobre la composicion y la diversidad de la microbiota de diferentes regiones del
tracto intestinal y los parametros productivos de lechones destetados a los 28 dias en
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comparacion con una dieta control y otra dieta antibiotica (colistina y 6xido de zinc). Los
resultados obtenidos en este capitulo apuntan a que el uso de este extracto puede resultar
beneficioso en la industria porcina, dado que su adicion durante 42 dias permitio obtener
unos valores de peso corporal, ganancia de peso diaria (ADG) y tasa de conversion del
alimento (FCR) de los lechones similares a los obtenidos con el tratamiento antibiético.
Por tanto, su aplicacion permitiria, por ejemplo, reducir el uso de colistina, un antibidtico
ampliamente utilizado durante afios para tratar la diarrea post-destete en lechones y
también como promotor del crecimiento. Entre las consecuencias negativas de su uso
destaca el aumento creciente de microorganismos resistentes a este antibiético (Rhouma
et al., 2017). Algunos extractos obtenidos de plantas como tomillo, orégano, clrcuma,
menta, canela o ajo, entre otros, también produjeron resultados similares a los obtenidos
en este trabajo, provocando un mayor crecimiento en los cerdos suplementados con estas
dietas experimentales (revisado en Gheisar & Kim, 2018; Omonijo et al., 2018; Thacker,
2013). Sin embargo, los resultados obtenidos varian en funcion de la dosis, la especie o
el principio activo empleado. Los trabajos realizados por Ogbuewu et al. (2019) y
Sanchez et al. (2020) con extractos de ajo, también mostraron mayor ganancia de peso y
mejoras en otros parametros productivos relacionados con el crecimiento en cerdos, como
el indice de consumo del alimento, la tasa de conversion del alimento, la eficiencia
alimenticia o la tasa de crecimiento especifico (SGR). Ademas, la suplementacion de la
dieta con extracto de ajo estimula la secrecion de enzimas intestinales y mejora el sistema

inmunitario (Ogbuewu et al., 2019).

En lo referente a la microbiota intestinal, los resultados obtenidos en el Capitulo
I11 de esta Tesis han mostrado cambios en la composicion microbiana del ciego y colon,
reduciéndose la diversidad en ambas regiones en lechones suplementados con la dieta
experimental. Este efecto, se ha relacionado con obesidad en algunos trabajos realizados
con humanos (Menni et al., 2017). Ademas, en el ciego y el colon de los lechones
suplementados con PTSO se obtiene una abundancia relativa de Lactobacillus similar a
la del control, mientras que el tratamiento antibiético redujo las poblaciones de esta
bacteria. Este hecho puede resultar positivo para los lechones, dado que el aumento de
Lactobacillus se ha asociado con un incremento en la eficiencia alimenticia, asi como una
mayor concentracion de SCFAs como acetato y butirato en el colon, los cuales pueden
actuar como fuente de energia para las células del colon de los cerdos (Valeriano et al.,
2017). El butirato no es un metabolito propio de los lactobacilos, pero se ha observado
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que este grupo bacteriano puede mejorar la capacidad de produccién de las bacterias
productoras de butirato en el tracto intestinal (Chu et al., 2020). Ademas, una alta
abundancia de lactobacilos en la parte distal del intestino se ha relacionado con un
aumento de los SCFAs y un incremento de los parametros productivos en cerdos (Sanchez
et al., 2020). También encontramos cambios en otros géneros menos abundantes, como
Blautia y Megasphaera, las cuales incrementaron ligeramente su abundancia relativa en
el ciego y el colon de los lechones suplementados con Allium. Blautia se ha relacionado
con la descomposicion de fibras y almidon, convirtiéndolos en SCFAs (principalmente
acetato), ademas de producir una mejora en la eficiencia alimenticia de los cerdos
(Bergamaschi et al., 2020; Yang et al., 2018). Por su parte, especies de Megasphaera
estan involucradas en la degradacion de acido lactico, produciendo diferentes SFCAs
codmo acetato, propionato y butirato (Kajihara et al., 2017). La aparicion de estos cambios
principalmente en las partes finales del intestino podria estar asociada con la
disponibilidad del extracto de Allium en algunas de las regiones intestinales. Asi, en el
estudio llevado a cabo por Abad et al. (2018) en el cual utilizaron una simulacion in vitro
del tracto gastrointestinal de cerdo, demostraron que el PTSO (en forma capsulada) es
resistente a las secreciones del estomago y de las regiones anteriores del intestino,
alcanzando concentraciones superiores de este compuesto en las regiones finales del
tracto intestinal. Este hecho podria explicar los efectos inducidos por la dieta experimental

en las regiones posteriores del intestino de lechones.

Para conocer los efectos de la utilizacion de PTSO sobre el crecimiento y las
comunidades microbianas del intestino de especies piscicolas, en los Capitulos IV'y V se
ha empleado este compuesto como aditivo en la dieta de juveniles de doradas y lubinas.
En este sentido, algunos compuestos derivados plantas como romero, eucalipto, orégano
0 ajo, entre otras, han mostrado efectos positivos en la salud y el crecimiento de peces
(Reverter et al., 2014). Los extractos de ajo (Allium), al igual que en mamiferos y aves,
también parecen conferir propiedades biologicas interesantes para su utilizacion en
acuicultura, pudiendo actuar igualmente como promotores del crecimiento, estimulantes
del apetito, inmunoestimulantes, o como potentes antimicrobianos, antivirales,
antioxidantes o antiparasitarios (Lee & Gao, 2012; Valenzuela-Gutiérrez et al., 2021).
Las propiedades de estos compuestos, como se ha comentado anteriormente, son debidas
a la presencia de compuestos organosulfurados como la alicina, el PTS o el PTSO. Sin
embargo, la adicion de PTSO en la dieta de animales acuaticos como doradas y lubinas
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no se habia estudiado hasta ahora, por lo que los resultados obtenidos los Capitulos IV y

V de esta Tesis resultan especialmente novedosos.

Con respecto a los pardmetros productivos, los resultados obtenidos en ambos
estudios fueron similares, no encontrandose diferencias en lo que respecta al crecimiento
de los peces con respecto a la dieta control a lo largo del experimento. No obstante, en las
lubinas suplementadas con PTSO si que se produjo un aumento significativo del peso al
final del experimento (Dia 89). Otros trabajos en los que han utilizado extractos del
género Allium como suplementos en la dieta de peces han mostrado resultados dispares
con respecto al crecimiento. Asi, por ejemplo, en el caso de la trucha arcoiris
(Buyukdeveci et al., 2018), del pez gato africano (Gabriel et al., 2019) o de la tilapia del
Nilo (Shalaby et al., 2006) la administracion de estos compuestos en la dieta logré un
aumento del crecimiento de los animales, en cambio en el pez guppy el tratamiento no
consiguié ningun efecto sobre el crecimiento de los animales (Motlagh et al., 2020a,
2020b). Las diferencias descritas entre estos estudios podrian estar asociadas a la forma
en la que se administro la dieta, ya que en los estudios en los cuales se observaron mejoras
en el crecimiento el extracto de ajo se administré en forma de polvo, mientras que en los
estudios con pez guppy, en los cuales no aparecieron mejoras en el crecimiento, se utilizo
un extracto acuoso de ajo. Sin embargo, en nuestro estudio la suplementacion de extracto
de PTSO en polvo no supuso un aumento en el crecimiento de los peces, salvo en el
ultimo muestreo de lubinas. No obstante, hay otros factores que podrian estar
relacionados con estas diferencias, como la calidad o los niveles de inclusion de los
compuestos activos, la duracion del experimento, el tamafio y la edad de los peces, el
sistema de cultivo o la utilizacion de diferentes especies de peces (Sales, 2009). Estas
diferencias en el crecimiento de las distintas especies de peces pueden estar asociadas a

los propios requerimientos nutricionales de cada especie.

En lo que se refiere a la composicion del microbioma intestinal, los cambios
producidos por el PTSO en la diversidad alfa y beta no fueron iguales en ambas especies
de peces. En el caso de las doradas (Capitulo 1V), la adicién de PTSO produjo un aumento
del indice de diversidad de Shannon, mientras que en las lubinas (Capitulo V) se observo
una disminucién de la diversidad con los distintos indices estudiados, a pesar que en
ambos casos se utilizé la misma concentracion del principio activo (PTSO). Con los datos
actuales, no esté claro si la diversidad microbiana se correlaciona de forma positiva o

negativa con el crecimiento de los peces. Por ejemplo, en la perca, la diversidad
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microbiana mas baja se ha relacionado con una mejor condicion del animal; el espinoso
de laboratorio mostré una tendencia opuesta, apareciendo una correlacion positiva entre
la diversidad microbiana y la condicion de los animales; mientras que el espinoso macho
salvaje no mostrd ningun efecto de la diversidad microbiana sobre la condicion (Bolnick
et al., 2014). El factor de condicién se basa en que los peces de mayor peso a una
determinada longitud presentan una mejor condicion o un mejor bienestar (Froese, 2006).
En estudios realizados con otras especies de peces también se observaron resultados
dispares en la relacion entre crecimiento y diversidad microbiana. En un trabajo realizado
con Coreius guichenoti, un pez perteneciente a la familia de las carpas, no se encontro
relacion entre el peso corporal y la diversidad microbiana (Li et al., 2016); mientras que
en carpa comun se relacioné un aumento de la diversidad con un mayor crecimiento de
los peces (Luo et al., 2020). A pesar de estas diferencias, parece claro que los cambios en
la diversidad microbiana se asocian con variaciones en la condicion y el crecimiento de
los peces (Bolnick et al., 2014). La diferencia que hemos obtenido en la diversidad entre
ambos estudios podria estar relacionada con la diferencia en la composicién microbiana
autoctona de cada una de las especies mas que por factores externos, como la temperatura,
la salinidad o la composicidn del agua, ya que estos factores estaban controlados, y en las
etapas tempranas del desarrollo la microbiota intestinal parece estar muy relacionada con
la propia comunidad bacteriana del ambiente en el que se encuentran los animales
(Stephens et al., 2015).

A pesar de estas diferencias en los indices de diversidad, en ambos estudios han
aparecido algunos cambios similares en la composicién microbiana en ambas especies de
peces, especialmente en lo que respecta a los géneros mayoritarios como Vibrio. En
ambos casos se ha observado una reduccion en su abundancia relativa tanto en la parte
anterior y como posterior del intestino de los peces suplementados con PTSO. Este hecho
podria resultar positivo para la salud de los peces, dado que algunas especies de Vibrio
son potencialmente patégenas para especies piscicolas (Abdel-Aziz et al., 2013;
Yukgehnaish et al., 2020), como por ejemplo V. parahaemolyticus, V. harveyi, V.
anguillarum, V. cholerae y V. vulnificus, entre otras (Yukgehnaish et al., 2020). En el
caso de V. harveyi, es el principal responsable de enfermedades en doradas como la
podredumbre de la cola (Haldar et al., 2010). Por su parte, V. anguillarum es uno de los
principales causantes de vibriosis, una enfermedad caracterizada por producir Ulceras en

la piel y por la aparicion de manchas rojas en los laterales y el vientre de diferentes
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especies de peces, incluyendo doradas y lubinas (Frans et al., 2011; Torrecillas et al.,
2017). Por tanto, la reduccion de especies de Vibrio causada por el consumo de PTSO
podria resultar positiva para la salud de juveniles de dorada y lubina o para el tratamiento
de enfermedades ligadas a estas especies de peces. Sin embargo, la adicion de PTSO
también produjo cambios diferentes en la composicion de algunos géneros bacterianos.
Por ejemplo, el género Pseudomonas redujo su abundancia relativa en las doradas y
aumento en las lubinas suplementadas con PTSO. Este género se ha descrito como ubicuo,
siendo comun en la microbiota intestinal de peces, y algunas especies se han considerado
patdgenos oportunistas (Yukgehnaish et al., 2020). P. anguilliseptica es el agente
causante de la enfermedad de invierno, una septicemia caracterizada por distension
abdominal, hemorragias en rifion, higado palido e intestino con exudado amarillento, y
que afecta a diferentes especies de peces como el bacalao, la lubina y la dorada (Wiklund,
2016). Otras especies consideradas como oportunistas son P. aeruginosa, P. fluorescens
y P. putida. En doradas también se encontré un aumento en la abundancia relativa de
Lactobacillus, un género considerado como beneficioso ya que esta asociado a un epitelio
intestinal sano en algunas especies de peces (Estruch et al., 2015). Ademas, los
lactobacilos pueden inhibir la adhesién al epitelio intestinal de bacterias patdgenas de
peces como Vibrio anguillarum, Aeromonas hydrophila, Aeromonas salmonicida y
Yersinia ruckeri (Balcazar et al., 2008). En lubinas no se han observado cambios en las
poblaciones de lactobacilos, pero si se ha visto un incremento en la abundancia relativa
de Kocuria, género que ha sido relacionado con la induccién del sistema inmunitario,
pudiendo inhibir el crecimiento de bacterias patdgenas como Vibrio anguillarum
(Sharifuzzaman et al., 2011). Sin embargo, seria necesario estudiar en profundidad
mediante PCR cuantitativa (QPCR) o PCR digital (ddPCR) si estos cambios en la
abundancia relativa se corresponden con cambios en la abundancia absoluta de especies

potencialmente patdgenas o potencialmente beneficiosas.

En resumen, los resultados obtenidos utilizando compuestos derivados del ajo,
como el PTSO, aunque han sido diferentes segtin el modelo de animal elegido, parecen
ser en conjunto positivos, bien en cuanto a alguno de los parametros productivos medidos
(puesta de huevos en aves 0 peso en lechones) o en cuanto a la reduccién en potenciales
patdgenos, como sucede en peces como doradas y lubinas. En cualquier caso, no parecen

inducir efectos negativos en el crecimiento de los animales.
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Por otra parte, la insostenibilidad de las dietas por el uso excesivo de ingredientes
como la harina y el aceite de pescado es uno de los principales problemas asociados con
la alimentacion de animales de acuicultura. Estos compuestos, y principalmente la harina
de pescado, se han utilizado de forma masiva durante afos, siendo uno de los
componentes mayoritarios de las dietas empleadas en alimentacion de peces (Shepherd
& Jackson, 2013). Para elaborar la harina de pescado se suelen utilizar peces forrajeros
obtenidos en pesca de captura, los cuales se consideran adecuados para consumo humano,
y por ello no se considera sostenible su uso en la elaboracion de dietas de peces (Cashion
et al., 2017; Gasco et al., 2018; Shepherd & Jackson, 2013). Por tanto, ha surgido la
necesidad de utilizar compuestos que puedan satisfacer los requerimientos nutricionales
de los animales de acuicultura, y con ello reducir o eliminar en lo posible el uso de
productos derivados del pescado. Entre las posibles alternativas se han descrito
compuestos de origen vegetal o proteinas de origen animal, como harina de hueso o de
pluma (Gasco et al., 2018), entre otros. Ademas de estos compuestos, se ha propuesto en
los Gltimos afios el uso de especies de microalgas para la elaboracion de dietas de peces
dado su alto contenido en proteinas, lipidos, vitaminas, minerales, y pigmentos, entre
otros nutrientes (Shah et al., 2018). Por este motivo, en el Capitulo VI se ha utilizado
biomasa cruda e hidrolizada de la microalga Arthrospira platensis, y en el Capitulo VI
se ha utilizado una mezcla de A. platensis y Nannochloropsis gaditana junto con un
preparado de la enzima fitasa a diferentes concentraciones, con el fin de mejorar la calidad
nutricional de los piensos y con ello reducir el impacto del empleo de harina de pescado
en la dieta de doradas y lubinas en etapas tempranas del desarrollo.

Para comprobar la posibilidad de utilizar biomasa cruda e hidrolizada de
microalgas en la dieta de larvas de dorada como alternativa a la harina de pescado, en el
Capitulo VI se ha suplementado el pienso con un 5% y/o 10% de A. platensis tanto cruda
como hidrolizada. La utilizacion de hidrolizados de proteinas en la dieta de peces en
etapas tempranas del desarrollo parece permitir una mejora en la digestion y asimilacién
de los nutrientes, de acuerdo con los estudios de Egerton et al. (2020) y Srichanun et al.
(2014), que favorecen tanto la maduracion de los 6rganos digestivos como el crecimiento
de los peces. La utilizacion de hidrolizados de microalgas en la dieta de peces ha mostrado
resultados beneficiosos para los animales (Ayala et al., 2020; Shah et al., 2018; Valente
et al., 2019). La inclusién de un hidrolizado N. gaditana en la dieta de esturiones
siberianos supuso un aumento del peso corporal de los peces (Bongiorno et al., 2022). En
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doradas, un 5% de biomasa hidrolizada de N. gaditana ha mostrado una mejora en
pardmetros relacionados con la morfologia del animal, asi como un incremento de las
fibras musculares (Ayala et al., 2020). Otro estudio realizado por Galafat et al. (2020) ha
mostrado una mejora en el epitelio intestinal, la capacidad antioxidante y la pigmentacion
del musculo de juveniles de dorada suplementados con Arthrospira spp., sin llegar a
afectar a su crecimiento. Sin embargo, el uso de A. platensis cruda e hidrolizada en las
etapas larvarias ha sido poco estudiado hasta la fecha. Los resultados obtenidos han
demostrado la posibilidad de utilizar estas dietas suplementadas con el 5% de A. platensis
cruda, 5% de A. platensis hidrolizada o 10% de A. platensis hidrolizada, ya que
mantuvieron en todos los casos el crecimiento de las larvas de dorada alcanzando niveles
similares al control, sin ningun efecto negativo en los animales y sin provocar alteraciones
en la composicion de las comunidades microbianas del tracto intestinal. Ademas, estos
resultados se pueden complementar con los obtenidos en un estudio reciente realizado por
Galafat et al. (2022), que demostraron una mejora en la actividad de algunas enzimas
intestinales relacionadas con los procesos de digestion, como la tripsina, la quimotripsina
y la leucina aminopeptidasa, asi como un aumento de la longitud y el diametro de las
microvellosidades intestinales, y un incremento de la capacidad antioxidante del higado
de larvas de dorada alimentadas con las mismas dietas suplementadas con A. platensis
cruda e hidrolizada. Resultados similares fueron obtenidos por Galafat et al. (2020),
donde no encontraron ningun cambio en relacion con el crecimiento de juveniles de
dorada alimentados con hidrolizados de Arhtrospira sp., pero si se produjeron mejoras
del epitelio intestinal (mayor longitud de las microvellosidades y mayor capacidad de
absorcion), ademas de incrementar la actividad de algunas enzimas intestinales (tripsina,
quimotripsina y leucina aminopeptidasa) y la capacidad antioxidante. Por tanto, estos
resultados en conjunto parecen indicar la posibilidad de utilizar biomasa cruda e
hidrolizada de microalgas como alternativa al uso de harinas de pescado en la dieta, ya
que, aunque no influyen en el crecimiento del animal, sin embargo, no inducen cambios
en la composicion de la microbiota intestinal, pero si mejoras en otros parametros

relacionados con la salud intestinal y el bienestar animal.

Por ultimo y para evaluar el efecto de la enzima fitasa junto con microalgas en la
dieta de especies acuaticas, en el Capitulo VII de esta Tesis se ha incorporado un 2,5%
de biomasa cruda de A. platensis y N. gaditana y diferentes concentraciones de fitasa en

el pienso de juveniles de lubina. La fitasa es una enzima que hidroliza el acido fitico no
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digerible y hace que la concentracion de fosforo esté disponible para su absorcion por
parte de los animales, ademas de aumentar la disponibilidad de otros minerales que
pueden encontrarse asociados al acido fitico, como calcio, hierro o potasio (Kumar et al.,
2012). El uso de fitasa ha sido ampliamente estudiado, mostrando mejoras en la salud y
en los niveles productivos de animales de granja (Romano & Kumar, 2018). Aunque
tradicionalmente en acuicultura se ha utilizado menos esta enzima, desde hace unos afios
diversos estudios han afiadido fitasa en la dieta de algunas especies acuéticas, mostrando
resultados positivos en la digestibilidad de nutrientes y en algunos casos mejorando el
crecimiento de los peces (Kumar et al., 2012; Lemos & Tacon, 2017). Sin embargo, hasta
la fecha no se han realizado estudios que combinen la fitasa junto con biomasa de
microalgas. Por ello, en nuestro trabajo hemos evaluado como afecta la inclusion de
biomasa cruda de A. platensis y N. gaditana junto con 500, 1.000, 2.000 0 10.000 FTU/kg
de fitasa al crecimiento y a la composicion y la diversidad de las comunidades
microbianas del intestino de juveniles de lubina. Los mejores resultados en cuanto a
crecimiento y a microbiota se obtuvieron con la dieta que incluye 2,5% de biomasa de
microalgas y 10.000 FTU/kg de fitasa. Los peces suplementados con esta dieta
aumentaron de forma significativa su peso corporal, el porcentaje de ganancia de peso, la
tasa de crecimiento especifico (SGR) y la eficiencia alimenticia, mientras que presentaron
una composicion de la microbiota intestinal similar a la de los peces control. Ademas, los
resultados obtenidos por Galafat et al. (2021) mostraron una mayor altura de las
vellosidades intestinales, asi como un aumento de la actividad de las enzimas tripsina,
quimotripsina, L-aminopeptidasa y fosfatasa alcalina en las lubinas suplementadas con
2,5% de microalgas y 10.000 FTU/kg de fitasa. Estos resultados obtenidos en cuanto al
crecimiento no son muy comunes con dosis altas de fitasa, ya que las concentraciones de
esta enzima utilizadas en la mayor parte de trabajos son de 500 a 2.000 FTU/kg en
especies terrestres, y de 500 a 4.000 FTU/kg en especies acuaticas (Lemos & Tacon,
2017; Romano & Kumar, 2018). Sin embargo, algunos estudios realizados con pollos,
gallinas y peces si que han mostrado resultados similares, demostrando sus beneficios a
dosis elevadas de fitasa sobre la salud, el crecimiento o la productividad de los animales
(Boney & Moritz, 2017; Kim et al., 2017; Yan & Reigh, 2002). Con respecto a la
microbiota intestinal, pocos trabajos han estudiado los efectos de la fitasa sobre las
comunidades microbianas de peces, aunque algunas investigaciones realizadas por
Adeoye et al. (2016a, 2016b) con tilapias del Nilo no han mostrado alteraciones en la

diversidad y en la estructura de las comunidades microbianas de las peces suplementados
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con esta enzima. Por tanto, la utilizacion de una dosis elevada de fitasa podria afectar
positivamente a la digestibilidad de los diferentes componentes de la dieta, lo cual se
podria relacionar con la mejora en los procesos de digestion y por tanto un aumento de

los distintos parametros de crecimiento estudiados en el Capitulo VII.

En resumen, los resultados obtenidos en esta Tesis muestran la importancia de
suplementar las dietas de animales con aditivos, en algunos casos potenciales probidticos,
en otros compuestos derivados de plantas, y en otros microalgas solas o junto con
preparados enzimaticos, permitiendo mejorar la calidad nutricional de estas dietas y
mantener o aumentar el crecimiento y los parametros productivos de animales del sector
avicola, porcino y piscicola. El uso de la cepa UGRAL0 de Enterococcus faecalis parece
confirmar y completar los estudios sobre su efecto potencial probiotico en animales y sus
propiedades tecnoldgicas y funcionales (Capitulo 1); el consumo de los compuestos
fitobidticos derivados de plantas del género Allium (Capitulos Il a V) también parece
ejercer un efecto beneficioso, en algunos casos modificando la composicion de la
microbiota como es el caso del PTSO principalmente en peces, y también un efecto
positivo en la produccion y el tamafio de huevos en gallinas o un incremento del peso y
otros parametros de crecimiento en lechones; por ultimo la biomasa de microalgas cruda
e hidrolizada parece ser una buena alternativa a las dietas basadas en harinas de pescado
(Capitulo V1), y la administracion de microalgas junto con preparados enzimaticos como
la fitasa incrementa la mejora productiva de juveniles de lubina sin alterar la microbiota
intestinal (Capitulo VII). Ademas, la mayoria de estas dietas inducen algunos cambios en
la composicidn de la microbiota del tracto intestinal de los animales, como el incremento
de bacterias beneficiosas o0 en algunos casos la reduccion de géneros potencialmente
patégenos. Estos resultados abren la posibilidad de nuevas investigaciones que permitan
explorar otros pardmetros relacionados con aspectos importantes para la salud y el
bienestar de los animales, como la respuesta de su sistema inmunitario, su resistencia
frente a patdgenos, la morfologia intestinal, la actividad de las enzimas intestinales o la
composicion de la microbiota intestinal, entre otros. Esto Gltimo se ha estudiado en esta
Tesis mediante secuenciacion masiva, mostrando en algunos casos un aumento relativo
de géneros bacterianos beneficiosos o una disminucion relativa de géneros bacterianos
potencialmente patégenos. Sin embargo, habria que corroborar estos resultados mediante
cuantificacion absoluta por ejemplo mediante PCR cuantitativa o PCR digital, pudiendo

confirmar los efectos que ejercen estos tratamientos sobre bacterias beneficiosas y
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patdgenas de cada especie animal. Por otra parte, también se podria estudiar la aplicacion
de diferentes dosis de estos compuestos, asi como la posibilidad de emplearlos como
aditivos para la dieta de otras especies de animales tanto terrestres como acuaticos. Todo
este conocimiento permitira un disefio racional de compuestos aditivos y

microorganismos probioticos para elaboracion de dietas de distintos animales.
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2. CONCLUSIONES

1. La dieta suplementada con Enterococcus faecalis UGRAL0 en gallinas ponedoras
incrementa la produccién de huevos y aumenta la diversidad microbiana en ileon y

ciego.

2. Elextracto del género Allium (PTSO) utilizado como aditivo para la dieta de gallinas
ponedoras aumenta la cantidad y el peso de los huevos hasta los 30 dias de
tratamiento, junto con un incremento de la proporcion relativa de cepas
potencialmente probidticas como Lactococcus en el ileon y Lactobacillus en el

colon.

3. La adicion de extracto del género Allium aumenta el crecimiento de lechones
destetados tras 42 dias de tratamiento, con peso corporal, ganancia de peso y tasa de
conversion del alimento similares a los obtenidos con un tratamiento antibi6tico.
Esta mejora se asocia con cambios en la estructura de las comunidades microbianas

del ciego y del colon.

4. El uso de PTSO en la dieta de juveniles de doradas aumenta la proporcion relativa
del género Lactobacillus y disminuye otros géneros potencialmente patégenos de

peces como Vibrio o Pseudomonas, sin afectar a su crecimiento.

5. La suplementacion de la dieta de juveniles de lubinas con PTSO reduce la
proporcion relativa del género Vibrio y produce un aumento significativo del peso

corporal de los peces a los 89 dias de tratamiento.

6. Las dietas de larvas de doradas adicionadas con un 5% de biomasa cruda, 5% de
biomasa hidrolizada o 10% de biomasa hidrolizada de Arthrospira platensis
permiten mejorar la calidad nutricional del pienso sin alterar la composicion de la

microbiota intestinal ni inducir efectos negativos en el crecimiento de los animales.

7. Eluso de 2,5% de Arthrospira platensis y Nannochloropsis gaditana y altos niveles
de fitasa (10.000 FTU/kg) en la dieta de juveniles de lubinas se asocia con un
incremento del peso corporal y de otros parametros productivos como el porcentaje
de ganancia de peso, la tasa de crecimiento especifica o la eficiencia alimenticia, sin

alterar la composicion de sus comunidades microbianas intestinales.
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