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Abstract

During the last decade, skin mucus has proven ta bgeful non-invasive tool to analyse fish
physiological and welfare status of fish. Here, semtinue the work developed BiBIFISH
research group by analysing skin mucus responeaviconmental factors, such as salinity and
diet, and to incorporate stable isotope analysis msw methodology, to determine skin mucus
dynamics: production and turnover. European ses ilggponse to short and long-term salinity
challenges was recorded, demonstrating a bettéimation to hyposaline conditions (3%. and
12%o) than to the hypersaline one (50%o0). Skin mwsmoregulation has proven to act as an ion
trap in low salinity and as a water retainer inhhgglinity. At short-term, skin mucus glucose,
cortisol and soluble protein was acutely exuded|endt long-term, a metabolic restructuration
occurred by an increase in lactate and solublespraimounts. For both experiments, hypersaline
condition became a high energy demandant conditiorsea bream we analysed a dietary
immunostimulant (spray-dried porcine plasma), ushwegskin mucus interactome. An increase
of vesicle formation and cellular exudation wasorded from the proteome analyses, including
an increase of protection factors, such as HeatlSRooteins, proteasome associated proteins
and keratin-derived antimicrobial peptid&AMPS, and metabolic defence in front of redox
processes by the increase of glutathione biosyistpescursors. Finally, we performed the study
of skin mucus production and turnover via stabbeage analysis as a less invasive way. During
the first 12h post-feeding®C and™N incorporation to skin mucus gradually increasetd] was
maintained until 24h post-feedingC allocation was higher for soluble than for inddéumucus,
while N allocation was equal in both fractions. Skin nmai¢urnover, after 24h, showed an
increase in the presenceds novoproducts, but did not achieve the previous stathe.studies
here presented have increased skin mucus knowlgddegenerated a new approach to skin
mucus production, turnover and modulation, a tbat tould allow to advance in the research of

productive species as well as in the conservati@ndangered species.
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1. La acuicultura

La acuicultura se define como la producciéon de alémy vegetales en agua. Aunque es una
actividad con al menos 4.000 afios de antigiiedaldarsedo hasta mediados del siglo XX que la
acuicultura ha incrementado su impacto economibaldea los avances técnicos y tecnologicos.
Sus mayores tasas de crecimiento anuales se aegistiurante las décadas de 1980 y 1990
(11,3% y 10,0%), pero estas tasas de crecimientmsevisto reducidas a un 5,8% durante el
periodo 2000-2016. En 2016, la produccion pesquanadial alcanzé los 171 millones de
toneladas (Mt), de las cuales un 47% fueron relatavla acuicultura. Si se excluyen los usos no
alimentarios de la produccion pesquera, la acwijprodujo un 53% de la produccion pesquera
mundial (SOFIA, 2018). En 2017, la produccion acl@éncrementd un 3,5% respecto a 2016 y
se situd en las 111,9 Mt (APROMAR, 2019), repremad el 54,5% del total de la produccion
pesquera mundial (Figura 1), siendo Asia es ekjpéh productor acuicola del mundo con una
produccion del 92%, seguida de América (3,2%), ai(@,7%), Africa (2,0%) y Oceania (0.2%).

ON (Millones det.)

PRODUCCI

Figura 1. Produccion pesquera mundial desde 1951 hasta 2PRQMAR, 2019).

Por otro lado, la produccion acuicola se puederdsfsa tanto a nivel continental como marino,
representando un 64,25% y un 35,75%, respectivanmamP017. Asi como separarse segun el

ambiente en el que se cultiva o la especie cubiveomo muestra la Figura 2.

En la Union Europea, la produccion acuicola alcdazd.353.201 t, representando el 19,2% de
la produccion acuética total, siendo el 80,8% raet#5.680.902 t) producido por la pesca
extractiva. El principal pais productor acuicola ldeUnion Europea es Espafia con una
produccion de 311.032 t seguida en segundo lugaRpimo Unido con 222.434 t y en tercer

lugar por Francia con 166.000 t (Figura 3).
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Figura 2. Distribucion de la produccién acuicola mundial exsd al ambiente o
especie cultivada (APROMAR, 2019).

La produccién acuicola de la Union Europea se aartpescados (54,1%) y moluscos (45,9%).
Como principal especie de pescado cultivada estdl®ion del Atlanticoalmo salay con una
produccion de 209.180t, seguida de la truchaidss@nchorynchus mykisson una produccion
de 185.316 t, la dorad&parus auratpcon una produccion de 95.390 t y la lubiDacéntrarchus
labrax) con una produccién de 79.350 t. Por otro ladana@rincipal especie de molusco
cultivado esta el mejillérniytilus sp con una produccion de 493.844 t, aunque no seetifia
entre comun y Mediterraneo, seguido del Ostrénrjaprassostrea giggon una produccion
de 77.947 t y la almeja japonedRuflitapes philippinaruincon una produccion de 35.114 t
(APROMAR, 2019).

A nivel de Espafa se estima para 2018 una produde®48.395 t. Habiéndose producido en
2017 un total de 313.538 t lo que implicaria urciongento aproximado del 11% y desglosandose
la produccion en 273.600 t de mejillén, 22.460 tuléna, 18.856 t de trucha arco iris y 14.930 t
de dorada como especies principales en la produesigafnola para 2018 (APROMAR, 2019).

= e
125.574 == 7

Figura 3. Distribucion de la produccién acuicola en la Unkuropea en
base a la cantidad producida (t) en 2017 (FAO, 018
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1.1. La lubina (Dicentrarchus labrax)

1.1.1. Caracteristicas de la especie

La lubina es un pez perteneciente a la clase dadwsopterygij Orden Perciformes y familia
Moronidae (Figura 4). Tiene el cuerpo alargado de color glideado a azul con dos espinas
planas en el opérculo. Boca terminal, moderadanpaoteactil y labios gruesos. La mandibula
inferior es prominente. Dientes vomerianos en baedaicircular, sin una extension hacia atras
sobre linea media del techo de la boca. Dos aletasles separadas, la primera con entre 8 y 10
espinas y la segunda con una espina y entre 12rgyb3 blandos. Aleta anal con 3 espinas y

entre 10 y 12 rayos blandos y aleta caudal moderawi® bifurcada.
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Figura 4. Esquema de la lubin®icentrarchus labrakx (FAQO).
1.1.2. Habitat

La lubina es una especie eutérmica y eurihalinehgbéa zonas costeras en el Mar Mediterrdneo
y el Mar Negro, asi como en el océano Atlanticaldés¢oruega y las costas de Reino Unido hasta
Marruecos vy las islas Canarias. Incluso puede érazse en la costa sur de Senegal. Puede
encontrarse también en estuarios y lagunas salobmes en cursos altos de rios de agua dulce.
La lubina es una especie dioica. La maduracionaedailos machos se produce entre los 2 0 3
afios y en las hembras entre los 3 0 5 afios cotongavidad estimada de 30 afios. La época
reproductiva se da entre diciembre y marzo en lagn mediterrdnea y hasta junio en las
poblaciones atlanticas. Esta reproduccién se dapséeen zonas de salinidad inferior a 35%o en
rios, estuarios o aguas litorales salobres. Sumbepntrarse en bancos de arena y rocosos a

profundidades de entre 0 y 30 m, aunque se hameado ejemplares a 100 m de profundidad.

1.1.3 Importancia productiva

La produccion acuicola de lubina en Europa ha @al®96.573 t para el afio 2018, significando
una produccién un 2,1% inferior al afio anteriomalyor productor europeo de lubina es Turquia
(75.000 t) seguida de Grecia (45.500 t), Egiptoq@Qa t) y Espafa (22.460 t). Otros productores

de lubina son ltalia, Egipto, Croacia, Francia, dnPortugal, Reino Unido, Chipre, Bosnia,
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Argelia, Malta, Eslovenia o Marruecos (APROMAR, 2R1Por otro lado, la pesca extractiva
lleva desde 2013 decreciendo, siendo en 2017 urmB%or que el afio anterior y con una
produccion pesquera de 5.463 t entre los paisemaeMediterraneo y del océano Atlantico
(APROMAR, 2019). Este hecho hace que la producamricola supone el 97,5% del total de

produccion (Figura 5).

r 250.000
L 200000
- 150.000

F 100.000

9 30000

Produccidn de LUBINA (t)

Figura 5. Evolucién de la produccion mundial de lubina en@dtura y pesca extractiva
desde 1984 hasta 2017 (FAO, 2018)

En Espanfia, la lubina se cultiva principalmenteasrslguientes Comunidades Autbnomas:
Regién de Murcia (34%), Canarias (26%), Comunidatéiciana (21%), Andalucia (20%) y
Catalufia (0,1%); siendo la produccion total pare82fe 22.460 t (Figura 6) (APROMAR,
2019). Es por ello que la lubina constituye undodeespecimenes de investigacion acuicola

mas importantes a nivel estatal y europeo.

Andalucia
19,9%

Valenciana
20,6% Canarias

258%

4 e ol 0
% <, " ‘
Cataluna i o '
Murcia . .
33,5% OF% : N @ J
a e

Figura 6. Distribucién porcentual y produccion de lubina€t) Espafia por Comunidades
Auténomas en 2018 (APROMAR, 2019)
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1.2. La dorada (Sparus aurata)

1.2.1. Caracteristicas de la especie

La dorada es un pez perteneciente a la clase dectomopterygij Orden Perciformes y familia
Sparidag(Figura 7). Tiene un cuerpo ovalado y comprimidader gris plateado con una gran
mancha negra en el origen de la linea lateral sgllmpérculo y una mancha frontal dorada entre
los ojos. Boca baja, levemente oblicua con labioegps. La dentadura se compone de 4 a 6
caninos anteriores en ambas mandibulas, seguiddiemtes romos dispuestos de 2 a 4 filas en
forma de molares. La aleta dorsal esta formadalpaspinas y de 13 a 14 rayos blandos. La

aleta anal consta de 3 espinas y de 11 a 12 régodds.

P — /’é’:/:v- y
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Figura 7. Esquema de la dorad@garus aurata(FAO).
1.2.2. Habitat

La dorada es una especie tipica del Mar Mediteoréaenque esta presente también a lo largo de
la costa del océano Atlantico desde la Gran BresaBanegal y en rara vez en el mar Negro. Es
una especie eurihalina y eutérmica con un tiempad#esuperior a 10 afios. Al ser una especie
hermafrodita protandrica su maduracion sexual echmdos dos primeros afios y a partir del

segundo afio pueden realizar la maduracion sexti@n@bra. Durante octubre-diciembre se

produce la puesta en mar abierto, los juvenilesanig principios de primavera a aguas costeras
para retornar en otofio a mar abierto para la reodn. En mar abierto suelen encontrarse sobre
fondos rocosos y praderas Rlesidonia oceanicaLos adultos suelen encontrarse por encima de
los 50 metros de profundidad, mientras que losjie® suelen encontrarse por encima de los 30

metros.

1.2.3 Importancia productiva

La produccion de dorada se sitla en paises déViediterraneo principalmente. Para el afio 2018

se estima que la produccion en Europa y el restdediterraneo asciende a las 246.839 t, siendo
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un 10.7% superior a la produccién del afio antetios. principales productores de dorada son
Turquia (83.000 t), Grecia (61.000 t), Egipto (88.6) Tunez (16.000 t) y Espafia (14.930 t). En
la Figura 8 se representan los principales prodestde dorada, aunque todos los paises que
aparecen son del &rea del mar Mediterraneo, éstzida se produce paises como Portugal o
Emiratos Arabes Unidos (APROMAR, 2019).

Otros
Francia [ 2
Maltn
Croacia '-". J 200,000
Tunez -
Chipre ; e

- - - 180.000
Iafia

m israel
Egipto | 120.000
W Ec=pafia

Turguia r S0.000

Prod. acuicuftura DORADA mundial &)

Grecia

Figura 8. Evolucion de la produccion de dorada de acuicultyra nivel mundial
desde 1985 hasta 2018 (FAO, FEAP y APROMAR).

La pesca extractiva de dorada produjo alrededtasd@.258 t en 2018 entre el mar Mediterraneo
y el océano Atlantico, pero tal como indica la F&g9, la produccién pesquera de dorada fluctia
entre las 6.000 y las 9.500 t anuales, dejandooldugcion acuicola de dorada en un 96,4% del

total de la dorada comercializada.

r 230,000
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Figura 9. Evolucion de la produccion mundial de dorada eicatiura y pesca extractiva
desde 1984 hasta 2017 (FAO, 2018)
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En Espanfa, la dorada se cultiva en cuatro Comuesdadtonomas principalmente, siendo éstas
la Comunidad Valencia (7.806 t), Murcia (3.184Ganarias (2.380 t) y Andalucia (1.560 t), tal
como indica la Figura 10 para el afio 2018. Asi raisgual que se muestra en la Figura 6 para
los paises del area del mar Mediterraneo y dehac&tantico, en Espafia, la produccién acuicola
de dorada supuso mas del 90% de la dorada conmeadi| siendo la proveniente de la pesca
extractiva s6lo 1.227 t en 2017. Es por ello queédada constituye uno de los especimenes de

investigacion acuicola mas importantes a nivetalsyaeuropeo (APROMAR, 2019).

Andalucia
104%

Cananas
15.8%

CValenciana
52,3%

; Murgia
21,3%

Figura 10. Distribucién porcentual y produccion de doradaefh) Espafia por
Comunidades Autonomas en 2018 (APROMAR, 2019)
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2. Mucosa epidérmica

Una mucosa es un tejido epitelial que esta en ctmtzon el medio externo y que secreta un
fluido viscoso, comilnmente conocido como moco @ésade las células caliciformes. La
estructura y funcionalidad de las mucosas en mawesimilares en muchos aspectos a la de los
mamiferos, componiéndose basicamente de un ep#tafierficial, la lamina propria, una red
vascular, una muscularis mucosa y la incorporag@celulas inmunes. Asi mismo, dependiendo
de su localizacion, la mucosa suele ejercer difegerfunciones como osmorregulacion,
inmunoldgica, absorcion de nutrientes, comunicg@ém En el caso de los peces se diferencian
basicamente tres mucosas con capacidad inmunaldgiestinal, branquial y tegumento (Beck
y Peatman, 2015).

La mucosa gastrointestinal es el tejido epitelizd @ncontramos desde la boca hasta el ano.
Comprende la mucosa bucal, esofagica, estomastdstinal. La principal funcion de la mucosa
gastrointestinal es la digestion, el transporte yalbsorcion de nutrientes necesarios para el
mantenimiento, crecimiento y necesidades energatiebanimal. En peces, esta mucosa es una
de las principales barreras fisicas contra la datde patégenos al organismo, encontrandose en
ella diferentes células inmunes asociadas (Beaaynan, 2015). En estadio larvario, las células
caliciformes se encuentran en el segmento inteonedentras que en estadio juvenil a adultos
se encuentran intercaladas con los enterocitosi@stino. Asi mismo, se encuentran en mayor
namero en la parte anterior del intestino y dispéamusegin se avanza hacia el intestino posterior,
aunque este numero varia segun la especie (Inahj 2009). A nivel productivo, ésta mucosa
es importante debido a la posibilidad de tratacld8vos de peces con vacunas o medicamentos
orales y de modular la microbiota intestinal adsade alimentos funcionales o del agua (Beck y
Peatman, 2015).

Por otro lado, la mucosa branquial es el tejido sgieencuentra en la branquia y que realiza
mayoritariamente funciones relacionadas con efdatabio de gases, la osmorregulacion, el
equilibrio acido-base y la eliminacion de nitrogeS@ compone de un soporte cartilaginoso,
tejido intersticial y una red de vasos sanguineosjunto del cual se derivan filamentos
compuestos de células de soporte, capilares satguinuna monocapa de células epiteliales
entre las que se intercalan células especializzatas células de cloruro, células caliciformes,
células neuroepiteliales o célulasdlet’. Las células epiteliales presentan rugosidadeskgs
que favorecen la adhesion del moco generado p@élatas caliciformes (Dalmo et al., 1997;
Magnadottir, 2006; Beck y Peatman, 2015).

Finalmente, la mucosa tegumentaria, 0 epidérmgcka, mayor mucosa en los peces, ya que rodea
a todo el animal incluyendo las aletas. Esta muesda precursora de la piel de los mamiferos,

teniendo en cuenta que la mayoria de las espeeipsaks carece de queratina y contiene un
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abundante numero de células caliciformes (Schenipgl.e2009). La piel estd compuesta

principalmente de tres capas: la epidermis, la beyrta hipodermis.

La epidermis se compone de un epitelio estratificae 5 a 10 lineas de células epiteliales con
la membrana apical rugosa, entre las que se emanedulas caliciformes y células pigmentarias
(Schempp et al., 2009). En los estratos extermmetermedios de células epiteliales encontramos
células caliciformes que de forma continua prodwetenoco epidérmico rico en glucoproteinas.
Las células caliciformes son células no proliferiy especializadas que provienen de la base
del epitelio y migran por éste hasta la zona ingglimmdel mismo, momento en el que inician su
actividad secretora (Ottesen y Olafsen, 1997). &inero de células caliciformes y las
caracteristicas del moco epidérmico varian segéspacie y las condiciones ambientales (Fast
et al., 2002). Otro tipo celular que encontramogaegpidermis son las células dendriticas que

fagocitan y producen antigenos.

Célula caliciforme Epidermis
Stratum

spongiosium

oNy,
o,
\l.\ \22
XY
o

Stratum compactum  Melan6foro  Escama

Figura 11. Esquema del tegumento en peces teledsteos. (Sctetrmpp2009).

Por otro lado, la dermis se compone principalmelgdibroblastos dentro de una matriz de
colageno irrigada por vasos sanguineos, nerviagdasépigmentarias y células inmunes. Esta se
compone de dos estratdStratum spongiosuny Stratum compactumDentro de la dermis
encontramos también las escamas, que estan andaliaslermis mediante filamentos de
colageno y la atraviesan hasta la epidermis, dmidh estan recubiertas. Desde la dermis, se
producen substancias como anticuerpos (IgM e IgiE) ¢ encuentran posteriormente en la
epidermis y el moco epidérmico, confiriendo al nésde una proteccion mas especifica y

adaptativa contra patégenos (Hatten et al., 2001;).

Finalmente, la hipodermis es la Ultima capa angesratontrar la musculatura y se compone de
fibras de colageno, vasos sanguineos y célula®salp que pueden responder frente a una
infeccion (Arellano, 2004; Schempp et al., 2009ké®a et al., 2010; Esteban, 2012; Beck y
Peatman, 2015).
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2.1. El moco epidérmico

2.1.1. Caracteristicas del moco epidérmico

La posicion del moco epidérmico, como fluido matemo del cuerpo del pez, hace que esté
sujeto a factores ambientales, tanto abioticos cbibiticos, y por tanto que se modifique su

composicioén y el origen de algunas de las substamgie lo componen (Shephard, 1994). Actla
como barrera natural, fisica, quimica, biolégicmachica y semipermeable permitiendo el

intercambio con el ambiente de nutrientes, agusegjaolores, hormonas y gametos. Al ser
secretado de forma continua, los patégenos y lgma® quedan atrapados en las capas
superficiales del moco epidérmico evitando asidfiesion a la epidermis y siendo retirados por
la corriente de agua, mientras se renuevan las cipmoco mas interiores mediante las células

caliciformes evitando asi la colonizacion de eEstdban, 2012).

El moco epidérmico estd compuesto principalmentagie (~95%), glucoproteinas (mucinas,
~5%) y substancias disueltas. Las mucinas sonredipal elemento que confiere viscosidad al
moco y se caracterizan por ser moléculas de ao pwlecular, cadena larga de péptidos con
repeticiones en tdndem que suele estar glucosfEmace O-glucosidico). Las glucoproteinas
que se encuentran en el moco epidérmico son sewitatas mucinas de los mamiferos (Harris y
Hunt, 1973; Alexander y Ingram, 1992). Normalmeste neutras, aunque suelen contener acido
sialico o monosacéridos sulfatados que hacen goenséertan en moléculas acidas (Pickering y
Macey, 1977; Shephard, 1994). Existen dos famiidscipales de mucinas en base a su
estructura y funcion: mucinas exudadas y mucinasiagas a membrana (Beck y Peatman,
2015). Las mucinas asociadas al moco epidérmicternmmerian a la primera clase y se
caracterizan por su gran tamafo, ser altamentefficas, ser lugar de unién de sales y microbios

y tener funcién defensiva (Brockhausen, 2010).

La secrecion de los granulos de mucina acumulaal¢es zona apical de las células caliciformes
esta regulada por los niveles de calcio intracedglg por agentes movilizadores de calcio, como
la acetilcolina o la histamina, segun estudiosizadbs en células caliciformes de intestino
(Birchenough et al., 2015). Ademas de las céludisiftormes, otros tipos celulares contribuyen
a la exudacion de substancias en el moco epidérieieoo las células sacciformes, las células
granulares acidofilicas o las células inmunes, casio desde otras vias como el sistema

circulatorio secundario (Easy and Ross, 2009).
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Figura 12. Esquema del ensamblado de las mucinas (gen MUCRsea®lulas caliciformes
(Birchenough et al 2015).

Asi mismo, una de las caracteristicas fundamentiesnoco epidérmico es que, al ser una
barrera hidrofilica, viscosa y renovable, permitestudio de forma no invasiva y no letal, ya que
su extraccién se hace principalmente por raspaalesie la superficie epidérmica con utensilios
no cortantes, por lo que no se genera herida akyulepiel del animal, y a su vez éste es devuelto
a posterioria su medio natural (Sanahuja y Ibarz, 2015). patieion en la recogida de muestra
de forma continuada en el tiempo sin dafiar al drématra de las caracteristicas que hacen del
moco epidérmico una buena herramienta para elsidgel estado fisioldgico y bienestar del
cultivo como venimos desarrollando en nuestro g{@amahuja y Ibarz, 2015; Fernandez-Alacid
et al., 2018, 2019; Sanahuja et al., 2019a, b).

2.1.2. Métodos de extraccion del moco epidérmico

Aungue anteriormente hemos indicado que principalense recoge el moco epidérmico a través
del raspado suave de la superficie epidérmica temsilios no cortantes, como pudiera ser un
portaobjetos estéril (Figura 13) (Fernandez-Alaidl., 2018), también existen otros métodos
para la recogida del moco epidérmico. Por ejemBloss et al., (2000) recogieron moco
epidérmico mediante bolsas de plastico que comebianL de bicarbonato de amonio
(NH4HCGs) a una concentracion de 100mM y pH 7,8 donde eototal pez anestesiado durante
1 minuto y posteriormente afiadieron 5 mL més deanedntrifugaron y congelaron la muestra.
Por otro lado, Church et al., (2009) utiliz6 ambw&odos, tanto raspado como bolsa de plastico,
para recoger sus muestras de moco epidérmico.Sammente, el método de raspado se realiz6 en
peces congelados que descongelaron durante 5 siautmperatura ambiente y rasparon con
una espétula, mientras que el método de la bolpkdeco se realizo en individuos anestesiados
y no se incluy6 ningin medio en la bolsa para teaegion del moco epidérmico. Por otro lado,
Ekman et al. (2015) utilizaron papel con el queasat la epidermis, introducien@doposteriori

el papel en un tubo de centrifuga para su extraccio
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Aun asi, como ya hemos indicado, el método mayaries el raspado de ambas caras del animal
desde el inicio de la linea lateral y por encima&sta hacia la aleta caudal con una herramienta
estéril no cortante evitando la contaminacion @ogse, el area ventral-anal y la aleta caudal

(Fernandez-Alacid et al., 2018).

Mucus epidérmico/7
)
T

&

\ i

’
’

Fiéura 13. Esquema de la extraccién del moco epidérmico. @retez-Alacicet al, 2018).

Por ultimo, cabe destacar que no ha sido hasta @02&e ha publicado un andlisis mediante
proteémica comparando diversas metodologias detraogsara el moco epidérmico (Faeste et
al., 2020). Esta comparacion incluia como métodosxtiraccion del moco epidérmico el uso de

toallitas médicas, ya fuera para absorber o pawyex el moco epidérmico, o el raspado mediante
una hoja roma estéril. El protocolo de recogidendeo epidérmico menos invasivo fue mediante
absorcion, aunque a su vez fue el método que marhasien de muestra y proteina obtuvo, si

bien fue el menos invasivo de los tres. Sin embdogoautores de este estudio concluyen que
escoger el protocolo de extraccién del moco epiaéres importante con respecto al proposito

del experimento en el que se utilice.

2.1.3. Componentes v funcionalidad asociada del mepidérmico

Por otro lado, paralelamente a este manuscrite, @sipo de investigacion ha desarrollado el
analisis del estado fisioldgico y bienestar delgp&avés del moco epidérmico como herramienta
no invasiva en situaciones de estrés en especiesedés acuicola, como el ayuno a 14 dias en
dorada, la aireacién en corvinArgyrosomus regiyso la infeccién bacteriana pafibrio
anguillarumen lubina (Fernandez-Alacid et al., 2018), asi @@n corvinas alimentadas con
dietas funcionales para la atenuacion del estrétersentadas con aspartato o triptéfano
(Fernandez-Alacid et al., 2019a), en la comparad®la defensa inmune entre dorada, lubina 'y
corvina (Sanahuja et al., 2019b), en la respuedtiedguado $olea senegalen3ial estrés y la
caracterizacion del moco epidérmico del lado doysantral del mismo (Fernandez-Alacid et
al., 2019b) y también en el efecto del frio sobnereteoma del moco epidérmico (Sanahuja et
al., 2019a).
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Para todo ello, se analizaron componentes del ijgid@rmico como marcadores biolégicos para
establecer el estado fisiologico del pez. Se pattisde el analisis del proteoma del moco
epidérmico de dorada en busca de las 100 mejonteipas (Sanahuja y Ibarz, 2015), para
posteriormente comparar el efecto del frio sobr@reteoma (Sanahuja et al., 2019a). La
proteémica del moco epidérmico es una herramieatandlisis importante al carecer este de
material genético asociado. De la misma forma,uantificacion de la proteina en el moco
epidérmico se usa como marcador biolégico del esfaiblogico del pez, ya que el moco
epidérmico estd compuesto por proteinas con difeseiuncionalidades como las proteasas,
esterasas, lisozimas y un largo etcétera. Todas @ditalizan reacciones que, en mayor 0 menor
medida, se asocian a la fisiologia y la defensatandel pez, por lo que una variacion en la
concentracion proteica del moco epidérmico mar@amadificacion del estado fisiologico del
animal. Asi mismo, la proteina se utiliza como vae referencia para determinar si la muestra

obtenida esta diluida o concentrada.

Ademas de la proteina, existen otros productogragibolismo que pueden utilizarse como
marcadores fisiol6gicos ya que constituyen la bdelemetabolismo energético aerdbico y
anaerobico, como son la glucosa o el lactato,ambciormonas importantes en la respuesta al
estrés, como es el cortisol. Todos ellos estagicglados entre si en situaciones de estrés, sobre
todo de estrés agudo, donde la secrecién de dagéisera una respuesta de movilizacién de los
metabolitos energéticos (glucosa y lactato). Poo tado, cldsicamente se ha realizado su
deteccion en sangre, ya que es el fluido por elsgusuelen transportar todos los metabolitos,
pero esta metodologia provoca afiadir un nuevo rofgea posibles patologias al generar una
herida para obtener la muestra. Esto se puede eVitdilizar el moco epidérmico, ya que su
extraccion es no invasiva, y por tanto no lesiea,|@ que aparte de permitir la supervivencia del
animal evita generar nuevos origenes patoldgicosiados a la toma de muestra y, ademas,
permite la repetibilidad del proceso de muestremabb del tiempo por la renovacion constante
que se produce del moco epidérmico. Asi mismo, pader utilizar de forma fiable el moco
epidérmico como herramienta para analizar el edtaiddogico del pez se realizaron ensayos de
estrés agudo en corvina (Fernandez-Alacid et@1.92) y en lenguado (Fernandez-Alacid et al.,

2019b) que relacionaban la respuesta en sangia cespuesta en moco epidérmico.

Sin embargo, hay otros aspectos que todavia narsarfalizado, como pudieran ser el efecto de
los cambios ambientales sobre las caracteristiehsndco epidérmico, el efecto de aditivos
inmunoestimulantes sobre el moco epidérmico o&isis de la tasa de produccion y renovacion

del moco epidérmico, y que seran introducidos aimmoacion.
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2.2. Efectos del ambiente sobre el moco epidérmico

Los peces se encuentran en contacto con su ambi¢rteés del moco epidérmico. Este ejerce
de barrera semipermeable y dinamica con diferéatesones entre las que destacaria su funcion
defensiva (Subramanian et al., 2008; Jia et al62Boseinifar et al., 2017a, b). A su vez, este
hecho hace que los cambios ambientales tengareatoefobre la fisiologia y el bienestar del
animal y por tanto modifiquen la respuesta del ahientravés del moco epidérmico. Estos
factores se podrian separar entre abidticos ycbgtiLos primeros tienen relacion con las
modificaciones de las condiciones ambientales cpadrian ser la temperatura, el pH, la
salinidad o los niveles de oxigeno disuelto, mantiue el segundo grupo tiene relacion con las
interacciones entre especies como podrian secinfexs patogénicas, relacién depredador-presa
0 cambios antropomorficos. En global, todos elleisegan una respuesta a un estrés que puede
ser agudo o cronico, dependiendo de la fuerzastielser y del tiempo en que se produzca (Tort,
2011). El efecto sobre el moco epidérmico es ddpateldel estresor a analizar, por ejemplo,
una infeccidn patogénica severa produce una digidinude la capa de moco epidérmico e
incrementa la muda del mismo (Ellis, 1981; Horn8igs, 1998), posiblemente debido a la
liberacion de proteasas al moco epidérmico poephet pez y/o del patégeno (Firth et al., 1998;
Roberts and Powell, 2005a).

2.2.1. Osmorregqulacion en peces de agua salada

Si tomamos la salinidad como ejemplo de factortad@phemos de tener en cuenta primero si
estamos analizando una especie dulceacuicola guiesalada. En el segundo caso, también
tendremos que considerar si es una especie endlakstenohalina, es decir, si es una especie
que tolera un rango amplio de salinidades o, poomrario, sélo puede tolerar un rango estrecho
de salinidades. La variacion de la salinidad se gelmcipalmente a cambios en las mareas o a
movimientos migratorios normalmente relacionadas leoreproduccién. En este ultimo caso,
estos movimientos pueden ser de especies que niigragua salada a agua dulce (anddromos),
como por ejemplo el salmérSélmo salar o migraciones de agua dulce a agua salada
(catddromos), como por ejemplo la angudaduilla anguilld. Asi mismo, existen también
especies de peces anfidromos, los cuales realiagimientos entre aguas dulces y saladas, sin
estar relacionados estos movimientos con su repcathy como por ejemplo la lubina
(Dicentrarchus labrak

El 6rgano principal encargado de la osmorregulacgdn las branquias, aunque también
participan de la osmorregulacion el intestino yifgdn. Las branquias intervienen en diferentes
procesos como el intercambio gaseoso, el intercamdiiones, el equilibrio acido-base y la

excrecion de residuos nitrogenados. Estan compudstaélulas pavimentosas, células mucosas
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y células de cloruro. De estas, las células deigdaumplen una funcion basica en el intercambio
iGnico y la regulacion osmaotica mediante el intetba de cloruro (C) y sodio (N&). En peces
teledsteos marinos este intercambio se lleva a jpabcpalmente gracias a dos enzimas que se
encuentran en la membrana basolateral de las séfidacloruro, la ATPasa NK* vy el
cotransportador de N2CI/K*. La ATPasa realiza un gasto energético para leatear potasio
(K" a la célula de cloruro a cambio de sodio que leasangre, mientras que el cotransportador
moviliza potasio, cloro y sodio al interior de Elwa de cloruro, permitiendo asi un movimiento
neto de cloruro al exterior por la membrana apialmentando el gradiente electroquimico del

sodio para que este difunda a través de canalasgbalares que al exterior (Figura 14).

A

Figura 14. Esquema del transporte i6nico branquial. (Eck&@8].

A diferencia de otros animales, el transporte desaontra gradiente que se produce en los peces
teleGsteos marinos no incorpora un transporte da pmto a las sales transportadas. Ademas de
este mecanismo branquial, se produce una ingesigudecon absorcion intestinal de sales y agua
via gastrointestinal y una filtracion renal conrex@n de orina concentrada en sales y amonio
(NH4") (Figura 15).
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Figura 15.Esquema de la regulacion osmdtica en peces desatada. Las flechas con linea
intermitente describen la difusion pasiva y lasticoras describen transporte

activo de iones. (Evans, 2008).

La variacion de las condiciones de salinidad praveambios a varios niveles en el pez. Por
ejemplo, cuando se produce la migracion del sald@agua dulce a agua salada se produce el
conocido proceso destholt. El proceso demoltse caracteriza por cambios a nivel endocrino,

principalmente la produccién de cortisol, hormoracecimiento (GH), factores de crecimiento
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insulinicos (IGFs) y hormonas tiroideas, que gameeanbios a nivel fisiolégico, morfologicos y
de comportamiento (McCormick, 2013; McCormick et aD18). El efecto de estas hormonas
genera un incremento en el nimero de ionocitodasade cloruro, en la abundancia y actividad
de los transportadores idnicos e incrementandmdeaincia a concentraciones crecientes de agua
salada (Boeuf 1993; Pelis and McCormick 2001; Kile et al. 2007; McCormick et al. 1995;
1998; 20011). Asi mismo, también se ha descritinaremento en la actividad de la ATPasa
Na'/K* branquial como resultado del efecto de las IGFsni@mura et al., 2012). Cuando se
produce un movimiento a la inversa, de agua saapa dulce, también se producen cambios.
En ambos casos, estos cambios pueden generar ¢aotlifies en el crecimiento del animal, se

varian los costes energéticos asociados

Sin embargo, poco ha sido analizado en cuanteelafle la salinidad sobre el moco epidérmico.
Si bien, la eliminacién del moco epidérmico competeria capacidad osmorreguladora del pez
(Negus, 1963), la creencia general es que el mpidémnico ejerce de barrera protectora, pero
no ha sido confirmado por ningin experimento (Shefh1994). Por otro lado, se ha establecido
que el grosor de la capa de moco epidérmico vierterminado por la tasa de secrecion,
degradacion y muda, que puede estar estimuladdaptores externos, como pudiera ser un
cambio ambiental (Cone, 2009; Esteban, 2012).delar ¢sto, seria interesante analizar el efecto
de la salinidad a corto y largo plazo sobre lasaataristicas del moco epidérmico y su

composiciéon osmotica e idnica en un pez anfidroomoccla lubina.
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2.3. Efectos de la nutricion sobre el moco epidémi

La nutricién es el proceso de transformacion y éaaidn de la materia y energia. Los nutrientes
suelen destinarse a dos actividades principalesoues! crecimiento y el metabolismo. En el

primero, los nutrientes son dirigidos a incremeptaamarfio y/o volumen del animal, teniendo

como organo de referencia el musculo. En el seguagmutrientes son dirigidos a mantener las
necesidades energéticas del animal y al almacatajexcedente energético en forma de
glucégeno vy lipidos, teniendo como érgano de rafgaeel higado. En el caso de la dorada y la
lubina, su nutriciéon nativa es carnivora, aunquéada composicion de las dietas actuales, se

podria decir que su nutricibn es omnivora.

Los nutrientes se distribuyen por todo el cuerpoad@mal por lo que no parece descabellado
pensar que parte de estos nutrientes tendran cestima el moco epidérmico. Este hecho fue
demostrado por Heming y Paleczny (1987) mediantxperimento de ayuno de 28 y 56 dias en
el que se analizaban cambios de composicién daialy el moco epidérmico en trucha arco iris
(Salmo gairdneritambién conocida com@ncorhynchus mykisy trucha de arroydSalvelinus
fontinalig). Estos investigadores encontraron concentraciorgesentes de cuerpos ceténicos en
el moco epidérmico conforme el tiempo de ayunoemantaba, demostrando asi un posible
trasvase por difusion pasiva de estas moléculatedddorrente sanguineo al moco epidérmico
y que la nutricién tiene efecto sobre el moco apii®p. Asi mismo, Church et al. (2009)
demostraron que los cambios de dieta eran rapidenudetectables (3-8 dias) en el moco
epidérmico. Por otro lado, se ha analizado el efet# aditivos funcionales (prebidticos,
probiéticos y substancias inmunoestimulantes) cpnoonotores del crecimiento y del estado
inmunolégico del pez, inhibidores del crecimienadggénico, promotores de la digestion y la
tolerancia al estrés y mejorar la reproducciémeel(Martinez-Cruz et al., 2012; Sheikhzadeh et
al., 2012; Roosta et al., 2014; Hai, 2015; Hosaindt al., 2014, 2015, 2016). Por ejemplo,
Cerezuela et al. (2016) demostraron que la admaisn deBacillus spy extracto de palmera
datilera regularon al alza diferentes genes retacios con la defensa inmune de la piel y

modularon la composicion de carbohidratos del nemidérmico de dorada.

2.3.1. Hidrolizado de plasma

El hidrolizado de plasma es un subproducto dedastria ganadera por el que se transforma la
sangre de los animales, principalmente no-rumiardasaditivos para alimentar diferentes
industrias, como la acuicola. Para ello, las palefcde la sangre, o en este caso del plasma, son
transformadas por rotura en particulas mas peqybitslizado) y secadas a altas temperaturas
(>300°C) con vapor, o con corrientes de aire, daram periodo corto de tiempo. Las

caracteristicas de este aditivo son un alto cahbgmioteico (85-90%) con una alta digestibilidad
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(99%) (Bureau et al., 1999) y una fuente inmuncagtinte por contener altos niveles de
globulinas, incluyendo inmunoglobulinas (Pérez-Bmsqt al., 2016; Campbell et al., 2010; Gao
et al., 2011). Aun con todas estas caracteristitaso de este aditivo fue prohibido en la Unién
Europea (2000/766/CE) por la posible transmisiopatelogias entre especies en el afio 2000, y
no fue hasta 2003 que se regul6 el uso de proddetdgados de la sangre de animales no-
rumiantes (Regulacion 1234/2003). Sin embargo, rizdycion de hidrolizado de plasma

(anteriormente descrita) garantiza la ausenciaatigpnos (Martinez-Llorens et al., 2008).

Por otro lado, algunos estudios describen el efeotwre el crecimiento o la mejora de la
inmunidad en peces por el uso de hidrolizado den@ao de sangre, como Martinez-Llorens et
al (2008) que evalla el efecto sobre el crecimida caracteristicas del filete y la eficiencia
nutritiva en dorada o el de Gisbert et al (2015¢leque se detecta un incremento del crecimiento,
la modulacién de la actividad defensiva antioxidaptla mejora del estado inmune de los
juveniles de dorada. Otras especies en las quarseehlizado estudios son la anguila japonesa
(Lee y Bai, 1997) o trucha arco iris (Luzier et 4B95; Johnson y Summerfelt, 2000; El-Haroun
y Bureau, 2007) o salmon del Atlantico (Cho y Burek97).

Por todas las caracteristicas descritas de esteoagharece interesante analizar su efecto sobre
el moco epidérmico, ya que ademas de contenerammprcentaje de proteina, los resultados
anteriores indican una mejora inmunoldgica y/o agfe del animal, por lo que podrian tener un
efecto directo sobre la actividad defensiva del anepidérmico, mejorando asi el estado
inmunoldgico del cultivo. Ademas, este cambio digbser detectable a los pocos dias en el moco

epidérmico, tal como indicaba Church et al (2009).

2.3.2 Analisis mediante protedmica funcional del nomepidérmico

El analisis del moco epidérmico mediante técnieagrdteémica permite separar e identificar las
proteinas mas abundantes que son secretadasya pstetanto, separar las distintas funciones
asociadas a él. La protedmica es el estudio dprtdeinas expresadas en una célula, tejido u
organismo bajo unas condiciones especificas. Sedrages procesos o tecnologias principales:
la espectrometria de masas (MS), las técnicagdeidinamiento proteico y la bioinformatica. El
principal método utilizado para la separacién depeoteinas ha sido la electroforesis en dos
dimensiones4D-PAGH, mediante la separacion por punto isoeléctrigmsgo molecular, que
permite afiadir la abundancia como tercer parantireeparacion proteico. También existen
otras metodologias como @NudPIT (del inglés multidimensional protein identificatio
technology) o elCAT (del inglés isotope-coded affinity tags) (Yu et 2D010). De estas dos, el

MudPIT, o Shotgun proteome analysisa incrementado recientemente su popularidaduga q
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ademas de identificar un gran namero de protefaarhién permite su cuantificacién (Matallana-
Surget et al., 2010).

Debido a que el moco epidérmico se encuentra jgarta mas externa de la piel y su origen viene
determinado por las substancias exudadas o exasetiad células de la epidermis, la dermis y
las substancias adheridas provenientes del entstn@studio mediante proteémica permite
obtener una fotografia del estado del pez en esgemto y bajo esas circunstancias en concreto,
por lo que, la protedmica permite generar mapasstatio fisiologico y del bienestar animal, asi
como determinar cambios en el mismo cuando se somhgez a una situacion concreta, como

podria ser un estrés, una patologia o el efectmdelieta funcional.

En la literatura podemos encontrar varios ejempiosjo el analisis del moco epidérmico de
salmon del Atlantico infectados por piojo de marapaemostrar el efecto de alimentos
funcionales bajo estas circunstancias (Provan.e2@13), o la identificacion de las proteinas
inmunologicamente més relevantes en lubina, ersoddr proteinas asociadas a respuesta al
estrés, con funcién inmune, con interaccion direta patdgenos o con interaccion con las
células epiteliales (Cordero et al., 2015), o lacdpcion de las proteinas relacionadas con la
inmunologia de la dorada y la realizacion de unamgplas comunidades de microbios asociadas
al moco de doradas saludables de granja (Juradlo 2015). En nuestro grupo, lbarz et al. (2010)
realizé el estudio del proteoma de higado en dsradaetidas a bajas temperaturas y estrés
oxidativo. También se realizé un estudio con etiiridentificar las 100 proteinas mas abundantes
en el moco epidérmico de dorada, separando estasigancion biolégica e identificando tres
funciones mayoritarias (estructural, metabdlicaefedsiva). Pudiéndose atribuir una funcion
defensiva, a parte de su funcidn principal, a Igangarte de las proteinas descritas (Sanahuja y
Ibarz, 2015).

Sin embargo, no encontramos referencias al anélisiiante protedémica de dietas con aditivos
iInmunoestimulantes, como pudiera ser el hidrolizddglasma, y sus efectos sobre el moco
epidérmico, lo cual podria ser interesante paranslusion en la produccion acuicola y la

complementacién de los métodos de inmunoproteadifinrados por esta. Aungue si que este
grupo de investigacion ha colaborado a lo largdadeealizacién de esta tesis en diferentes
proyectos asociados a la busqueda de mejorasiongies (dietas funcionales) con el objetivo

de mejorar el rendimiento productivo en especiesntirés acuicola, como por ejemplo el

proyecto DIETAplus (MAPAMA).
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2.4. Andlisis mediante isotopos estables del mgadérmico

Los elementos de la Tabla Periddica tienen unabi@idad nuclear conocida como isétopo, esto
quiere decir que tienen el mismo nimero atomicop pstinta masa atomica. Dentro de esta
variabilidad atémica, estan los conocidos commsds estables, que como su nombre indica son
estables y por tanto no participan de ningun pmdesdesintegracion nuclear de forma natural.
Esta caracteristica es la que permite su uso comaciores de procesos geoldgicos,

paleontoldgicos y bioldgicos.

El andlisis mediante is6topos estables se realediante el uso de un espectrémetro de masas.
Primeramente, la muestra es ionizada medianteujm dle electrones que al chocar con ella
genera cationes monovalentes, éstos a su vez ggidal hacia un campo magnético para
separarlos por masas moleculares. El haz de catinorovalentes impactara en unas Copas de
Faraday donde se neutralizaran generando un pateféitrico. La caida del voltaje se analizara
y contabilizard con un software especifico que ama@ la intensidad del haz i6nico entre un

patron y la muestra analizada.

Principalmente se utilizan el carbono y el nitré@enmo isétopos de estudio, concretamente el
carbono 13%C) y el nitrégeno 15¢N), aunque también se han utilizado otros comxiglemo
(*¥0). El carbono es el principal elemento de los @aidratos y los lipidos y constituye el
esqueleto de las proteinas, convirtiéndose asineslamento clave a la hora de analizar los
movimientos de los nutrientes y la tasa de rendvede estos por el organismo. Por otro lado, el
nitrdgeno es el tnico elemento distintivo entrepliadeinas y los otros dos grupos (carbohidratos
y lipidos). Por este motivo, carbono y nitrégeno ceanplementan cuando se analiza el

movimiento de los nutrientes mediante isétoposhéesta

En peces, su uso permite separar los diferentet@stnimales que se encuentran en una red
trofica (Boecklen et al., 2011; Busst et al, 20&ruyama et al., 2015), la modificacion de la
dieta que se produce durante la migracion de sieztpecies (Maruyama et al, 2001), la
trazabilidad en el origen geogréfico de peces arisma especie (Martin-Pérez et al., 2011), el
efecto de los cambios de dieta y su uso como maresdlietarios o ritmos diarios (Logan et al.,
2006; Guelinckx et al., 2007; Beltran et al., 200®a et al., 2013; Felip et al., 2015), la
comparacion del uso de los nutrientes entre tejildosrecimiento y metabdlicos (MacAvoy et
al., 2005; McMahon et al., 2010) o para conocafetto de una actividad sobre la distribucion
de los nutrientes (Felip et al., 2012, 2013).

A diferencia de todos los estudios anteriormenteaio@ados en los que se ha utilizado el andlisis
mediante is6topos estables de musculo y/o higado glaandlisis de los cambios de dieta y

migracion animal, recientemente se ha descubiertoaj moco epidérmico también permite
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analizar los cambios de dieta a corto plazo engp@ieurch et al., 2009; Shigeta et al., 2017). La
tasa de renovacion del moco epidérmico es mayolagdel musculo y por ello permite analizar
el cambio de dieta en tiempos mas cortos e inadugoeces en estadio de crecimiento o en fases
de crecimiento lento. Ademas, el hecho de que sdgtecoger de forma no invasiva y no letal

permite el analisis de especies en peligro de @gtiro protegidas (Church et al., 2009).

Por otro lado, el uso de esta técnica podria ayadanocer mejor el proceso de exudacion del
moco epidérmico mediante el andlisis de las tasgsatiuccion y renovacion, asi como el efecto
de estimulos externos sobre dichas tasas y/o Bsbearacteristicas del propio moco bajo dichas
condiciones. También deberia ayudar a entendendéésculas asociadas al moco epidérmico y
la renovacion de las mismas o sus posibles origasésomo al estudio de la distribucion de la

dieta y el analisis de otras mucosas como la brahguligestiva.
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La acuicultura es una alternativa real y rentaltdgpgsca extractiva, haciendo frente a la cregient

demanda de productos de alta calidad nutriciomaklEnar Mediterraneo, la dorada y la lubina

son especies de cultivo estables para la acuiaujturon crecimientos casi anuales desde la
década de los 80s del siglo XX. Aun asi, existetofas que pueden afectar a la productividad y
que hacen necesaria una mejor comprension deloefisaologico del cultivo y su bienestar

mediante el uso de técnicas no invasivas.

Por ello, los dos objetivos principales de esteusarito son: i) comprobar la idoneidad del moco
epidérmico y su analisis como metodologia no irveapara el estudio del estado fisiologico y de
bienestar del pez vy ii) establecer una metodolpgfa la medicion de la tasa de produccion y
renovacién del moco epidérmico. Para ello, se desgon estos dos objetivos principales en los

siguientes objetivos especifico:

1) Determinar el efecto de la salinidad sobre el estaiblogico y de bienestar utilizando
como animal modelo juveniles de lubina:
a. Comparando los efectos de la salinidad sobre losdnicadores del moco
epidérmico y el plasma a corto plazBapitulo I, Bloque 1)
b. Analizando los efectos de la salinidad a largo@kabre el moco epidérmico, el

plasma y las branquia<dpitulo I, Bloque II)

2) Analizar el efecto de una dieta funcional codrdlizado de plasma porcino sobre el

proteoma del moco epidérmico en dora@agtulo 1)

3) Establecer un protocolo para el analisis mediadtepos estables de la tasa de produccion
y renovacion del moco epidérmico en dorada comoefode especie acuicola marina.
(Capitulo 111, Bloque )

4) Medir la tasa de produccion y renovaciéon del mqudégmico y sus fracciones soluble e
insoluble en dorada utilizando el protocolo antenente establecidoCépitulo I,

Bloque II)

Estos objetivos estan asociados a los proyectosdstigacion: AGL2015-70637-R (MICIINN)
y AE090024 (AQUAEXCEL 2020).
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SIMPLE SUMMARY

Skin mucus biomarkers have become relevant indisdto studying fish physiological status
and welfare. Here, we evaluated them in terms efattute osmotic response of the sea bass.
Change of mucus volume exuded and main stresedefta¢tabolites explain the putative energy
loss implied in hyper/hypo-osmotic response. Weatgstrated that skin mucus is a valuable tool,
comparable to classical blood markers, for evahgatiea bass response to acute salinity
challenges as well as some other potentially dtresstuations. This technique will allow
ecologists, physiologists and aqua-farmers to rooriish welfare and to analyse endangered

migrating species without affecting their vulnempbpulations.
ABSTRACT

European sea bass is a marine teleost which cabitrdnbroad range of environmental salinities.
So far, no research has studied the physiologisgianse of this fish to salinity challenges using
modifications in skin mucus as a potential biolagimatrix. Here, we used a skin mucus sampling
technique to evaluate the response of sea bass¢oas acute osmotic challenges (for 3 h) from
seawater (35%o) to two hypoosmotic environmentsjteld brackish water (3%.) and estuarine
waters (12%o0), and to one hyperosmotic conditior#d0OFor this, we recorded the volume of
mucus exuded and compared the main stress-relaaiikers and osmosis-related parameters
in skin mucus and plasma. Sea bass exuded theegir@atume of skin mucus with the highest
total contents of cortisol, glucose and proteinarrtuypersalinity. This indicates an exacerbated
acute stress response with possible energy lokt®s ¢ondition is sustained over time. Under
hyposalinity, the response depended on the magnitithe osmotic change: shifting to 3%. was
an extreme salinity change, which affected fistobiermetabolism by acutely modifying lactate
exudation. All these data enhance the current edarowledge of skin mucus as a target through

which to study environmental changes and fish statu
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Keywords: Dicentrarchus labraxhypersalinity, hyposalinity, mucus exudation, ofatfity.

INTRODUCTION

European sea badi¢entrarchus labrakis an euryhaline diadromous marine teleost spetfie
considerable economic interest for aquaculture.lfasa can move seasonally between seawater
(SW) and fresh water (FW), and sometimes inhaliasmwith fluctuating salinities such as
estuaries, lagoons or coastal areas that are gsegrseries [1-3]. This species is also found in
upper-river FW reaches [4,5]. Therefore, it is adjecandidate for sea, land-based or estuarine
farming. Movements from SW to FW and vice versa aseally reported for migratory
diadromous species [6], while euryhaline teleosti&s undergo a crisis-and-regulation pattern
when subjected to salinity challenges. ClassicHtig, pattern consists of an initial phase of blood
metabolic and osmotic changes, mainly related taatran of plasma glucose, triglyceride,
cholesterol and sodium concentrations and of odityol@his is followed by a regulation phase,
which usually tends towards a steady phase [7VEH)gamos et al. [11] analysed the acute effects
on plasma osmolality of a hypersaline environménh{ a basal 35%o to 50%o, 70%. or 90%o) for
a short period (up to 10 days). Those authors tegdhat plasma osmolality increased in direct
relation to the intensity of the osmotic shock othex first few hours. However, after 4.5 hours
post-challenge, plasma osmolality started to dser&acontrol levels; except for the 90%o group,
for which full mortality was recorded after 2.5Additionally, the hyperosmotic conditions also
resulted in higher drinking rates in sea bass &84 which is one of the factors that regulates
blood osmolality as a short-term adjustment meamand cope with rapid salinity changes. Laiz-
Carrién et al. [12] exposed gilthead sea bream shat-term (from 2 h to 8 days) salinity
challenge (from a basal 38%. to 5%0, 15%0 and 60%o)e Bloute challenge (at 2 h) plasma
osmolality showed a variation that agreed withdinection of the osmotic challenge: decreasing
in hypoosmotic conditions and increasing in thedrggmotic condition.

Overall, plasma cortisol values are the blood patamthat is most commonly used to
indicate a stress response, irrespective of teesir studied [13]. Although most fish respond to
stress similarly, by increasing glucose, lactatk @rtisol concentrations, the response is species
specific in terms of pattern and magnitude, as a&bf stress tolerance [14—21]. This specificity
is not limited to the species; it also occurs betwstocks or strains of the same species, and there
could even be variety between individuals [20,23-34veral studies have measured the effects
of an acute salinity stress on plasma biomarkdesnfa cortisol increases in the first 2 hours
post-stress and returns to basal levels over fl@nviog days (4 to 8 days) [9,10,12,25-27,27].
In gilthead sea bream, Laiz-Carrion et al. [12]oréed a tendency for glucose and lactate to

increase in extreme conditions, 5%. and 60%., widpeet to the control (38%.). However, an
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absence of change in glucose levels during salomgiflenges has also been reported, but mostly
in long-term studies [10,25]. In addition, it hasel observed that plasma protein only varied
when fish were transferred to hyperosmotic cond#if9,12,26].

Although several experiments have studied the &ffe¢ the osmotic challenge in
European sea bass, mainly on plasma and reguladoayneters, no studies have yet considered
these effects on skin mucus: a conservative inolidhat can be assessed non-invasively and a
potential target for stress studies [28]. Despivedh analysis generally being a non-lethal method
to measure stress, the required procedure canajenmjuries to fish skin and flesh, which may
increase the risk of infection. Thus, alternativetimods to ascertain fish stress should be
considered, such as fish skin mucus analysis, wiastalready been demonstrated to be a reliable
tool that can be used to gauge fish physiologitzdus and well-being [17,18,28,29]. It has been
reported that both endogenous and exogenous fastach as fish developmental stage, sex,
stress, infections, nutritional status or environtak changes can modify fish skin mucus
composition [17,18,28-35]. Recently, it has beeseoked that the components of exuded mucus
are also modified in response to stressors [36-3tie of the stress indicators, such as cortisol,
glucose and lactate, have also been proposedsbléehiomarkers that can be measured in skin
mucus samples [17,18,28]. Moreover, Fernandez-Alatial. [17] demonstrated in meagre
(Argyrosomus regiygsthat correlations exist between plasma and mdousome of these
indicators, in response to different acute stresssoch as hypoxia and netting.

Knowledge of how sea bass respond to osmotic clgdkeis currently mainly related to
their plasma and tissue metabolic and osmotic resgm[7,8,11,22,27,41-46]. However, to date
no researchers have considered skin mucus aset farghe study of osmotic response in sea
bass. Given these considerations, our main aimvaaseto study mucus composition during the
response of juvenile sea bass to acute osmotiteakals. To this end, we transferred fish directly
to two hyposaline environments, a mid-estuary dimdi(from a basal 35%. to 12%.), which is
practically isoosmotic with the fish internal milieand an almost FW condition (from 35%. to
3%o), highly hypoosmotic; and also to a hypersaloadition (from 35%. to 50%.), highly
hyperosmotic. We explored the utility of mucus asmalicator of physiological responses during
this process by evaluating the sea bass resportsesde osmotic challenges and measuring, for
the first time, the volume of mucus exuded. In thi& approach, we selected the acute response
(at 3h post-challenge) and determined the biomarkerposition of the mucus, and the main
stress-related biomarkers in both plasma and muegsther with osmolality and the principal
ion compositions. All our findings contribute to dwiledge of the sea bass response to
environmental salinities, by evaluation of skin msicwhich could be useful for conservation

biology studies and aquaculture conditions.

— 57 —



Pighlciones

MATERIAL AND METHODS

Animals and experimental procedures

European sea bass juveniles were obtained froomaneocial source (Maricos de Esteros
SA, Spain) and acclimated indoors at the CCMAR Rheta marine station (Faro, Portugal).
There, they were reared for two months in open fldd@0 L fiberglass tanks supplied with
running SW pumped from the marine environment, undéural temperature (15.7 + Q) and
salinity (34.9%0 + 0.1%o) conditions. They were expdso a simulated natural photoperiod
(April) and fed twice a day (2.5% w/w) with a conmmial diet. To induce an acute osmotic
challenge, closed-circuit experimental tanks (50Qvere prepared with the following nominal
salinities: 3%o0 and 12%o, by mixing SW with well F\dhd 35%. and 50%., by adding the adequate
amount of commercial aquarium complete sea sattpjtrMarin, Germany). For the assay, fish
(129.2 + 3.6 g) were rapidly caught from the regutsnks and transferred to experimental tanks,
10 fish per condition (3%o, 12%0, 35%0 and 50%.) whtrey were kept for 3 h. This short 3 h
exposure time was selected in accordance with tegphonaximum effects of osmotic challenges
on plasma for sea bass [22,27].

After the 3-hour salinity challenge, the animalsraveapidly anaesthetised with an
overdose of 2-phenoxyethanol (1:250, Sigma-Aldrigpain). Individual skin mucus samples
were immediately collected as described in Fernadacid et al. [28] with slight modifications
to obtain lateral pictures of the area from whioh inucus was extracted. Briefly, fish were lightly
anaesthetized with 2-phenoxyethanol (0.01%, Sigradai¢h) to avoid the stress of manipulation.
Immediately, anaesthetized fish were dripped fer ¢xcess water from the tail and slightly
supported on an absorbent cloth to remove venéémexcess. Then, dorsal mucus from both
sides was carefully collected with a sterile gl3se sterile glass slide was gently slid along both
sides of the animal only three times, to minimipéthelial cell contamination, avoiding the
operculum, and both the ventral-anal and caudahf@as. The skin mucus was then carefully
pushed into a sterile tube (1.5 mL) and store@@fc€ until analysis. Thereafter, each fish was
laterally photographed (all on the left side) watNikon D3000 camera (Nikon, Japan), weighed
and measured. Blood was subsequently obtained tlhensaudal vein with a 1 mL heparinised
syringe fitted with a 23G needle. Plasma was sépaitay centrifugation of whole blood at 10,000
g for 5 min, aliquoted, immediately frozen and stbat -80°C. The animals were then killed by
severing the spinal cord. .

The research was approved by the Centre for M&aiences (CCMAR)-Universidade
do Algarve animal welfare body (ORBEA) and Dire¢@eral de Alimentacdo e Veterinaria
(DGAV), Permit 2019-06-04-009758, in accordancewlite requirements imposed by Directive
2010/63/EU of the European Parliament and of thanCib of 22nd September 2010 on the

protection of animals used for scientific purposes.
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Stress biomarkers

Mucus and plasma were analysed for the streseddtémarkers such as glucose, lactate
and cortisol [17,18]. Soluble components of thengkiucus samples were obtained from the
homogenised mucus, using a sterile Teflon pestiecantrifugation at 14,000 g as described in
Fernandez-Alacid et al. [28]. Enzymatic colorimettests (LO-POD glucose and LO-POD
lactate, SPINREACT, Spain) adapted to 96-well nptates were used to measure skin mucus,
and plasma glucose and lactate concentrationsoviAal) the manufacturer’s instructions, the
mucus and plasma samples, and the standard dduvene mixed in triplicate with working
reagents. The OD was determined at 505 nm with eroplate reader (Infinity Pro200
spectrophotometer, Tecan, Spain). The glucoseamtalté values were expressed as mgfdt
plasma andig-mL? for skin mucus. Cortisol levels were measured gusin ELISA kit (IBL
International, Germany). Briefly, an unknown amoohantigen present in the sample competed
with a fixed amount of enzyme-labelled antigentfa binding sites of the antibodies coated onto
the wells. After incubation, the wells were washedtop the competition reaction. Therefore,
after the substrate reaction, the intensity ofdbleur was inversely proportional to the amount
of antigen in the sample. Following the manufaatanestructions and adaptations for fish mucus
and plasma [17,18], the samples and standardatiki{from O to Jig-dL?) were mixed with the
enzyme conjugate and incubated for 2 h at room ¢eatpre. The substrate solution was added
after rinsing the wells with a wash solution anduibated for 30 min. The reaction was stopped
by adding stop solution and the OD was determindd@ nm with a microplate reader (Infinity
Pro200 spectrophotometer, Tecan, Spain). The obvtidues were expressed as ng cortisol mL
! of plasma or skin mucus.

During the collection process, the mucus sampleg have been affected by water
diluting them. Thus, normalization of data throughucus protein concentration is

recommendable [28] and all data from stress bioerarlire also expressed per mg of protein.

Total protein quantification

Plasma protein concentrations and skin mucus sohuatein were determined using the
Bradford assay (Bradford, 1976) with bovine serlimniain (BSA) as the standard. The Bradford
reagent was mixed with the samples in triplicated imcubated for 5 min at room temperature.
The OD was determined at 596 nm with a micropleseler (Infinity Pro200 spectrophotometer,

Tecan, Spain). The protein values were expressetygsotein mt of plasma or skin mucus.

Osmolality and ion quantifications of plasma anthskucus

Plasma osmolality was measured with a vapour pressimometer (WESCOR VAPRO
5520, Wescor Inc., USA) and was expressed as m@3mPtasma Naand K levels were
measured using a Flame Photometer (BWB XP, BWB fi@dgies, UK) and were expressed as

mmol- L. Plasma chloride concentration was measured asgwdorimetric test (SPINREACT,
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Spain) adapted to microplates and OD was determimedmicroplate reader (MultiScanGo,
ThermoFisher Scientific, USA); values were exprdsae mmol- 2. Mucus osmolality and ion
concentrations (NaK* and CI) were measured using an ion analyser (ISElytenégil, Spain).

Osmolality values were expressed as mOsrhakgl ion concentrations as mmot: L

Mucus exudation values

To determine the effects of the osmotic challengmal mucus exudation was obtained
by measuring the volume of mucus collected«(ih and this was related to both the skin area (in
cn?) and fish weight (in g). For this purpose, thenskiea was obtained using the ImageJ program
(US National Institutes of Health, Maryland, USA)he area was manually marked as an
approximation to area actually scrapped, avoidivgdorsal and the lateral fins, and over the
lateral line; this was then measured using the switware for the program. Furthermore, for the
first time in fish, soluble mucus collectedL) was referred to the sampling area and to fish

weight, to calculate mucus collected per angla ¢n1?) and mucus collected per fish weight
(uL-g?).

Statistical analysis

To compare the data obtained for stress-relatethdrikers and osmotic parameters
among the different salinity challenges, we useshway ANOVA. Additionally, Student’s t-test
was used to compare osmotic parameters betweemalasd mucus. For all our statistical
analysis, a prior study for homogeneity of variamaes performed using Levene’s test. When
homogeneity existed, Tukey’s test was applied; eaeiif homogeneity did not exist, then the
T3-Dunnet test was applied. Moreover, Pearsoni®letion coefficient was applied to the data
to examine the relationship between plasma and sgttass indicators. Correlations with p <
0.05 were considered demonstrated. Principal coemgamalysis (PCA) was performed to study
the structure of the different mucus biomarkerdyaea. The PCA score plots display the main
trends in the data, and their respective “weighireyeals variables with a significant loading.
All statistical analysis was undertaken using SB&8istics for Windows, Version 22.0 (IBM

Corp, Armonk, NY, USA) and all differences were smiered statistically significant at p < 0.05.

RESULTS

Mucus and plasma biomarkers

Total volume of skin mucus exuded (ih) as well as mucus exuded per unit of
collection area and per unit of body weight arevain Table 1, together with the stress-related
biomarkers such as glucose, lactate and cortisompared to mucus exuded at 35%., a
hypoosmotic shock at 3%. or 12%. provoked a 20% reédién the amount of mucus collected,
which was significant at the lowest salinity (15@ #0 122 + 9 uL of mucus collected, from 35%o

to 3%o, respectively, p < 0.05). In contrast, thetaadesponse to the hyperosmotic shock at 50%o



Pighlciones

caused skin mucus over-exudation: significantly T8gher (267 + 33 pL, p < 0.05) with respect
to control values of fish transferred to 35%.. Mucadlected per unit of body weight followed
the same significant differences as the absoluteuamof mucus collected; however, no
significant differences were observed when anafy#ive mucus per surface area of collection
between control and hypoosmotic conditions. Thaesgions of the exuded mucus per unit of
skin surface or body weight were conserved, wiighsimodifications, with respect to the data
for total volume.

Mucus biomarkers related to stress (glucose, kchad cortisol) showed different
responses depending on the osmotic challengesadthe shock from 35%o. to 12%. significantly
increased mucus lactate around 3-fold (from 9.28#@ 25.0 = 7.8 ug per mL); whereas it only
provoked a non-significant increment of glucoseaobund 30%. In contrast, the stronger
hypoosmotic challenge, reduced to 3%o, resulteaiindwer levels of exuded lactate; reduced to
one-third the 35%. level and less than one-seveht 12%. level. Consequently, the
glucose/lactate ratio, an indicator of aerobic,rait@s 5-fold higher at 3%.. Cortisol, as the main
indicator of acute stress response, was not exdifiedently under acute exposure to 12%o, but
at 3%0, mucus cortisol levels increased significab 2-fold. The amounts of soluble mucus,
although not directly related to the stress respowgre also quantified to evaluate the possible
impact on other mucus properties. In responseit@8motic challenges, only the fish subjected
to 3% showed a significant increase of mucus-selydsbtein. All these biomarkers indicate a
different response to the 12%. and 3%. challenges.

Table 1. Skin mucus exudation parameters and mucukiomarkers of European sea bass juveniles
submitted to acute osmotic challenge.

Salinity challenge 3%o 12%o 35%o 50%o

Exudation parameters
Collected Mucusy(L) 8.7E_ b 120.00 £ 28.0¢ ab 151 & 266.67 £ 33.3: C

Exuded mucus/skim{/cm?)  1.95+0.1€ a 1.73+0.3¢c a 2.68+0.28 a 482+0.74b
Exuded mucus/bwul/g) 0.93+0.08 b 0.83+0.17ab 1.28+0.13 a 231+0.3E¢c

122.22 + 150.00 *

Salinity challenge 3%o0 12%o 35%o 50%o
Mucus biomarkers
Glucose (g/mL) 35.31+3.8lab 41.65+7.1¢ b 2853%+4.19ab 25.35+25¢a
Lactate ig/mL) 3.33+055 a 25.03+x784b 9.17+0.84 a 8.99+1.38a
Cortisol (ng/mL) 9.07 £2.42 ab 450+098 a 425116 a 11.52+0.54b
Soluble protein (mg/mL  6.96 £0.47 b 504+044 a 5.14+0.37 a 5.08+0.31a
Glucose /Proteinug/mg)  5.29 +0.4¢ 7.67+1.24 5.47 +0.63 4.67 + 0.4€
Lactate /Proteing/mg) 0.40+0.04 b 345+09Cab 1.96+0.19 a 145+0.11a
Glucose /Lactateug/ug) 14.36 +1.9¢ b 209+028 a 3.04%0.44 a 3.05+0.2E a
Cortisol /Protein (ng/mg 1.40+0.34 ab 0.85+0.09 a 0.83%0.21 a 2.32+0.38b

Values are shown as mean * standard error of meaenandividual samples. Different letters indieat
different groups of significance among salinitibaltenges (3%o, 12%o, 35%0 and 50 %o0) by one-way ANOVA
analysis and post-hoc Tuckey’s test (p < 0.05). 38%ssumed as control value of seawater salimty a
representecn italic.

*bw = body weigh
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In response to hyperosmotic shock (increased to)5@¥kereas mucus glucose, lactate
and soluble protein, expressed per mL of colleavedus, did not change significantly, mucus
cortisol increased significantly 2-3 folds, wittspect to the 35%. value (from4.3+1.0to 11.5
0.5 ng per mL, p <0.05). Additionally, as theiindual volume of mucus exuded were recorded,
the total amount of each exuded biomarker in macasestimated and represented in Figure 1.
The hypoosmotic conditions seemed to preserve emifri maintaining or reducing loss into
mucus. Total glucose was only slightly higher ia 8%. condition and lactate was over-secreted
in the 12%o condition, with respect to mucus valaEe35%.. However, the hyperosmotic condition
generated a large and significantly higher exudatigorotein, glucose and cortisol than the other
conditions, in only three hours of salinity expmsit due to the greater volume of skin mucus

exuded.
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Figure 1. Total biomarkers exuded in skin mucus fron European sea bass juveniles in response to
an acute osmotic challengeT otal exuded protein (A), glucose (B), lactatg é8d cortisol (D). Values are
shown as mean * standard deviation, of ten indalidamples. Different letters indicate differenbgrs

of significance among the salinity challenges (3%3%., 35%. and 50 %0) by one-way ANOVA and
Tukey’s post-hoc tesp(< 0.05). 35%o is taken as the seawater controlisatmd is represented in white.

Plasma stress-related biomarkers 3 h post-challangeshown in Table 2, as is the
correlation with skin mucus values. No significatitferences in response to acute osmotic
challenges were detected for glucose and protefardstingly, plasma lactate showed the same
pattern as observed in mucus for hypoosmotic cimmdit with the lactate levels for the 3%o

condition significantly lower than control; and #&s for 12%. significantly higher. Plasma
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cortisol showed high values in all cases: betwd¥nahd 700 ng per mL without any differences
between conditions, possibly due to the considerdidpersion of values for this parameter.
However, the lowest values were recorded for the @%adition, and the highest for 12%. and
50%o. Pearson’s correlations with mucus and plasahzeg only showed positive and significant
correlation with lactate levels, with an r-valueGo69 (p < 0.05).

Table 2. Plasma biomarkers of European sea bass jemiles in response to the acute osmotic challenge.

Salinity challenge 3%o 12%o 35%o 50%o Plasma vs muctis
Plasma biomarke r coefficien P-value
Glucose (mg/dL. 1731'?%:: 186.22 + 7.97 1841?%? 188.22 + 15.3: 007  >0.05
Lactate (mg/dL 3541 +24 b 1055118.1: ¢ 66.39+7.6 a 3986+39 b 0.6¢ <0.0]

: 333.77 615.88 + 453.64 + 586.66 +
Cortisol (ng/mL) 101.6° 102.0¢ 80.9¢ 154.3 005 >0.05
Protein (mg/mL  20.70+£ 0.7 21.18+1.0 21.14+£0.8 18.80 £ 0.9 0.07 > 0.0t

Values are shown as mean + standard error of mig@m individual samples.

Different letters indicate different groups of siggance among salinities challenges (3%o, 12%o0, 38fid 50 %o) by one-way ANOVA
analysis and post-hoc Tuckey’s test (p < 0.05). 38%ssumed as control value of seawater salinity.

! The relationship for each stress biomarker inmpiand mucus (n=40 paired data, n=20 paired dataftsol) is analysed by Pearson's
correlations: the Pearson value (r) and signifiedawel (f-value..
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Figure 2. Mucus and plasma osmolality of Europeanea bass juveniles after 3 h of osmotic challenges
Values are shown as mean + standard error of noéaen individual samples. Arrows indicate measured
osmotic value of surrounding water at 3%, = 115 mikmt, at 12%. = 320 mmol-kYy at 35%. = 931
mmol-kg!, and at 50%. = 1366 mmol-&gDifferent letters indicate different groups afsificance among
the salinity challenges (3%o, 12%o, 35%0 and 50 %.)og-way ANOVA and Tukey’s post-hoc test (p <
0.05). Lower-case letters represent significariedéinces in mucus. Upper-case letters represeamfisant
differences in plasma. 35%o is taken as the seawatgrol salinity and is represented in white faraus
and lightly dotted for plasma.

Osmotic parameters
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Plasma and mucus osmolality, and the main ionsesdretion (N& CI and K) were
measured and are shown in Figure 2 and Figurespeotively. To compare ion retentions in
mucus or ion concentrations in plasma, the osntglalf the surrounding water was also
determined. The increment in water salinity, arel ¢tbncomitant increment in osmolality, was
not buffered by skin mucus (Fig. 2). However, attoal and lower salinities, mucus tended to
accumulate or retain ions, resulting in mucus hgtiigher osmolality than the surrounding water.
With regard to the main osmosis-related ions (BjgNa and Cl showed a strict dependence on
the surrounding water. Whereas in the 35%. and 50%slitions, the sum of mucus Nand Ci
reached 74.0% + 1.3% and 75.6% =+ 4.0% of mucus ladityo respectively, at 12%o, this sum
only represented 51.0% + 3.2% while at 3%, it waiely 35.2% + 2.5% of the mucus osmolality.
This indicates a rapid dilution of these ions ie tlew hypoosmotic water, proportional to the
salinity reduction. The mucus concentration of psiam, although this does not contribute
greatly to total osmolality values, also dependedavater salinity. However, no differences were
observed between the 3%. and 12%. conditions, whmllavindicate differences in the dynamics

of mucus trapping potassium between these two tsypotic challenges.
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Figure 3. Principal mucus and plasma osmostic-relat ions in European sea bass after 3 h of osmotic
challengesValues are shown as mean + standard error of noé¢em individual samples. Different letters
indicate different groups of significance amongghénity challenges (3%o, 12%., 35%0 and 50 %) by-one
way ANOVA and Tukey’s post-hoc test (p < 0.05). lavease letters represent significant differennes i
mucus. Upper-case letters represent significafgrgifices in plasma. 35%o. is taken as the seawat#oto
salinity and is represented in white for mucus lgitly dotted for plasma.

In contrast to mucus, plasma osmolality and ionewedependent of water salinity: they

were generally maintained near the 35%. controlesi(839 + 3 mmol- kY. However, plasma
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values at 3%o were significantly lower (311 + 1 mrkgi, p < 0.05) and at 50%. they were
significantly higher (365 + 5 mmol-Kgp < 0.05), indicating some effect of this immeelistress.

In plasma, the sum of the main osmosis-related (sodium and chloride) represented around
90% of plasma osmolality, irrespective of the adradje condition. In the 50%. challenge, plasma
ions showed differences with respect to contraleslat 35%.: higher sodium and chloride values,
and lower potassium values.

Principal Component Analysis (PCA)

PCA was used to determine the contribution of tiness-related and osmosis-related
biomarkers to the overall response, and allowetbudiscriminate the effects of the osmotic
challenges over specific indicators. Figure 4 shtvesPCA analysis with and without osmotic
parameters. In accordance with the high impachefdurrounding water on mucus osmosis-
related parameters, the PCA plot revealed therdiffees between challenges, clearly separating
each condition on the x-axis: there was positiveatation with mucus chloride, osmolality and
sodium, together with plasma osmolality (Factor fIP€A in Figure 4A). On the y-axis
distribution, data related to lactate separatechthie response to the 12%o. and 3%. conditions.
When osmosis-related parameters were not considégnedre 4B), in spite of a loss of
confidence, the 50%. data were close to the contrhles, whereas the 3%. condition was the
extreme on the x-axis and strongly separated fr@v.1Finally, the y-axis distribution showed
a broad distribution of 12%. data, probably duelhe higher dispersion of values of several

parameters in this condition.
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(M)Osmolality 0.12¢ 0.007 2 4.81: 22.91« 59.61¢
(M)Sodiurr 0.12¢ 0.001 3 2.29¢ 10.92¢ 70.54:
(P)Osmolality 0.12¢ 0.02¢ 4 1.381 6.57¢ 77.11¢
(M)Potassiur 0.12] -0.011 5 1.07¢ 5.13: 82.25:
(P)Sodiun 0.11( -0.027 6 0.801 3.81% 86.06¢
(M)Exuded 0.087 -0.044 7 0.583 2.775 88.843
Volume
(P)Cortiso 0.06¢ 0.09¢ 8 0.56¢ 2.68 91.53(
(P)Glucos 0.02¢ 0.057
(M)Cortisol 0.027 -0.101
(P)Chloride 0.01¢ -0.11¢€
(M)Lactate/Protei 0.01¢ 0.16¢
(M)Lactate 0.01¢ 0.17¢
(P)Lactat: 0.00: 0.17%
(M)Glucose/Protei  -0.02¢ 0.12(
(P)Proteil -0.03( -0.02z2
(M)Cortisol/Proteii  -0.037 -0.16(
(M)Glucost¢ -0.04: 0.08¢
(M)Proteir -0.07¢ -0.08z
(M)Glucose/Lactai -0.097 -0.12¢
(P)Potassiul -0.10( 0.02¢
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Figure 4. Principal component analysis (PCA) plot bEuropean sea bass juvenile plasma and skin
mucus parameters after acute osmotic stresgactors 1 and 2 represent the first and secomtipél
components. Parentheses indicate the varianceiegglay the factors. Below the figure (A and B) are
tables of the contribution of the factors and tbmponent variance accumulation, to a maximum of.90%
A: PCA of plasma and skin mucus parameters inclpdsmolality and ion parameters. B: PCA of plasma
and skin mucus parameters without osmolality orpgarameters.

DISCUSSION

In recent years, several minimally harmful waysvaluate fish physiological status and
welfare have been tested, for instance when fich &&ute biotic and abiotic stressors, including

examining skin mucus. Most of the conditions inethmucus has been evaluated focus on acute
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stressors that occur in culture or fishery condgiosuch as hypoxia, netting, crowding,
anaesthetic agents or capture procedures. Redeasatonsidered different species, but mostly
gilthead sea bream [28,29,34,47], rainbow troui,[A8agre [17,28,34], Senegalese sole [18]
and European sea bass [28]. A few studies havetegbealuable correlations between classical
stress biomarkers in plasma and skin mucus, suggdbe potential to use this biological matrix
instead of more invasive blood extraction [17]. ¢Jexe assayed the stress biomarkers glucose,
lactate, cortisol and soluble protein, and someasssrrelated parameters, osmolality and the
main ions involved, in plasma and skin mucus. Gun@as to determine the response of sea bass
to acute (3 h) salinity challenges in two hypoosmobnditions (3%, diluted brackish condition;
and 12%., estuarine condition) and one hyperosngoticlition (50%o), in relation to transfer to a
control condition (35%o).

A volume of skin mucus is produced as one of théy @asponse mechanisms [28,49]
and should be one of the most interesting parasédoe analysed under stress conditions. To
the best of our knowledge, no data on the volumeno€us collected have previously been
reported in the literature. Nevertheless, some aastihave reported an increase in mucus
production, both when animals move from FW to SWsaveral migratory species, such as
Oncorhynchus nerk§0], Cyprinus carpio[51], Salmo salar[52], Fundus seminoli$53] or
Colossoma macropomufs4], and when they move from SW to FW, feundulus heteroclitus
[55], Gambusia affinis affinisnd Catla catla[56] and Gasterosteus auleatys7]; and also
reviewed by Shephard [49]. In the current study fell®wed our method previously described
in marine fish [33] to measure the volume of mupuaduced by a specific skin area surface.
Thus, the exuded volume could be compared betweeditions and we determined aB0%
volume increase under the acute change from 35%%a. In contrast, a slight, 20%, decrease
was measured at 3%. and 12%.. These data clearlyaitedihe different response to salinity at the
skin mucosa level; and for the first time, we pdevspecific data for comparative purposes.

Classic indicators associated with the stress respim fish, such as glucose, lactate and
cortisol, are easily and rapidly detectable in skircus. During the collection process, the mucus
samples may have been affected by water dilutiorcamcentration, and in the view that
environmental salinity affected mucus volume cddec it is strongly recommendable to
normalize data to protein levels (ratios) that pebeomparable [28]. Recent studies by our group
have demonstrated that a correlation exists bette® parameters in plasma and mucus, such
as happens on exposure to air and handling in re¢4df. The presence of cortisol, as the main
stress-related hormone, has been determined im ekoerine secretions, such as lateral line,
faeces, urine and the surrounding water, as wef esudal fin and scales, tested in order to find
a reliable non-invasive method to assess stress83482]. In our present study, the mucus cortisol
levels indicated different stress responses depgndn the osmotic challenge. Extreme

conditions of 3%0 and 50%. increased cortisol in myauhereas 12%. showed similar values to



Pighlciones

control conditions. When these values are compaiiid plasma cortisol in order to validate
mucus samples as a bioindicator, a lack of coicglatas observed. In most fish species, cortisol
reaches its highest concentration in plasma afterloh, depending on the stressor and species
[63,64]. However, plasma values in response ta#motic challenges we applied here did not
show significant differences with respect to comadues. This fact is probably explained by the
specifics of the experimental design. It must besatered that all the fish, including the control
animals (35%o), were subjected to the same handtiegs when transferred to the new conditions
3 h before sampling, and this probably meant thatatcute osmotic effect masked the cortisol
response in this short period. Measured contralesiwvere high (around 450 ng-Mlwith
respect to basal levels (~100 ng-fhlceported for this species (reviewed in Ellis ket §13]).
Meanwhile, the scarce data in the literature orlkof mucus exuded are still controversial. For
instance, Guardiola et al. [47] found a delay betw#he measurement of plasma cortisol and that
in skin mucus in gilthead sea bream; whereas Fakoat al. [27] measured the plasma cortisol
to peak 1 h after stress in European sea basselmops studies, we observed a peak in skin
mucus cortisol 1 h after air exposure stress ingmeavhich strongly correlated with the plasma
increment [17]; while exuded cortisol did not shamy post-stress dynamics in Senegalese sole
[18]. As commented above, it would seem that nesk& mucus nor plasma cortisol levels are
particularly informative in response to an acut@aisc challenge, at least using this experimental
paradigm. This would invalidate them as mucus bitlers. However, when considering the
volume of exuded mucus (the transformation of solttoncentration into the total amount of
cortisol exuded) a marked effect of hypersalinityswletected: exuded cortisol increased five-
fold with respect to control values. These dataldiindicate, for the first time in this species, a
condition of exacerbated exudation of this hormomieich necessarily implies greater plasma
release, although it was not detected. Furtheriegughould address the cortisol dynamics, for
instance, in a post-osmotic challenge time counsevieen subjecting fish to a sustained
hypersaline condition.

An increase in skin mucus glucose and lactate d@xudaere widely reported after an
acute stress in several fish species [17,18,2B8R8 iese responses were also reported in plasma
glucose and lactate levels [12,16-18,25,26,48,636h a strong plasma—mucus correlation
reported only in meagre [17]. Fish in stressfuliations exhibit increased plasma glucose as a
consequence of cortisol release (reviewed in Skheeal., [20]). However, the magnitude and
duration of high glucose concentrations in plasmaspecies-specific [22]. Acute osmotic
challenges did not alter glycaemia 3 h post-chgibezomparing hypo- and hypersalinities to 35%o
values. With regard to mucus levels, to our knogtedhe only study supplying data on skin
mucus glucose for similar-sized European sea lapsrted glucose values of around 10-30
ug-mL? (or 2-4 pg- mgof protein) [28], which are in agreement with tleadwe present in this

study. Again, when data are transformed as totalagle exudation, hypersalinity provoked the
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highest glucose loss via skin mucus, so sustagwedd over time could be harmful for the animal.
Further studies should take advantage of this mbdmmarker to evaluate status when fish
migrate from SW to FW or vice versa, as suggesiedther sustained environmental conditions
[28,29].

Plasma lactate increases in stressed fish, patiguf any aspect of the stressor results
in increased activity or reduced oxygen availap[l0,21]; and such stress-related increases were
also recently demonstrated in skin mucus [17,183]8 Furthermore, lactate is an important
metabolite that fuels osmoregulatory mechanismpdth@ should be taken into consideration, as
it becomes more important during osmotic acclimaf@. In agreement with this, our current
data show that lactate was the only parameter sigppbor correlation between plasma and
mucus levels. In fact, it was the only biomarkerichhclearly differentiated the hyposalinity
conditions (3%0 and 12%o). Interestingly, whereash® 12%. condition both plasma and mucus
lactate rose markedly within 3 h with respect totod values, in the 3%, condition they
diminished. No previous evidence exists of a difgasma or mucus lactate reduction under
hypoosmotic shock, whereas the opposite would peat®d: a response similar to that occurring
at 12%. [9,25]. We could hypothesise that a mordeametabolic change would be needed in
order to cope with the stress of the extreme salimelition. In the view of the current results and
previous studies in other species [9,12], deeppragehes are necessary to consider the related
aspects with the metabolic costs, for instancelogical affectations of the skin mucosa, as well
as of the branchial mucosa and of the intestinalasa because of that the multiplying osmotic
cells is certain to also have a significant metabobst. A change in metabolic fuel preference,
by increasing lactate oxidation and stimulatinguke of lactate as a gluconeogenic substrate, as
was suggested for rainbow trout [66], would conslswtate faster upon its release from stores.
In agreement with this, the mucus glucose/lactie mcreased 6- to 7-fold in the 3%. condition,
due to the scarce lactate exuded in skin mucuss, Thucus lactate could be a good biomarker to
measure the osmotic threshold where fish modifyagsic and transient stress response to a
resilient condition. Further studies are necesgagjucidate the usefulness of mucus lactate as a
mucus biomarker of anaerobic/aerobic metabolic ghan

Plasma osmolality has been used as a physioldgdiabtor when measuring the effects
of salinity on fish physiology [12,67—70]. Plasmenwlality is maintained between 300 and 350
mOsmol-kd in the face of tolerable salinities by adult ewjhe teleost [12,71,72]. In our
experiment, although significant differences weoerid between conditions, all the plasma
osmolality values were in the range of 300 to 3%Dsmol-kg'. These results are in agreement
with those observed for gilthead sea bream afsdroat exposure to a salinity challenge [12]. In
that previous research, the authors reported lagima osmolality increased when fish were
transferred to a 60%o condition for the first 4 lmuand it decreased when transferred to 5%o or

15%. for the first 24 hours, achieving a steadyestdter 4 days.
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Remarkably, and for the first time, skin mucus ofstity was measured during a salinity
challenge, revealing that skin mucus does not cetalyl buffer water osmolality. While at lower
salinities, skin mucus tended to accumulate olirétas, resulting in a higher osmolality than
that of the surrounding water (similar to previasservations in salmonids by Roberts and
Powell, [73]), at higher salinities, mucus ion camspion and osmolality closely reflect those of
the surrounding water. Mucus substrates also dnri&rito maintaining an elevated osmolality
and provide some hydrophobic features. This woattstitute a protective barrier, decreasing the
local gradient across the skin. In low salinitidee osmotic pressure of the mucus layer, being
similar to that of the blood, may buffer the immegdi entry of water and loss of ions across the
skin. However, the elevated level of ions in thecawiof fish in high salinities may contribute to
the observed volume increase as the fish tendssm Water across the skin to the immediate
hyperosmotic mucus layer. Again, these valuesratiea framework of acute challenges; longer-

term responses of skin mucus need to be elucidatedther experiments.

Information on the functions of epidermal mucugsmoregulation is scarce. According
to Shephard [49], unstirred layers of skin mucuasioed diffusional fluxes of ions and water [74];
but the impermeability conferred by skin mucus wdoamly reduce water diffusion by about 10%
of overall transport. Previously, Marshall [75] dsadiolabelled Na and Cl to demonstrate that
mucus could only reduce the rate of solutes pelingeaicross the epithelia by up to 15%, but
suggested, as did Kirschner [76], that mucous fagsy serve to concentrate cations from ion-
deficient environments and support active uptaké. Interestingly, the measurement of the
main osmosis-related ions (sodium, chloride andagstim) in our samples indicated rapid
dilution in the new hypoosmotic water, proportioteabalinity reduction. However, maintenance
of ion concentrations at a basal level above enwental levels in low salinity may indicate that
mucus composition is involved in or controlled lmyre osmoregulation process or ion capture
mechanism, as suggested by Marshall [75] and Kiescfv6]. Skin mucus is a polyanionic gel
[77], which increases its potential to trap catiang allow anion diffusion [78]. It remains to be

seen if ion-binding proteins are secreted intontlbeus under salinity challenges.

Handy [79] found higher mobility of chloride, folleed by potassium and sodium, in
rainbow trout skin mucus and hypothesised that mb#te skin mucus ion content may reflect
the goblet cell content before secretion. In additiRoberts and Powell [52] measured whole
body net efflux of ions when transferring Atlarg@lmon to FW, finding a net whole-body efflux
of chloride after 3 hours. It has been reported 8\&-acclimated fish have a ‘leaky’ junction
between gill cells that allows an efflux of ionstte environment when exposed to lower water
salinity [52]. Further studies are necessary torowe our knowledge of skin mucus dynamics
when fish are subjected to salinity modificatioasd whether skin and gill mucus, covering the

main ion exchange sites, have comparable compositiaking all these data into consideration,
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mucus osmotic modifications seem to be a good meam@halyse fish responses to osmotic
challenges; moreover, when we performed PCA, theotadity and osmotic parameters clearly
discriminated between salinity groups. Componengsewdiscriminated in one direction by
osmolality and osmosis-related parameters in skious, as could be expected, and in the other
by aerobic-to-anaerobic ratio in skin mucus anégsitim concentrations in plasma. In addition,
our Factor 2 discriminated groups by metabolic falell on the opposite side by aerobic-to-
anaerobic ratio and cortisol-to-protein ratio. Tfere, PCA clearly discriminated the two main
effects of salinity in fish: a modification in shiierm metabolic resources to cope with the new
environmental situation, and the effect of the reewironment on the non-buffered osmosis-

related parameters in skin mucus.

CONCLUSIONS

Skin mucus biomarkers offer valuable informationtibe immediate response of fish to
different acute challenges. The specific measuréafemucus volume per area has been shown
to be a useful and informative parameter. Sea &asded the greatest volume of skin mucus
under exposure to hypersalinity, with the highestltcontents of cortisol, glucose and protein.
This indicates an exacerbated stress responsepoagibible energy losses if the condition is
sustained. Under exposure to hyposalinity, theaesp depends on the magnitude of the osmotic
change; 3% is an extreme salinity change, whiclbgioty affects fish aerobic metabolism.
Although this study only focuses on the acute rasppour data on skin mucus offer a new means
by which to analyse fish responses to osmotic ehglts; and it opens up interesting new

questions on how skin mucus copes with salinityngea in the surrounding water.
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ABSTRACT

The European sea ba&identrarchus labrakis a euryhaline marine teleost species that lives
freshwater (FW), brackish and seawater (SW) enwiemts. Biomarkers in skin mucus have
recently been considered as a minimally invasivg teastudy responses to challenges in fish.
Here, we challenged sea bass juveniles to sustaakdity for 15 days, simulating two
hypoosmotic (3%. and 12%.) and one hyperosmotic (5@&)ironments. We analysed body
performance, skin mucus exudation, and the masnmmaand mucus biomarkers related to stress
and osmotic control. Additionally, NéK*-ATPase activity was measured as a primary response
to the salinity challenges, as well as the gill oug cell class distribution and shape. Although
fifteen days was not long enough to affect fishfgrenance, the volume of exuded mucus
increased significantly under all the salinity dbages, increasing by 130% in the 50%. condition.
Together with the increased mucus exudation, saaifly greater amounts of soluble protein
and lactate were released, with a clear energyneiipee. The salinity challenges also rearranged
the gill mucous cell distribution, with more aciddaneutral mucin mucous cells in response to
hypersalinity. With regard to global osmoregulatipfasma tolerated and immediately reverted
in response to the osmotic challenges, whereasnsiaus clearly exhibited an osmoregulatory
function as an ion-trap in hypoosmotic conditiohast avoiding loss of osmosis-related ions.
Overall, our findings indicate that the hyperosmatndition (50%.) demanded more energy than
the extreme hypoosmotic condition, and this wasineasively probed via skin mucus. Thus,
we demonstrate the usefulness of skin mucus asydonaeasure the effects of environmental
salinity on fish physiological status and welfamdich is of great interest for both aquaculture

and ecological studies.

Keywords: Dicentrarchus labraxmucus exudation, salinity adaptation, osmoregnagill
Na'/K*-ATPase
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INTRODUCTION

Wild European sea basBi¢entrarchus labrax moves seasonally from seawater to freshwater
environments and vice versa, including coastalsalagoons, estuaries and other parts of rivers,
and therefore encounters salinity changes in atbafevelopmental stages (Barnabé et al., 1976;
Kelley 1988; Cabral and Costa, 1999, 2001; Varsas@d., 2001, 2002, 2004; Vasconcelos et
al., 2011). Despite this hyaline plasticity, wasafinity can affect sea bass growth in extreme
conditions below 10%. and over 50%o, as already replo(Dentrinos and Thorpe (1985) and
Eroldogan et al. (2002) found better growth perfance at lower salinities (10%o, 20%o0, 25%o
and 30%o) than control (33%o0)). Varsamos et al. (2@0D2) measured blood osmolality at larval
and juvenile stages, while Jensen at al. (1998)extithe effect of salinity on osmoregulation and
branchial N&K*-ATPase. In those studies, the authors sugges&tadrtla acclimation process
was completed in 4-8 days. Similar responses wered when analysing growth performance,
osmoregulatory and metabolism as part of the aetian process in other marine species:
gilthead sea breanSparus auratp(Sangiao-Alvarellos et al., 2003, 2005; Laiz-Canrigt al.,
2003, 2005a, b), shi drundfnbrina cirrosg (Mylonas et al., 2009) and red porgya@rus
pagrug (Vargas-Chacoff et al., 2011). Within the fireivf days, a classic pattern develops known
as “crisis and regulation”, which consists of aitiah phase of blood metabolic and osmotic
changes, followed by a phase of regulation, whenoosgulatory and metabolic parameters
achieve a steady “normalized” state (Jensen etl8P8; Varsamos et al., 2004; Sangiao-
Alvarellos et al., 2005; Mylonas et al., 2009). Tirst evidence of this is variation of blood
osmolality and the main osmosis-related ions'(Ig& and K) (Jensen et al., 1998; Laiz-Carrion
et al., 2002, 2005a, b; Vargas-Chacoff et al., 204dsroor et al., 2018). Gill development and
proliferation are affected by these osmotic chajngesliated by cortisol, which modifies M&*-
ATPase activity and gill chloride cells (McCormick990, 1995; Madsen et al., 1995; Seidelin
and Madsen, 1997). This eventually restructurek agiergy metabolism and requirements
(Morgan and lwama, 1996; Morgan et al., 1997; Ll@a¥idn et al., 2003, 2005a; Sangiao-
Alvarellos et al., 2003b). Meanwhile, blood metabahanges are mainly related to a decrease
of plasma glucose, triglycerides and cholesterehgdn et al., 1998; Varsamos et al., 2004;
Sangiao-Alvarellos et al., 2005; Mylonas et al.020 After a condition has been sustained for
weeks, energy metabolism is reorganized towarde@eased energy expenditure, reallocation
of resources and depletion of carbohydrate resemvs&sveral tissues, such as liver, gills, kidney
and brain (Sangiao-Alvarellos et al., 2003, 200&iztCarrién et al., 2003, 2005b; Vargas-
Chacoff et al., 2011).

Although blood analysis is a non-lethal method &asure stress, the procedure can result
in injuries on fish skin, which may increase thekrof infection. Therefore, in recent years,

increasing interest has been shown in the usersfim@sive methods to assess fish physiological
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status and welfare, like fish skin mucus analysisrifandez-Alacid et al., 2018, 2019a, b;
Sanahuja et al., 2019a; Ordéfiez-Grande et al.,)202tas also been reported that endogenous
and exogenous factors, such as fish developmetagk,ssex, infections or environmental
changes, can modify fish skin mucus compositiom¢Bstock and Pickering, 1982; Zaccone et
al., 1985; Benhamed et al., 2004; Fernandez-Aleca., 2018, 2019a, b; Sanahuja et al., 2019a,
b; Herrera et al., 2020). Moreover, it has beereofes] that the components of exuded mucus are
modified in response to stressors (Cordero et28ll5; Patel and Brinchmann, 2017; Pérez-
Sanchez et al., 2017; Rajan et al., 2011; Sanamgdbarz, 2015), including salinity challenges
(Ordéinez-Grande et al., 2020). Indeed, some strelisators, such as cortisol, glucose and
lactate, have been proposed as feasible non-irevasiomarkers (Guardiola et al., 2016;
Ferndndez-Alacid et al., 2018, 2019a, b; De Mercetdal., 2018). Nonetheless, to date, most
experiments have analysed short-term stress, eithiédng-term studies. For instance, Roberts
and Powell (2005a) evaluated skin mucus modificationder different salinities over 3 months,
finding that skin mucus was hyperosmotic with regr hypoosmotic surrounding water, and
that gill mucous cells shifted from neutral to agitien fish were moved from freshwater to
seawater. Ferndndez-Montero et al. (2020) studiedeffect of different stressors, such as
temperature, stock density and handling, on cdntedease andhuc-2gene expression in the skin
of the greater amberja@eriola dumerili They reported an increasenmuc2 expression in high
stock densities and in response to handling prédpaadicating a possible increase in mucus
exudation. Cortisol increased in plasma in the {wrg crowding experiment, while the fish
adapted to the handling protocol which did notaftertisol release. In a previous study, we used
skin mucus biomarkers to evaluate the responseabass to several acute osmotic challenges
(Ordéinez-Grande et al., 2020). We reported thetggeaolume of skin mucus to date, with the
highest total contents of cortisol, glucose, andtgin under hypersalinity. This could be an
undesirable condition if the salinity condition bewes chronic. Thus, although that study only
focused on the acute response, skin mucus offernameans to study how fish cope with

sustained salinity changes in the surrounding water

Since there is little knowledge of how fish respesig osmotic challenges are related to
their plasma and tissue metabolic and osmotic resgs) and little research has considered skin
mucus as a target for the study of osmotic respansemain aim here was to study skin mucus
biomarkers, together with some plasma and gillpatars in the response of juvenile sea bass to
sustained osmatic challenges. To this end, weraatdid fish for 15 days to a hypersaline
condition (50%o), and to two hyposaline environmeatsalmost freshwater condition (3%.) and
a mid-estuary condition (12%o.), which is practicalposmotic to the internal fish internal. We
explored the usefulness of mucus as an indicatphgs$iological responses and wasted energy

by evaluating the volume of mucus exuded, and thén mtress-related and osmosis-related
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biomarkers in mucus and plasma. Moreover, we alatyaed gill energy requirements (N&'-
ATPase activity) and gill mucous cell classes ahdpss. All these findings contribute to
knowledge of acclimation responses to environmesddihity and its repercussions for fish
energy expenditure in order to maintain homeostasiker a chronic condition in European sea

bass, which could be useful for conservation biplagd aquaculture.
MATERIALS AND METHODS
Animals and experimental procedures

European sea bass juveniles were obtained frormaneocial source (Mariscos de Esteros, SA,
Spain) and acclimated indoors at the CCMAR Ramalhadrine station (Faro, Portugal). Fish
were reared for two months in open system fibesgtasks (1000 L), at seawater salinity of
(34.9%0 = 0.1%0) pumped from the marine environmdntha naturally occurring temperature
(15.7C + 0.2C) under the natural photoperiod (April to May)ddgad a commercial diet twice
a day (2.5% wi/w). For the assay, fish (129.2 +0.@ere transferred to experimental conditions
at water salinities of 3%o, 12%0, and 50%.. The cdntmndition where the animals were caught
and returned to was 35%.. The transition between 2B%h each experimental condition was
carried out during three days by increasing fresemidow in the 3%. and 12%. conditions, and
by adding commercial sea salt in the 50%. conditiOnce the experimental salinities were
achieved, the fish were kept in the experimenta{ddor a period of 15 days. The long exposition
time of 15 days was selected in accordance withgperted effects of osmotic challenges on sea
bass osmoregulation (Jensen et al., 1998; SandiaoeNos et al., 2003, 2005; Laiz-Carrion et
al., 2005a, b; Fanouraki et al., 2008, 2011).

After the 15-day period, 10 animals selected adoamfrom each condition were sampled
for skin mucus, blood and gills. Individual mucusTples were collected once the fish was
anaesthetized with 2-phenoxyethanol (1:250, Sigidii¢h, Spain) as described in Fernandez-
Alacid et al. (2018), with slight modifications ébtain lateral pictures of the area from which the
mucus was extracted (Ordéfiez-Grande et al., 2@fly, a sterile glass slide was used to
carefully remove mucus from the over-lateral listayting from the front and sliding in the caudal
direction. The glass was gently slid along botresidf the animal, avoiding the non-desirable
operculum, ventral-anal and caudal fin areas, aedskin mucus was carefully pushed into a
sterile tube (1.5 mL) and stored at %8Quntil analysis. Thereafter, each fish was lateiall on
the left side) photographed with a Nikon D3000 cear{dlikon, Japan), weighed and measured.
Blood was subsequently obtained from the caudal wéth a 1 mL heparinized syringe with a
23G needle. Plasma was separated from whole blpamtrifugation at 10,000 g for 5 min,
aliquoted, immediately frozen and stored a@0The animals were then killed by severing the

spinal cord and a gill sample from the secondagidlwas collected and placed in a tube with 100
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uL of ice-cold SEI (sucrose-EDTA-imidazole) buffd50 mM sucrose, 10 mM EDTA, 50 mM
imidazole, pH 7.3) and frozen at %0 An additional sample from the gills was taked ptaced

in a 2 mL tube with Bouin-Holland solution.

The research was approved by the Centre for M&atences (CCMAR)-Universidade
do Algarve animal welfare body (ORBEA) and the D#&e-Geral de Alimentacéo e Veterinaria
(DGAV), Permit 2019-06-04-009758, in accordancewlite requirements imposed by Directive
2010/63/EU of the European Parliament and of thanCib of 22nd September 2010 on the

protection of animals used for scientific purposes.
Metabolite biomarkers and cortisol levels in muans plasma

The soluble components of skin mucus samples wezeiqusly obtained from the mucus

homogenization, using a sterile Teflon implemend aentrifugation at 14,000 g for 15 min

(Fernandez-Alacid et al., 2018). Enzymatic colothisetests for glucose and lactate (LO-POD
glucose and LO-POD lactate, SPINREACT, Spain) adhpm 96-well microplates were used,

adapted to fish mucus and plasma samples. Follatinghanufacturer’s instructions, mucus and
plasma samples and standard dilutions were mixddwaorking reagents in triplicate. The OD

was determined at 505 nm with a microplate reakidin{ty Pro200 spectrophotometer, Tecan,
Spain). The glucose and lactate values were exgitess mg- dt for plasma angig- mL? for

skin mucus.

Cortisol levels were measured using an ELISA Bt(International, Germany). Briefly,
an unknown amount of antigen present in the sacgigeted with a fixed amount of enzyme-
labelled antigen for the binding sites of the amtiles coated onto wells. After incubation, the
wells were washed to halt the competition reactidmerefore, after the substrate reaction, the
intensity of the colour was inversely proportionial the amount of antigen in the sample.
Following the manufacturer’s instructions and adtpns for fish mucus and plasma (Fernandez-
Alacid et al., 2019a, b), the samples and standifutions (from 0 to 3ig- dL-) were mixed with
enzyme conjugate and incubated for 2 h at room ¢eatpre. The substrate solution was added
after rinsing the wells with a wash solution anclibated for 30 min. The reaction was halted by
adding stop solution and the OD was determineds@trdm with a microplate reader (Infinity
Pro200 spectrophotometer, Tecan, Spain). The obviddues were expressed as ng cortisol- mL

! of plasma or skin mucus.

Mucus and plasma protein concentrations, as wellliagrotein, were determined using
the Bradford assay (Bradford, 1976) with bovinaisealbumin (BSA) as the standard. Bradford
reagent was mixed with the samples in triplicaté excubated for 5 min at room temperature.

The OD was determined at 596 nm with a microplesgler (Infinity Pro200 spectrophotometer,
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Tecan, Spain). The protein values were expressadgaprotein-mt! of gill, plasma or skin

mucus.
Osmolality and ion quantification of plasma andnskiucus

Plasma osmolality was measured with a vapour pressmometer (WESCOR VAPRO 5520,
ELITechGroup, France) and was expressed as mmblRigsma Naand K levels were
measured using a Flame Photometer (BWB XP, BWB fi@odgies, UK) and expressed as
mmol- L. Plasma chloride concentration was measured asgwdorimetric test (SPINREACT,
Spain) adapted to microplates, and the OD wasmeted in a microplate reader (MultiScanGo,
ThremoFisher Scientific, USA); values were exprdsae mmol- . Mucus osmolality and ion
concentrations (NaK* and CI) were measured using an ion analyser (ISElytenégil, Spain).

Osmolality values were expressed as mmol-&gd ion concentrations as mmot: L
Mucus exudation values

To determine the effects of the osmotic challertgial mucus exudation was obtained by
measuring the volume of mucus collected(ir), related to the skin area (in énand to fish
weight (in g). Skin area was obtained using thegedgprogram (US National Institutes of Health,
Maryland, USA). The area was manually marked asapproximation of the area actually
scrapped, avoiding the dorsal and the lateral éind,over the lateral line. This was then measured
using the software included in the program. Furtiee, soluble collected mucugl) was
referred to the sampling area and to fish weightalculate collected mucus per afigla: cni?)

and collected mucus per unit weight (g}).
Gill Na*/K*-ATPase activity

Gill Na*/K*-ATPase activity was determined using the McCornmmiwthod (1993) adapted for a
microplate assay (Mancera et al., 2002). Gill #ssaw@as homogenized in 125 pL of SEI buffer
with 0.1% of deoxycholic acid and centrifuged €@(® g for 30 seconds. Samples were mixed
with the assay buffer with or without 0.5 mM ouaband measured at 340 nm for 15 min 25
(MultiScanGo, Thermo Scientific, USA). An enzymaticupling of ATP dephosphorylation to
NADH oxidation was used to detect ouabain-sensifiid?ase activity, and N&*-ATPase

activity was expressed amol ADP-mg protein- ht.
Gill histology and histological analysis

After 24 h, gills were fixed in Bouin solution, eedided in paraffin (Paraplast Plus; Sherwood
Medical), and sectioned atén. After dewaxing and rehydration, the sectionsengaced on
slides with APES treatment (Aminopropyltriethoxgsie, Sigma, USA). The slides were stained
using a periodic acid-Schiff (PAS) and Alcian BI(#B) staining protocol. For histological
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analysis, the slides were photographed using anntroscope (BX61; Olympus, Tokyo, Japan)
connected to a digital camera (DP70; Olympus, Toldlgpan) at a magnification of x20. Goblet
cells were counted using ImageJ (US National mgt#t of Health, Maryland, USA), while cell

counting, frequency (cell- mf), size (in?), perimeterim) and shape were calculated, with acid

mucins (purple) and neutral mucins (magenta) diffgation.
Statistical analysis

To compare the data obtained for stress-relatethduicers, osmotic parameters ant/KN-
ATPase activities for the different salinities daafes, we useshe-way ANOVA. Additionally,
Student’s t-test was used to compare osmotic paessieetween plasma and mucus. For all our
statistical analysis, a prior study for homogeneityariance was performed using Levene’s test.
When homogeneity existed, Tuckey's test was appiidtbmogeneity did not exist, then the T3-
Dunnet test was applied. All statistical analysiaswundertaken using SPSS Statistics for
Windows, Version 22.0 (IBM Corp, Armonk, NY, USAha all differences were considered
statistically significant gb < 0.05.

RESULTS

Body weight, body length and condition factor webtained, and no significant differences were
observed in response to the osmotic challengdmwajh the extreme salinities of 3% and 50%o
showed the lowest body weight values (Table 1l)da@trmine the effects of the sustained water
hyposalinities, at 3%, and 12%., and hypersalinity5@%., on skin mucus exudation, the skin
mucus volume was recorded and the exuded volumarparof collection and per unit of body
weight were calculated (Table 1). Skin mucus volwokected at lower salinities was higher (p
< 0.05) than that recorded at 35%o, being incredse®0% and 80% for the 3%, and 12%o
conditions, respectively. This trend remained wthenexuded mucus was expressed per area of
collection or per unit of body weight. The hyperasgim challenge at 50%o. provoked the greatest
skin mucus over-exudation, at 130p6<0.05) with respect to the control values at 35%ich
meant that the mucus exudation effort pef ofrithe calculated fish surface increased from 3.03
+ 0.37 pL for 35%0 to 5.73 £ 0.62 uL for 50% € 0.05).

Skin mucus metabolites such as soluble proteircoge and lactate, as well as cortisol
exuded levels exhibited different responses toodmaotic challenges (Table 2). In response to
the extreme salinities of 3% and 50%., significartreases in protein exudation were recorded:
from 6.12 + 0.61 mg- mLk for control mucus to 9.44 + 0.85 mg- > 50% higherp < 0.05)
and to 10.81 + 1.05 mg-mL(> 75% higher,p < 0.05) for the 3% and 50%. challenges,
respectively. The one of main indicators of actress response, cortisol, appeared to be exuded
in greater amountg(< 0.05) in the lowest salinity, 3%o, while for bot2%. and 50%. mucus

cortisol did not differ from control values. Howeyenucus lactate was twofold over-exuded at
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50%. compared to control. Regarding mucus glucteedifferent salinities did not significantly

alter the amount exuded into the skin mucus.

Table 1. Morphometric and skin mucus exudation pareneters of European sea bass juveniles.

3%o 12%o 35%o 50%o
Morphological parameters
Body weight (g) 118.1+8.5 126.9+9.1 132.2+7.2 122.7£3.7
Body length (cm) 22.25 +0.41 22.75 +0.46 23.20 £0.47 22.95+0.33
Condition factor K 1.06 + 0.03 1.06 +0.02 1.05 +0.02 1.05+0.02

Exudation parameters

Collected Mucusul) 223+ 20 b 270 + 23 bc 151+16 a 343+33 ¢
Collected Mucus/Weightl(/g) 1.95+0.22 ab 2.25%+027 b 145+0.18 a 2.74+030 b
Collected Mucus/Areaul/cn¥) 4.08+0.46 ab 4.70+x057 b 3.03+0.37 a 573+062 b

Values are shown as mean * standard error of mesenandividual samples. Different letters indieatifferent

groups of significance among salinities challen@, 12%o., 35%. and 50 %.) by one-way ANOVA analysigla
post-hoc Tuckey's test (p<0.05). 35%. is assumetbasrol value of seawater salinity. Initial bodyiglt (129.2 +

3.6 0)

Table 2. Skin mucus and plasma biomarkers of Euron sea bass juveniles.

3%o0 12%o 35%o 50%o

Skin mucus biomarkers

Soluble protein (mg/mL) 9.44+085 b 7.81+0.84 ab6.12+061 a 10.81+1.05 b
Glucose gg/mL) 8.41+£0.93 6.78+1.11 6.76 £1.16 8.71+2.01
Lactate gg/mL) 7.94+1.44 a 6.67+1.09 a6.38+0.79 1553+182 b
Cortisol (ng/mL) 1.30+0.25 b 0.89+0.20 ab0.49+0.21 045+0.16 a
Plasma biomarkers

JSER Y

Glucose (mg/dL) 147 +13 124+ 12 169 £21 163 £ 20

Lactate (mg/dL) 71.7+7.3 b 527+28 b 398+3.1 a 537+x08 b

Cortisol (ng/mL) 225 + 66 ab 289+132 ab 467+88 a 15751 b
Soluble protein (mg/mL) 25.0+1.1 b 233+x14 ab 159+13 a 20.1+0.3 a

Values are shown as mean + standard error of mietm éndividual samples. Different letters indieatifferent
groups of significance among salinities challen@8&, 12%., 35%. and 50 %.) by one-way ANOVA analysigia
post-hoc Tuckey’s tesp€0.05). 35%. is assumed as control value of seavgatérity. The relationship for each
stress biomarker in plasma and mucus is analys@&kthyson’s correlations without any significance.

The same biomarkers were also measured in plasaidg(R). Protein levels in plasma
showed the same trend as in skin mucus, with thvedovalues observed in the 35%. condition,
but this was only significantly different from t138o. condition (which was 66.7% highgr,<
0.05). Glucose levels did not show any signifiadifferences between the osmotic conditions, as
reported in mucus. A significant increase in laefailasma concentrations was observed in all the
conditions with respect to the control conditio@%8higher for the 3%, conditionp (< 0.05) and
30% higher for both the 12%. and 50%. conditiops<{ 0.05). In contrast, plasma cortisol
concentration for 35%. was from twofold (3%. and 12%aditions) to threefold (50%. condition)

higher than for the other conditions; however, @&svonly significantly different from the 50%o
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condition p < 0.05). No correlation was found between skin muwous plasma biomarkers (data

not shown).
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Figure 1. Total exuded biomarkers and Glucose/Lacta ratio in skin mucus of European sea bass
juveniles in response to salinity challengevalues are shown as mean * standard error of roEsen
individual samples. Letters indicate significarffeliences among salinities challengps(.05, ANOVA
and post-hoc Tuckey test). 35%. is assumed as doshee of seawater salinity.

As the individual volumes of mucus exuded was medy the total amount of each
biomarker in mucus was calculated and showed iarEid, to evaluate their loss as future waste
and energy expenditure. Thus, both hypoosmoticitiond caused significant over-exudation of
protein, glucose and lactate with respect to th@robcondition. The hyperosmotic condition
generated the greatest and significantly highdsase of the same metabolites, two-fold greater
with respect to the hypoosmotic conditions andféilce so with respect to control values. This
represents a sustained energy expenditure wheranare maintained at this such a salinity.
With regard to mucus cortisol levels, the 3%. chadieresulted in a significant three-fold increase
of total exuded cortisol, compared to control valuginally, the ratio of glucose/lactate exuded
is also represented in Figure 1E, as indicativehahges in aerobic metabolism in response to the

salinity challenges. After 15 days at the experitaksalinities, the mucus glucose/lactate ratio
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was significantly higher for 3%. than for 50%., evibing different metabolism responses: more

aerobic under hypoosmosis and more anaerobic inygerosmosis.

Table 3. Skin mucus and plasma osmolality and maiasmotic-related ions of European sea bass.

3%o 12%o 35%o 50%o

Skin mucus paramete

Osmolality (mOsm-K§ 231.11+7.16 p 451.00 £5.67 ¢ 943.75+23.83 a 1356.00 +33.07 d
Sodium (mmoll) 63.90+248 b 141.43+551 c 352.61+9.92 a 564.67+13.62 d
Chloride (mmol-t) 42.83+3.78 b 79.43+3.43 ¢ 311.72+14.78 a 383.22+2193 d
Potassium (mmolt) 9.12+055 b 10.37+040 b 12.63+0.37 a 2250+0.90 ¢

Plasma parameters
Osmolality (mOsm-K§ 322.30+2.88 b 326.50+1.47ab 338.60+4.5 a 358.40+5.07
Sodium (mmol+4) 161.59+1.26 a 160.22+0.4€ a 163.95+156 a 171.97+1.75
Chloride (mmol-t}) 122.96+8.41 a 129.63+4.97 a 14599+3.82 ab 159.50 +6.33
Potassium (mmolt) 4.43+0.09 c 4.84+0.07 b 5.20+0.02 a 437+0.07 ¢

Values are shown as mean + standard error of nfdan mmdividual samples. Measured osmolality afsunding
water are: 3%0 = 115 mmol/kg, at 12%o = 320 mmol&d35%. = 931 mmol/kg, at 50%. = 1366 mmol/kg. Diéfet
letters indicate different groups of significancaaang salinities challenges (3%o, 12%o, 35%0 and 50.pne-
way ANOVA analysis and post-hoc Tuckey'’s test (98). 35%. is assumed as control value of seawaliertga

O T O

Plasma and mucus osmolality and the main ion cdratens (N&, CI and K) were
measured and are shown in Table 3. To compare etention capacity of mucus or ion
concentration in plasma, the osmolality of the @unding water was also recordeit. low
salinities, 3%o and 12%., mucus osmolality was gretitan the corresponding water osmolality.
Interestingly, the sum of main the osmosis-relatats, Nd and Ci, proved to be a better
approach to water osmolality than the whole muaumsasality (101.5 + 5.6 mmol-Lfor 3%. and
225.2 + 6.9 mmol-£ for 12%o). In fact, the NaCl- sum explained 36.6% * 2.5% and 50.2% +
1.4%, respectively. Consequently, other mucus compts must contribute greatly to mucus
osmolality. In contrary, the 35%. and 50%. conditiah®wed osmolalities for mucus and water
that were very close, and the'™Nal" sum covered around 64.02% + 1.94% and 70.14%994,.1
respectively. Interestingly, mucus potassium cotraéion, although not participating greatly in
total osmolality values, did not show the same prtipns for the conditions and mucus potassium

was acutely accumulated in the 50%0 condition.

Compared with mucus, plasma osmolality stronglyfdretl water salinity, and was
maintained near to control values at 35%. (339 trBotnkg'). However, maintenance for 15
days at 3%o provoked a slight but significant dintion in plasma osmolality (322 + 3 mmol-kg
1 p < 0.05) while maintenance at 50%. significantly remsed plasma osmolality (358 + 5

mmol-kg?, p < 0.05). The sum of main osmosis-related ions;Gla represented around 90% of
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plasma osmolality, irrespective of the challengaditon. Interestingly, plasma potassium
homeostasis was not maintained in any of the salitiallenges and was lower than the control

condition for in cases.
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Figure 2. Gill Na*/K*-ATPase activity of European sea bass juveniles iesponse to a chronic osmotic

challenge after 15 daysValues are shown as mean + standard error of meten individual samples.

Letters indicate significant differences amongrstés challengeg&0.05, ANOVA and post-hoc Tuckey
test). 35%o is assumed as control value of seawatarity.

Gill affectation by the different salinity challe@g was studied by the NK*-ATPase
activity and changes in the number, size and Higion of gill mucous cells. Figure 2 shows
ATPase activity after 15 days under the proposéditsas. At 50%0, Na/K*-ATPase activity
increased significantly with respect to controlues at 35%o0, which corresponded to around 60%
greater gill activity. Although at lower salinitiesla’/K*-ATPase activity did not differ
significantly from control values, comparison oéih showed significant higher values for the
3%o condition. With regard to gill mucous cells, &ig 3 shows cell frequency, size and shape,
and their distribution between “acid mucins cellsid “neutral mucins cells” (see M&M for
details). Cell counts showed that the 50%. condipoovoked a significantly higher number of
cells per mmthan at 35%. one (Figure 3A), with greater numlzgrsoth types of mucous cells
(Figure 3D and 3E), but with no differences in cafle (Figure 3B) or shape (Figure 3C). At
lower salinities, whereas the 12%. condition did maidify any mucous cell parameters with
regard to control values, at 3%. a clear trend foveer cell frequency was observed with a
significant change in cell size and shape. The tagtween acid mucin cells and neutral mucins
cells, which is indicative of gill mucus compositiovas modified by the extreme conditions:
whereas for both 35%0. and 12%o. this ratio was araufid or 45:1, after 15 days, the ratio shifted
to 17:1 at 50%of < 0.05) and to 12:1 at 3%p € 0.05).
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Figure 3. Gill mucous cell count of cell frequencyA), size (B) and shape (C) and gill mucous cell got of acid (D) and neutral (E) mucins of Europearnsea bass
juveniles in response to a chronic osmotic challeegImage of histological differentiation of acid ad neutral mucins (F) at x20 (50um). Values are shown as mean *
standard error of mean of six cuts and five sestjper cut from ten individual samples. Letterséatk significant differences among salinities @dmades [(<0.05, ANOVA

and post-hoc Tuckey test). 35%0 is assumed as doatitee of seawater salinity. White arrows indicaggitral mucins mucous cell and black arrows intdie&id mucin mucous
cells.
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DISCUSSION

European sea bass is an euryhaline marine telpesies that withstands different salinity
challenges, both hypoosmotic and hyperosmotic. &ekenas mainly focused on analysing the
related changes in osmoregulatory tissues, sughligsgut and kidney, or the consequences for
the productive parameters of interest for aquaseiifdiensen et al., 1998; Varsamos et al., 2001,
2002, 2004, Eroldogan et al., 2002, 2004; Nebal.e2005, 2006; Fanouraki et al., 2008, 2011;
Sinha et al., 2015). Meanwhile, skin mucus has bepaorted to be a useful tool for assessing the
physiological status and welfare of fish in cultoreunder fishery conditions of acute stress, such
as cold temperatures, hypoxia, netting, crowdinggesathetic agents, capture procedures or
salinity challenges, as well as in different spgcieuropean sea bass (Fernandez-Alacid et al.,
2018; Sanahuja et al., 2019a, Ordo6fiez-Grande, &0&0), gilthead sea bream (Guardiola et al.,
2016, Fernandez-Alacid et al., 2018), meagre (FeleZAlacid et al., 2019a) and Senegalese
sole (Fernandez-Alacid et al., 2019b). Recentlgl@@ez-Grande et al. (2020) measured the acute
effects (after 3 hours) of an abrupt salinity crearfgom seawater to freshwater (3%o. and 12%o)
and also to more saline seawater (50%0). They regoan increase in the release of stress
biomarkers under the 50%. condition, and a possitfketation of aerobic metabolism under the
3% condition. However, no further data exist on gh@n mucus response to chronic salinity
challenges in sea bass. Here, we focused on ewagjuhe volume of mucus exuded as well as
the amount of several different biomarkers conthiimethat mucus in response to sustained
salinity challenges for this species: both in hygootic (3%. and 12%.) and in hyperosmotic
(50%0) conditions. Moreover, gill activity and moiditions in gill mucous cell class, distribution
and shape were recorded. All these data, togetitleparameters related to osmosis allowed us
to relate chronic salinity challenges with fish gyyeexpenditure and waste via skin mucus over-

exudation.

The best salinity condition for sea bass growthlieen found to be between 12%. and
15%. (Alliot et al., 1983; Johnson and Katavic, 198&arnabé, 1993; Jensen et al., 1998;
Eroldogan et al., 2002); although other researdhdisated that 28%. to 30%. were better growth
conditions for sea bass (Dendrinos and Thorpe, ;1888ides and Glamuzina, 2006). In our
study, no significant differences were found in pfmmetric parameters (fish growth, length or
condition factor) between the experimental condgiafter two weeks. Nonetheless, a tendency
towards lower growth under the extreme conditidd®o.(and 50%.), compared to the control
condition (35%0), should be considered in furtheid#&s of long-term conditions. In a previous
study, we already noted the relevance of measexnded mucus volume under an acute salinity
challenge for sea bass, which could be furthetedlt energy costs to maintain increased mucus
exudation over time (Ordéfez-Grande et al., 20R0}he current experiment, we recorded the

volume of mucus exuded in response to the propokatlenges. For all the conditions, the
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amount of skin mucus increased with respect tatimrol condition, and was 130% higher for

the hyperosmotic condition. It is well establishiwht fish exude more mucus in stressful

situations, as described in acute stress experar(@&ernandez-Alacid et al., 2018, 2019a, b;
Ordofiez-Grande et al., 2020). Several studies heperted an apparent increase in mucus
production when fish transition both from freshwateseawater (Franklin, 1990; Abraham et al.,
2001; Roberts and Powell, 2003; DiMaggio et alQ2@-ilza et al., 2015) and from seawater to
freshwater (Burden, 1956; Ahuja, 1970; Wendelaargd 1978; Shephard, 1994). Nonetheless,
those findings were qualitative, as mucus exudatiaa not measured. Thus, for the first time,

here we have provided data on the exacerbatedanithged skin mucus exudation in response
to salinity challenges in sea bass. In consequdistegnergy status could be compromised due
to the need to exude mucus components, such agkferming mucins, which are heavy and

large glycoproteins (Fernandez-Montero et al., 2080the large numbers of soluble proteins

(Sanahuja and Ibarz, 2015) and the energy metabplike glucose and lactate (Fernandez-
Alacid et al., 2018).

The most commonly used physiological indicatordish are plasma metabolites and
hormones, together with enzyme activities (Ellialet2012; Peres et al., 2013). It is well known
that cortisol is the principal glucocorticoid sdedtunder conditions of stress, via stimulation of
the neuroendocrine system hypothalamus-hypophgsid-kidney, and a posterior cascade of
metabolic and physiological changes occurs, magingose and lactate readily available to the
tissues (Lowe and Davison, 2005; Schreck et al620n most fish, both metabolites and cortisol
reach their highest concentrations after a few $iouith plasma levels being stressor dependent
and species specific, and with greater discreparaid controversy when the stressor is chronic
(Martinez-Porchas et al., 2009; Pankhurst, 201d)thie current challenges, these chronic
conditions exhibited an important effect on largerounts of plasma lactate. Plasma lactate in
stressed fish tends to increase if any aspectedstiiessor results in increased activity or reduced
oxygen availability (Schreck et al., 2016; Wendel&bnga, 1997). Particularly, in both
hypoosmotic and hyperosmotic acclimated fish, tackecomes an important source of energy
during osmotic acclimation as it can supply endgmglifferent tissues, such as gills, kidney and
brain (Mommsen, 1984; Mommsen et al., 1985; Soergak, 1998; Sangiao-Alvarellos et al.,
2005; Laiz-Carrion et al., 2005a). For its paryyagise concentration registers no significant
differences due to salinity challenges, becomirigsa discriminating metabolite during long-
term osmotic acclimations, as also reported forottressors (Laiz-Carrion et al., 2005b;
Sangiao-Alvarellos et al., 2003, 2005; Mylonaslet2®09). No clear function for plasma protein
has been suggested yet in long-term osmotic actitimga While some authors indicate that
plasma protein increases as salinity increasedg{&auf\lvarellos et al., 2003), other authors

report no changes (Woo and Murat, 1981) or a ditienu(Kelly and Woo, 1999). Sangiao-
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Alvarellos et al. (2003) hypothesized that plasmmatgin functionality could be related to
metabolic reallocation of energy resources, ondaotg/drate storage has been mobilized. In our
study, soluble protein is significantly increasedydfor the 3%. condition, indicating that this

would be the most compromised.

Although skin mucus biomarkers have been considangowerful tool for determining
fish welfare and physiological status via less giva methods (Benhamed et al., 2014; Sanahuja
and lbarz, 2015; Cordero et al., 2017; De Mercadal.e2018; Fernandez-Alacid et al., 2018,
20194, b; Sanahuja et al., 2019a), there is \itiek on the use of mucus analysis for the study of
long-term chronic stress in fish. Herrera et 802 reported for meagre that mucus markers do
not seem to be adequate to monitor chronic handliress non-invasively, as opposed to their
relevance in acute stress conditions. In contFesthandez-Alacid et al., (2018) highlighted their
finding that, in the face of a pathogenic infectioucus exudation increased with a loss of soluble
protein, indicating changes in protein turnoverf@mences to cope with the challenge. Thus, as
in plasma, each stressor would also seem to prodiff@ent response in the principal mucus
biomarkers. The Salinity challenges in sea basdtegkin important changes in soluble protein
exudation, which significantly increased for thdreme conditions 3%. and 50%., despite the
function still being unknown. It could be relateddanhanced protection due to the relevance of
skin protein components in innate immune defen&amdhuja et al., 2019), to higher mucus
viscosity (Guardiola et al., 2015; Fernandez-Alatidl., 2018, 2019b) or to the osmoregulatory
properties of skin mucus (Ordo6fiez-Grande et aRQPROMoreover, for the 50%0 condition, the
lactate exuded in mucus was over two-fold highantim the control group. As this condition is
maintained over time, it indicated that not onlg ditransient change occur in the energy supply
in this condition, but so did sustained metabaticlianation, as evidenced by the lowest value of
the glucose/lactate mucus ratio. No similar dataeyest in the literature. Thus, further studies
should consider the significance of these bioindisain fish skin mucus in response to chronic
or sustained conditions in depth, which would beyvateresting to understand their value in

aquaculture better.

In addition, as the individual volumes of mucusdadion were recorded, the total amount
of each biomarker in the mucus was used to evathatenergy expenditure and waste required
to maintain the considerable amounts of exuded mirctesponse to salinity challenges. For the
first time, we have demonstrated that these inecasnounts of mucus exude greater amounts
of soluble proteins, lactate and even cortisolhwite 50%. condition once again causing the
greatest affects. Sangiao-Alvarellos et al. (208pprted that the acclimation period is composed
of an initial stage of increased energy use (nergases in glucose and lactate) and reorganizatio
of tissue energy metabolism, both in osmoregulafgitis and kidney) and non-osmoregulatory

(liver and brain) tissues. This is followed by @@ed stage of homeostasis in osmoregulatory
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parameters and a return to normality of metabadi@ameters. Here, we had found that energy
modification varied mainly in lactate metabolisnt hiso with an important release of protein to
mucus, while glucose metabolism was not affectedt deast it was better homeostasized than
lactate. Thus, for sea bass in the hypersalineittongdthe steady stage we measured was a high
energy loss stage compared to control. This evielenatches the observations of Boeuf and
Payan (2001), who measured less energy expendituismsmotic conditions which frees up
energy from osmoregulation for use in other phygjmlal processes, such as growth. Therefore,
the hypersaline condition needs more energy to omgatate than control or hyposaline
conditions. In addition, mucus exudation showedstimae production volume at 50%. salinity as
that of an acute stress for 3 hours (Ordéfiez-Grande., 2020), which would mean that fish
status was not improved from that of the initiakss being a chronic and putatively harmful
condition for the animal. Following the same reasgnfish maintenance under the 3%. and 12%o
conditions increased exuded mucus volume similtirdse from an acute stress (Ordéfiez-Grande
et al., 2020), which would also indicate that thiéal tolerance of freshwater conditions would
be a chronic challenge in terms of energy experalias greater amounts of exuded soluble

protein and lactate demonstrate.

It is well known that during a salinity transitian migration a number of physiological,
morphological and behavioural changes occur (Bragstnd McCormick, 2006). Therefore, it
must be taken into account that growth rate isctdfit by the energy cost of osmotic and ionic
regulation (Boeuf and Payan, 2001; Sangiao-Alvasedit al., 2003; Laiz-Carrion et al., 2005b;
Vargas-Chacoff et al., 2011). Cortisol is the mdinrmone with glucocorticoid and
mineralocorticoid activities in teleost fish; itirsvolved in ionic and osmotic regulation together
with other highly relevant processes such as stissmediary metabolism, growth and immune
function in fish (McCormick, 1995; Wendelaar Bond®97; Mommsen et al., 1999; Laiz-
Carrion et al., 2003; Vargas-Chacoff et al., 20C9gncerning osmoregulation, we propose that
cortisol mediates at branchial and skin ionocytddoride cells and ion transporters, water
drinking behaviour and kidney water excretion (Mo@ick and Saunders, 1987, 2013, 2018;
Boeuf, 1993; Marshall, 2002; Cao et al, 2018). Hostance, cortisol improved
hypoosmoregulatory capacity in gilthead sea bregrmtreasing NdK*-ATPase activity and
blood osmolality in brackish waters (~10%.-15%0) (Mara et al., 1994, 2002; Laiz-Carrion et
al., 2003, 2005a) and, in parallel with this, paptated in gill remodelling and gill energy
metabolism by increasing lactate oxidation and rididocell proliferation (McCormick, 1990,
1995; Madsen et al., 1995; Seidelin and Madsen?;1198z-Carridn et al., 2002, 2005a; Sangiao-
Alvarellos et al., 2003).

In the present study, N&K*-ATPase activity showed a typically “U-shape”, apaorted

before, in European sea bass (Jensen et al., 18@8Carrion et al., 2005a; Mylonas et al., 2009),
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with the lowest activity being under the isosmatindition (12%.) (Jensen et al., 1998; Boeuf
and Payan, 2001; Varsamos et al., 2002; Laiz-Gaetidal., 2005a; Mylonas et al., 2009). This
shape of NdK*-ATPase activity has been related to gill energyatmelism adaptation to extreme
salinity conditions, as 3%. and 50%. could represamd, to an increase in gill lactate consumption
(Sangiao-Alvarellos et al., 2005). In addition hist the N&K*-ATPase enzyme is responsible
for ionic balance through gills, excreting sodiumdahloride in hyperosmotic conditions and
being responsible for ion uptake in hypoosmoticditions (McCormick, 1995, 2001; Marshall,
2002). Gill remodelling was also analysed histataly by mucous cell counts, using the PAS-
AB method, and measuring cell parameters, suchwus cell class, frequency and shape.
Higher cell counts of neutral mucin mucous cellfr@shwater and acidic mucin mucous cells in
seawater have been recorded in different speciek,as gilthead sea bream, Senegalese sole and
Siberian sturgeon (Sarasquete et al., 2001), raitikout (Ferguson et al., 1992), Atlantic salmon
(Roberts and Powell, 2003) and shi drum (Mylonea.e2009). In agreement with those results,
we recorded a gradual increase in acid mucin mucells in response to 15 days salinity
challenges, with the highest frequency being fo%50vhich almost doubled the 3%. cell
frequency. Interestingly, the frequency of neutnaicin mucous cells, which were much lower
than for acid mucin mucous cells, increased fohlextreme conditions, and was over threefold
greater than the cell frequency at 35%.. At thimpaiomplementary studies should be developed
to understand better the relevance of these changesicus formation and properties. For
instance, Kalogianni et al. (2011) reported a highecous cell number and cell composition in
European sea bass skin than in gilthead sea besmhthe authors related their results to a greater

need for continuous and profuse mucous secretion.

Finally, plasma osmolality has been used as a plogical indicator when measuring
the effects of salinity on fish physiology (Hwarigaé, 1989; Walkert et al., 1989; Altinok et al.,
1998; LeBreton and Beamish, 1998; Laiz-Carrion let 2005a). Adult euryhaline teleosts
maintain plasma osmolality between 300 and 350 m®ghunder tolerable salinities (Evans et
al., 1999; Greenwell, 2003; Laiz-Carrion et al 028). After 15 days of salinity change, European
sea bass showed a slight but significant decreatieei hypoosmotic condition and a slight but
significant increase in the hyperosmotic conditioompared to the control condition, which
indicates incomplete osmoregulation in plasma,laimio data reported in the literature (Holmes
and Donaldson, 1969; Madsen and Naamansen, 1988jRéwva et al., 1993; Jensen et al., 1998).
For instance, after abruptly transferring Europsaa bass to freshwater, Jensen et al. (1998)
recorded plasma haemodilution, with plasma osntglali 240 mOsm-kfand being tolerated
for at least 10 days. With regard to the role df skucus, it is well known that it intervenes in
fish osmoregulation. Several studies suggest tmatfinction of mucous layers could be to

support active ion uptake by concentrating catfomis an ion-deficient environment (Marshal,
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1978; Kirschner, 1978). In the same way, Shephtd81, 1994) coincided in the impermeability
function of skin mucus in water and ion flux diffois. However, this function would only reduce
water diffusion 10% in overall transport. Nonetlssleas mentioned above, skin mucus maintains
osmolarity above environmental water osmolalitipat salinities, thereby indicating a reduction
in the ion cost of transport (Handy, 1989) and@ndapture mechanism involving skin mucus
components (Marshall, 1978; Kirschner, 1978). jnghme way, as a polyanionic gel, skin mucus
increases its potential to trap cations and allaviora diffusion (Verdugo et al., 1984;
Zuchelkowski et al., 1985). Again, to the best of knowledge, there is no information in the
literature regarding alteration of the secretiorskih mucus components, such as ion-binding
proteins, during a salinity acclimation. Here, wembnstrated that skin mucus osmolality
changed with regard to the surrounding waters greater extent than for plasma, with no
capability of changing mucus osmotic parametersr &f6 days of the challenge compared, to
those reported for an acute osmotic stress at BH{@urdonez-Grande et al., 2020). This would
indicate that the osmotic pressure of the mucusrlayay buffer the chronic entry of water and
loss of ions across the skin at low salinities atdigh salinities, the high concentration of ions
in the skin mucus may contribute to increased muoiime, as fish tend to lose water across the
skin. Roberts and Powell (2005a) found similar itsdor Atlantic salmon at low salinities, while
Handy (1989) reported that hypoosmotic water sumdmg skin mucus offers a reduced ion
gradient to the plasma and reduces the cost dframsport affecting ion gradienisour study we
found that themucus concentration of sodium and chloride, thenmasmosis-related ions,
represented a very low proportion of the total dsititg in the 3%. and 12%. conditions. This
difference indicates that osmoregulation might leslisted by other molecules exuded in mucus
in a greater way at low salinities than under adntonditions or high salinities, thereby
preserving osmosis-related ions inside the bodtheffish. Further studies in protein-osmotic
components of skin mucus will be of great intetestinderstand better the characteristics and

properties of skin mucus in fish species subjetideshlinity challenges.
SUMMARY

In short, we compared the acclimation of Europesmtsmss to two hypoosmotic (3%. and 12%o)
and one hyperosmotic (50%.) salinity conditions rafté days, by measuring morphometric
parameters, skin mucus and plasma stress biomagdatosmoregulation parameters, together
with gill energetic and structural remodelling. @th was not significantly affected, but a
tendency towards decreased growth was noted iextreme conditions (3%. and 50%o). The
volume of skin mucus exuded proved to be an inftiregarameter: an exacerbated expenditure
of energy was recorded in the hypersaline conditeomd to a lesser extent in hyposaline
conditions, with regard to control values. Gill emeexpenditure showed a typical “U-shaped”

pattern, while gill remodelling resulted in a shiffim neutral to acidic mucin mucous cells when
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moving from hyposaline to hypersaline conditionsgether with a decrease in size and an
increase in frequency. Skin mucus osmoregulatiditeshfrom facilitating ion capture and ion

transport at low salinities to retaining water dghhsalinities. Herein, we demonstrate the
usefulness of skin mucus as a minimally invasivé to analyse chronic situations, like salinity

changes, and the need for further studies of thetiftns of mucus metabolites.
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ABSTRACT

Skin mucus is the outermost barrier of fish to riat¢ with its environment. Spray-dried porcine pias
(SDPP) has been described as a functional feedheimgpintestinal innate immune function, intestinal
antioxidative stress activity and promoting somaowth. In our study, gilthead sea breaSp4rus
aurata) fries were sustainably fed with a 3% SDPP foid@§gs. Differentially synthesized proteins (DPS)
were obtained using 2D-PAGE and analysing proteatgin interactions using STRING in biological
processes according to Gene Ontology and KEGG ds¢ab The interactome demonstrated an increase in
“Extracellular exosome” and “Membrane bounded-JesidProteomic analysis of skin mucus showed 29
DPS marking an upregulation in several biologiaakcesses related to defence, structure and metaboli

In the defensive group, biological proteins suchHest shock proteins (HSP) and proteasome were
upregulated. A metabolic and defensive group wiidative stress precursors of glutathione biosysithe
was found. Metabolic-related proteins were mainlthie carbohydrate metabolism, while structuradtes
proteins were cytoskeleton and exosome-relateceinmtalso a group of keratins fragments related to
antimicrobial function was found. This experimeasliemonstrated that aquafeed with SDPP for 95 days

enhanced skin mucus innate defence immunity.

Keywords: mucus proteome, Spray-dried plasma, innate defenswminity, 2D-PAGE, GO-

enrichment
INTRODUCTION

Skin is a stratified squamous epithelial surfagatsgically located at the interface with the
external environment where it has evolved to detetggrate and respond to a diverse range of
stimuli from the environment, including stressoral aaggressions. Skin function is a crucial
component of organismal survival, acting like pbgsibarrier as the outermost organ, and
requiring precise calibration of its responses \aithigh degree of local autonomy (Elias, 2007;

Slominski et al., 2008). Described as the bodygelst organ, the vertebrate integument is a
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conserved organization consisting of the epiderdesmis, and hypodermis (Le Guellec et al.,

2004; Roberts et al.,, 2010). Nonetheless, the skiterrestrial and aquatic vertebrates has
acquired specific adaptations as a consequenagvisbamental challenges. Whereas mammals
skin acquired dead keratinized cell layers, hdlictes, sweat glands and lost mucus production
capacity (Schempp et al., 2009). In contrast, gieost skin achieved mucous glands, which
produce antifungal and antibacterial substanced, iaralso serves as an osmotic barrier
(Subramanian et al., 2008). According to theseatttaristics, teleost mucosal surfaces should
approach closely to type | mucosal surfaces of malmmepresented by the intestine, the
respiratory tract and the uterus, exerting sinfilarsiological functions (lwasaki, 2007), and even
an immunological defensive role (Gomez et al., 201t3s well assumed that fish skin mucus

acts as a multifunctional organ, playing roles riat@ction, communication, sensory perception,
locomotion, respiration, ion regulation, excretiand thermal regulation (reviewed in Esteban,
2012).

The maintenance of healthy mucosal tissues is argid relies on a delicate balance
between the diet, the commensal microbiota andrtheosa, including their epithelia and the
overlying mucus layer. The large knowledge on matdissues mainly tackled unique and
evolved immune mechanisms of defence in mammalwedsas in fish. Numerous studies
described the benefits of an adequate diet orithiargt additives, as co-helpers, to enhance human
and animal welfare, with special attention on gealth. However, efforts to intensify animal
production of valuable species can lead to incibagess, limited growth performance and poor
welfare in farmed specimens and the research ftitional strategies focused on antibiotics
substitution by the so-called “functional feedsaigriority task (Gaggia et al., 2010; Allen et al.
2013; Ronquillo and Hernandez, 2017; Dawood e8Il 8). Functional feeds are described as
promoters of physiological benefits that go beydine basic nutritional requirements. Some
examples include diets to reduce organic load Htinmulation systems, to facilitate the
acclimatization of salmonids to sea water or tormwp health status and reduce disease incidence.
Functional feeds contain both digestible and nageslible components including probiotic
and/or prebiotic supplements, nucleotides, vitammsunostimulants and algal or plant extracts
(Jensen et al., 2015; Micallef et al., 2017). Fertihan the systemic effect on immune functions,
functional diets also have a strengthening effetie skin and, therefore, in the skin mucus layer
(Jensen et al., 2015).

Spray-dried porcine plasma (SDPP) is an abatteprbguct obtained from animal blood
after exclusion of cells, concentration and sprgyng) (Lallés et al., 2009) and have been widely
used as a safe and high-quality feed ingredientifestock, especially at the time of weaning
because this ingredient promotes growth and redtress and, both morbidity and mortality
(Ferreira et al. 2009; Campbell et al., 2003; Fragél., 2009; Lallés et al., 2009; Henn et al.,
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2013). Furthermore, several proteins with distifusictions have been reported in SDPP as
immunoglobulins, albumin, growth factors and bidtadjy active peptides, which mediated anti-
inflammatory effects (Borg et al., 2002; Rodrigegal., 2007; Moretd and Pérez-Bosque, 2009;
Pérez-Bosque et al., 2016b). In aquafeed induistiy,mainly used as a cost-effective nutrient
source for fishmeal replacement and as a pelleuciolg agent. Luzier et al. (1995) and Johnson
and Summerfelt (2000) reported in rainbow trout féth spray-dried blood cells as fishmeal
replacer no losses of feed efficiency and growtbcdrtly, the inclusion of SDPP in diet has
demonstrated in gilthead sea bre&@pdrus auratpenhancing innate immune function, intestinal
antioxidant enzymes activities and promoting soengtowth (Gisbert et al., 2015). Certain
properties of SDPP, such as its level of high-quadiotein, are attributed to the spray-drying
production process, which preserves the functiphgsicochemical and biological properties of
the product (Luzier et al., 1995; Rodriguez et20116) and the hypothesis for a protective effect
of SDPP via the immune system or directly actingiagf pathogens have been gained support

(reviewed in Pérez-Bosque et al. (2016a).

To date, few studies have evaluated the immuno#iron of skin mucus of fish fed with
functional diets by the use of a proteomic approdehsent et al. (2015) measured the effect of
different compounds like B-glucans, mannan oligasaddes and different natural extracts on
the skin mucus of Atlantic salmoB#&Imo salay subjected to a sea lice infestation. On the same
specie, Micallef et al. (2017) analysed the effettyeast cell wall extract in skin mucus
composition. Furthermore, Cordero et al. (2016)éatald the modifications of using a probiotic
(Shewanella putrefaciehm gilthead sea bream proteome. Nonethelessjghmist the only use
of proteomics in fish skin mucus. Several reseaschave used proteomics to understand the
effect of a pathogen over the skin mucus (Raedal,2007; Easy and Ross, 2009; Provan et al.,
2013; Rajan et al., 2013; Lu et al., 2014; Jenseal. £2015; Ahmed et al., 2019; Saleh et al.,
2019), to understand cichlid parental behaviourof@ghet al., 2006), to evaluate the effect of an
stressor in the skin mucus composition (Ai-Junl.e2813; Cordero et al., 2016; Pérez-Sanchez
et al.,, 2017; Sanahuja et al., 2019) or simply &prfish skin mucus from several species, like
guilthead sea bream (Jurado et al., 2015; Sanadmika Ibarz, 2015), European sea bass
(Dicentrarchus labrax (Cordero et al., 2015), or lumpsucké&y¢€lopterus lumpys(Patel and
Brinchmann, 2017). As we can see in the literatpreteomic analysis is a powerful tool to
achieve a better understanding of fish physioldgind welfare status (Sanahuja and Ibarz, 2015).
Therefore, the aim of the present study is to atalthe effect of a sustained supplementation
(95 days) of a functional diet (3% SDPP) on fisinskucus using a 2D-PAGE proteomic
approach of soluble protein studied by STRING asialyof functional interactome on a

Mediterranean model specie like gilthead sea bresnd, being this study part of a greater
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experiment that seeks the analysis of diet immumaogation effect in skin mucosa, analysing

skin mucus proteomics plus skin histology and treépsomics.
MATERIAL AND METHODS
Diets

To assay how a functional diet would benefit skircosa functionality two diets were formulated
as follows: a control diet (Diet C), equivalentdmmmercial diet containing 51% crude protein,
17% crude fat and 20.6 MJ/kg gross energy and fhli nutritional requirements of juvenile sea
bream. Based on this basal formulation, anotheémgimed Diet SDPP was manufactured where
FM was substituted by 3% SDPP (APC Europe SA, Glensp Spain) at the expense of Fishmeal
LT70. Both diets were isoproteic (51.1%) and iddiip (17.2%) (Table 1). Diets were
manufactured by Sparos Lda (Portugal). Main ingredi were ground (below 230n) in a
micropulverizer hammer mill (Hosokawa Micron). Pawdngredients and oils were then mixed
according to the target formulation in a paddle eniXRM90; Mainca). All diets were
manufactured by temperature-controlled extrusiailépsizes: 0.8 and 1.5 mm) by means of a
low-shear extruder (P55; Italplast). Upon extrusighfeed batches were dried in a convection
oven (OP 750-UF; LTE Scientific) for 4 h at 45 °C.

Fish and experimental design

Gilthead sea bream fry (average body size 9.5 gg wbtained from a commercial hatchery
(Piscimar, Andromeda Group, Burriana, Spain) aaddported by road to IRTA-Sant Carles de
la Rapita research facilities (Sant Carles de pitRaSpain), where they were acclimated in 2 x
2000-L tanks for two weeks. After their acclimatioall fish were anesthetized (tricaine
methanesulfonate [MS-222], 150 mg/L) and indivitiualeighed for initial body weight (BWi)
and measured for standard length (SLi) to the se&d g and 1 mm, respectively, and then
distributed into 8500-L cyclindroconical tanks adensity of 50 fish per tank (4 tanks/replicates
per diet).

Fish (BWi =10.6 £ 0.1 g, n = 400, mean + standddiation, SD) were fed for 95 days
with both experimental diets by means of autonfatiders (ARVO-TEC T Drum 2000; Arvotec,
Huutokosk, Finland) at the rate of 2.5% of the ktocbiomass, which approached apparent
satiation. Feed ration was evenly distributed meals per day from 8 to 18 h. Fish were regularly
sampled at a monthly basis in order to evaluate gnewth in BW and adjust the feeding ratio.
During the trial, water temperature and pH (pH mB6¥; Crison Instruments, Barcelona, Spain),
salinity (MASTER-20T; ATAGO Co., Ltd., Tokyo, Japarand dissolved oxygen (OXI330;
Crison Instruments) were 22.1 + 0.4 °C, 7.0 £+ 03Amg/L, and 7.2 + 0.3 mg/L (mean * SD),

respectively. Water flow rate in experimental tamkss maintained at approximately 9.0-10.1
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L/min via a recirculation system (IRTAmar; IRTA, Balona, Spain) that maintained adequate
water quality (total ammonia and nitrite wet®.15 and 0.6 mg/L, respectively) through UV,
biological, and mechanical filtration. Photoperitallowed natural changes according to the

season of the year (November to February; 4@13'N).

At the end of the trial, fish were anaesthetizegdrasiously described; mucus was gently
scrapped off from the skin surface (n = 15 fish ¢liet) as described in Fernandez-Alacid et al.
(2018). Briefly, a sterile glass slides were usedarefully remove mucus from the over-lateral
line, starting from the front and sliding in theudal direction. The glass was gently slid along
both sides of the animal avoiding the non-desiraplerculum, ventral-anal and caudal fin areas
and the skin mucus was carefully pushed into alesteibe (1.5 mL) and stored at -8G until

analyses.

All animal experimental procedures were conduatezbimpliance with the experimental
research protocol approved by the Committee ofcBtland Animal Experimentation of the
Institut de Recerca i Tecnologia Agroalimentari&sTA) and in accordance with the Guidelines

of the European Union Council (86/609/EU) for tlse wf laboratory animals.
Proteomic analysis of exuded mucus
Protein extraction

Mucus samples for two-dimensional electrophorezib PAGE) protocols were solubilized in
equal volume of ice-cold lysis buffer (7 M ureavizhiourea, 2% w/v CHAPS and 1% protease
inhibitor mixture) and centrifuged at 20.000 g fi’ at 4°C, with the resultant supernatant
aliquoted avoiding pellet resuspension and surlipie layer. The supernatants obtained were
submitted to a clean-up procedure (ReadyPrep zdnelip kit, BioRad) was performed to
enhance protein extraction according previouslgidiesd in Sanahuja and Ibarz (2015) and the
proteome map of soluble epidermal mucus proteins e#ained by 2D-electrophoresis. The
significantly expressed proteins were further asedyby LC-MS/MS and identified by database
retrieval. Protein concentration was determine®@tadford assay with bovine serum albumin as
standard (BioRad).

2-Dimensional electrophoresis separation

Pools of three samples were made in order to oldtainhug of protein dissolved in 450 pL of
rehydration buffer containing 7M urea, 2M thiourg&, w/v CHAPS, and 0.5% v/v IPG bulffer,
80 mM DTT and 0.002% bromophenol blue. Five sampfeskin mucus protein extract from
each condition (0% and 3% SDPP) were loaded onter@4pH 3-10 NL IPG strips (GE
Healthcare, Madrid, Spain). Isoelectric-focusingswaerformed using an IPGhor instrument

(Amersham Biosciences), following the manufactwarstructions (active rehydratation at 50 V
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for 12 h followed by linear gradient from 500 toO80V until 48,000 V/h). The focused strips
were equilibrated in two steps as follows: 15 mithvequilibration buffer | (65 mM DTT, 50
mM Tris-HCI, 6 M urea, 30% glycerol, 2% SDS, brorhepol blue) and then 15 min with
equilibration buffer 1l (135 mM iodoacetamide, 50nTris-HCI, 6 M urea, 30% glycerol, 2%
SDS, bromophenol blue). Equilibrated strips wetedsectly onto 12,5% polyacrylamide gels,
sealed with 0.5% w/v agarose, and separated atstasu voltage of 50 V for 30 min followed
by 200 V for about 6 h, until the blue dye reachieel bottom of an Ettan DALT Il system
(Ammersham Biosciences, Stockholm, Sweden). Powsare fixed for 1 h in methanol: acetic
acid 40:10 and stained overnight using colloidab/@assie blue G-250. Gel staining was
removed by consecutive washing steps with distilleater until the best visualisation was

achieved.
Gel image analysis

Coomassie blue stained gels were scanned in aataliblmagescanner (BioRad, Spain) and
digital images captured using Quantity-One softwBieRad, Spain). The images were saved as
uncompressed TIFF files. Gel images were analyaftguthe software package ImageMaster
2D, version 6.01 (GE Healthcare, Spain). Proteiagevdetected using the automated routine of
ImageMaster 2.0 software, combined with manualiregglivhen necessary to remove artefacts.
The background was removed, and normalized volwees calculated as follows: the volume

of each protein spot was divided by the total vauof all the protein spots included in the

analysis. Normalized protein spot values were udsesklect the 300 most abundant proteins in

each condition to be further analyzed for theifedéntial expression.
Protein digestion

Protein in-gel trypsin digestion was made manuélgquencing grade modified, Promega).
Selected spots with differential expression, weeaually cut out from reference gels and were
washed sequentially with 25mM ammonium bicarboriilid4HCO3) and acetonitrile (ACN).
Proteins were reduced with 20 mM DTT solution forrin at 60 °C and alkylated with 50 mM
solution of iodine acetamide for 30 min at room penmature. After sequential washings with
buffer and acetronitrile, proteins were digestedrnight at 37 °C with 80 ng of trypsin. Peptides
were extracted from the gel matrix with 10% forramd (FA) and ACN; pooled and dried in

vacuum centrifuge. Trypsin digested peptides sasnpkre analysed by LC-MS/MS.
LC-MS/MS analysis

Dried-down peptide mixtures were analysed in a Aaqaity liquid chromatographer (Waters)
coupled to a LTQ-Orbitrap Velos (Thermo Scientifioass spectrometer. Tryptic digests were

resuspended in 1% FA solution and aliquot was tegetn chromatographic separation. Peptides
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were trapped on a Symmetry C18TM trap column (538® pm x 20mm, Waters), and were
separated using a C18 reverse phase capillary aola@QUITY UPLC M-Class Peptide BEH
column; 130 A, 1.7pum, 75 um x 250mm, Waters). Thaglignt used for the elution of the peptides
was 1 to 40% B in 20 min, followed by gradient frd6%6 to 60% in 5 min (A:0.1% FA,; B: 100%
CAN, 0.1% FA), with a 250 nL/min flow rate. Elutgeptides were subjected to electrospray
ionization in an emitter needle (PicoTipTM, New &dijve) with an applied voltage od 2000V.
Peptide masses (m/z 300-1700) were analysed irddpendent mode where a full Scan MS was
acquired in the Orbitrap with a resolution of 6@MUBWHM at 400 m/z. Up to the 10th most
abundant peptides (minimum intensity of 500 counesle selected from each MS scan and then
fragmented in the linear ion trap using CID (38%malized collision energy) with helium as the
collision gas. The scan time settings were: Full: S0 ms (1 microscan) and MSn: 120 ms.
Generated .RAW data files were collected with Treeduaalibur (v.2.2).

Data base search

The .raw files obtained in the mass spectrometayyars were used to search against the public
database Uniprot Actinopterygii (v.23/3/17). A dsae containing common laboratory
contaminant proteins was added to this database. sbiftware used as Thermo Proteome
Discoverer (v1.4.1.14) with Sequest HT as the $eangine. The following search parameters
were applied: 2 missed cleavage sites as well a&edfiand variable modifications;
carbamidomethyl of cysteine and oxidation of matime, respectively. Peptide tolerance was 10
ppm and 0.6 Da for MS and MS/MS spectra, respdgtiBoth a target and a decoy database
were searched in order to obtain a false discokatey (FDR), and thus estimate the number of
incorrect peptide-spectrum matches that exceedem ghreshold. The results have been filtered
so only proteins identified with at least 2 higmtidence (FDR>1%) peptides are included in the
lists. The principal component analysis (PCA) wasdiuto describe differences among control
and SDPP groups. The protein intensity values (mg#ession ratios) were represented by a
hierarchical clustering heatmap analysis using Meftware (v4.0), with Pearson distance and

average linkage.
Statistical analysis

The differential intensity of the spots betweentoadrand SDPP diet were analysed for
significance using a Student’s t-test. The Shayiiti test was first used to ensure the normal
distribution of the data, while the uniformity dfe variances was determined by Levene’s test.
All statistical analysis was undertaken with comeiedrsoftware (PASW version 21.0, SPSS Inc.,
Chicago, IL, USA). The STRING databases were usethtain direct protein-protein interactions
(PPI), the interactome, by the search tool forrttgeval of interacting genes/proteins STRING

Program v10.5 (Szklarczyk et al.,, 2017). The selkcstat indicators were “clustering
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coefficients” and “PPI enrichment p-value”, whiari@spond to a measure of how connected the
nodes in the network are, and the “count in getieveleich indicates the number of proteins
included and their “False discovery rate”. The @mment tests, from STRING software, are done
for a variety of classification systems (Gene Qoggl KEGG, Pfam and InterPro), and employ
a Fisher’s exact test followed by a correctiomfoitiple testing (Benjamini and Hochberg, 1995;
Rivals et al., 2007).

RESULTS

A high-resolution 2D map of epidermal mucus proteamas obtained for each individual sample
by a combination of a broad range IPG strips (BaNL) with large format SDS gels (5 to 220
kDa). A total of 1400 protein spots were detectethe mucus proteome of all samples after 2-
Dimensional electrophoresis gels (2DE) stainingarimary matched sets, a representative master
gel was obtained for Control diet (Supplementdeyd) and the 300 spots with higher normalized
intensity were further analysed for their diffefgrstynthesis between control and SDPP. A total
of 35 proteins whose abundance was significantiynglad, accomplishing the criteria over 2-fold
spot intensity difference, by the sustained SDRfadj condition for 95 days (Table 1). From
them, a total of 33 proteins were differentiallyregulated. Most of these proteins were grouped
in the 1.0<x<1.5 fold-change interval (18 proteirig)addition, 10 proteins were distributed in
the 1.5<x<2.0, 1 protein in the 2.0<x<2.5, andetqins in the x>3.0 fold-change interval (Table
1). On the other hand, two down-regulated protei® identified in the -2.0<x<-1.5 fold-change
interval (Table 1). In sum, gilthead sea breamviegtht SDPP additive exhibited an upregulated

profile although not exacerbated in terms of magtetin skin mucus proteome.

The mucus proteome analysis determined the relativmdance for 35 differentially
synthesized proteins (DSPs) on the exuded skinxradter 95 of feeding with SDPP. Details on
protein identification are supplied in Supplemeyntaile 1 providing the gene symbol, fold of
change, the theoretical/observed MW and pl, togetith the accession number, identified
peptides, score, sequence coverage, species difickion and protein code by UniProtKB.
From the total DSPs, only 2 two of them were dowatated §ndl ctnnal), meanwhile the other
33 showed a clear higher relative abundance oSBieP-fed fish compared to the control diet
(Figure 1).
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Table 1. Differentially expressed proteins in skin macus of gilthead sea bream fed with dietary additie SDPP

Gene t- O-MW?5  T-MWw?5
ID? Protein identity? Biological proces$ Symbot |t FOLD value (KDa) (KDa)
Defensive proteins
2 Heat shock protein * Chaperone activi HSP7( 1 2,¢ 0,00z 7€ 70,8(
21 Heat shock protein ¢ Chaperone activi HSP9( 1 14 0,04( 9¢ 83,2°
27  Glucos«regulated protein - Chaperone activi GRP7¢ 1 1,8 0,04¢ 7€ 72,0¢
9 T-Complex Protein 1 Subunit Alp Chaperone activi TCP1 1 1,6 0,04¢ 67 60,3¢
15 Proteasome activator complex subul Regulation of proteasor PSME: 1 1.t 0,011 2¢ 27,8(
4 Proteasome betelike subuni Proteasome compl PSMB¢ 1 2.t 0,01: 17 23,1(
24  Lysophospholipas Esterase activi LYPLAL 1t 1,2 0,01: 24 25,1(
Metabolic proteins
2¢ Protein disulfid-isomerast Cell redox homeosta: PDIA3 1 1,2 0,04¢ 61 54,7¢
3C  Betaine homocysteine methyltransfer Methionine biosynthes BHMT 1 1,3 0,047 48 44,07
2€ GMP synthas Glutamine metabolis GMPS< 1 1,3 0,04( 7€ 78,51
23  D-3-phosphoglycerate dehydroger Serine biosynthes PHGDF 1 1.4 0,062 62 55,72
12  Alpha-1,4 glucan phosphoryle Carbohydrate metabolis GAA 1 1.t 0,03¢ 10z 100,5(
33  Enolase Glycolysis ENO1 1 1,2 0,027 52 46,91
1€ Glyceraldehyd-3-phosphate dehydrogen Glycolysis GAPDH 1t 1.t 0,03¢ 4C 35,9¢
8 Threony-tRNA synthetas: tRNA synthetas TRAS 1 1,6 0,04( 9C 82,8(
17  Nucleoside diphosphate kini GTP bioshynthes NME1 1 1.t 0,02: 14 16,97
3t Staphylococcal nuclease donr Transcription regulatic SND1 l 0,k 0,00z 10¢ 102,1¢
Structural proteins
31 Keratin, type Il cytoskeletal Intermediate filamel KRT1 1 1,2 0,04t 27 65,9¢
32  Keratin, type | cytoskeletal : Keratinizatior KRT10 1 1,2 0,041 17 59,47
2C  Keratin, type | cytoskeletal : Keratinizatior KRT10 1 1.t 0,02t 12 59,47
22  Keratin, type | cytoskeletal : Keratinizatior KRT10 1 1.4 0,02¢ 2C 59,47
28  Keratin, type | cuticular He-like (Fragment Intermediate filamel KRT36 1 1,2 0,03¢ 49 93,3(
14 Keratin, type Il cytoskeletal Intermediate filamel KRT1 1 1.kt 0,00( 3E 65,9¢
1 Type | keratir-like proteir Intermediate filamel KRT* 1 3,C 0,021 41 35,52
5 Keratin & Intermediate filamel KRT5 1 2,1 0,03¢ 222 58,3t
6 Keratin, type Il cytoskeletal Intermediate filamel KRTS8 1 1,6 0,00¢ 53 55,4(
11 Keratir-91 Intermediate filamel KRT91 1 1,6 0,007 43 50,0(
7 Actin, cytoplasmic Membrane organizatic ACTA1l 1 1,7 0,01z 4€ 41,7¢
25 Annexir Regulation of cell motilit ~ ANXA10 1t 1,2 0,007 3C 35,0¢
13  Bete-centractii Dinactin comple ACTR1B 1 1.t 0,001 47 42,3¢
1C Periplakir Protein bindini PPL 1 1,€ 0,01: 114 206,7(
1¢ Beta actil Membrane organizatic ACTB 1 1.kt 0,03( 47 41,8(
18  Tropomyosin alph-1 chair Cytoskeleton organizatis TPM1 1 1.t 0,017 31 42,2(
3 Tubulin alpha chai Microtubule proces TUBA1A 1 2,7 0,01t 5¢ 50,1(
34 Catenin Alpha Cell adhesio CTNNA1l | 0,€ 0,00t 10z 100,4(

1) Spot ID number from Figure X and the correspogdiumber for the protein details reported in Sep@ntary File 1.

2) Protein name according to spot identificatiamfrMascot Search Results (Matrix Science).

3) Selected Biological Process from protein idecaifion (UniProtK)

3) Gene symbol from Genecards (Entrez gene datdtmaseNCBI, http://www.ncbi.nlm.nih.gov/).

4) Observed Molecular Weight (O-MW) obtained frodE2gel processing from ImageMaster Program and iEtieal Molecular Weight (T-
MW) from Mascot Search Results).

Fold and arrows indicated the significantly diffierexpression for each individual protein compatimg abundance of the 5 mucus pools from
each dietary condition (dete in Supplementary File
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Figure
1. Representative 2D-gel showing the differentially gxressed proteins in skin mucusAfter a cleaning process,
the protein extract was separated on 24 cm nomasipe3-10 IPG strips, followed by separation usirig5% SDS-
PAGE. Numbers indicate differentially expressedeires with correspondence with Figure 2 and Tablérgéen spots
corresponded up-expressed proteins after 95 daySEPP diet and red spots corresponded to dowressgd

proteins.

From a general overview perspective, the DSPs thereclassified as the main described
function in fish epidermal mucus (Sanahuja and 2p&015) as structural-, metabolic- or
defensive-related proteins (Figure 2). Among thé&B®&ith protective-related roles, two groups
of upregulated proteins are evidenced: proteink ehiaperone activity (HSP70, spots 2 and 21,
GRP78, spot 27; TCP1, spot 9), and proteins withymatic defensive activities including
proteasomal (PSMB9, spot 4; PSME2, spot 15) aretaest activity (LYPLAL, spot 24) . Four
identified proteins were associated with cell redativity: the protein disulphide-isomerase
related to protein disulphide bonds formation (PBJApot 29), and three enzymes related to
glutathione biosynthesis (BHMT3, spot 30; GMPS tg&) PHGDH, spot 23), which participate
in the synthesis of cysteine, glutamate and seniespectively. Together with glutathione
biosynthesis, a miscellaneous group of metabolatefms and enzymes were upregulated on

SDPP mucus (Figure 2). The third group of protetiobg to structural-related function of
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epidermal mucus, most of them participating in thecus exudation. Thus, ten upregulated
proteins were identified as different keratin tyifleand Il). However, six of these keratin forms
were located with a markedly lower molecular weitiiain expected (spots 14, 20, 22, 28, 31 and
32) and could be described as “keratin fragmergstiting from own mucus enzymatic activity
and that could be associatedKeratin-derived antimicrobial peptidgiKDAMPS. Within the
rest of structural proteins two additional groups proposed. The first one related to the cell
exocytosis process which includes up-regulated &otis (ACTA1L, spot 7; ACTB, spot 19) and
cell motility-related proteins (ANXA10, spot 25; AR18, spot 18) and the second one group of
proteins were related to cytoskeleton organisatilso upregulated, except for a catenin form
(CTNNAL, spot 34), a protein belonging to cadher@ll junction complex which resulted
downregulated (Figure 2).

0,40 DEFENSIVE METABOLIC \ STRUCTURAL

gl N”l ]]HM] Il Jh

P L X IS 5 N
ﬁﬁqg @\M\? QQ\\%@(DO (;Y‘\oo@ é & /\5,\& @@@\L@ &é+v0$ ,3%3 @

o
w
[

o
w
o
=
=

o
N
(&

o
[
w

Relative Abundance (%)
o
N
o

o
[
o

EEEE
Chaperone  Proteolytic Cell Redox Cellular Keratin fragments  Keratins Exocytosis Cytoskeleton
activity Esterase metabolism (KDAMPs) forms process

Figure 2. Functional grouping of differentially expressed proteins in skin mucus in response to SDPRethry
inclusion. Proteins symbol corresponded to identified spot$able Tonil. Green bars corresponded up-expressed
proteins after 90 days fed SDPP diet and red sfotesponded to down-expressed proteins (p < Gfislent’s T-
test).

To better determine their involvement in the proxienmetabolic pathway, identified
proteins were submitted to the Genecards and AmiGene Ontology term enrichment
processes) databases, establishing the specifiogiial Process (BP) and attributing a Gene
Ontology classification. Moreover, the mucus DStractome was performed from STRING
program to obtain the proteome functional netwérkotal of 29 DSPs were represented in, thus
representing the 82.86% of the possible 35 DSPgu(&i3A). From them, 23 DSPs (22
upregulated; 1 downregulated) interact each otb&tizing 72 edges were represented at the
functional network. Only 6 DSPs (5 upregulated;olvdregulated) showed no interaction with
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the functional network (Figure 3A). Interestingtyost of the identified proteins were grouped in
the cellular component “Extracellular exosome” (G@.0062) indicating their belonging to
extracellular skin mucus and usually exuded via fieane bounded-vesicle” (GO:0031988).
The following GO enrichment process associated totepme functional network was
“extracellular region” (GO:0005576) which pointeteame direction as the other two protein

groups (Supplementary Files 2).

When the DSP were separated into the three gralgbsr(sive, metabolic and structural),
proteome functional network of all groups kept siaene cellular component GO “Extracellular
exosome” (GO:0070062) and “Membrane bounded-vesig#:0031988). However, other
components could give more information, in examplefensive-related protein showed an
“Antigen processing and presentation” (04612) Kgta@hway, while metabolic-related proteins
revealed a biological process “Single-organismymgsetic process” (GO:0044711) (Figure 3B).
Moreover, structural-related proteins showed a mdér function of “Structural molecule
activity” (G0:0005198) (Supplementary Files 3). Tivbole analysis of the defensive and
metabolic-related proteome functional network canfdund at Supplementary Files 4 and 5.
These data reveals a combination of biological ggees and molecular functions that are
promoted by feeding gilthead sea bream fries willPB supplemented diet for 95 days,

suggesting an improvement of epidermal skin mucus.
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Figure 3. Functional Enrichment Network of mucus skn proteome. Identified proteins were submitted to STRING
program to obtain protein the whole network (Affumctional networks according to putative defensiveetabolic-
or structural-related proteins (B). Details of netkv@erform, network stats and enrichment selectexdigs are
provided in Supplementary Figures 2, 3, 4 and 5
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DISCUSSION

Proteomic analysis of skin mucus is a valuable toat allows to understand the physiological
and welfare status of fish (Sanahuja and Ibarz5204 this study, a proteomic analysis was used
in order to evaluate the effect of SDPP dietaryitaddon gilthead sea bream fries skin mucus.
As the outermost barrier of fish, epidermal mucesfggms several functions like protection,
communication, sensory perception, locomotion, ira8pn, ion regulation, excretion, and
thermal regulation (reviewed in Esteban, 2012).sTlas previously reported in gut by Gisbert et
al. (2015), SDPP enhanced innate immune functidesiinal antioxidant enzymes activities and
promoted somatic growth. Therefore, the use ofsdree functional feed in fish would modify
skin mucus performance in a similar manner asstrhadified gut mucosa. Also, we have found
few studies that evaluated skin mucus immunostitimiay feeding fish with functional diets
and analysing its effects using proteomics techmola Atlantic salmon (Jensen et al., 2015;
Micallef et al., 2017) and in gilthead sea breanor(fero et al., 2016). Being the broad of
proteomics studies of fish skin mucus focused @ dhalysis of fish physiological status and
welfare using it as a non-invasive tool eithedifferent species, such as gilthead sea bream
(Jurado et al., 2015; Sanahuja and Ibarz, 2015pdean sea bass (Cordero et al., 2015), or
lumpsucker (Patel and Brinchmann, 2017) or in déffié situations such as a pathogen infestation
(Raeder et al., 2007; Easy and Ross, 2009; Prdwan 2013; Rajan et al., 2013; Lu et al., 2014;
Jensen et al., 2015; Ahmed et al., 2019; Saleh,&X(.9), cichlid parental behaviour (Chong et
al., 2006), abiotic stressor (Ai-Jun et al., 20C8rdero et al., 2016; Pérez-Sanchez et al., 2017,

Sanahuja et al., 2019) or to evaluate skin muctra&ion techniques (Feaeste et al., 2020).

Beyond the list of individual protein expressiore used the STRING tools (Szklarczyk
et al., 2017) which allowed us to build a proteiotpin interactome between the 35 up and
downregulated proteins found in our proteomic asialyDespite the use of the Sanahuja and Ibarz
(2015) classification of proteins by its role (defeve, structural and metabolic), the interactome
of all proteins showed that SDPP functional feethaswwe the “Extracellular exosome”
(G0:0070062) and “Membrane bounded-vesicle” (GO1@&B). Therefore, SDPP affected skin
vesicle formation process by enhancing the releésesicles to the extracellular region (skin
mucus). Individually by protein role, defensiveateld proteins increased “Antigen processing
and presentation” (KEGG: 04612). Heat shock pret@itsSP; HSP70, HSP90, GRP78 and TCP1)
are found in several proteomic analysis (Provaal.e2013; Ao et al., 2015; Cordero et al., 2015;
Jurado et al., 2015; Sanahuja and Ibarz, 2015;cBmirann, 2016) and its related function is
suggested to be linked to inflammation processdrein both stimulatory and/or suppressive
functions, depending on the presence of other keteims (Pockley et al., 2008) and/or to mucus
protein stability (Ig and Shu-Chien, 2011; Rajaralet 2011; Sanahuja et al., 2019). However,
according to KEGG pathway system, most of the H&Pmoteasome-related proteins (PSME2
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and PSME9) found in our study, are related to threminoproteasome and tmajor
histocompatibility complex(MHC |) pathway in vertebrates, which is relatedt activarion of

innate immune response (LU et al., 2014).

All metabolic-related proteins were upregulated;egt for SND1. Most of metabolic-
related proteins found in skin mucus have no difeattionality in mucus, nonetheless, the
resultant products of its enzymatic activity mayeénan intracellular signalling functionality
(Jurado et al., 2015). The first four proteins wgreuped in cell redox. BHMT, GMPS and
PHGDH are related to amino acid biosynthesis anbABIs related to cell redox homeostasis.
BHMT mediates betaine and homocysteine transfoonativhich is involved in methionine
biosynthesis and has been described as a preaiigiotathione biosynthesis (Ji and Kaplowitz,
2003; Ibarz et al., 2010). GMPS synthetises glutamivhich is the precursor of glutamate, one
of the molecules needed in glutathione formatiomj &#HGDH is involved in the serine
biosynthesis, which has been described to affgcirgt formation in mouse, with an effect on
mitochondrial glutathione activity (Vandekeere ket 2018). In addition to these three proteins
related to oxidative stress protection, PDIA3 hasrbdescribed as a promoter of stress response
during an environmental stress of hyperoxia andsue to perfluorooctane sulfonate (PFOS)
in Atlantic salmon (Huang et al., 2009). The preseof these group of proteins in skin mucus
could be related to an upregulation of the antiantdlefence system. For the remaining proteins
grouped as cell metabolism, three of them are taests of carbohydrate metabolism (GAA,
ENO1 and GAPDH) and have been found in skin muauwtepme of gilthead sea bream
(Sanahuja and Ibarz, 2015; Jurado et al., 201®zPganchez et al., 2017; Sanahuja et al., 2019),
in challenge studies of skin mucus in Atlantic satnand Atlantic cod (Provan et al., 2013; Rajan
et al., 2013) and in cichlid parental care and imduwboding (Chong et al., 2006; Iq and Shu-
Chien, 2011; Sanahuja and Ibarz, 2015) pointedtioat it is not clear if glycolytic and
mitochondrial enzymes found in skin mucus have ldegccell or epithelial origin, however, an
immune function or cellular stress response haa described for some of them, like GAPDH
(Booth and Bilodeau-Bourgeois, 2009; Ig and Shue@hR011; LU et al., 2014). TRAS was
detected as immune-related gene after oral vacemagainstVibrio anguillarumin European
sea bass head kidney (Sarropoulou et al., 2012).Séeropoulou et al. (2012) found it both in
control and vaccinated groups without significaatistical difference. NME1 was found in skin
mucus proteome of scalloCljlamys farrerj after a bacterial challenge (Shi et al., 2008), i
Indian major carpirrhinus mrigalg when evaluating skin mucus antibacterial acti{ityjgam
et al., 2017), and in Atlantic cods&dus morhupwhen searching for immune competent
molecules in skin mucus (Rajan et al., 2011). Incabes, NME1 has been described as an
important factor in surface protection against wial infection and, therefore, related to innate

immune response (Shi, Zhao and Wang, 2008; Nigaal.e2017). The only downregulated
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metabolic-related protein (SND1) is a multifunctbprotein involved both in transcriptional and
post-transcriptional regulation and has been dasdrito promote cell proliferation and
differentiation in humans (Li et al., 2018). Thegan and function of this protein in fish skin

mucus remains unknown.

All structural-related proteins were grouped in tigeellular exosome” (GO:0070062)
and “Membrane bounded-vesicle” (GO:0031988). Noglets, a subclassification was made
according to its biological function. The first peons were grouped aKeratin derived
antimicrobial peptideSKDAMPSs) and was composed by KRT1, KRT10 and KRTRératin
fragments have been described as pore-formingge=pin mammals (Molle et al., 2008; Tam et
al., 2012; Valdenegro-Vega et al., 2014) and haanlveported in different proteome analysis of
skin mucus as antimicrobial activity (Molle et &0Q08; Rajan et al., 2011; Sanahuja and Ibarz,
2015; Jurado et al., 2015; Pérez-Sanchez et 4l7, Eanahuja et al., 2019a). Furthermore, Pérez-
Sanchez et al. (2017) attributed its presenceimrskicus to epithelial damage due to an effect
of chronical stress. That said, an increasing nummbantimicrobial peptides found in skin mucus
are derived from the proteolysis of larger protdi@ko et al., 2002; Sanahuja et al., 2019). The
second group of proteins was subclassified as ‘iferéorms” (KRT, KRT5, KRT8 and KRT91).
Keratin is a structural protein in intermediataffilents and can be found in scales (Easy and Ross,
2009; Brinchmann, 2016). A third group of “Exocygprocess” was made, including ACTAL,
ACTB, ANXA10 and ACTR1B. ACTA1 and ACTB presence $in mucus proteome has
already been described (Patel et al., 2007; Eadyrass, 2009; Rajan et al., 2011; Provan et al.,
2013; L0 et al., 2014; Sanahuja and Ibarz, 201&dhuet al., 2015; Brinchmann, 2016; Cordero
et al., 2016; Pérez-Sanchez et al., 2017; Micelief.,, 2017 Sanahuja et al., 2019a) and its been
related to mucus structure as it has gel-like priogse(Sato et al., 1985; Easy and Ross, 2009).
ACTB is a structural protein involved in phagocysosnd cell motility. Also, insect extracellular
actin has been described as a stimulator of phaggisywhen bound to bacteria (Sandiford et al.,
2015). ANXAL10 is described as calcium-dependentspholipid-binding proteins and can be
found in cell surface in some cases, although #@mrfunction is developed at a cytosolic level.
Its cellular function includes adhesion mechanimembrane traffic, signal transduction and/or
developmental processes (Moss and Morgan, 2004puf &nowledge, no report of ANXA10
presence in skin mucus has been found in the titeraand its function remains unknown.
Nonetheless, considering its cellular functionaliypd the Gene Ontology classification
(GO:0070062 and G0:0031988), its function may bated to vesicle formation upregulation,
enhancing the liberation of products to skin muftam epithelial or goblet cells. ACTR1B is a
conserved protein related to actin and dynactinpgderand has been found in different cellular
compartments, one of them being in vesicular atnestin the cytoplasm of canine fibroblasts

(Clark et al., 1995). As in the case of ANXALOQ, previous report has been found in fish,
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therefore, the function in skin mucus remains umkmobut it could be related to ANXA10
functionality in vesicle formation. The last subseade in structural-related proteins includes
TPM1, TUBA1A, PPL and CTNNAL, being the CTNNAL thely protein downregulated. TPM1
was reported in gilthead sea bream proteome mapipir®@anahuja and Ibarz (2015) and Jurado
et al. (2015), and in Atlantic cod after infectiomRajan et al. (2013). TPM1 protein functionality
has been related to wound healing (Ibarz et alL3RTUBALA has been reported in gilthead sea
bream (Jurado et al., 2015) and in Atlantic codjigR&t al., 2013). In addition to its structural
functionality, TUBA1A has been descried to be imaglin phagocytic activity when upregulated
in skin mucus afte¥ibrio anguillaruminfection (Rajan et al., 2013). PPL is part ofrdesome
components and has been related to keratins iretissegrity maintenance (Long et al., 2006),
but it has been also associated to putative siggalh response to bacterial entry blocking and
cellular turnover in chronic stress (Sanahuja.eféll9a). CTNNAL is described as a protein that
associates actin filaments and cadherins. In hunitemss been described to be in epithelial tissue
involved in adherens junction formation and intdutar adhesion (Vasioukhin et al., 2001). Its
downregulation in skin mucus may be related tohepil proliferation, as its been described in
in vitro knock-out keratinocytes to inhibit contact inhibit and allow cell proliferation
(Vasioukhin et al., 2001). Nonetheless, to our Keodge, it does not exist previous report of

CTNNAZ1 detection in skin mucus proteome.

In summary, skin mucus has proven to be a powwliby a non-invasive methodology
in the analysis of fish welfare and physiologicitss determination. The enhance of vesicle
formation and an increase in the presence of giegeproteins, such as HSPs, proteasome,
oxidative stress precursors and pathogen inhibiterge demonstrated that a sustained feeding
with SDPP for 95 days have enhanced skin mucuserdeience immunity in gilthead sea bream
fries. This study was part of a greater experimevlving skin histology and transcriptomics.
Thus, an integration of skin mucosa analysis Wlitvato elucidate the immunostimulatory effect
found in skin mucus of dietary SDPP in skin struefuprotein turnover and exudation
mechanisms. However, further studies are requimeatder to investigate the duration of these

beneficial effects of SDPP in fish immunity wheteimittent feeding.
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SUPPLEMENTARY FILES

Supplementary File 1: Table of spots represented iRigure 1 showing the differentially expressed prains in skin mucus.Numbers indicate the differentially expressed
proteins with correspondence with Figure 1.

GENE ACCESSION N° Observed Therotical .
ID SYMBOL FOLD |1t T-Stu @ MW ol MW ol PEPTIDES SCORE® SQ SPECIES GENE UniProtkB
1 KRT* 2,967 1 0,021 ACNG62548.: 41,0C 3,92 35,5 5,02 9,0 252,2¢ 75,7 Sparus aurat FJ74459 COLMQ3
2 HSP7( 2,85¢ 1 0,00: SBQ5320! 76,0 3,0 70,8( 5,3¢ 23,0( 117,4¢ 45,2( Nothobranchius korthaus HAEB0100668. AQ0A1A8F527
3 TBAl1A 2,70z 1 0,01¢ ACI69569.. 59,0 6,1¢ 50,1C 5,11 17,0( 126,7¢ 58,2 Salmo sala 10019643 A0A146ZRJ:
4 PSMB¢ 2,511 1 0,01: KC8182%5 17,0 8,7¢ 23,1C 7,8C 4,0 91,3t 20,2¢ Oplegnathus fasciat KC81823! WOFVV7
5 KRT5 2,10( 1 0,03¢ SBQ8753! 222,00 4,0 58,3: 5,5t 3,0C 107,6¢ 23,1« Nothobranchius kuhnt: HAED01001691 AO0A1A8HT27
6 KRTS8 1,81¢ 1 0,00¢ XP_01272959 53,0C 3,97 55,4C 5,0C 2,0C 134,0¢ 18,97 Fundulus heteroclitt 10593423 AO0A146VU5<
7 ACTAl 1,66¢ 1 0,01: XP_01270581 46,00 3,07 41,7¢ 5,4¢ 3,0C 376,7. 76,27 Fundulus heteroclitt 10591606 AOA146ZJT¢
8 TRAS 1,61¢ 1 0,04( XP_02132339 90,0 8,0¢ 82,8( 7,01 19,0( 100,8¢ 26,8¢ Danio reric 44966 A2BIM7
9 TCPI 1,591 1 0,04¢ XP_00344995 67,00 6,77 60,3¢ 6,5¢ 19,0( 142,6¢ 51,4: Oreochromis niloticL 10070790 ISK6A8
10 PPL 1,56¢ 1 0,01: NP_00269 114,0C 7,9C 206,7( 6,9¢ 10,0(¢ 124,37 6,31 Larimichthys croce 549: 06043°
11 KRT91* 1,561 1 0,007 NP_00100344 43,00 3,45 50,0 5,4z 10,0(¢ 116,7: 17,17 Danio reric 44505 Q6DHBE
12 GAA 1,52¢ 1 0,03¢ XP_00408211 102,0C 4,01 100,5( 7,17 13,0( 68,1¢ 18,9: Oryzias latipe 10115849 H2LYLO
13 ACTR1B 1,51¢ 1 0,001 KKF33877 47,00 8,4€ 42,3¢ 7,2t 14,0( 413,2: 61,7 Larimichthys croce 10493632 AOAQF8BFKC(
14 KRT1 1,507 1 0,00( NP_00611 35,00 4,2 65,9¢ 8,1 18,0( 388,2F 47,0¢ Homo sapier 384¢ P0426:
15 PSME: 1,50¢ 1 0,011 AHX3715¢ 29,0 4,17 27,80 5,3¢ 3,0C 117,9. 11,8¢ Oplegnathus fasciat KF021997 J7FIHE
16 GAPDH 1,49¢ 1 0,03¢ BAB6281: 40,0 7,3¢ 35,9¢ 6,8/ 8,0( 387,3: 57,61 Pagrus majo AB06969: Q90WD¢<
17 NME1 1,49 1 0,02t ACF7541¢ 14,0 7,5¢ 16,97 6,92 3,0C 498,0¢ 65,1 Sparus aurat EU864230 B5APB7
18 TPM1 1,48¢ 1 0,017 KKF3326¢ 31,00 3,4€ 42,2C 4,7C 15,0( 113,4. 30,9¢ Larimichthys croce KQ04089( AOAOF8AT5E
19 ACTB 1,461 1 0,03( NP 00109 47,00 4,71 41,8 5,4¢ 16,0( 229,97 56,27 Pagrus majo 60 P6070!
20 KRTI1C 1,451 1 0,02t NP 00041 12,0C 3,7¢ 59,47 19,0( 120,1: 48,2: Homo sapier 385¢ P1364!
21 HSPY( 1,43( 1 0,04( AFK3235: 99,0( 3,8¢ 83,2: 5,01 11,0¢ 245,7. 46,9( Miichthys miiu JQ92976 ISRWW5
22 KRTI1C 1,38t 1 0,02¢ NP 00041 20,00 3,58 59,47 22,0 143,5. 50,0¢ Homo sapier 385¢ P1364!
23 PHGDF 1,35: 1 0,062 NP_95587 62,00 8,4¢ 55,7: 6,1¢ 1,0C 307,17 23,0¢ Gasterosteus aculeal 32192¢ G3NN91
24 LYPLA1 1,32¢ 1 0,01: AAG1006: 24,00 8,1¢ 25,1C 7,5C 7,0C 101,2: 41,3¢ Dicentrarchus labra 1043¢ QO7560¢
25 ANXA10 1,31¢ 1 0,007 XP_00397247 30,0 4,0¢ 35,0: 5,7¢ 3,0C 106,3¢ 16,61 Takifugu rubripe 10107000 H2URI3
26 GMPS 1,29¢ 1 0,04( KKF12551 76,00 8,3¢ 78,51 7,2¢ 6,0( 365,9¢ 67,9¢ Larimichthys croce 10492410 AOAOF8BMBQ
27 GRP7¢ 1,29: 1 0,04¢ AOS8795:. 76,00 3,92 72,06 5,0¢ 2,0C 628,8: 42,97 Larimichthys croce 10914193 AOA1DSDEG67
28 KRT36* 1,28¢ 1 0,03¢ KPP6580: 49,00 5,4z 93,3( 5,6¢ 1,0C 181,8¢ 8,6¢ Scleropages formos JARO0200605 AQAOP7VOLS
29 PDIA3 1,28: 1 0,04¢ NP_ 00118666 61,00 3,61 54,7¢ 4,82 6,0( 166,8¢ 19,3t Tetraodon nigroviridi 37885: Q4RZP¢
30 BHMT3 1,272 1 0,047 ADO8542¢ 48,00 8,0z 44,01 6,71 13,0( 959,2¢ 66,5( Sparus aurat GU11990 VIHXV7
31 KRT1 1,26¢ 1 0,04t NP_00611 27,00 3,7C 65,9¢ 8,12 9,0 53,5¢ 22,0¢ Homo sapier 384¢ P0426:
32 KRTIC 1,22¢ 1 0,041 NP_00041 17,0C 4,1z 59,4 19,0( 125,54 46,5¢ Homo sapier 385¢ P1364!
33 ENO1 1,212 1 0,027 XP 01162026 52,00 6,6¢ 46,91 6,5¢ 15,0( 369,2. 42,1% Takifugu rubripe 10106981 H2TDQ7
34 CTNNAl1 0,56¢ ! 0,00t XP_00397056 102,0C 7,91 100,4( 6,3¢ 20,0( 128,2( 34,9t Takifugu rubripe 10107007 H2TXI5
35 SND1 0,54( ! 0,00z XP 02380805 109,0C 8,5C 102,1¢ 7,5¢ 4,00 370,3¢ 29,4. Oryzias latipe 10115693 H2MK40
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Supplementary File 2: Functional Enrichment Network of mucus skin proteome.ldentified proteins were submitted to STRING progrto obtain protein the whole
network. On the right, network stats of GO enrichirgrocesses and KEGG pathways.

Network Stats

number of nodes: 29 expected number of edges: 36
number of edges: 72
average node degree: 4.97
avg. local clustering coefficient: 0.52

Functional enrichments in your network

Molecular Function (GO)
pathway ID pathway description count in gene set false discovery rate
GO:0005198  structural molecule activity 1 4.33e-07
GO:0005200  structural constituent of cytoskeleton 6 8.69e-06
GO:0000166  nucleotide binding 12 0.024
GO0:0005524  ATP binding 9 0.03
GO0:0030280 structural constituent of epidermis 2 0.03
(more ...)
Cellular Component (GO)
pathway ID pathway description count in gene set false discovery rate
GO:0070062  extracellular exosome 23 297e-13
GO:0031988  membrane-bounded vesicle 23 2211 (&)
GO:0005576 extracellular region 23 2.38e-09
GO0:0043209  myelin sheath 7 3.23e-07
GO:0005829  cytosol 17 9.15e-06
(more ...)
KEGG Pathways
pathway ID pathway description count in gene set false discovery rate

04612 Antigen processing and presentation 5 9.62e-06
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Supplementary File 3: Functional Enrichment Networkof mucus skin proteome from structural-related prdeins. Identified proteins were submitted to STRING peogr
to obtain protein the whole group network accordmgutative structural-related proteins. On thyhti network stats of GO enrichment processes.

Network Stats
number of nodes: 13 expected number of edges: 3
-~ ACTR1B ANXA10 number of edges: 12 PPI enrichment p-value: 0.000106
j’ m average node degree: 1.85 your network has significantly more interactions
TPM1 2/ KRT8 avg. local clustering coefficient: 0.385 than expected (what does that mean?)

Functional enrichments in your network

-

TUBA1A ACTAL Molecular Function (GO)
I\ pathway ID pathway description count in gene set false discovery rate
GO:0005198 structural molecule activity 1 1.44e-12
G0:0005200 structural constituent of cytoskeleton 6 3.34e-08
G0:0030280 structural constituent of epidermis 2 0.0143

Cellular Component (GO)
pathway ID pathway description count in gene set  false discovery rate

GO0:0045095 keratin filament 4 0.000474
GO:0005856 cytoskeleton 8 0.000711
GO:0005882 intermediate filament 4 0.000711
G0O:0031988 membrane-bounded vesicle 10 0.000711 &)
GO:0044430  cytoskeletal part 7 0.000711
GO0:0070062  extracellular exosome 9 0.000711 @
GO0:0045111 intermediate filament cytoskeleton 4 0.00166
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Supplementary File 4: Functional Enrichment Networkof mucus skin proteome from defensive-related pretins. ldentified proteins were submitted to STRING paogr
to obtain protein the whole group network accordimgutative defensive-related proteins. On thhtrigetwork stats of GO enrichment processes and&Pathways.

PSME2

Functional enrichments in your network

Biological Process (GO)

pathway ID  pathway description count in gene set  false discovery rate
GO:0045040 protein import into mitochondrial outer membrane 2 0.0148
G0:0034975 protein folding in endoplasmic reticulum 2 0.0266
G0:0035437 maintenance of protein localization in endoplasmic reticulum 2 0.0266
G0:0051131 chaperone-mediated protein complex assembly 2 0.0325

Cellular Component (GO)
pathway ID  pathway description count in gene set false discovery rate

G0:0043209 myelin sheath 5 9.67e-06
G0:0070062 extracellular exosome 8 0.000891 @
GO:0042470 melanosome 3 0.00301
GO:0005576 extracellular region 8 0.0145
G0:0005790 smooth endoplasmic reticulum 2 0.0171

(more ..

KEGG Pathways

pathway ID  pathway description count in gene set  false discovery rate
04612 Antigen processing and presentation 5 2.14e-08 @
04141 Protein processing in endoplasmic reticulum 3 0.00806

03050 Proteasome 2 0.0184
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Supplementary File 5: Functional Enrichment Networkof mucus skin proteome from metabolic-related pratins.ldentified proteins were submitted to STRING peogr
to obtain protein the whole group network accordmgutative metabolic-related proteins. On thétiigetwork stats of GO enrichment processes.

Network Stats
number of nodes: 9 expected number of edges: 4
number of edges: 14 PPI enrichment p-value: 8.73e-05
average node degree: 3.11 your network has significantly more interactions
avg. local clustering coefficient: 0.622 than expected (what does that mean?)

Functional enrichments in your network

Biological Process (GO)
pathway ID pathway description count in gene set false discovery rate

GO:0006165  nucleoside diphosphate phosphorylation 3 0.00643
GO:0009150  purine ribonucleotide metabolic process 4 0.00643
GO:0044711  single-organism biosynthetic process 6 0.00643
GO0:0046128  purine ribonucleoside metabolic process 4 0.00643
G0:0044724  single-organism carbohydrate catabolic process 3 0.00823

(more ...)

Cellular Component (GO)

pathway ID pathway description count in gene set false discovery rate
GO:0070062  extracellular exosome 8 0.000251 @

GO:0005576  extracellular region 8 0.00398
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ABSTRACT

Fish skin mucus is proposed as a novel targethferstudy of physiological condition and to conduct
minimally invasive monitoring of fish. Whereas msccomposition has been a major interest of recent
studies, no practical techniques have been propmsgdin understanding of the capacity and rhytlim o
production and exudation. Here, we used stablefgoanalysis (SIA) with a labelled meal, packaged i
gelatine capsules, to evaluate mucus productiomearelval in a fish model, the gilthead sea bre@pafus
aurata). Mucus®*C- and'*N-enrichment reached higher levels at 12 h poststign without significant
differences at 24 h. When the formation of new nsuaas induced‘*C-enrichment in the new mucus
doubled wherea®¥N-enrichment only increased by 10%. These resntticate the feasibility of adopting
SIA in mucus studies and allow us to propose thathadology as a means to improve knowledge of mucus

turnover in fish and other animals.

KEY WORDS: Epidermal mucusi®*C, §'°N
INTRODUCTION

One of the most effective responses fish have dpeel to environmental challenges is the regulation
skin mucus exudation and composition. The vertebirdgegument is a conserved structure consisting of
the epidermis, dermis and hypodermis (Le Guelleal.et2004). Nonetheless, the skin of aquatic &nd o
terrestrial vertebrates has acquired specific adigpis in response to the different environmental
challenges faced. Whereas the skin of mammals i@xhlziyers of dead keratinized cells, hair folkcénd
sweat glands, and also lost the capacity to produseus (Schempp et al., 2009), the skin of teledists
not keratinize but developed as a mucous tisstmasitmucous cells that produce and secrete mudah wh

covers the skin surface and forms the outermosigbargainst the surroundings.

Fish skin mucus is a complex fluid which performsveral functions: it is involved in
osmoregulation, respiration, nutrition and locormot{reviewed in Esteban, 2012; Benhamed et al4201
Mucus is continuously secreted and, in stresstubbns, one of the most evident fish responsesis
increase in skin mucus production (Fernandez-Alatidl., 2018; Shephard, 1994; Vatsos et al., 2010)
Secretion of mucins, one of the most important comemts of fish mucus, is dependent on culture
conditions (Sveen et al., 2017) or infection preess(Pérez-Sanchez et al., 2013). Recently, ibhas

demonstrated that the components of exuded muaerze modified in response to stressors; changes
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have been observed in components related to de{@umrdero et al., 2015; Patel and Brinchmann, 2017;
Pérez-Sanchez et al., 2017; Rajan et al., 201lal$gam and Ibarz, 2015), mucus metabolites such as
glucose and lactate, and hormones such as coffieohandez-Alacid et al., 2019, 2018; Guardiolalet
2016). There are also studies that report benefitedequate diets or the use of dietary additivhEhv
enhance animal welfare through improvement of maicbealth (Beck and Peatman, 2015). All these
studies reinforce the idea that skin mucus carsbd as a non-invasive indicator of fish statugptesents

a tool which could be very useful for both aquamdtand environmental studies such as those omiglim
change effects, human impact, alterations in tropkiworks or habitat degradation. However, noissud
exist that report practical techniques to gain aenstanding of the capacity and rhythm of produncéind

exudation of skin mucus.

The aim of the present study was therefore to ewalstable isotope analysis (SIA) using dietary
nutrients labelled with’C and*®N to determine the time course of mucus exudatimshranewal rates in a
temperate marine fish model: gilthead sea br&parus auratd.innaeus 1758. After one forced meal, the
time courses of isotop&C and5'°N) enrichment were analysed in exuded skin mucascampared
with that in other tissues: liver and white mustlgbelled mucus renewal was also analysed afteovan
The procedure developed here is a practical teaknipgat allows us to understand mucus exudation

processes better, as well as the mechanisms umderhycus composition and regulation.
MATERIALS AND METHODS

Juvenile sea bream were obtained from a local ges\iPiscimar, Burriana, Spain) and acclimated anslo
at the facilities of the Faculty of Biology of tlhuniversity of Barcelona (Barcelona, Spain) at 22,1
month, using a standard commercial fish feed (8kiggtBurgos, Spain). A total of 50 fish were light
anaesthetized with MS-222 (0.1 9)J weighed (mean mass 186+ 5 g) and subcutanetasied with a
passive integrated transponder (PIT, Trovan Eleatrigentification Systems, Melton, UK) near thesid
fin; this permitted the fish to be monitored indivally. The fish recovered well and were randomly
distributed in two 200 L tanks (25 fish per tanldansities of 2-2.5 kg ™) and kept for a further month;
they were fed a daily ration of 1.5% of body masst(ibuted in two portions: 10:00 h and 15:00R®aring
systems, equipped with a semi-closed recirculati@mtem, were used to control solid and biologiiti=rs,
and the water temperature and oxygen concentratene monitored; additionally, nitrite, nitrate and
ammonia concentrations were periodically analysed maintained throughout the trial. All animal
handling procedures were conducted following themsoand procedures established by the Councileof th
European Union (2010/63/EU), Spanish governmentragibnal Catalan authorities, and were approved
by the Ethics and Animal Care Committee of the @rsity of Barcelona (permit no. DAAM 9383).

To understand better the capacity of fish to aledaod components to exuded skin mucus, we
performed a post-prandial time course enrichmexhstising SIA. The food was labelled WiiE (3%°C-
algal starch) an&N (1% **N-spirulina), in accordance with previous studiagite use and fate of dietary
nutrients in gilthead sea bream (Beltran et aD®R@elip et al., 2011, 2012). The labelled grofoat was
packed in gelatin capsules (Roig Farma, S.A., Banee Spain) (Fig. 1). Fifteen randomly selectesth fi
were lightly anaesthetized and force fed threenfl.gelatine capsules, using a gastric cannula aanta

a meal equivalent of 0.6% fish body mass (whichiesponded to the morning ingesta). To determine the
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natural abundance &iC and™N in tissue and mucus (blank values), five addildish received the same
diet and meal mass containing similar proportiohardabelled spirulina protein and algal starchteff
force feeding, the fish were held for a minuteridividual tanks to check for regurgitation and ts@re
recovery, before being replaced in the rearinggahktime course trial was then performed by sangpli

6, 12 and 24 h after feeding. These times pointg welected in accordance with our previous studfies
gilthead sea bream. Five fish from the labelleduigravere anaesthetized as above and sampled dirmach
point. Mucus samples were collected as describéginandez-Alacid et al. (2018). Briefly, sterilags
slides were used to carefully remove mucus fronother-lateral line, starting from the front and rimay

in the caudal direction. The glass was gently alahg both sides of the animal and the epidermalusiu
was carefully pushed into a sterile tube (2 ml)e Hon-desirable operculum, ventral-anal and céfidal
areas were avoided. Thereafter, the fish were wveeigkilled by severing the spinal cord, and tissues
(plasma, liver and muscle) were sampled to meastaele isotope enrichment. Blood samples were
extracted from the caudal vessels using EDTA-ldmanticoagulant. Plasma was obtained by centnifugi
the blood at 13,000 for 5 min at 4°C and then kept at —80°C until gee. Samples of liver and white
muscle were rapidly excised, frozen in liquigahd stored at —80°C until analysis. An additidrestewal’

trial was performed to gain understanding of tHewa@nce of SIA for mucus dynamics. An additionakfi
fish were force fed and, immediately after, skincomiwas removed as described above. These fish were

left to recover and then sampled 24 h after feeding

Food
preparation
Anaesthesia
Q MS-222 REGHSTY
Commercial i Q-
food ! A - ‘Cy  Aeration
H Aeration J—
=7
/{ — 13C (3%) e e e B e e e e e e e
| 15 %) !
e N(1%) Renewal trial (0 h, 24 h) Time course trial (blanks, 6 h, 12 h, 24 h)
i Anaesthesia
:@‘ { Q MS-222
Gelatine capsules y 513G
(~320-330 mg H o
&15N

per capsule) Aeration

Liver, muscle, plasma &3

Fig. 1. Schematic representation of the procedureedeloped using stable isotope analysis (SIA) to siy fish
mucus. Food with stable isotope¥*C and!*N) incorporated as metabolic tracers was prepased previous studies
of gilthead sea bream (Beltran et al., 2009; Felgd.e2011). Encapsulation of the food was perfdtrmanually using
gelatine capsules of 14.5 mm and the food ratiomadjusted to 0.6%, which meant three capsules akrenistered
per fish. The fish, which had been PIT tagged iindially for better individual identification, werferce fed under
light sedation. Three capsules were prepared iarsmbyin a flexible gastric cannula and were calyefiidced directly
into the stomach via slight pressure on the cartiiee gelatine capsules entered the fish stomadiy easl no
regurgitation was observed in any fish during recgvMucus collection and tissue sampling at eadt-feeding time
are detailed in the Materials and Methods.

The mucus samples were homogenized using a stefilen homogenizer and dried using a vacuum

system (Speed Vac Plus AR, Savant Speed Vac SysBnuth San Francisco, CA, USA). Frozen pieces
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of liver (100 mg) and white muscle (300 mg) wereuyd in liquid N using a pestle and mortar to obtain
a fine powder. Plasma samples (10Pand powdered tissue samples were then driedyubim vacuum
system. Aliquots ranging from 0.3000 to 0.6000 negevaccurately weighed in small tin capsules (3.3-5
mm, Cromlab, Barcelona, Spain) and analysed far @and N isotope composition using a Mat Delta C
isotope-ratio mass spectrometer (IRMS, Finnigan MAB8femen, Germany) coupled to a Flash 1112
Elemental Analyser (Thermo Fisher Scientific, MddrSpain), both at the Scientific Services of the
University of Barcelona, CCiTUB. The EA-IRMS burné@ samples and converted them into gasafid
CQOy), which was transported through a continuous helflux to determine the percentage carbon and
nitrogen content in the samples. Isotope rafi&4?C, 1°N/1*N) in the samples were expressed on a relative

scale as deviation, referred to in delipunits (parts per thousand, %o), as follows:
0 = [(RsdRsp—1] x 1000

where Rais the®™N/“N or 3C/2C ratio of the samples and:®& the'>N/**N or 13C/A%C ratio of the
international standards (Vienna Pee Dee Belemaitalcium carbonate, for C; and air, for N). Theea
reference material analysed over the experimertadg was measured with + 0.2%. precision. Diffeenc
in the time course of stable isotope enrichmenevegralysed by one-way ANOVA and, when significant,
by Tukey’s post hoc test. The time course and rahgnoups were compared 24 h after feeding using
Student’s t-test. All statistical analysis was umaleen using PASW (version 21.0, SPSS Inc., Chicigo
USA) and all differences were considered statilljicagnificant atP<0.05.

RESULTS AND DISCUSSION

Epidermal mucus has recently been considered arnvasive and reliable target for the study of fish
responses to environmental challenges (De Mercidb, 2018; Ekman et al., 2015; Fernandez- Alatid
al., 2019, 2018; Guardiola et al., 2016). For tbide effective, both the production and compositid
mucus need to be closely studied, with its exudadiod renewal rates being key. Adequate production
mucus guarantees the multiple functions of thist fivarrier against physical, chemical and bioldgica
attacks (Benhamed et al., 2014; Esteban, 2012)eldre, the study of mucus production and exudation
in addition to its composition, is necessary. Thespnt work aimed to provide a reproducible mettaod

evaluate the time course of mucus exudation usilkmown innocuous stable isotopes as tracers.

Our first goal in the study using SIA was to detierthe incorporation of the isotopes into mucus
after force feeding the fish with a labelled m&iable isotopes, mosti§C and!*N, have successfully been
used in ecological studies of fish to determinephio levels or producer—consumer relationships
(Vanderklift and Ponsard, 2003) and, more recetdlytace the metabolic fate of food nutrients treir
distribution within fish tissues, given differeriethry sources, regimes or rearing conditions (&elet al.,
2009; Felip et al., 2015, 2012). However, no stadiave addressed epidermal mucus as a fate of these
dietary nutrients. Fig. 2 shows enrichment values ¢alculated values) following feeding with diet
containing®*C-starch and®N-spirulin protein, in skin mucus, over a time csaitrial (6, 12 and 24 h after
feeding) compared with: liver, as metabolic tisswhjte muscle, as growth tissue; and plasma, as the
distribution route. The stable isotope enrichmdwavés that mucus is an important destination ofmtge
ingested nutrients, with evidence of rapid incogtimn into mucus (12 h) éfC from dietary starch, and

slower but cumulative incorporation &N from dietary protein, which was still increasi@g h after
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feeding. The rates of liver and white muscle enrieht were even higher than those previously regorte
in gilthead sea bream (Beltran et al., 2009; Fetipl., 2011), thereby validating the improvemehthe
method using the gelatine capsules. The use dilgelzapsules in fish nourishment was reportegéctic
trials studying macronutrient preferences, with miaérients being packed into these capsules (Alasaid
Pagan et al., 2006; Rubio et al., 2005). We assthyedse of gelatine capsules to determine fooésitag

in force-feeding trials, and to avoid regurgitateomd ensure the supplied dose of stable isotopesvitg
the exact dose of stable isotopes ingested wiktieemely useful in nutritional studies estimatimgt
enrichment in tissues, including skin mucus, arartfractions (glycogen, lipids, protein and freeop
distribution). This will allow results to be expsesl as percentages of the marker, in relatioretontiested
dose. In prior assays (data not shown), we deteriinat for this species and size, feeding thrpsudas

of 14.5 mm (containing a maximum of 340 mg of thkdscomponent) avoided regurgitation and ensured
a dose of 0.6-0.7% of the daily food ration. Ndi&t each fish species and size should be assaiedqr

experimentation to determine the best size of dafsiwbe used in this procedure.
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TE. 100 -
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400 - ; c & 4ol
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5569 6° 12 18 24
Time (h)

Fig. 2. Time course obC and 8!°N levels in mucus, liver, white muscle and plasmd gilthead sea bream after
one forced meal(A) §'°C levels and (Bp'SN levels. Values are means + s.e.m. of five indisldsamples. Different
letters indicate significant difference®<0.05, ANOVA and post hoc Tukey test) over the titnerse.

Stable isotopes are taken up from labelled nusienft the diet with characteristic temporal
dynamics, depending on a variety of factors theltighe the catabolic turnover and type of tissuei¢reed
in Martinez del Rio et al., 2009). The dietary pie$ with'*N in their amino groups are hydrolysed and
assimilated as free amino acids, and then incotporiato tissue protein. As the deamination pathsaafy
the intermediary metabolism discriminate the lighthl from the heaviet®N, this is mainly retained in the
protein fraction. In contrast®C of dietary starch is hydrolysed {8C-glucosyl units that enter the
intermediary metabolism. Similarly, the @@roducing reactions discriminate in favour of tiggter 1°C
isotope, so that the heavi€C can be passed to many other molecules throughietiary metabolism,
mainly glycogen in tissue stores, but also in neseatial amino acids (and then into proteins) aradlow
proportion into glycerol and fatty acids (and themther lipids). We previously found that for itad sea
bream fed with both stable isotopes supplied in meal, the tissues incorporaté€ from algal starch
more rapidly thar®N from spirulina protein (Felip et al., 2011), athet the liver was the first organ to
show incorporation whereas incorporation into meisalas slower (Felip et al., 2012), which is in
agreement with the current results. In the presamty, mucus®C and**N enrichment reached higher

levels at 12 h post-ingestion without significaiftadences at 24 h (Fig. 2). In contrast, in theawal trail,
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when an external factor induced the formation ofgaamounts of new mucusC enrichment was double
that of mucus in the time course trial, whereaschnment with*>N only increased by 10% (Fig. 3). These
results may reflect different isotope dynamics dgiinucus neoformation because only the proteinifnac
is labelled with™>N whereas many other molecules labelled Wiéhare incorporated into different tissue

fractions. Additional studies on the isotopic ehrment of all mucus components would be of grearast.
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Fig. 3. Effects of mucus renewal 08'3C and §'°N levels.(A) 3°C levels and (B)SN levels. Values are means +
s.e.m. of five individual samples. Asterisks indécaignificant differences between the time coumip and the
renewal group, 24 h after feedind®€0.05 and **P<0.001, Student’s t-test).

Our results demonstrate that stable isotope engaahim epidermal mucus is modified by one force-
fed meal, thus supporting the idea that a fraaiifthe ingesta is destined to produce new mucusnéeus
exudation is greatly increased under acute anchahetressors (Fernandez-Alacid et al., 2018; \&atto
al., 2010), the corresponding extra demands of swumaintenance would therefore contribute to extra
energy use, compromising the condition of the fighus, the proposed procedure could also be ugeful
evaluate the effects of environmental challengegaring conditions on the rate of mucus exudat®iA.
studies have revealed that sustained swimmingiboit#ss to improvement in the condition of fish thgh
an increase in the food conversion rate (Beltréal.eR009; Felip et al., 2012). Thus, similarlgieould
contribute to increasing our knowledge of the mususdation process. Moreover, the procedure used he
would permit trials to be performed to study thieets of hormones on mucus exudation. Although some
studies suggest that cortisol or prolactin caraaghucus-releasing factors, there is currentlg idvidence
of this.

However, the procedure we report here is not witlligaadvantages or gaps. Firstly, the results are
based on a short period trial, as one force-fed dwes not represent the whole daily ration orrtatural
ingesta of the fish. Secondly, mucus is not a cotmpental tissue, but a dynamic fluid, and this nsaite
difficult to study. Finally, it is necessary to ciger additional methods to determine the volunoalpced
per unit of body mass, or to evaluate the susciiptibf mucus to stable isotope cross-contaminmafrom

contact with faecal content or other fishes. Desfliese considerations, the current results hightige
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potential benefits of the use of stable isotopesmétudying skin mucus exudation. Their use walt,the
first time, allow practical approaches to mucusdpiaion rates under different conditions, stimuli o
challenges. The stable isotopes used in the presety were limited td°C-starch and®N-protein, but
other sources (e.d3C-protein) or other isotope tracers (e.g. hydrogerphur) could lead to further
interesting findings. Moreover, the SIA techniqurel @rocedure may allow researchers to determiné wha
components are easily replaced, for instance bgraépg the insoluble fraction of the mucus (mainly
mucins) from the soluble fraction, or studying whipecific labelled metabolites are incorporatéd the
epidermal mucus after a labelled meal. Finally, 8iéthodology and the procedure presented hereirigho
also prove useful in the study of other types sif finucus (branchial or digestive), or the mucuspeties

from other orders, including mammals.
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Abstract

Fish skin mucus is composed of insoluble componevtigch form the physical barrier, and
soluble components, which are key for interrelatlop functions. Mucus is continuously
secreted, but rates of production and exudationstifleunknown, as are the underlying
mechanisms. Using stable isotope analysis, hereyaleate skin mucus turnover and renewal
in gilthead sea bream, separating raw mucus arslitdhle and insoluble fractions. Isotopic
abundance analysis reveals no differences betweensrand white muscle, thus confirming
mucus samples as reliable non-invasive biomarkéusus production was evaluated using
a single labelled meal packaged in a gelatine dapstith both'*C and®N, via a time-
course trial*C was gradually allocated to skin mucus fractiomsrdhe first 12 h and was
significantly (4-fold) higher in the soluble fragti, indicating a higher turnover of soluble
mucus components that are continuously producedsapglied!®N was also gradually
allocated to mucus, indicating incorporation of n@wteins containing the labelled dietary
amino acids, but with no differences between fomgi When existent mucus was removed,
dietary stable isotopes revealed stimulated mueofonmation dependent on the components.
All this is novel knowledge concerning skin mucysamics and turnover in fish and could
offer interesting non-invasive approaches to the afsskin mucus production in ecological
or applied biological studies such as climate cleaeffects, human impact, alterations in
trophic networks or habitat degradation, especiaflywild-captured species or protected

species.

Key words: exudation, isotopic natural abundance, mucus rehe8@arus aurata skin mucus

fractions
Introduction

Stable isotope analysis (hereafter SIA) is a vieoyverful and effective tool to determine trophic

relationships, dietary switching and migrating eats when studying fish ecology (Maruyama et
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al., 2001; Church et al., 2009). SIA has been ueeslaluate dietary sources and the trophic
position of fish. From a productive point of vieBIA has also been used to trace the metabolic
fate of food nutrients and their distribution witHish tissues, given different dietary sources,
regimes or rearing conditions (Beltran et al., 2008lip etal., 2012, 2015; Martin-Pérez et al.,
2013). Irrespective of the aim of those studiedraditional methods of isotope anal- ysis, fish
must be killed in order to sample the tissues mostmonly used: the white muscle and liver
(Logan et al., 2006; Guelinckx et al., 2007; Boeokkt al., 2011). Dorsal white muscle is
considered the best tissue as it represents feghrgiadaptation isotopically (Martin-Pérez et al.,
2013; Busst et al., 2015; Vander Zanden et al.5p0¥eanwhile, the liver, blood and plasma
exhibit shorter half-lives than dorsal muscle (Tlasnand Crowther, 2015; Vander Zanden et al.,
2015). The use of fish tissue samples necessarpligs invasive or fatal collection methods. To
avoid this, non- invasive collection of alternatiigsues, such as fin and scales, is increasingly
used (Busst et al., 2015; Busst and Britton, 20d6)vever, early experiments reported that the
isotopic half-lives exhibited by these tissues lsaonger than those of dorsal muscle (Busst and
Britton, 2018; Winter et al., 2019). A recently posed and encouraging alternative for isotopic
analysis is to use skin mucus. Although limited S$ids been performed on fish mucus, and
mostly in freshwater fish species, initial suggassi are that mucus has arelatively fast turnover,
similar to or faster than that of muscle (Churchlet2009; Maruyama et al., 2015, 2017; Shigeta
et al., 2017; Winter et al., 2019).

The importance of skin mucus for fish physiologyd amelfare studies has therefore
increased over the past decade. As the most ekberdidy layer positioned between the epidermis
and the environment, fish skin mucus provides &ptive barrier against physical, mechanical
and chemical agents as well as both biotic andialstvessors (reviewed in Esteban, 2012). Skin
mucus is produced mainly by goblet cells locateitiénepithelium and composed mainly by water
and gel-forming macromolecules such as mucins aheér oglycoproteins (Ingram, 1980;
Sheppard, 1994). Nevertheless, some componenitscarporated via the secondary circu- latory
system and the epithelial cells themselves (EagyRarss, 2009). Most of the components of skin
mucus are related to mucus defences (Rajan éx(dll,; Sanahuja and Ibarz, 2015; Cordero et
al., 2015; Patel and Brinchmann, 2017; Pérez-Sanebal., 2017, Sanahuja et al., 2019a,b), to
mucus metabolites such as glucose or lactate,lmrtaones like cortisol (Guardiola et al., 2016;
Fernandez-Alacid et al., 2018, 2019a,b). Mucins ganerally be considered the insol- uble
components, or the insoluble fraction, of the nautliat provide the physico-chemical properties
on which the biological functions depend. Mucugegsty is a property that is mainly attributed
to mucin contents and hydration, and it providesdirface of the body of the fish with rheologi-
cal, viscoelastic or adhesive characteristics (&®ilpz-Alacid et al., 2018, 2019b). The soluble
components, or soluble fraction, come from gobéiscas well as from epithelial cells and the

inner body; they endow the mucus with its protextsiructural and metabolic properties (Cordero
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et al., 2015; Sanahuja and Ibarz, 2015; Sanahwgh,e2019a,b; Fernandez-Alacid et al., 2018,
2019a). Moreover, skin mucus is continuously secrand replaced to prevent pathogen adhesion
(Benhamed et al., 2014), but this production ardet®mn can be augmented in response to
external factors such as stress by increasingrakicous cell number or size (Sheppard, 1994;
Vatsos et al., 2010; Fernandez-Alacid et al., 20R8fently, we proposed a methodology to study
mucus dynamics via stable isotope enrichment from fwrce-fed meal (Ibarz et al., 2019),
following the methods proposed by Beltrénal. (2009) and Feligt al. (2012, 2015) to study
the fate of ingesta. However, no studies have gdtessed exudation dynamics of each mucus
fraction, soluble and insoluble, considering thdifferent functions and putatively different

internal origin.

To fill some of the gaps that still exist in ourdaledge of fish skin mucus as a
bioindicator, in this study, we used SIA and expemtal procedures on the gilthead sea bream,
Sparus auratafish model. Specifically, our objectives were faows: (i) to determine the
isotopic signature (for the isotopes 15 N and 18fCgkin mucus, for the first time analysing
soluble and insoluble mucus fractions, comparimgéhwith other tissues such as the liver, white
muscle and plasma,; (ii) to determine the new mpeoduction via the isotopic enrichmefLbN
ando13C) of the total and mucus fractions after onedeed meal; and (iii) to test the effects of
a renewal process (by removal of the existing muonsthe mucus production via the isotopic
enrichment. The SIA technique and procedures altilayvggo determine which mucus components
are more easily replaced and provided practicalagmies to the study of mucus production and
renewal rates under different conditions, stimultioallenges in ecological or applied biological

studies.

Materials and methods
Animals

Sea bream juveniles were obtained from a local idewv(Piscimar, Burriana, Spain) and
acclimated indoors at the Faculty of Biology fa@k (University of Barcelona, Barcelona, Spain)
at 22C for 1 month, using a standard commercial fistd fEgkretting ARC, Burgos, Spain).A
total of 60 fishes (body weight average, 186.1+5gB1vere tagged with a passive integrated
transponder (Trovan Electronic Identification Sysse UK) and fed twice a day a daily ration of
1.5% of body weight. The rearing systems were ollett and monitored as described in Ibarz et
al. (2019). All animal handling was conducted faliog the European Union Council
(86/609/EU) and Spanish national and Catalan reginorms and procedures, with approval

from the University of Barcelona Ethics and Anirtalre Committee (permit no. DAAM 9383).
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Time-course enrichment trial

Two different SIA trials were conducted. The firstluded a time-course enrichment trial of skin
mucus and representative tissues together witly stithe natural isotopic abundances. We used
50 fishes to perform the time-course isotopic énment via skin mucus exudation. In accordance
with previous studies on the use of the fate ofagjenutrients in gilthead sea bream, the meal
was labelled with algal starch (3% 13C) and algatgin (1% 15N) (Beltran et al., 2009; Felip et
al., 2013). The feed was ground, mixed with thesligd compounds and packed into gelatine
capsules (PsoriasisEX Ltd, Germany) following thetimd of Ibarzt al.(2019). Four sampling
points were scheduled at 0, 6, 12 and 24 h afeelifig, and 10 fishes were sampled at each point.
The fishes were lightly anesthetized (0.1 g.L-1 RE®) force-fed four gelatine capsules of
approximate 0.2 ml each, using a gastric cannuléagting a meal equivalent to 0.6% of body
weight. To determine the natural abundance of 18C1&N in tissue and skin mucus, 10 fishes
received the same diet and meal weight but comigigimilar proportions of unlabelled protein
and starch. These fishes were sampled as 0 hfefiging, to determine isotopic signature. To

obtain the diet isotopic signature, three indepahdamples of the unlabelled diet were used.
Renewal trial

The second SIA trial was the renewal trial aimio@nalyse the skin mucus isotopic renewal by
previous mucus removal. We used 10 fishes that wkgéatly anesthetized and had mucus
removed after drying their body surface with absaotlsterile paper for few seconds (4-5 s) and
then they were immediately force fed, as descrédeave, to be further sampled at 24 h post-

feeding. As control fish, animals sampled at 24 tingse-course trial were used.
Sample collection

After force feeding, the fishes were held for a uénin individual tanks to check regurgitation
and to ensure recovery before being returned fortb@ring tank. In the time-course enrichment
trial, afte being anesthetized, mucus samples were immegiatdlected as described in
Fernandez-Alaciét al.(2018) and in Ibaret al.(2019). Briefly, a sterile glass slide was used to
carefully remove mucus from the over- lateral listayting from the front and sliding in the caudal
direction. The glass was gently slid along bottresidf the animal only three times, to avoid
epithelial cell contamination (Fernandez-Alacidakt 2018), and the skin mucus was carefully
pushed into a sterile tube (1.5 ml) and stored8@iC- until analysis. The non-desirable
operculum, ventral- anal and caudal fin areas \aeoided. Afterwards, the fishes were weighed
and laterally photographed to record the mucusaetitm area and killed by severing the spinal
cord, and the plasma, liver and muscle were sanipletka- sure stable isotope enrichment. To
verify the post-prandial process, plasma glycaemsia analysed measuring plasma glucose using
a commercial kit (Spinreact, Spain) adapte®6-well microplates. In the renewal trial, after

being anes- thetized, mucus samples were coll@#ddpost-prandial, as described above, and
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the fishes were weighed and latergdhyotographed to record the area the mucus wastadle
from. All fish images were analysed using Imagefivare manually delimiting the mucus
extraction area for each indi- vidual fish and gsour own software (Schindelin et al., 2015) to
calculate the skin area (in érand the correspond- ing mucus production (as fnguzus per
cny).

615 N andd13 C tissue determination

Skin mucus samples were lightly homogenized usisigi@e Teflon implement to avoid possible
depositions on the bot- tom of the tube. For eashpsing point and the blanks, five mucus
samples were used to measure the total raw muotapis abundance or enrichment, and five
different samples were used to measure the insolabtl soluble mucus fractions. To obtain
mucus fractions, raw samples were centrifuged 8004 as described in Fernandez-Alaatidl.
(2018) to separate the insoluble (pellet) and delabmponents. For the post-prandial trial, the
pieces of the liver (100 mg) and white muscle (8@f) were ground in liquid Nusing a pestle
and mortar to obtain a fine powder. Mucus samgillesma and tissue samples were dried using
a vacuum system (Speed Vac Plus AR, Savant Spee&y# tems, South San Francisco, CA,
USA). Pre-weighed vials were used to dry the insielland soluble mucus fractions and to
calculate water content. Dried aliquots rangingrfr@.3 to 0.6mg were accurately weighed in
small tin capsules (3.3—- 5 mm, Cromlab, Barcel@main) and analysed for their C and N
isotope composition using a Mat Delta C isotop@ratass spectrometer (IRMS, Finnigan
MAT, Bremen, Germany) coupled to a Flash 1112 ElgaleAnalyser (ThermoFisher
Scientific, Madrid, Spain); both at the Scientib@rvices of the University of Barcelona:
CCiTUB. The EA-IRMS burned the samples and conwktitem into gas (Nand CQ), and
then transported them through a continuous helluritb determine the percentage carbon and
nitrogen content in theamples. Isotope ratios*C/A?C and *N/**N) in the samples were
expressed on arelative scale as deviation, reféona delta §) units (parts per thousand, %o)
and according to the international standards: PPd(Dee Belemnite, a calcium carbonate)

for C and air for N.

The net enrichment of tissue or atom percentagessx(APE) was calculated from the

difference between the at.% and their corresponblizigk at.% values:
APE = at.% sample—at.% blank

Finally, the results for total allocation were exgged as a percentage of ingested dose in
each tissueC or N g/100 g of*3C or *N ingested) using APE, molecular weight and
Avogadro’s number:

100 [{g' ‘Cor¥Nyg m.fr.) - (g m.fr. /g tissue)

- (g tissue/g b.w.) / (.g,- ingc:‘.wd”(: or' N/g h.w.) )
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where m.fr. is the mucus fraction and b.w. is bagyght. Tissue values for white muscle and
plasma were obtained according to the literaturdigFet al., 2013 and Fazio et al., 2013,
respectively). For skin mucus, total exudation otos was referred to extraction area irf and

in cn? per g of fish.
Statistical analysis

For the comparison of the isotopic signature befwdiet, mucus and tissues, one-way
analysis of variance (ANOVAyas performed. For the time-course enrichment statisti-cal
differences in isotopic enrichment throughout tbetpprandial samples were analysed by
one-way ANOVA. For the renewal trial, the compan$®tween the 24 h renewalrichment
and 24 h time-course enrichment was performed uSingent'st-test. For all the statistical
analysis, a previoustudy of homogeneity of variance was performedgiiev- ene’s test.
When homogeneity existed, Tukeysst-hodestwas applied, whereas if homogeneity was
not established, the T3-Dunnet test was applieldstatistical analysis was unddaken using
SPSS for Windows, v22.0 (IBM Corp, Armonk, NY, USAand all differences were

considered statistically significantRt< 0.05.

Results
Isotopic signature

The stable isotope abundancé¥$N ands**C) for diet and each tissue analysed, as well @s th
isotopic signature (biplat'®N vs61°C), are shown in Fig. 1. Diét°N ands**C was4.2+0.2%o

and 24.1+0.4%o, respectively. The isotopic compositdf tissues, at 1 month of diet
acclimation, showed that bottN abundance andC abundance depends on the tissue studied.
For 6N, total mucus and both its fractions (soluble armbluble) had values around 8%,
with no differences K > 0.05), while white muscle values were significantbwer:
7.2+0.4%0. The liver showed intermedia¥&N values, between the low diet values and the
high ones for mucus or white muscle, whereas plasthees were equivalent to those of the
diet. Foré'*C, mucus and white muscle ranged from -22%. to -26gnificantly higher than

for diet, whereas the liver and plasma values neat¢hose of the diet.
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Figure 1: Stable isotope abundandé€ (A) and'*N (B), and a biplot of the isotopic signature (C).
Values are means + s.e.m. of five individual samte total mucus (TM), insoluble mucus (IM),
soluble mucus (SM), liver (L), plasma (P) and wintescle (WM). For dietary isotopic abundance,
three independent samples were analysed. Difféettetrs indicate significant differences between
mucus fractions, tissues or di& € 0.05, ANOVA and theost-hocTukey test).

Time-course trial

SIA was used to determine the incorporation of idmopes into the mucus fractions
(soluble and insoluble) after force feeding thé figith a labelled meal. Figures 2 and 3 show
isotope enrichment values with respect to totad tgd stable isotopes, respectively, over the one-
day time-course trial (Oh, 6 h, 12 h and 24 hrdéteding). The stable isotope enrichment (Fig.
2A) revealed that the soluble fraction of wmmic SM, incorporated moféC than the
insoluble fraction , IM, did: delta values webefold higher at 6 h (240 + 55 vs 45 %&b
, P <0.05) and remained over 3-fold higher 12 h(489 + 15 vs 165 + 9 %R <
0.05). The time interval between 12 h and 24 hrdéteding saw no furthéfC enrichment.

Surprisingly,*®N was not incorporated differently into SM and INthwvalues matching
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those for total mucus (Fig. 2B). However, at 6 Islightly higher enrichment into SM was
detected® < 0.05). The time-course trial also showed that dfeh, most®N enrichment
had occurred, with neignificant increase between 12 h and 24 h. Thinahstrated that
maximum enrichment of labelled nutrients (bétN and®*C) into mucus components after a

single meal is achieved before 12 h has passed.

To calculate the total®C and!®*N enrichment into each mucus fraction, SM and IM
percentages were obtained gravi- metrically. Ndedtinces between percentages in the frac-
tions were detected during the time-course samplamgl the means obtained were 82.4 + 2.1%
for the soluble fraction and 15.3 + 1.6% for thealuble fraction. Correspondingly, when isotope
allocation was expressed as total isotope ingedted 3), our data showed that the soluble
fraction was highly labelled?( < 0.05) for both isotopes than the insoluble fractieas. The
ingested*C (Fig. 3A) sent to theraw (or total) mucus grdiyuiacreased from 0 h to 12 h, and
then increased slightly at 24 h to the maximum eslaf 0.25 + 0.02%, with apparently faster
enrichment (6 h) into SM and more gradually over 24-h time interval for IM. In this way, the
ingested®N (Fig. 3B) destined for the raw mucus showed tigbdst enrichment from 6 h to 12
h, achieving a maximum of 0.11 + 0.01% at 24 hopposed t3°C, total *N incorporated into
SM only doubled that incorporated into IM, althougjpnificantly at each time interval.
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Figure 2: Time course of mucus isotopic enrichment aftemglsi meal: (A)5*3C levels and (B}**N
levels. Values are means * s.e.m. of the five iddizl samples. Different letters indicate signifita
differences during the time courseé € 0.05, ANOVA and thepost-hocTukey test) and * indicates
significant differences between soluble and insleldactions P < 0.05, Student's-test).
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Liver, muscle and plasméaN and*C enrichment was also calculated with respectttd to
isotope ingestion, as explained M&M and represented in Fig. 4, to compare furthath
amounts incorporated into mucus and their dynam@sntrary to the case of mucus
enrichment, for each of the tissues studied (F4g, #C was not incorporated gradually but
with a peak in plasma and white muscle at 6 hyattda marked increase in the liver between
6 h and 12 h, to values as high as over 40% ofstegé’C. This demonstrates considerable
assimilation of the labelled meal when using theppsed gelatine capsule method. In the
case of the fate dfN, thatingested in a single meal was gradually incorpara&tweer0 and
12 h, reaching values of around 15% for the 1i@és, for white muscle and 1% for plasma.
As confirmation of feed assimilation, plasma glieass measured (Fig. 4C) and showed a

post-prandial peak value at 6 h with a return togkpected basal values at 12 h and 24 h.
Renewal trial

In the second experiment, the enrichment of stedol®pes into recently exuded (new) mucus
was analysed using the same force-fed meal meffmdhis end, before feeding the gelatine
capsules with the labelled meal to the fish, te&in mucus was individually removed and, to
avoid healing so as to be able to collect mucusethini a short time period, only 24 h sampling
was performed. Table 1 summarizes data comparingusnwrolume collected and isotopic
enrichment between control samples (without previowcus removal) and ‘renewal’ samples
(24 h after the mucus removal). The mucus remor@lgked a significant reduction in mucus
collected (290 = 35 mg per fish) with respect tateol mucus (510 mg £ 49 mg per fish) as well
as in the mucus exuded per skin area or per 10d0fighy as there were no differences in fish
collecting area or fish weight. Referring the fat¢he ingested diet to the mucus renewal process,
our data demonstrated that new mucus exuded insbd\wed greater enrichment f8€, which
was doubled in total mucuB & 0.05) and affected both soluble and insoluble maongponents.
5N enrichment of the new mucus also increased, affhdt was only significant for 30%
enrichment of the SM. However, the volume of mumlfected was reduced, as mentioned above,
which consequently affected the total isotope allions in raw mucus and its fractions. Thus, the
results we calculated of the fate of one ingestedlshowed that labellééC in the new exuded
mucus reached the control values in total mucusliinidut did not in SM. In contrast, labelled
15N did not reach control values in new total muau8M, evidencing that the mucus turnover
differed according to the origin of each labelléetary component, starch f&C or protein for

15N, and even depending on SM or IM.
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Table 1: Collected skin mucus and isotopic enrichment (ah 2bst-prandial) from control
fish and renewal fish

[

Values are expressed as mean = s.8lm.10 for data of mucus exuded amd 5 for data of isotopic
enrichment* indicates significant differences between contral eenewal groups (from Studenttest).

Discussion

Most studies of fish skin mucus have been perforaretihe soluble fraction, considering isotopic
composition (Church et al., 2009; Maruyama et28l1,7; Shigeta et al., 2017) or mucus properties
(reviewed in Esteban, 2012 and in Benhamed ef@l4). In the present work, we studied
separately raw mucus and its soluble and insolistions. We compared their natural isotopic
signatures and isotopic enrichment after a fordenfieal or during a renewal process using SIA
to gain better knowledge of the mechanisms undgglthie rhythm of skin mucus exudation and
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the importance of its soluble and insoluble compsie

The few previous SIA studies of fish mucus used shucus from defrosted fish directly
wiped on glass microfiber filters (Maruyama et aD15, 2017; Shigeta et al., 2017; Winter et
al., 2019). That would correspond to raw mucukected in the current experiment, which we
obtained directly from live animals. However, naudies have compared stable isotopes
abundance in whole (raw) mucus and either its $el{iipically used to study mucus properties)
or insoluble fraction (much less used: only to gtpdysical properties such as viscosity). The
first result derived from our analysis of mucuscfrans was the am ount of each fraction in
gilthead sea bream skin mucus. These amounts wared80% for soluble fraction, an 20% for
the insoluble fraction, irrespective of the momemd condition of sample collection in the current
trials. From our best knowledge, no data have Ipedfished on mucus fraction amounts in fish
species to compare with our results in sea bream.tD recent findings that reported specific
changes in mucus physical properties in responsedes conditions in pelagic species such as
sea bream, sea bass and meagre (Fernandez-Aladid2019a) and in benthonic species such
as Senegalese sole (Fernandez-Alacid et al., 204®ivp experiments are necessary to explain
the role of mucus fractions better; for instanoeganditions that abundance in mucus fractions
under the current conditions confirmed that skircasuin both forms, raw mucus or SM,
induce chronic mucus exudation or using hormonglamis to favour mucus exudation, in the

same species or others.

In spite of the fraction amounts, the natural alauneeé of neither of the stable isotopes
consideredt*C and'®N, differed between the soluble and insoluble foaxst or compared with raw
mucus. These data would indicate the equivaleneeal/sing the whole mucus with respect to
the soluble fraction: the most common way to stoliyer mucus properties in fish. In the current
study, the differences between diet iso- topic a@bumee and tissue isotopic abundances at 1 month
of diet acclimation resulted in higher values: o2&t %o and 3.5%. fol*C and'®N, respectively.

In the literature, it has been reported that isetdfscrimination between predators and their prey
increases as the protein quality decreases, e$lpeftia °N (Roth and Hobson, 2000). In
aguaculture conditions, higher isotopic valuesissues were attributed to plant material in the
diet (Beltran et al., 2009; Busst and Britton, 2046 was also reported for whole mucus (Winter
et al.,, 2019). The second finding derived frén@ batural collected from live fish provides the
same information as white muscle: the classicéismed to evaluate dietary trophic effects (Busst
et al., 2015; Vander Zanden et al., 2015). Consigehat mucus have a relatively fast turnover,
as we discuss below, with an isotopic half-liveikimo muscle (Church et al., 2009; Shigeta et
al., 2017; Winter et al., 2019), together with Wiaduable less-invasive way to obtain fish samples;
we consider mucus as a reliable alternative in thmygtable isotope studies. Thus, the proposed

procedure could also be useful in threatened specia conservation studies, where fish sacrifice
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are inadvisable or prohibited, to evaluate theot$fef environmental challenges, to known the

fish status, the rearing conditions, etc.

SIA has successfully been used to study the metatadé of food nutrients (Hesslein et
al., 1993; MacAvoy et al., 2005; Martin-Pérez et 2012; Xia et al., 2013; Felip et al., 2012,
2015), and we recently demonstrated that SIA wss adlid for mucus studies, as skin mucus is
also a fate of dietary components (Ibarz et all,920In contrast to other SIA studies of mucus,
data obtained in the current study provide inforamabn the amount of isotope enrichment into
raw mucus after 24 h for the first time: 0.25% @ntPo of ingested®C and®®N, respectively.
Both plasma glucose and plast@ allocation showed the expected pattern of onéeagpeak 6
h post-prandial, in agreement with that reporteédipet al.(2013, 2015) using a stable isotope
post-feeding trial, or by Montoyat al. (2010) and Gomez-Milaet al. (2011), who analysed
plasma glycaemia performance after ingesta. Morebeth lower levels{1%) of total stable
isotope allocation per g of ingested isotopes eordd that plasma does not act as a final fate but
rather a transitory pathway with a fast turnoveart€r et al., 2019)°N allocation to the liver
also corresponded to reports inprevious studieBddgranet al. (2009) and Feliget al. (2012,
2015) for gilthead sea bream after a force-fed matdrestingly, the improved method used for
diet administration (lbarz et al., 2019) correspahdo global higher levels of isotopic
enrichment. In consequence, gelatine capsulesl fikéh labelled diet would allow several
precise checkpoints at which to measure the exallesisotope dose ingestion, controlling any
regurgitation event, and guaranteeing higher lestlabel incorporation. This would be crucial

for mucus studies, where lower levels of labellang achieved.

The time course of allocation of each isotope ® miucus fractions provided relevant
information on skin mucus formation and exudatiomcpsses. The allocation '8€ depended on
the fraction analysed, being significantly higher the soluble fraction. Unexpectedly we found
that mucus fractions incorporated diet&fy at the same rhythm, irrespective ofwhether talto
mucus or the soluble or insoluble fractions. Wheféld enrichment is classically used as an
indication of the origin of dietary proteit®C is used as an indication of isotopic routing from
several dietary constituents (protein, lipids aradbohydrates) (DeNiro and Epstein, 1977;
Schwarcz and Schoeninger, 1991; Martin-Pérez,&(l1). Thus, as could be expected, the great
13C enrichment and allocation to the soluble fractbthe mucus, composed of small molecules,
would indicate a higher turnover of soluble metébslthan insoluble components, mainly
mucopolysac-charides with slower synthesis ratgeréstingly, compared to isotope enrichment
into tissues, mucu¥C enrichment was fast and continuous for the fisth, with maximum
enrichment at 24 h. This is in contrast to plaswizere*C allocation diminished after 12 h, and
to both muscle and liver, with maximum incorporatat 12 h. These dynamics demonstrate that

fish skin mucus not only represents the fate ofagyenutrients, as does muscle (Beltran et al.,
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2009; Felip et al., 2013), but is continuously proed differently to the muscle or liver.

It is well accepted that insoluble components ldbadly mucosae are mainly mucins, which
form mucus gel layers either directly or throughitlectodomains, whereas solu- ble components
are adhered or trapped within such layers (reviemwd®eck and Peatman, 2015). Thus, the key
to understanding the different rhythms in isotofdecation demonstrated by the current results
lies in the internal origin of the components aflfe&raction. Goblet cells located in the epithelium
mostly exuded mucins and other heavy glycoprot@itgram, 1980), but their involvement in
exuding soluble components is still not clear. 8isipgly, the appearance &N in skin mucus
showed no differences between the soluble andubkocomponents, with the amountéXl g
per 100 g of'>N ingested depending only on mucus fraction propost The rhythm of
incorporation in mucus is also continuous and sintib that observed in the liver. Most of the
15N allocated to muscle is linked to new protein ipowation, and the lack of differences between
soluble and insoluble components necessary implias labelled dietary amino acids are
incorporated at the same rhythm into both fractiartsch has not previously been reported in the
literature. Daily rhythms of mucus composition canbe ruled out, as recently proposed by
Lazado and Skov (2019) for several mucosal defendkbough the use of stable isotope
enrichment via a single labelled meal would mask dhily rhythms of soluble and insoluble
components of skin mucus, further studies shouldres$ both renewal rates and the

daily/photoperiod rhythms of specific mucus compuse

Other mucus components are presumably transfemed the circulatory system and the
epithelial cells themselves (Easy and Ross, 2(A8)instance, we recently demonstrated a high
degree of correlation in some soluble components) as glucose, lactate or cortisol, between a
plasma overshot and a mucus overshot in responseeess (Fernandez-Alacid et al., 2019a).
Moreover, preliminary results reported by Reyesédpt al. (2019) suggest that skin cells
provide skin mucus with a great number of solultiegonents. The results drawn from isotope
13C enrichment of soluble components seem to agribetiné presence of such a secondary system
of exudation and filtration of mucus componentgrfrplasma and epithelial cells. However,
further studies using stable isotopes labellinglvélnecessary to understand the turnover of each
specific mucus component better; for instance nio¢ing mucus exudation with stress factors,
as in Fernandez-Alacidt al. (2018, 2019a), or with hormonal stimulation. Moregvin a
previous study of Senegalese sole, Fernandez-Adaaid(2019b) demonstrated for the first time
that mucus metabolite exudation could be side digranin flatfish species with marked body
asymmetry. In view of the present results on museryetion dynamics, the need for further
studies on morphometrics and the distribution ofcasusecreting cells acquires greater
importance to overcome the weakness of singleqaisairy approaches. It is known that goblet

cell number can vary among different body regiohish. Several studies have already shown
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that mucus cell distribution and skin gene expogssgary in different fish skin areas, depending
on species (brown trout and char, Pickering, 1264, Caipang, et al., 2011; Atlantic salmon,

Pittman et al., 2013; gilthead sea bream, Cordeéral.e 2017; lumpfish, Patel et al., 2019;

Senegalese sole, Fernandez-Alacid et al., 2019b)v Wnd complementary studies of the
distribution of mucus cells and their underlyingrstory mechanisms must be developed, for
instance by combining SIA model studies with th&tdlbgical approach both of which reinforce

the idea of mucosa tissue. As the exudation anewrahrates of soluble and insoluble mucus
fractions seem to be different, such studies warlltify the role of the diverse mucus cells in

producing soluble and insoluble mucus componehésgbblet cells, as the most abundant in all
fish epidermal surfaces producing neutral mucusuwes (Sheppard, 1993); sacciform cells and
acidophilic granular cells, the latter producingsibgproteins (Zaccone et al., 2001); and club
cells, which secrete larger proteinaceous and sma#irbohydrate components (Faluso et al.,
1993; Zaccone et al., 2001).

The aim of our current second trial was to evaltiageproduction and exudation of ‘new
mucus’ by removing existent mucus. In this studg,demonstrate the presence of new exuded
mucus by measuring the volume of the collected mficumg per fish) and the turnover rate of
new mucus via stable isotope enrichment, compaitdunremoved mucus turnover. To the best
of our knowledge, no similar experiment has begonted previously. In this way, we found half
the volume of post-removal mucus after 24 h, coeghan the amounts of natural, non-stressed,
mucus collected. These results show that the bhmdbdparrier afforded by the mucus layer is
compromised by any aquaculture handling processesh exposes fish to mucus losses (weight
classification, manual vaccination, high densitylding facilities, etc.). In specific conditions
where mucus layers are shed or digested, pathageredhere to cells on the epithelium surface
before mucus has been renewed (Cone, 2009; Benheiradd 2014). In contrast, in stressful
situations, one of the most evident fish resporisean increase of skin mucus exudation
(Shephard, 1994, Vatsos et al., 2010; Ferndndagid\kt al., 2018, 2019a,b). However, greater
mucus exudation would modify the protein turnovegéblet mucus cells, which affected protein
exudation in sea bass (Azeredo et al., 2015), etithe total protein content in soluble mucus
in sea bream (Fernandez-Alacid et al., 2018) ané&adese sole (Fernandez-Alacid et al., 2019b)

and even altered the mucus viscosity in SenegatdedFernandez-Alaciet al.,2019b).

From a physiological point of view, isotope enri@mhvalues allow us to determine the
turnover modulation of mucus exudation via the fpooation of dietary compo- nents. Here, we
have demonstrated thd€ enrichment ofrenewed mucus is higher than inrobmucus (without
previous removal), irrespective of the mucus facstudied. These results indicate stimulated
enrichment of3C from dietary labelled starch, which necessaritylies an increase in

intermediary metabolism to produce newly synthetiaeicus components. Meanwhile, the new
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mucus exuded only sawN increased by 10%-20%: only significantly for bd&u mucus
components, thus illustrating a different dynananf that of'*C. Only the protein fraction is
labelled with'N, whereas many other molecules labelled Wi aeincorporated into different
tissue fractions (protein, carbohydrate, lipidskhdugh no data exist on mucus, other studies
validated the stimulated turnover in tissues, fgtance, under exercise conditions (Felip et al.,
2012, 2013), wher&C turnover increased in the liver alttl was in white muscle. Therefore, our
current results suggest that when an externalifaadoces the formation of new mucus, we must
take into account the different dynamics of eaammanent during mucus neoformation, shown
here by the different isotope enrichment. Thuss 8IiA methodology is again proving to be a
very interesting tool to study the turnover of mei@@mponents and opens a new window for
practical approaches to studying mucus productidesrunder different conditions, stimuli or

challenges.

In summary, we conclude that our comparison objsiat signature among mucus fractions and
tissues confirms that mucus samples represent\amtjeous less-invasive way to study fish
ecology and applied biolog}?C and'®N allocation to skin mucus fractions was graduatiijieved
over the first 12 h post-feeding, but continuousil % h post- feeding, as opposed to what
occurred in other tissues. The study of mucus ifiastdemonstrated that soluble components
contained moreé3C-labelled components than insoluble components,nbudifferences were
shown in**N, which exclusively marked newly synthetized pilmseKnowledge of these rhythms
could be of great interest, considering that skircus one of the fates for the dietary additives
(reviewed in Lee, 2015). When mucus renewal wasgdad by the removal of existent mucus, 24
h was not enough to achieve the non-stressed anajumiLicus secretion, but via isotopic
enrichment this replacement mucus showed a higlesepce of de novo components. All these
data on skin mucus exudation turnover in fish alimmo propose this methodology to improve

knowledge via further fish studies of mucus turmove
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El uso del moco epidérmico como herramienta paaéizam el estado fisioldgico y de bienestar
del pez, ha sido foco de estudio en los ultimosa8e han desarrollado distintos experimentos
en aspectos de la respuesta fisioldgica a distouadiciones de cultivo, desafios infecciosos o
de estrés, asi como enfoques mas ecoldgicos o denas tréficas, o simplemente la
caracterizacion de los componentes del moco, telitws buscando interpretar de una manera no
invasiva o0 minimamente invasiva el estado del anifsie hecho muestra la relevancia del moco
epidérmico tanto en investigacion basica como agéc Muchos de estos trabajos se iran
relacionando con los distintos aspectos de lodiestipresentados en esta tesis. Por parte de
nuestro grupo se han realizado diferentes tiposstiédios, como son el andlisis protedmico
(Sanahuja and Ibarz, 2015; Sanahuja et al., 20i#ajnologico (Sanahuja et al., 2019b), de
respuesta al estrés (Fernandez-Alacid et al., 2208a, b), de efecto de las dietas y aditivos
alimentarios (Reyes-Lépez et al., 2019) o de edalggcadenas troficas (lbarz et al., 2019;
Ordofez-Grande et al., 2020b). La presente tegisanum punto y seguido dentro de los estudios
desarrollados por el grupo de investigacion liderpdr el Dr. Antoni Ibarz, NIBIFISH_LAB
(“Non Invasive Biomarkers In FISH LABoratdry EI grupo tiene como objetivo la
caracterizacion funcional del moco epidérmico empee®s de interés productivo y la
identificacion de moléculas biomarcadoras del esti@ioldgico del animal. Este trabajo se
desarrolla tanto en investigacion basica como aqiéic/ en colaboracién con grupos nacionales
e internacionales de investigacion y con el apoyaerés de importantes empresas del sector
acuicola. Es por ello que en esta tesis se presdotaestudios de investigacion aplicada y uno
de investigacion basica. Los dos primeros se comp@or el estudio del efecto de la salinidad
ambiental Capitulo I) y en el estudio del efecto del aditivo inmunaestante Capitulo I1) vy,

en investigacidon basica, se presenta la puestata pe la investigacién basica necesaria para
conocer la capacidad de produccién de moco epidénnsus tasas de exudacion y renovacion
(Capitulo 111'). Todos los trabajos se realizaron sobre dos espde gran interés productivo en
el Mar Mediterraneo como son la dorada y la lubéiendo ambas comunmente utilizadas como

modelo de especie marina.

El moco epidérmico se ha descrito como un fluidtragelular viscoso y gelatinoso
producido principalmente por células calciformgsbfet cell¥ (Ingram, 1980; Shephard, 1994),
gue participa de muchas funciones entre las csalencuentran la defensa, osmorregulacion,
respiracion, nutricibn o comunicacion (Shephar®4lEsteban, 2012). Asi mismo, durante la
realizacion de ésta tesis se ha comprobado qadtéaaciones fisioldgicas internas se reflejan en
la parte mas externa del animal (el moco epidémyiaue esto permite realizar un analisis del
estado fisioldgico del animal sin tener que samifo o utilizar técnicas no letales, pero si
invasivas, como el analisis de sangre. Si biem,@8tno es el mas utilizado y sirve de referencia

para validar los resultados obtenidos en el moddéemico mediante la comparacién de los
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efectos ambientales sobre ambos fluidos (FerndAtiezd et al., 2019a, b; Ordofiez-Grande et
al., 2020a, b).

1. Marcadores medidos en el moco epidérmico

El moco epidérmico se puede subdividir en dos fomes, una soluble y otra insoluble. En la
fraccion insoluble encontraremos principalmente imag y glicoproteinas (Ingram, 1980;
Shephard, 1994). En esta fraccién se han medidwatasteristicas fisicoquimicas, centrandose
primeramente en la capacidad viscoelastica del nepidérmico y midiéndose a través de la
viscosidad (Roberts and Powell, 2003, 2005; Poetedll., 2007). En el grupo de investigacion
hemos llevado a cabo la mejora de este analisigementes especies de teledsteos marinos, como
son la dorada, la lubina, la corvinArgyrosomus regiysy el lenguado $olea senegalengis
(Fernandez-Alacid et al., 2018; 2019b) basandonod estudio del moco fresco y no solo del
moco soluble. Por otro lado, la fraccién solublerdeco epidérmico proviene de la exudacién
de las células caliciformes, metabolitos incorposagdor via sistema circulatorio secundiario
(Easy and Ross 2009) y la incorporacion de soldéokas células epiteliales y del interior del
cuerpo que le proveen de las propiedades protecwstructurales y metabdlicas (Cordero et al.,
2015; Sanahuja and Ibarz, 2015; Sanahuja et di9&2®; Fernandez-Alacid et al., 2018, 2019a;
Reyes-LoOpez et al., 2019). Las caracteristicasoiigiimicas analizadas en la fraccion soluble del
moco epidérmico son la osmolalidad, las conceminas ionicas (NaK*y CI) y pH. El analisis

de la osmolalidad, concentraciones iénicas y pkeeguado durante la caracterizacion del lado
dorsal y ventral demostrd no encontrar diferensigsificativas entre ninguno de los parametros
analizados (Fernandez-Alacid et al., 2019b). Estigmos parametros han sido analizados en el
estudio del efecto de los cambios en la saliniddmtesjuveniles de lubinaCapitulo I). Los
resultados obtenidos a corto plazo mostraron Ueeediciacion significativa de la osmolalidad y
las concentraciones idnicas del moco epidérmicadmaolalidad del moco epidérmico se midio
por encima de los valores del agua marina en tlmdosasos excepto en el caso de la condicion
hiperosmatica (50%0). De la misma forma, las coneemnes idnicas mostraron un patron
similar, a excepcion del potasio que mostrd comaeittnes similares entre las dos condiciones
hipoosmoticas (3% y 12%.)Capitulo I, Bloque 1). Los resultados obtenidos durante el
experimento a largo plazo mostraron unos valorgslasies a los obtenidos a corto plazo
(Capitulo 1, Blogue 1), lo que nos indica que de forma rapida el modédéemico refleja ya las
condiciones de salinidad del agua que lo envuétesultados similares fueron obtenidos por
Roberts y Powell (2005a) en salmén atlantiSalno salay. Asi como Handy (1989), que en
condiciones hipoosméticas, establecidé que el agbandorno ofrece una reduccion del gradiente
iGnico entre plasma y moco epidérmico reduciendelasoste de transporte de los iones. Otros
autores han sugerido que el moco epidérmico fuaci@mo soporte para el transporte activo de

iones, incrementando la concentracion de cationesnéornos deficientes en iones (Marshal,
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1978; Kirschner, 1978). En definitiva, esta acliat&n se produce a través de la
osmorregulacion, utilizando el moco epidérmico cotn@mpa de iones en condiciones
hipoosmdéticas y como retenedor de agua en conéisibipersalinasdapitulo ). Esta funcién
del moco epidérmico se ve claramente cuando seadalsuma de los iones mas abundantes en
el agua salada (Ng CI). En ambos experimentos deapitulo |, hemos podido comprobar
coémo, en condiciones hiposalinas (3%. y 12%.), egtnes solo representaban una proporcion
muy pequefia de la osmolalidad del moco epidérmitimrno al 35% y el 50%, respectivamente,
mientras que al incrementar la salinidad ambieri®%. y 50%c), estas proporciones
incrementaban hasta valores entorno al 75% eBladue | y entorno al 65%0 y 75%o,
respectivamente, en @loque Il. Estos resultados, permiten entender que al dismla
salinidad ambiental se produce una rapida dilu@éica en proporcion a la disminucion de la
salinidad ambiental. Ademas de indicar que los tasntismaoticos resultantes del cambio de la
salinidad ambiental no Unicamente se explican delgokento de vista idnico, sino que los solutos
presentes en el moco epidérmico también ayudansmarregulacion del mismo. Sin embargo,

el mecanismo bioldgico que permite esta osmorregiiaesta aun por determinar.

Més alla de las caracteristicas fisicoquimicas]aefraccién soluble se han descrito
moléculas con caracter de biomarcado6MABS (Skin Mucus Associated Biomarkersomo
la proteina soluble, la glucosa, el lactato y etisol, y de los cuales se desprenden unas ratios
glucosallactato, glucosa/proteina, lactato/protgirtartisol/proteina (Fernandez-Alacid et al.,
2018). Cada biomarcador ha de cumplir una funcitforinativa determinada que suele
relacionarse con su funcion original en sangre, kasproteina soluble se suele utilizar como
referencia de afectaciones en la homeostasis deb rapidérmico. La glucosa y el lactato
principalmente informan del metabolismo energéteodbico y anaerdbico, respectivamente,
aunque también forman parte de la respuesta sataredi liberacion de cortisol durante un
estrés agudo, y finalmente, el cortisol es la fpadchormona asociada al estrés agudo, aunque
cumple diversas funciones asociadas a la adaptac@ambios en la salinidad ambiental y el
metabolismo energético (Balm et al., 1994; Ruara. £1999; Barton et al., 2000; Barton, 2002;
Schreck and Tort, 2016). De la misma forma, lagpsapermiten estudiar la situacion del
metabolismo aerdbico/anaerobico (glucosa/lactattgtgrminar si la muestra se ha concentrado

o diluido durante el muestreo (glucosa/proteinaata/proteina, cortisol/proteina).

Siguiendo esta misma linea de estudio, se ha busedidr una correlacion entre moco
epidérmico y plasma en los experimentos del efdela salinidad ambiental a corto y largo plazo
(Capitulo 1). El uso del moco epidérmico, como herramientanasiva sustentado mediante el
analisis de loSMABs ha permitido evaluar el efecto del estrés agude ks dietas funcionales
en diferentes especies marinas de interés acuioot® la dorada, la lubina, la corvina o el
lenguado (Fernandez-Alacid et al., 2018, 20198abahuja et al., 2019a; Ordoéfez-Grande et al.,
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2020a, b). Este analisis ha permitido obtener onglacion entre los biomarcadores mucosos y
los plasméticos durante el estudio de estrés agledaireaciéon y de confinamiento con
persecucion en corvina (Fernandez-Alacid et alLl9a) observandose que la glucosay el lactato
eran exudados al moco epidérmico antes de queetssidades energéticas del animal fueran
suplidas y que la correlacion entre ambos fluidodaba principalmente en glucosa, proteina y
cortisol. Asi mismo, los suplementos alimenticiddizados en este estudio demostraron la
posibilidad de influir en la respuesta al estr&olyre el estrés anaerdbico (Fernandez-Alacid et
al., 2019a). Ademas, Fernandez-Alacid et al. (2Di®klizaron un experimento de estrés agudo
por hipoxia en lenguado, midiendo en cinco punttislargo de las primeras 24 horas después
del estrés (0, 15 min, 1h, 6h y 24h), y encontramu respuesta similar entre plasma y moco
epidérmico para glucosa y lactato, pero no paréisobr que demostr6 no ser un marcador
adecuado en esta especie bentdnica marina. Ponteao, al analizar el efecto de la salinidad
sobre el moco epidérmico durante un estrés agadonita correlacion entre plasma y moco
epidérmico se midio en el lactato (r=0.6@apitulo |, Bloque ). De las cuatro condiciones
experimentales (3%o, 12%o, 35%0 y 50%0), Unicament®ladicion de 12%. mostro un incremento
en la exudacion de glucosa y lactato respecto rattap realizando una respuesta similar a la
medida en corvina. Asi mismo, la exudacién de salrthostré un mayor estrés en las condiciones
extremas (3%0 y 50%0). Hay que tener en cuenta, guedpuesta al estrés depende del tipo de
estrés y la potencia del mismo (Tort, 2011), comamBservé en moco epidérmico para dos
estreses agudos diferentes (Fernandez-Alacid 20C8ando se midié la respuesta a un estrés
crénico por salinidad ambiental, no se registréradacion alguna entre los diferentes
biomarcadores de moco y plasr@apitulo I, Bloque I1). Aun no hallandose correlacion, lactato,
cortisol y proteina soluble marcaron las modifioaeis del estado fisiolégico de los peces de las
diferentes condiciones. La condicién 50%. demostirdusia condicion muy estresante para los
animales tras 15 dias de cambio de salinidad, gederun incremento de la exudacién de la
proteina soluble y el lactato al moco epidérmiedectando a la ratio glucosa/lactato. Aunque la
funcionalidad de la proteina soluble en cambiossaknidad es desconocida, puede estar
relacionada con un incremento de la defensa inf@daahuja et al., 2019b), la viscosidad
(Guardiola et al., 2015; Fernadndez-Alacid et alQl® 2019b) o las propiedades
osmorreguladoras (Ordoéfiez-Grande et al., 2020)méshno, se incrementd el gasto energético
significativamente respecto al resto de condicipfeegue en un estrés crénico puede suponer
una afectacion del crecimiento (Laiz-Carrion et aD05b; Sangiao-Alvarellos et al., 2005;
Vargas-Chacoff et al., 2011). Cabe destacar quste)poca informacion respecto a los
biomarcadores del moco epidérmico durante un est@sco, por o que mas estudios son
necesarios para determinar si el moco epidérmico@$erramienta adecuada para el estudio de
este tipo de estresores. Teniendo en cuenta loita@ss obtenidos, el moco epidérmico permitio

determinar el estado fisiolégico y de bienestatodeanimales de estudio, si bien, se deberia
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ampliar la busqueda de biomarcadores a incluineBMABspara analizar este tipo de estreses
a largo plazo, asi como el estudio de los mecamista@xudacién del moco epidérmico como se

propone en eCapitulo Il .

Una herramienta metodolégica que puede permiimpliacion de biomarcadores dentro
de losSMABses la protedémica. Sanahuja y lbarz (2015) utitiza¥sta técnica para describir las
100 proteinas méas abundantes en el moco epidéduidorada. Estas proteinas se catalogaron
en tres grandes grupos: proteinas con propiedadesctoras, estructurales y metabdlicas. Una
de las conclusiones del estudio fue que el protedehanoco epidérmico era una herramienta
muy potente para la busqueda de bioindicadoresqzaiel moco epidérmico, asi como ser
utilizado en estudios de factores ambientalesjammiales o patologias. Por ello, el siguiente
estudio se centré en medir el efecto de un factiental abiético sobre el proteoma del moco
epidérmico. El factor abittico escogido fue la tengpura ambiental ya que es factor muy
importante en la produccién de peces teledsteasosazomo la dorada (Sanahuja et al., 2019a).
Este estudio incluyé un andlisis de la interacaotre éstas proteinas y las funcionalidades
asociadas a estas interacciones, asi como unisrdgdisalgunosSMABs(glucosa y proteina
soluble) y actividades enzimaticas asociadas alonepidérmico (actividad proteolitica total,
lisozima, esterasa y caracterizacion de la activigt@ateasa mediante zimografia). La bajada de
la temperatura ambiental afectd a la capacidacegiata del moco epidérmico reduciendo la
actividad enzimética y favoreciendo la adhesiérpakgenos, sin embargo, la defensa innata
aumentd. Otros estudios protedmicos han analiziide efectos ambientales como la infestacion
patogénica (Raeder et al., 2007; Easy and RosS; PO6van et al., 2013; Rajan et al., 2013; LU
et al., 2014; Jensen et al., 2015; Ahmed et al928aleh et al., 2019), estrés abidtico (Ai-Jun et
al., 2013; Cordero et al., 2016; Pérez-Sanchezl.et2@17; Sanahuja et al., 2019b), el
comportamiento parental en ciclidos (Chong et28l06) o evaluado las técnicas de extraccion
del moco epidérmico (Feeste et al., 2020). Asi mjsnda literatura existen pocos estudios de
prote6mica asociada a la inmunoestimulacion vitadigensen et al., 2015; Cordero et al., 2016;
Micallef et al., 2017). Desde nuestro grupo de stigacion, se analiz6 la adicion de hidrolizado
de plasma porcino (en inglésSgray-dried porcine plasma SDPB como agente
inmunoestimulante en la dieta de dorada durantgariodo de 95 diasCapitulo II). La
estimulacion del moco epidérmico por la dieta poiteel exosoma extracelular (GO:0070062),
proteinas de membrana asociadas a la unién ves{@GM0031988), presentacion y procesado
de antigenos (04612) y procesos de biosintesisrginiemos unitarios (GO: 00447711) a
diferencia de la bajada de temperatura que afecl#® mespuesta al estrés (GO:0006950),
interaccion interespecifica (G0:0044419), procesastabdlicos de organismos unitarios
(G0:0044710) y transporte (GO:0006810). Si compagalms grupos mayoritarios entre ambos

estudios, la Unica categoria coincidente es lardeepos metabdlicos de organismos unitarios
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(GO:0044710 y GO:0044711) que se encuentra regadddaja por efecto de la temperatura
ambiental y regulada al alza por la dieta. Estdesstacable porque la diferencia principal entre
ambos efectos ambientales es que la bajada de ratomaeprovoca una depresiéon metabdlica
(Ibarz et al., 2010; Sanchez-Nufio et al., 2018amiBntras que una dieta inmunoestimulante
suele potenciar el metabolismo de la defensa immataspecifica (Jensen et al., 2015; Cordero
et al., 2016; Micallef et al., 2017).

Por otro lado, Sanahuja et al. (2019a) categonzdf®de las 52 proteinas analizadas
dentro del grupo exosoma extracelular (GO:00700@&&)ntras que, en el estudio realizado en
esta tesisQapitulo 11), 29 de las 35 proteinas se incluyeron dentrostie grupo. En ambos
casos, mas de un 80% de las proteinas analizadesgu®En a este grupo que estd compuesto por
proteinas exudadas a la matriz extracelular (mpiemico). A nivel de las funcionalidades de
las proteinas analizadas, de las agrupadas coocidapalefensiva o protectora, tanto la dieta
inmunoestimulante como la temperatura ambientalqmaron un aumento denéat shock
protein’ (HSP3, que se han relacionado con funciones de estadilprote6mica del moco
epidérmico (Ig and Shu-Chien, 2011; Rajan et @112 Sanahuja et al., 2019), asi como
vinculado a procesos inflamatorios (Pockley e2&l08). Esta regulacion al alza se puede atribuir
a un incremento de la respuesta de la defensaeicifisp e innata. Si bien, en el caso de la dieta
inmunoestimulante, también se incrementd la regitade proteinas asociadas al proteasoma
(PSME2y PSMEY, que junto comdSPs se ha relacionado con la activacion de respirasiane
innata en vertebrados mediada por la via del inpnoteoasoma yMHC | (major
histocompatibility comple (LU et al., 2014). De las agrupadas a procestalakcos regulados
al alza por la dieta inmunoestimulante se relaciooan el sistema de defensa antioxidante
vinculado a la sintesis de glutatidBHMT, GMPS, PHGDHy PDIA3), a metabolismo de los
carbohidratos GAA, ENOly GAPDH) y proteccion superficial contra infeccion micraba
(NMEZ1). De las tnicas coincidentes con el estudi®anahuja et al. (2019) encontrarRG8A3,
que se la relaciona con homeostasis de procesds-reductores celulares, asi como promotor
de la respuesta al estrés durante estreses podaip@erfluorooctano sulfonatd®fFOS en
salmén atlantico (Huang et al., 2009). De las pnae agrupadas con funcion estructural
encontramos principalmente queratindRT, KRT5, KRT&KRT10, KRT3& KRT9, proteinas
asociadas a procesos de exocito8GTAL, ACTBANXA1O0y ACTR1B, relacionadas con la
reparacion de herida3PM1), procesos fagociticod UBA1A y recambio proteico en estrés
crénico PPL). De todas las funciones de las proteinas asaimgeiocesos estructurales, cabe
destacar que las queratinas encontradas se sulrizdegn entre fragmentos de queratina
(“Keratin Derived AntiMicrobial PeptidésKDAMPS9 y queratinas. Esta subdivision se realiz
porque se ha descrito en humanos que los fragmdatgsieratina tienen capacidad de formar

poros en la membrana bacteriana (Molle et al., 208& et al., 2012; Valdenegro-Vega et al.,
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2014) y esto mismo se ha descrito en el estud8adahuja et al. (2019), asi como en otros (Molle
et al., 2008; Rajan et al., 2011; Sanahuja and JlZx15; Jurado et al., 2015; Pérez-Sanchez et
al., 2017). También se pueden encontrar queratnatas escamas (Easy and Ross, 2009;

Brinchmann, 2016), aunque su funcion principalstaietural en los filamentos intermedios.

Finalmente, como ya se ha podido comprobar, anmbasiénes son importantes para que
el moco epidérmico lleve a cabo sus diferentesifumes, pero en su mayoria, los estudios en los
gue se analiza el estado fisiol6gico y bienesthaxienal se utiliza la fraccién soluble (Roberts
and Powell, 2005; Easy and Ross, 2009; Sanahujéband 2015; Cordero et al., 2015; Jurado
et al., 2015; Guardiola et al., 2016; Pérez-Sanete#., 2017; Fernandez-Alacid et al., 2018,
2019a, b; Sanahuja et al., 2019a,b; Ordéfez-Grandk, 2020a). Este dato no es sorprendente
cuando comparamos la proporcién de ambas fraccimgsecto al moco total. La fraccion
soluble supone un 80% del moco epidérmico, indifiermente del momento de muestreo y de
las condiciones en que se realiza la recolecciG@rcdhdo asi, la importancia de dilucidar el

mecanismo de exudacion del moco epidérmapitulo 111, Bloque Il ).
2. Efecto de factores ambientales sobre el moco epiddico

El moco epidérmico cumple con unas funciones coasr@nteriormente mencionadas, y, por su
posicién mas externa en el cuerpo del pez, lo eotevien una de las dianas de los factores
ambientales de origen bidtico y abidtico (Estet#01,2). Esto provoca modificaciones en las
caracteristicas del moco epidérmico, tanto endasentraciones de I&VABs(Capitulo 1), en

los metabolitos protectores, estructurales y mditaisCapitulo 11) o en las concentraciones de
las fracciones solubles e insolubl&apitulo Il ). Ferndndez-Alacid et al. (2018) simuld tres
situaciones diferentes de factores ambientalegrp@ogénicos: hipoxia o captura del animal,
infeccidn bacteriana y ayuno, en tres especiegldésteos marinos, corvina, lubina y dorada,
respectivamente. El uso de IBMABspermiti6 comparar la situacion basal interespeg,fasi
como la respuesta de la especie al estrés a lagjle sometia. Se pudo comprobar como la
proteina, el lactato y el cortisol permitian laed#nciacion interespecifica, marcando una
situacion basal diferencial entre las especiesoffolado, la hipoxia en corvina demostrd ser un
estrés a corto plazo con un pico de cortisol agwilmera hora, que se mantenia pasadas 6 horas.
Los metabolitos demostraron una marcada afectgpmoel efecto del estrés. La concentracion
de glucosa sigui6 a la respuesta del cortisolrdéena disminuy6 con el paso del tiempo, y el
lactato subi6 significativamente tras una horaedglés, pero retorné a la situacion basal tras 6
horas. El efecto de la infeccion bacteriana ennlubmostré una afectacion en la proteina y el
cortisol, disminuyendo la concentracion de estosabhwditos en los supervivientes al reto por
infeccion deVibrio anguillarum El ayuno en dorada afecté principalmente a las@atraciones

de glucosa y lactato disminuyendo tras 7 dias de@ypero manteniéndose en el caso de la
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glucosa e incrementando en el caso del lactatd &rasas de ayuno. Por el contrario, el cortisol
marcd un pico al analizarlo tras 7 dias de ayuro po se registré respuesta tras 14 dias de
ayuno. Asi mismo, Fernandez-Alacid et al. (2019&)iearon el efecto de dos suplementos
dietarios (Aspartato y Triptéfano) sobre el efedéodos estresores antropogénicos como era la
hipoxia o captura y la persecucion con red en parvEncontrando una respuesta diferencial a
los estresores y siendo el de hipoxia superiofetit@ de la persecucion. La afectacion de los
metabolitos fue mas significativa en los animalas dieta suplementada con aspartato que en
los alimentados con dieta suplementada con triptdfal analizar la respuesta del moco
epidérmico de juveniles de lubina a un estrés aqumocambio en la salinidad ambiental
(Capitulo I, Blogue 1), se midié6 un incremento significativo en la glsagpor parte de las
condiciones hipoosmaticas (3%. y 12%o), asi como aminte una de ellas (12%.) marco un
incremento significativo del lactato. Sin embargas tres horas del cambio de salinidad, el
cortisol incremento significativamente en las comaties extremas (3%o y 50%o0), mientras que la
proteina soluble Unicamente incrementé en una camdihipoosmotica (3%o). El efecto del
cambio de salinidad sobre el moco epidérmico alatgzo en juveniles de lubin€gpitulo I,
Bloque II), mostro una situacion mas marcada en cuanto2M@sBs en comparacion al estudio

a corto plazoCapitulo I, Bloque 1), ya que, dependiendo del estresor y su intenssggoroduce
una respuesta diferencial por parte del animatdado se indica en la literatura (Tort, 2011). Por
ello, se encontraron diferencias significativam@palmente en la condicion hiperosmética
(50%0), donde las concentraciones de lactato y pratestaban incrementadas, pero no el cortisol.
Asi cOmo, en la situacion mas hipoosmética (3% petisol y la proteina soluble se encontraban
incrementadas. En cambio, la condicién 12%. no raadiferencias significativas, demostrando
una buena adaptacion a esta salinidad por pattesdeveniles de lubina. Esto es destacable a
corto plazo, pues un estrés agudo de alta inteshgjdlaerara una respuesta aguda y por tanto la
afectacidon de estos parametros sera mayor que estnéis agudo de baja intensidad. En cambio,
a largo plazo la respuesta al estrés es diferehtertisol pasa de tener un gran protagonismo en
el estrés agudo a un papel secundario en el estniéiso. Asi mismo, las modificaciones que se
miden en losSSMABstienden a centrarse en la homeostasis (proteieh)dgsgaste energético
(glucosa y lactato), aunque estos metabolitos haycqgmplementarlos con analisis especificos a
la situacion ambiental a medir. Ademas, como eapicos mas adelante, el analisis utilizando
Unicamente concentraciones de 3d8ABsmuestra una imagen sesgada de la respuestaéal, estr
sobre todo a largo plazo, ya que las concentrasis@éiluyen o concentran si tenemos en cuenta
el volumen exudado de moco epidérmico. Este héaue destacar la necesidad de buscar nuevas
moléculas marcadoras en el moco epidérmico queermamten la informacion del estado
fisiologico y de bienestar del animal, asi comestldio del proceso de exudacion y renovacion

de este a fin de entender cémo se modula la respaiéss factores ambientales.
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Asi mismo, al realizar el andlisis del efecto dambio de la salinidad ambiental en
juveniles de dorada, se realizaron medicionesel divbranquialapitulo 1). Se comprobé que,
a corto plazoCapitulo I, Blogue 1), el efecto de la salinidad sobre la branquidresaddo, ya
que no se observaron cambios a nivel enzimaticdividad Na/K*-ATPasa, datos no
publicados), mientras que, a largo plag&agitulo I, Bloque Il), la branquia modulaba su
actividad enzimatica y sus caracteristicas histodggadaptandolas a la salinidad ambiental. Asi,
el principal enzima energético branquial {Md-ATPasa) mostraba una forma de “U”,
necesitando de mayor energia en salinidades exrexsalecir, salinidades muy bajas (3%o.) y
salinidades altas (50%0). Mientras que en salinidadeosmoticas (12%o), la energia que se
necesita para el intercambio i6nico de sodio y gpotas muy baja al encontrarse la sangre a
osmolalidades similares a las del agua del ent@®sen et al., 1998; Boeuf and Payan, 2001;
Varsamos et al., 2002; Sangiao-Alvarellos et 8032 Laiz-Carrion et al., 2005a; Mylonas et al.,
2009). Cabe destacar que ciertos cambios necesitt@mpo mayor que otros para dar respuesta
a una situacién ambiental determinada. El increméeat volumen exudado de moco epidérmico
en respuesta a un estresor ambiental es una respapgla, mientras que una modificacion
histologica o enziméatica requiere mas tiempo paradstectada, principalmente debido a los
mecanismos de respuesta que integran. Asi, un cdrgtoldgico necesitara mas tiempo (dias)
al necesitar de la division celular y la diferes@da celular, mientras que una modificacion
enzimética, que depende de la transcripcion y t@dn de las proteinas implicadas necesitara
menos tiempo (horas), asi como la exudacion de mpickérmico desde las células caliciformes
que esta mediado por la union de las vesiculaexudacion del contenido a la matriz extracelular
menos tiempo aun (minutos). Por otro lado, la higia de la branquia demostré una modulacién
de las células mucosas branquiales en base anmladlambiental. En condiciones hiposalinas,
las células mucosas tendian a ser mas grandes gsmbnndantes, mientras que cuando se
movian los peces hacia aguas mas hipersalinaadia & células mas pequefas, pero en mayor
namero Capitulo I, Bloque II). De la misma forma, las mucinas de éstas cambiaea
coloracién al tefiirlas por la técnica del 4cidoiqmico junto al azul alciano (PAS-AB), que es
utilizada como método histoquimico de tincion deagroteinas. Asi, las mucinas neutras, que
contienen grupos aldehido, se tifien de color magenéntras las mucinas acidas, que contienen
grupos carboxilo y/o sulfito, se tifien de colorlado-parpura. Como resultado, en condiciones
hipoosméticas se cuentan mas mucinas neutras,rasequie en condiciones hiperosmoticas se
cuentan mas mucinas acidas (Ferguson et al., B2®asquete et al., 2001; Roberts and Powell,
2003, 2005a; Mylonas et al., 2009). Ademas de ladifinaciones branquiales, se ha descrito en
lubina una mayor cantidad de células mucosas igéelque demuestran la necesidad de este
animal de secretar de forma continua y profusa nepiédérmico en comparacion con la dorada
(Kalogianni et al., 2011).
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3. Laimportancia del volumen exudado de moco epidérrbd

Una de las principales aportaciones de esta tdéaigygestigacidbn con moco epidérmico ha sido
la cuantificacién del volumen exudado. Se ha desarn incremento en la produccion y
exudacién de moco epidérmico como mecanismo deuessp temprana (Buchmann and
Bresciani, 1998; Fast et al., 2002a; Holm et 81152 Fernandez-Alacid et al., 2018; De Mercado
et al., 2018). Ademés, no hemos encontrado etelatira datos objetivos que cuantifiquen el
volumen recolectado de moco epidérmico a nivel exggatal. Sin embargo, muchos autores han
descrito cambios en la produccion de moco epidérohécforma subjetiva en diferentes especies
como el salmon rojod@nkorhynchus nerRgFranklin, 1990), la carpa comu@yprinus carpi
(Abraham et al., 2001), Salmon atlantic®almo salay (Roberts and Powell, 2003fundus
seminolis(DiMaggio et al., 2009), TambaquCdlossoma macropomyniFitza et al., 2015),
Fundulus heteroclitugBurden, 1956), pez mosquitG&mbusia affinis affinjsy Catla catla
(Ahuja, 1970), y espinoso (Gasterosteus aule@iMspdelaar Bonga, 1978). Asi, por ejemplo,
Fernandez-Alacid et al. (2018) indicd que el volande moco colectado fue el doble para lo
estreses por captura o infeccion, mientras queldumitad en el estrés por ayuno. Estas
descripciones se han encontrado en cambios dedsaliambiental, indistintamente de si se
producia de agua dulce a agua salada o vicevassasfe motivo, se propuso como parametro
de analisis el volumen exudado de moco epidérmiitiadindose como fuente de informacion
adicional tanto en los experimentos de salinid2ap(tulo I) como los experimentos de andlisis
con isétopos estable€4pitulo 111 ). Tras realizar la extraccion del moco epidérndomo se
describe en Fernandez-Alacid et al. (2018), se dnidlivolumen soluble exudado de moco
epidérmico. Ademas, se fotografio lateralmenteselgfin de relacionar el volumen exudado con
el area de extraccion y el peso del animal. Paenebel area se utilizo el programa ImageJ (US
National Institutes of Health, Maryland, USA), mamdo manualmente el area y aproximéandola
al area de recoleccion del moco epidérmico, exddgdas aletas dorsal y lateral y por encima
de la linea lateral. Asi, por ejemplo, en el experito de salinidad a corto plazo (3h), se compar6
el efecto de dos condiciones hiposalinas (3%. y 12%)a hipersalina (50%0) con la situacion
control (35%o), observandose que el volumen recaticiera significativamente mayor en los
animales de la condicion hiperosmotica respectesab de condicione€apitulo |, Bloque ).

Sin embargo, al mantener este estrés durante indpenas largo (15 dias), el volumen exudado
incremento significativamente en la condicion 12%agstré una tendencia en la condicion 3%o,
manteniendo las diferencias significativas de tadi@on hiperosmoticaXapitulo I, Bloque 11).

Por lo que, aun teniendo en cuenta las concentregide l0SSMABs también habria que tener
en cuenta el volumen de moco epidérmico exudadss pna concentracién similar 881ABs
con volumenes diferentes, implica una cantidad tttanetabolito exudado diferente. Llevando

a que una de las condiciones tendra un mayor desgaargético y de metabolitos, y, por tanto,
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se encontrara en una situacion mas estresantergua oondicion. Por ejemplo, en la condicion
hipersalina (50%o), se midieron valores de glucosel eoco epidérmico similares a la condicion
control (35%o), sin encontrar diferencias significas entre las dos condiciones (25.35 + 2.58
ug/mL y 28.53 + 4.19ug/mL, respectivamente), pero los volimenes exudatiosmoco
epidérmico fueron significativamente diferentes§B86 + 33.33uL y 150.00 + 1.51uL,
respectivamente) y, por tanto, al comparar la exiddatotal de glucosa se encontraron
diferencias significativas. De esta forma, la coitdli hipersalina demostré ser mas demandante
energéticamente que el control, un resultado qusedmbiera obtenido de comparar Unicamente

las concentraciones de los metaboli®aitulo I, Blogue ).

De la misma forma, cuando se realiza la extracd@moco epidérmico sobre un animal,
se ha comprobado que, tras 24 horas, el nuevo nmtiene las mismas caracteristicas que el
moco recolectado inicialmente. Ademas, el volumemmbco epidérmico recolectado en esta
segunda extraccion es inferior a la inici@apitulo Ill, Bloque Il ). Como se presenta en
Ordofiez-Grande et al. (2020a), tras 24 horas daextl moco epidérmico, la recuperaciéon a
nivel de la fraccion insoluble es casi completantrias que la recuperacion de la fraccion soluble
queda entorno a un 70%dpitulo I, Bloque II'). Este hecho, da relevancia a cualquier
manipulacién que se realice sobre un pez, pueamibmarlo, involuntaria o voluntariamente, se
estara retirando moco epidérmico, lo cual, puedegqmar un foco de infeccion por patdégenos,
como se ha descrito en la literatura (Cone, 20@hhBmed et al., 2014). Por otro lado, la
cuantificacién del volumen de moco epidérmico exladgunto con la medicion del area de
exudacién del animalQapitulo | y 1l ), nos permite establecer una ratio de volumen a&ckoid
por area e incluso por peso. Esto es relevantgupgrermite normalizar los valores obtenidos en
el moco epidérmico de experimentos diferentes ypewar las ratios de exudacion entre especies
y Su respuesta a una situacion ambiental similambién permitird estudiar el proceso de
exudacion y su evolucion con la edad en una mispeote de pez, lo que podria permitir mejoras
en el uso de las dietas y en el manejo de la esplecante su ciclo productivo. Asi mismo,
consideramos que es un paso adelante en el edletliproceso de exudacién del moco

epidérmico, el cual por ahora es desconocido.
4. Integracion de la respuesta ambiental del moco epédmico

De la misma forma que es necesario entender ekgoode exudacion y renovacion del moco
epidérmico, es necesario ampliar el foco de logdéss a fin de integrar la respuesta del moco
epidérmico con otros tejidos y 6rganos. La forma inénediata es aunar el estudio del moco
epidérmico con la mucosa a la que pertenece, estabtlo un analisis en conjunto de los
resultados de Io0SMABSsy la proteémica del moco, junto a la respuestaroda en la piel y las

afecciones que en ésta se producen. Por este metiestudio de la protedmica del moco
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epidérmico en peces alimentados con hidrolizadpldema porcino§DPP durante 95 dias
(Capitulo 1), también incluy6 el analisis de la transcriptéamjda histologia de la piel (Reyes-
Lépez et al., 2019). Este analisis se llevé a qaivgarte de dos grupos de investigacion, siendo
la transcriptomica de la piel analizada por el pgwel Dr. Tort de la Universitat Autonoma de
Barcelona JAB) y la histologia de la piel por el equipo del Bisbert del Institut de Recerca i
Tecnologia AgroalimentarieslRTA). Los resultados obtenidos demostraron que logspec
alimentados con el aditivo crecieron significativare mas (82.7 + 3.2ug 88.2 + 1.6 g, control

y SDPP respectivamente), asi como mostraron udarepis (41.8 + 2.am vs 50.2 + 3.3um)

y unstratum compactur(86.4 + 1.4um vs. 40.0 + 1.1um) significativamente mas desarrollados
(Figura 16). Ademas, el andlisis de las célulasasas de la epidermis demostré una mayor
densidad de células en los peces alimentadoSD&P(22.6 + 2.4 n/mrhvs 28.4 + 1.5 n/mf).

Por lo que la dieta increment6 el desarrollo tisde la piel y la capacidad de la mucosa a
responder mediante la defensa innata y a cambibeatales.

Lamina basal

4y Escama

=Stratum spongiosum

— Dermis

Figura 16. Histologia de la piel de dorada alimentada con SDRftion Hematoxilina-
Eosina. Microscépio optico (20x).

La transcriptdmica de la piel demostré una regdlaeil alza de los procesos biolégicos
relacionados con el splicing del RNA (G0O.000838fpcesado de mRNA (GO.0006397),
biogénesis del complejo de ribonucleoproteina (G22613), biogénesis ribosomal
(G0O.0042245), transporte de proteinas intracelsll@B.0006886), localizacién de proteinas
hacia membrana (GO.0072657), generacion de memi@&ma@006900) y procesos celulares
catabolicos (G0O.0044248). La interaccion de egpaeskon génica se puede resumir en transporte
proteico, formacion de vesiculas, estructuras d@nwrelular y generacién de membrana (Figura
17). Asi junto a los resultados de la proteémidantico epidérmico explicados anteriormente,
la interaccion entre estos dos procesos de trgagni y traduccion demostraron que el aditivo

SDPPincrementa la formacién de vesiculas y por taatagortacion de metabolitos al moco
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epidérmico y que ésta aportacion mejora la defemssgta del animal. Como ya se ha indicado
anteriormente, se increment6 la presencia de fratgreede queratina que tienen actividad
bactericida, se potenciaron los precursores déhtim que interviene en procesos de defensa
contra especies reactivas de oxigeno y se incrénierdapacidad protectora de las proteinas
incrementando la presencia de chaperoH&P§ y el proteasoma. Como podemos comprobar,
la integracion de los tres analisis permite fundaaremejor los resultados obtenidos en el moco
epidérmico y demuestra que su analisis plasmadodios que se producen internamente en el
pez.
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Figura 17. Interactoma entre transcriptémica de piel y proieande moco epidérmico.
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(Reyes-Lopez et al., 2019)
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Por otro lado, Gisbert et al. (2015) ya analizaebrefecto de este aditivo también en
doradas, pero se centraron en el analisis a ne/é& dhucosa intestinal, incluyendo mediciones
de crecimiento, histolégicas, hematolégicas y deée®xidativo. Llegando a la conclusion que
la inclusion de SDPP promovia el crecimiento, nadjarla salud intestinal por medio del sistema
de defensa innata intestinal e incrementando |sidat de células caliciformes en la mucosa
intestinal en alevines de dorada. Esto ademas derleamano de mediciones hematoldgicas que
mostraron un incremento en la funcién defensivapeeifica. Al integrar toda la reaccion,
mucosa intestinal junto a pardmetros hematologe®sbtiene una vision global de la mejora
que produce la dieta en el pez respecto al comsblmismo, se comprob6 la mucosa epitelial

mostraba una reaccién similar a la mucosa intdstlraiadir en la diet8DPP(Capitulo 11 ).

Como se puede comprobar, un andlisis integradoifgerma vision global del estado
fisiologico y de bienestar del pez, asi como urspuesta integrada del efecto de un factor
ambiental sobre este. Por consiguiente, estos iestedmbinados han de permitir indagar
aspectos desconocidos de la tasa de exudacidroya@an del moco epidérmico y entender

como se integra la sefial ambiental en las mucolasla dar respuestas a la misma.
5. Estudio del proceso de exudacién y la tasa de reramion del moco epidérmico

Debido a esta necesidad de estudiar el procesoud@@on y renovacion del moco epidérmico,
se plante6 el uso del analisis mediante isétopbles Capitulo Ill). Se realizé un estudio
inicial con isétopos, nitrégend®\) y carbono {¢C), para evaluar el destino de una ingesta pero
afiadiendo el moco epidérmico en conjur@aitulo IIl, Blogue I) tanto para proteina$’)
como esqueletos carbonadd®C|, en comparacion con tejidos ya utilizados coeferencia,
higado y musculo blanco, en estudios anteriordizaelas por el grupo de investigacién (Beltran
et al., 2009; Martin-Perez et al., 2011, 2013;g-etial., 2012, 2013, 2015). Para después ahondar
en las modificaciones que se producian en lasifraes soluble e insoluble del moco epidérmico
(Capitulo I, Bloque I1'). Si bien, el analisis por is6topos estables tha giilizado clasicamente
en estudios ecoldgicos de redes tréficas (Vandesdkd Ponsard, 2003), estudios nutricionales
(Beltran et al.,, 2009; Felip et al., 2012, 2013120Martin-Pérez et al., 2013) y, mas
recientemente, en estudios de cambios alimentidizante migraciones y cadenas tréficas
incluyendo el uso del moco epidérmico (Church t28109; Maruyama et al., 2017; Shigeta et
al., 2019; Winter et al., 2019), nunca se habiaddun el uso de los isotopos estables para

estudiar el mecanismo de exudacion del moco epidérm

Con este objetivo, en la presente tesis, se madidcbrporacion de isétopos estables en el
moco epidérmico después de una alimentacion forzadgrincipal diferencia respecto a estos
estudios anteriores (Beltran et al., 2009; Feliglet2012, 2013, 2015). ha sido la utilizacion de

cdpsulas de gelatina para la alimentacion forzage, facilitan el control exacto de la
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regurgitacion del alimento, permitiendo tener uryonecontrol sobre la dosis administrada de
isétopos estable€apitulo Ill, Blogue |). Para ello se tomaron muestras de moco epidémmico
lo largo del tiempo (0, 6, 12 y 24h postprandiaycompararon con la incorporacion en muestras
de higado, musculo blanco y plasma, siendo el pome tejido metabdlico, el segundo un tejido
de crecimiento y el Ultimo una ruta de distribucitenmetabolitosGapitulo 1ll, Bloque I). Los
resultados mostraron una rapida incorporaci®dé€'*C en el moco epidérmico (12h) y mas lenta
pero acumulativa para N incrementando hasta las 24h postprandiales. Swtpntemente, la
incorporacién de is6topos estables fue mayor padb y musculo blanco que en los estudios
previos (Beltran et al., 2009; Felip et al., 20A@1 3, 2015). Por otro lado, si comparamos el moco
epidérmico en su totalidad con las fracciones $elabinsoluble, la incorporacion ¢ es mas
rapida en la parte soluble que en la parte insel@ih embargo, la incorporacién’dd es igual

en ambas fraccione€épitulo Ill, Blogue Il ). Esta tasa de incorporacion tan elevada en la
fraccion soluble respecto a la fraccion insolubferima de una tasa de renovacion mayor de los
metabolitos solubles que en los insolubles, lo tieale l6gica si tenemos en cuenta que los
principales metabolitos de la fraccién insoluble sucopolisacéridos. Ademés, comparando los
resultados obtenidos en musculo blanco, moco ydtalfraccién soluble del moco epidérmico,
podemos concluir que se obtiene informacion singitatos tres, mostrando asi la idoneidad del
moco epidérmico como alternativa no invasiva paestudio con isotopos estables de especies

protegidas o en peligro de extincidafpitulo Ill, Bloque Il ).

Por otro lado, el pico de incorporacién para lfisies y el plasma se produce a las 12h,
mientras que, en el moco epidérmico continua Hasta4h, indicando que la incorporacién de
metabolitos al moco epidérmico no Unicamente previe la dieta, sino también de componentes
sintetizadosde novo Si bien, la informacion sobre el origen de losnponentes del moco
epidérmico es escasa, el uso del andlisis porpeét@stables podria ayudar a estudiar la
produccion de este. Por ejemplo, hasta que norseehtizado nuestros estudios, se desconocia
gue la incorporacion de nitrégeno en el moco epid# se producia al mismo ritmo tanto en la
fraccion soluble como en la insoluble, siendo ést#inua y con una tasa méaxima entre las 6 y
las 12h Capitulo 111, Bloque Il ). De la misma forma, se ha demostrado que lgpielee de un
gran numero de componentes solubles al moco epicr{@apitulo 11), lo cual podria
correlacionar con los resultados de la tasa depocacion dé*C de la fraccion solublé&@pitulo
[, Blogue Il ). También se ha demostrado una correlacion emtespuesta interna (plasmética)
y la externa (moco epidérmico) en estrés agudoenma (Fernandez-Alacid et al., 2019a), lo
cual podria estar de acuerdo con la hip6tesis miad® por Easy y Ross (2009), por la cual se
presumia una transferencia o filtracion de mettdmipor medio del sistema circulatorio y las

células epiteliales al moco epidérmico. Sin embaeganecesario realizar mas estudios a fin de
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comprender el proceso de exudacion de metabolitesoao epidérmico, su composicion y

origen.

A parte del estudio de la exudacién del moco epidr, otro componente de estudio
importante es cémo se produce la renovacion de/lsietarse de la parte mas externa del pez,
en situaciones naturales, la friccion del moco @pitco con el entorno genera un desgaste que
debe solventarse mediante la exudacion a un ritipper®r a la tasa de desgaste. Mientras que,
en situaciones de produccion acuicola, el hacinamige los peces y la manipulacion de estos
provoca un desgaste que puede provocar la entegatdgenos. Por este motivo, se retir6 el
moco epidérmico y se volvio a realizar la extrasgé@sadas 24 horaSdpitulo Ill, Bloque 1 ).

La incorporaciongd) de*C y >N midié un incremento significativo respecto aitaacion basal,
demostrando que una parte significativa de la tages destina a la produccion de nuevo moco
epidérmico. Asi, el andlisis por is6topos estapkrsnite medir la tasa de renovacién del moco
epidérmico y podria utilizarse en estudios de sstgéido y cronico donde se ha comprobado que
el volumen exudado de moco epidérmico increme@&pitulo I), suponiendo un desgaste
energético adicional para el pez y comprometieadohdicion fisioldgica y de bienestar de este.
Si bien, se realiz6 el mismo experimento a fin éalimla tasa de renovacion en las fracciones
del moco epidérmico, pero se afadié el volumen a&tod un factor importante como
anteriormente se ha comenta@apitulo Ill, Bloque Il ). El volumen exudado medido tras 24
horas fue la mitad en comparacién a la situaciésalbd.o que demuestra que cualquier
manipulacién del animal provoca una pérdida de megidérmico, lo que compromete la
capacidad defensiva del mismo contra patégenose(C2009; Benhamed et al., 2014). Asi
mismo, tras 24h, la tasa de incorporaci)rde*C del moco epidérmico, independientemente de
la fraccion analizada, fue significativamente sigrea la situacion basal. Mientras que en el caso
de la incorporacién d€N este incremento sélo fue significativo en la ¢ién soluble. Estos
resultados demuestran que existe un comportamiifiei@ncial en la renovacion deC y °N

en el moco epidérmico, sugiriendo que cuando utoifaxterno induce la formacion de nuevo

moco epidérmico, se han de tener en cuenta lamitiad diferenciales de cada componente.

Sin embargo, este andlisis muestra algunas liroitasi Su uso mediante una Unica toma
forzada no es representativo de la ingesta nadiaah del pez, asi como el moco epidérmico es
un fluido dinamico, lo cual hace dificil su estudip es necesario tener en cuenta posibles
contaminaciones cruzadas que desvirtian los ressltaun asi, el uso de ésta metodologia junto
con otras técnicas de analisis permitiran ahond#wseconocimientos de produccién, exudacion
y renovacion, no solamente del moco epidérmica dim otras mucosas como la branquial o
digestiva. Ademas, el analisis por is6topos essademitira estudiar los efectos ambientales y
ligados a la produccién acuicola en la tasa de aoidd y renovacion del moco epidérmico,

incrementando el conocimiento en estos procesas gfexto sobre el estado fisiolégico y de
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bienestar del pez. Asi mismo, como herramientavesiva, el moco epidérmico junto al andlisis
por isGtopos estables, pueden permitir realizardéss medioambientales y ecolégicos, como de
cambio climatico, alteraciones antropogénicasradtenes en redes tréficas o degradaciones de

habitats, sobre todo en especies acuicolas salpapgtegidas o en peligro de extincion.
6. Aportaciones y futuras aproximaciones

A modo de resumen, la presente tesis realiza difeseportaciones al conocimiento actual sobre
el moco epidérmico. Entre ellas cabe destacar fantoantificacion del volumen exudado de
moco epidérmico, como el andlisis con is6toposhéestadel proceso de exudacion y renovacion
del moco epidérmico. Asi, la combinacion de éstamitas con otras, como la protedmica o el
uso de loSMABsdeberia permitir obtener nuevos metabolitos geleiinen el analisis del moco
epidérmico, al mismo tiempo que permitir conocejomel proceso de produccion, exudacion y
renovacién del moco epidérmico, tanto desde elgdatvista fisiolégico como inmunoldgico,
frente a cambios ambientales de origen abidticoochidtico, sobre todo antropogénico, por su
importante repercusion en la produccién acuicotalabmisma forma, ésta tesis aporta el estudio
de un estés ambiental crénico sobre el moco epidérruando hasta la fecha se han analizado
con mas ahinco los estresores agudos, y la iniégrde la respuesta a un aditivo alimenticio por
parte del moco epidérmico. En ambos experimenwdiasn integrado el andlisis del moco
epidérmico con otros tejidos, como la branquiapidd, lo cual destaca la importancia de integrar
la respuesta medida en el moco epidérmico conséb ide los tejidos del pez. Otro factor a
destacar es la funcion de osmorregulacion del rapi®rmico, en eCapitulo | se pudo analizar
esta funcion frente a un cambio en la salinidadiental, y ver cémo la regulacion osmotica del
moco epidérmico se produce mas como efecto indirdetlas caracteristicas propias de las

moléculas que lo componen, mas que por un proatiso ae retencion o excrecion de iones.

A futuro, cada capitulo de ésta tesis deja claealimea de estudio a seguir.&pitulo
| marca la linea seguida hasta ahora y que aun teswrido. El estudio de los efectos
ambientales sobre el moco epidérmico y el usotdecesno herramienta no invasiva para analizar
el estado fisioldgico y de bienestar del pez. 8npesta linea se deberia complementar con la
mostrada en eCapitulo I, a fin de obtener mas marcadores que permitamndegr mejor
mediante un andlisis no invasivo. Un ejemplo de ptidria ser laKDAMPs o moléculas con
caracteristicas antimicrobianas. También tomandeamtepto importante, que se muestra en
ambos capitulos, que es la integracion de la respael moco epidérmico con otras mucosas 0
tejidos, como la branquia o el intestino. Asi misimbas lineas deberian converger a la larga
en la busqueda de una metodologia de andlisisargipid invasiva a fin de comprender el estado
fisiologico de un cultivo, y asi mejorar la praetide la produccion acuicola. Por otro lado, el

Capitulo Il marca una clara linea de investigacion basicajgila necesaria para comprender
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mas profundamente los resultados obtenidos erstaglies anteriormente mencionados. Existe
un gran vacio de conocimiento en el proceso deaexdid y renovacion del moco epidérmico,
asi como la integracién de productos no exudadessqtfiltran por sistema circulatorio (Easy
and Ross, 2009). Por ejemplo, la respuesta a usemjudo, mediada por cortisol, provoca un
incremento en el volumen exudado de moco epidérmpamo la respuesta molecular que provoca
la exudacién casi inmediata y el mecanismo biolbdgjce lleva a la renovacion del moco
epidérmico son procesos menos conocidos. Por edigomna futuro se deberia ahondar en el
conocimiento de la exudacion y renovacién del mggidérmico, ya sea como proceso natural

de renovacion del moco epidérmico como por efeetardfactor ambiental.
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Skin mucus has proven to be a minimally invasivéhagology to study fish physiological
and welfare status in front of environmental swessboth abiotic and biotic, and in short

and long-term studies.

Exuded volume measurement as a normalization mekbgyl regarding collection
surface or weight, has allowed to extract more rinfition and to facilitateSMAB

comparison in response to environmental stressdveelen stressors and species.

At short-term, environmental salinity challengeeated primarily extreme salinities (3%o
and 50%o), being hypersaline condition (50%o) the nadfected by an exacerbated stress
response with possible energy loss if sustainedallehthat, aerobic metabolism was

affected at the hyposaline condition (3%o).

The chronic response to maintain salinity challemgeincreased skin mucus exudation in
all salinity challenges, generating an increaseergnexpenditure situation that could

affect fish growth performance in longer periodsiie.

Osmoregulatory capacity analysis, through the nreasent of soluble skin mucus
physicochemical parameters (osmolality and ion eotrations), showed an ion tramp
function in hypoosmotic conditions and a water irega function in hyperosmotic

conditions. Although this, the main related ionss$molality, sodium and chloride, did not
explain total osmolality values, which indicatedatttskin mucus soluble components
intervene in osmoregulation. Regarding this, s@yirotein osmoregulation mechanism

keeps unknown.

Protein interactome from proteomics analysis hbimsvald to classify soluble proteins by
function, demonstrating its modulation by enviromtad factors, like diet, and its
usefulness to sort and incorporate ri&WABsto ease fish physiological and welfare status

study.

Spray-dried porcine plasma has proven to immunaesdita fish skin mucosa, enhancing
fish immune innate defence by increasing vesicten&tion and exocytosis processes of
protective metabolites, suchldSP, proteasome related-proteins, glutathione bio®sith
precursors or keratin fragment§JAMPS. This last one was found in a great amount and

are associated to antimicrobial activity.
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10.

11.

12.

13.

14.

Skin mucus immunostimulation through diet with a 8#6pray-dried porcine plasma urge
on improve cultured fish feeds, in order to diminksacterial infestation and refine fish

culture biosecurity.

To study skin mucosa altogether, skin mucus proiemnskin transcriptomics and skin
histology, and to measure the effect of environmlegalinity, in short and long-term,

validates the usefulness of skin mucus as a rafteof internal modifications of fish.

Stable isotopes analysis allowed to measure exardatid renovation rates of skin mucus
after a force-feeding procedure, facilitating tiedy of skin mucus production in all its

forms, raw, soluble and insoluble fraction.

Skin mucus renovation has proven to come from #ily dation, demonstrating that skin
mucus is also a fate of dietary components, aridrims of energy expenditure should be

taken under consideration.

Skin mucus natural abundancy of stable isotop€sy(*®N) compared to classical tissues
(liver and white muscle), exhibited similarity tdnite muscle. Thus, endorsing skin mucus

as non-invasive alternative to white muscle inghugly of dietary variations in wild fishes.

Stable isotope analysis by one force-feed has dstmratdad that*C incorporation to skin
mucus was assimilated faster in soluble fracti@mtim insoluble fraction, demonstrating
a constant incorporation, being the fastest during first 12 hours. While®N
incorporation to skin mucus was assimilated astme pace in all mucus forms, increasing
quickly between the 6 and 12 hours. In both casteble isotope incorporation kept until
the 24h.

Stable isotope analysis has allowed to study skious renovation, which was not restored
after 24h. Soluble fraction was the most affectadtfon for both stable isotopes, while all
mucus forms did not recov&iN amounts. This technique will allow to study tlifeet of

stressors over skin mucus renovation dynamics amgonents.

— 210 —



Bibliografia



ibBografia

Abraham, M., Iger, Y., Zhang, L., 2001. Fine stuetof the skin cells of a stenohaline freshwater
fish Cyprinus carpio exposed to diluted seawater. Tissue Cell 33, 46-54
https://doi.org/10.1054/tice.2000.0149

Ahmed, F., Kumar, G., Soliman, F.M., Adly, M.A., IBean, H.A.M., EI-Matbouli, M., Saleh,
M., 2019. Proteomics for understanding pathogeneésisnune modulation and host
pathogen interactions in aquaculture. Comp. Bioch&mysiol. - Part D Genomics
Proteomics 32, 100625. https://doi.org/10.10166.2019.100625

Ahuja, S.K., 1970. Chloride-cell and mucus celpasse to chloride and sulphate-enriched media
in the gills ofGambusia affinis affinigBarid and Girard) an€atla catla (Hamilton). J.
Exp. Zool. 173, 231-249. https://doi.org/10.10024401730302

Ai-Jun, M., Zhi-Hui, H., Xin-An, W., 2013. Changasprotein composition of epidermal mucus
in turbotScophthalmus maximgis.) under high water temperature. Fish PhysiadcBem.
39, 1411-1418. https://doi.org/10.1007/s10695-0195%

Alexander, J.B., Ingram, G.A., 1992. Noncellulangpecific defence mechanisms of fish. Annu.
Rev. Fish Dis. 2, 249-279. https://doi.org/10.10969-8030(92)90066-7

APROMAR, 2019. La acuicultura en Espafia.

Arellano, J.M., Storch, V., Sarasquete, C., 20Q&abtructural and histochemical study on gills
and skin of the Senegal solSolea senegalensisl. Appl. Ichthyol. 20, 452-460.
https://doi.org/10.1111/j.1439-0426.2004.00543.x

Balm, P.H.M.; Pepels, P.; Helfrich, S.; Hovens, MIL, Bonga, S.E.W. Adrenocorticotropic
hormone in relation to interrenal function duringress in tilapia Qreochromis
mossambicys Gen. Comp. Endocrinol. 1994, 96, 347-360, dol:Q06/gcen.1994.1190.

Barton, B.A. Stress in fishes: A diversity of reapes with particular reference to changes in
circulating  corticosteroids.  Integr. Comp. Biol. @) 42, 517-525,
doi:10.1093/ich/42.3.517.

Barton, B.A.; Bollig, H.; Hauskins, B.L.; JansenRCJuvenile pallid$caphirhynchus albyisnd
hybrid pallidxshovelnoseS albusxplatorynchissturgeons exhibit low physiological
responses to acute handling and severe confine@emp. Biochem. Physiol. - Mol. Integr.
Physiol. 2000, 126, 125-134, doi:10.1016/s1095-63(B80192-6.

Beck, B.H., Peatman, E., 2015. Mucosal health tmaglture, Mucosal Health in Aquaculture.
Elsevier Inc. https://doi.org/10.1016/C2013-0-06826

Beltran, M., Fernandez-Borras, J., Médale, F., R&anchez, J., Kaushik, S., Blasco, J., 2009.

Natural abundance of 15N and 13C in fish tissuektha use of stable isotopes as dietary

— 212 —



ibBografia

protein tracers in rainbow trout and gilthead seaaim. Aquac. Nutr. 15, 9-18.
https://doi.org/10.1111/j.1365-2095.2008.00563.x

Benhamed, S., Guardiola, F.A., Mars, M., Estebarf\.M2014. Pathogen bacteria adhesion to
skin mucus of fishes. Vet. Microbiol. 171, 1-12.
https://doi.org/10.1016/j.vetmic.2014.03.008

Birchenough, G.M.H., Johansson, M.E.V., Gustafsgol,, Bergstrém, J.H., Hansson, G.C.,
2015. New developments in goblet cell mucus semredind function. Mucosal Immunol.
https://doi.org/10.1038/mi.2015.32

Boecklen, W.J., Yarnes, C.T., Cook, B.A., Jame§;.A2011. On the use of stable isotopes in
trophic ecology. Annu. Rev. Ecol. Evol. Syst. 4214440. https://doi.org/10.1146/annurev-
ecolsys-102209-144726

Boeuf, G., 1993. Salmonid smolting: a pre-adaptatio the oceanic environment, in: Fish
Ecophysiology. Springer Netherlands, pp. 105-13fpsh/doi.org/10.1007/978-94-011-
2304-4 4

Beeuf, G., Payan, P., 2001. How should salinityuigriice fish growth? Comp. Biochem. Physiol.
- C Toxicol. Pharmacol. 130, 411-423. https://do0.1016/S1532-0456(01)00268-X

Brinchmann, M.F., 2016. Immune relevant molecullesitified in the skin mucus of fish using -
omics technologies. Mol. Biosyst. 12, 2056—206%<t/doi.org/10.1039/c5mb00890e

Brockhausen, 1., 2010. Biosynthesis of complex muigpe o-glycans, in: Comprehensive
Natural Products Il. Elsevier, pp. 315-350. htigsilorg/10.1016/B978-008045382-
8.00643-2

Buchmann, K., Bresciani, J., 1999. Rainbow troutteyte activity:influence on the ectoparasitic
monogenean Gyrodactylus derjavini  Dis. Aquat. Organ. 35, 13-22.
https://doi.org/10.3354/dao035013

Burden, C.E., 1956. The failure of hypohysectomiEaddulus heteroclituso survive in fresh
water. Biol. Bull. 110, 8-28. https://doi.org/100Z31538889

Bureau, D.P., Harris, A.M., Cho, C.Y., 1999. Appurdigestibility of rendered animal protein
ingredients for rainbow trout Qnhcorhynchus mykiss Aquaculture 180, 345-358.
https://doi.org/10.1016/S0044-8486(99)00210-0

Busst, G.M.A., BaSic, T., Britton, J.R., 2015. $#alisotope signatures and trophic-step
fractionation factors of fish tissues collectedhas-lethal surrogates of dorsal muscle. Rapid
Commun. Mass Spectrom. 29, 1535-1544. https:/idpil0.1002/rcm.7247

Campbell, J.M., Polo, J., Russell, L.E., Crensha®,, 2010. Review of spray-dried plasma’s

— 213 —



ibBografia

impact on intestinal barrier function. Livest. Sci.
https://doi.org/10.1016/j.livsci.2010.06.075

Cerezuela, R., Guardiola, F.A., Cuesta, A., EsteddrA., 2016. Enrichment of gilthead
seabream3parus auratd..) diet with palm fruit extracts and probiotidsffects on skin
mucosal immunity. Fish Shellfish Immunol. 49, 10091
https://doi.org/10.1016/j.fsi.2015.12.028

Chong, K., Joshi, S., Jin, L.T., Shu-Chien, A.@O&. Proteomics profiling of epidermal mucus
secretion of a cichlid§ymphysodon aequifasciatdemonstrating parental care behavior.
Proteomics 6, 2251-2258. https://doi.org/10.100&#00500591

Church, M.R., Ebersole, J.L., Rensmeyer, K.M., GmytR.B., Barrows, F.T., Noakes, D.L.G.,
2009. Mucus: A new tissue fraction for rapid deti@ation of fish diet switching using
stable isotope analysis. Can. J. Fish. Aquat.@8cil-5. https://doi.org/10.1139/F08-206

Cone, R.A., 2009. Barrier properties of mucus. Adwug Deliv. Rev. 61, 75-85.
https://doi.org/10.1016/j.addr.2008.09.008

Cordero, H., Brinchmann, M.F., Cuesta, A., Mesegder Esteban, M.A., 2015. Skin mucus
proteome map of European sea b&xsgntrarchus labraxy. Proteomics 15, 4007—4020.
https://doi.org/10.1002/pmic.201500120

Cordero, H., Morcillo, P., Cuesta, A., Brinchmam,F., Esteban, M.A., 2016. Differential
proteome profile of skin mucus of gilthead seabr¢&parus auratpafter probiotic intake
and/or overcrowding stress. J. Proteomics 132, @al1-5
https://doi.org/10.1016/j.jprot.2015.11.017

Cortés, R., Teles, M., Oliveira, M., Fierro-Castto, Tort, L., Cerda-Reverter, J.M., 2018. Effects
of acute handling stress on short-term centralasgion of orexigenic/anorexigenic genes
in zebrafish. Fish Physiol. Biochem. 44, 257-272psy//doi.org/10.1007/s10695-017-
0431-7

Dalmo, R.A., Ingebrigtsen, K., Bogwald, J., 1996nh\specific defence mechanisms in fish, with
particular reference to the reticuloendothelialtays (RES). J. Fish Dis. 20, 241-273.
https://doi.org/10.1046/].1365-2761.1997.00302.x

De Mercado, E., Larran, A.M., Pinedo, J., Tomas-étar, C., 2018. Skin mucous: A new
approach to assess stress in rainbow trout. Acquaeul 484, 90-97.
https://doi.org/10.1016/j.aquaculture.2017.10.031

DiMaggio, M.A., Ohs, C.L., Petty, B.D., 2009. Sd#hlntolerance of the Seminole Kkillifish,
Fundulus seminolisa candidate species for marine baitfish aquaeultiquaculture 293,
74-80. https://doi.org/10.1016/j.aquaculture.208909

— 214 —



ibBografia

Ellis, E.A., 1981. Non-specific defence mechanismBsh and their role in desease processes.
Dev.Biol.Stand. 49, 337-352.

Easy, R.H., Ross, N.W., 2009. Changes in Atlarticen Salmo salarepidermal mucus protein
composition profiles following infection with seié (Lepeophtheirus salmonisComp.
Biochem. Physiol. - Part D  Genomics Proteomics 4,59-167.
https://doi.org/10.1016/j.cbd.2009.02.001

Ekman, D.R., Skelton, D.M., Davis, J.M., VilleneyizeL., Cavallin, J.E., Schroeder, A., Jensen,
K.M., Ankley, G.T., Collette, T.W., 2015. Metabdiprofiling of fish skin mucus: A novel
approach for minimally-invasive environmental exp@s monitoring and surveillance.
Environ. Sci. Technol. 49, 3091-3100. https://dgiH0.1021/es505054f

El-Haroun, E.R., Bureau, D.P., 2007. Comparisothefbioavailability of lysine in blood meals
of various origins to that of I-lysine HCL for rdaw trout Oncorhynchus mykiss
Aquaculture 262, 402—409. https://doi.org/10.10&6(aculture.2006.10.032

Esteban, M.A., 2012. An Overview of the Immunol@jiDefenses in Fish Skin. ISRN Immunol.
2012, 1-29. https://doi.org/10.5402/2012/853470

Evans, D.H., 2008. Teleost fish osmoregulation: Whia/e we learned since August Krogh,
Homer Smith, and Ancel Keys. Am. J. Physiol. - Redgategr. Comp. Physiol.
https://doi.org/10.1152/ajpregu.90337.2008

Feeste, C.K., Tartor, H., Moen, A., Kristoffersen,BA Dhanasiri, A.K.S., Anonsen, J.H.,
Furmanek, T., Grove, S., 2020. Proteomic profiliofy salmon skin mucus for the
comparison of sampling methods. J. Chromatogr. Bl Arechnol. Biomed. Life Sci. 1138,
121965. https://doi.org/10.1016/j.jchromb.2019.165.9

Fast, M.D., Sims, D.E., Burka, J.F., Mustafa, AgsR N.W., 2002. Skin morphology and
humoral non-specific defence parameters of mucdsptasma in rainbow trout, coho and
Atlantic salmon. Comp. Biochem. Physiol. - A Mohtégr. Physiol. 132, 645-657.
https://doi.org/10.1016/S1095-6433(02)00109-5

Felip, O., Blasco, J., Ibarz, A., Martin-Perez, Mernandez-Borras, J., 2013. Beneficial effects
of sustained activity on the use of dietary protaird carbohydrate traced with stable
isotopes 15N and 13C in gilthead sea bre@pafus auratp J. Comp. Physiol. B Biochem.
Syst. Environ. Physiol. 183, 223—-234. https://dgi.b0.1007/s00360-012-0703-6

Felip, O., Blasco, J., Ibarz, A., Martin-Pérez, Mernandez-Borras, J., 2015. Diets labelled with
13C-starch and 15N-protein reveal daily rhythmsnofrient use in gilthead sea bream
(Sparus aurata Comp. Biochem. Physiol. -Part A Mol. Integr.yBtol. 179, 95-103.
https://doi.org/10.1016/j.cbpa.2014.09.016

— 215 —



ibBografia

Felip, O., Ibarz, A., FernAndez-Borras, J., Belthn Martin-Pérez, M., Planas, J. V., Blasco, J.,
2012. Tracing metabolic routes of dietary carbobt@rand protein in rainbow trout
(Oncorhynchus mykissising stable isotopes ([13C] starch and [15N}gin): Effects of
gelatinisation of starches and sustained swimmiBg. J. Nutr. 107, 834-844.
https://doi.org/10.1017/S0007114511003709

Ferguson, H.W., Morrison, D., Ostland, V.E., Lumsdg, Byrne, P., 1992. Responses of mucus-
producing cells in gill disease of rainbow tro@ncorhynchus mykissJ. Comp. Pathol.
106, 255-265. https://doi.org/10.1016/0021-99753§0@%4-X

Fernandez-Alacid, L., Sanahuja, 1., Ordéfez-GraBdeSanchez-Nufio, S., Herrera, M., lbarz,
A., 2019a. Skin mucus metabolites and cortisol @agre fed acute stress-attenuating diets:
Correlations  between plasma and mucus. Aquacultud®9, 185-194.
https://doi.org/10.1016/j.aquaculture.2018.09.039

Ferndndez-Alacid, L., Sanahuja, I., Ordéfiez-GraBdeSanchez-Nufio, S., Herrera, M., Ibarz,
A., 2019b. Comparison between properties of dasdlventral skin mucus in Senegalese
sole: Response to an acute stress. Aquaculture 51334410.
https://doi.org/10.1016/j.aquaculture.2019.734410

Fernandez-Alacid, L., Sanahuja, I., Ord6fiez-GraBdeSanchez-Nufio, S., Viscor, G., Gisbert,
E., Herrera, M., Ibarz, A., 2018. Skin mucus meli#® in response to physiological
challenges: A valuable non-invasive method to sttelgost marine species. Sci. Total
Environ. 644, 1323-1335. https://doi.org/10.10%6ifotenv.2018.07.083

Firth, K.J., Ross, N.W., Burka, J.F., Johnson, S1@98. Changes in protease activity in the skin
surface mucus of Atlantic salmo8dlmo salay during sea licel{epeophtheirus salmonis

infestation. Bull. Aquac. Assoc. Canada 93-95.

Filza, L.S., Aragdo, N.M., Ribeiro Junior, H.P. Meraes, M.G., Rocha, i.R.C.B., Lustosa Neto,
A.D., de Sousa, R.R., Madrid, R.M.M., de Oliveieai., Costa, F.H.F., 2015. Effects of
salinity on the growth, survival, haematologicalgraeters and osmoregulation of tambaqui

Colossoma macropomujoveniles. Aquac. Res. 46, 1-9. https://doi.orgl1Q1/are.12224

Franklin, C.E., 1990. Surface ultrastructural clemgn the gills of sockeye salmon
(teleosteiOncorhynchus nerRaduring seawater transfer: Comparison of successfd
unsuccessful seawater adaptation. J. Morphol. 206,13-23.
https://doi.org/10.1002/jmor.1052060103

Gao, Y.Y., Jiang, Z.Y., Lin, Y.C., Zheng, C.T., 4hd>.L., Chen, F., 2011. Effects of spray-dried
animal plasma on serous and intestinal redox statdscytokines of neonatal pigletsl. J.
Anim. Sci. 89, 150-157. https://doi.org/10.25274840-2967

— 216 —



ibBografia

Gisbert, E., Skalli, A., Campbell, J., Solovyev,Nll, Rodriguez, C., Dias, J., Polo, J., 2015.
Spray-dried plasma promotes growth, modulates thigity of antioxidant defenses, and
enhances the immune status of gilthead sea br@panys auratafingerlings. J. Anim. Sci.
93, 278-286. https://doi.org/10.2527/jas.2014-7491

Guardiola, F.A., Cuartero, M., Del Mar Collado-Géatez, M., Arizcun, M., Diaz Bafios, F.G.,
Meseguer, J., Cuesta, A., Esteban, M.A., 2015. f@smn and comparative study of
physico-chemical parameters of the teleost fisim skiicus. Biorheology 52, 247-256.
https://doi.org/10.3233/BIR-15052

Guardiola, F.A., Cuesta, A., Esteban, M.A., 2016ing skin mucus to evaluate stress in gilthead
seabream Sparus aurata L.). Fish Shellfish Immunol. 59, 323-330.
https://doi.org/10.1016/j.fsi.2016.11.005

Guelinckx, J., Maes, J., Van Den Driessche, P.,s&eyB., Dehairs, F., Ollevier, F., 2007.
Changes in513C ands15N in different tissues of juvenile sand goby Ptosehistus
minutus: A laboratory diet-switch experiment. Md&tcol. Prog. Ser. 341, 205-215.
https://doi.org/10.3354/meps341205

Hai, N. V., 2015. The wuse of probiotics in aquamdt J. Appl. Microbiol.
https://doi.org/10.1111/jam.12886

Handy, R.D., 1989. The ionic composition of rainbtnout body mucus. Comp. Biochem.
Physiol. -- Part A Physiol. 93, 571-575. https://oig/10.1016/0300-9629(89)90012-1

Harris, J.E., Hunt, W.A.S., 1973. Histochemical lgsia of mucous cells in the epidermis of
brown trout Salmo trutta L. J. Fish Biol. 5, 34543%https://doi.org/10.1111/j.1095-
8649.1973.tb04463.x

Hatten, F., Fredriksen, A., Hordvik, I., Endresén,2001. Presence of IgM in cutaneous mucus,
but not in gut mucus of Atlantic salmddalmo salarSerum IgM is rapidly degraded when
added to gut mucus. Fish Shellfish Immunol. 11, -ZBB.
https://doi.org/10.1006/fsim.2000.0313

Heming, T.A., Paleczny, E.J., 1987. Compositiortsdrges in skin mucus and blood serum
during starvation of trout. Aquaculture 66, 265-27&tps://doi.org/10.1016/0044-
8486(87)90112-8

Holm, H., Santi, N., Kjgglum, S., Perisic, N., SkugS., Evensen, ., 2015. Difference in skin
immune responses to infection with salmon lousepéophtheirus salmonisn Atlantic
salmon Salmo salat.) of families selected for resistance and susio#ipy. Fish Shellfish
Immunol. 42, 384—-394. https://doi.org/10.1016/j381.4.10.038

Horne, M.M., Sims, D.E., 1998. Preliminary ultrastiural studies of the surface mucus of

— 217 —



ibBografia

Atlantic salmon. Bull. Aquac. Assoc. Canada 85-86.

Hoseinifar, S.H., Ahmadi, A., Raeisi, M., Hosei8iM., Khalili, M., Behnampour, N., 2017a.
Comparative study on immunomodulatory and growtia@ing effects of three prebiotics
(galactooligosaccharide, fructooligosaccharide amdin) in common carp Gyprinus
carpio). Aquac. Res. 48, 3298-3307. https://doi.org/lD11are.13156

Hoseinifar, S.H., Khodadadian Zou, H., Kolangi Miare, H., Van Doan, H., Romano, N.,
Dadar, M., 2017b. Enrichment of common cafpydrinus carpiy diet with medlar
(Mespilus germanida leaf extract: Effects on skin mucosal immunitydagrowth
performance. Fish Shellfish Immunol. 67, 346-352.
https://doi.org/10.1016/j.fsi.2017.06.023

Hoseinifar, S.H., Ringg, E., Shenavar Masouleh,E&tgban, M.A., 2016. Probiotic, prebiotic
and synbiotic supplements in sturgeon aquacultareeview. Rev. Aquac. 8, 89-102.
https://doi.org/10.1111/raq.12082

Hoseinifar, S.H., Roosta, Z., Hajimoradloo, A., Mliakr., 2015. The effects of Lactobacillus
acidophilus as feed supplement on skin mucosal inenparameters, intestinal microbiota,
stress resistance and growth performance of blackdsail (Xiphophorus helleji Fish
Shellfish Immunol. 42, 533-538. https://doi.orgMiL6/.fsi.2014.12.003

Hoseinifar, S.H., Soleimani, N., Ringg, E., 2014fe&is of dietary fructo-oligosaccharide
supplementation on the growth performance, haeimatuinological parameters, gut
microbiota and stress resistance of common dayprinus carpi fry. Br. J. Nutr. 112,
1296-1302. https://doi.org/10.1017/S000711451400203

Huang, T. sheng, Olsvik, P.A., Krgvel, A., Tung,dHan, Torstensen, B.E., 2009. Stress-induced
expression of protein disulfide isomerase assatiatPDIA3) in Atlantic salmonSalmo
salar L.). Comp. Biochem. Physiol. - B Biochem. Mol. Bioll54, 435-442.
https://doi.org/10.1016/j.cbpb.2009.08.009

Ibarz, A., Martin-Pérez, M., Blasco, J., Bellida, De Oliveira, E., Fernandez-Borras, J., 2010.
Gilthead sea bream liver proteome altered at lomptratures by oxidative stress.
Proteomics 10, 963-975. https://doi.org/10.1002¢p20i0900528

Inami, M., Taverne-Thiele, A.J., Schragder, M.B.,rdfi, V., Rombout, J.HW.M., 2009.
Immunological differences in intestine and rectumitantic cod Gadus morhud..). Fish
Shellfish Immunol. 26, 751-759. https://doi.orgM{L6/j.fsi.2009.03.007

Ingram, G.A., 1980. Substances involved in the nahtesistance of fish to infection-A review.
J. Fish Biol. 16, 23—60. https://doi.org/10.11110p5-8649.1980.tb03685.x

Ig, K.C., Shu-Chien, A.C., 2011. Proteomics of BalcCavity Mucus in Female Tilapia Fish

— 218 —



ibBografia

(Oreochromis spp: A Comparison between Parental and Non-Paré&igal PLoS One 6,
€18555. https://doi.org/10.1371/journal.pone.008355

Jensen, L.B., Provan, F., Larssen, E., Bron, J®hach, A., 2015. Reducing sea lice
(Lepeophtheirus salmonimfestation of farmed Atlantic salmo8#Imo salai.) through
functional feeds. Aquac. Nutr. 21, 983—-993. htfdsi/org/10.1111/anu.12222

Jensen, M.K., Madsen, S.S., Kristiansen, R., 1€88noregulation and salinity effects on the
expression and activity of N&*-ATPase in the gills of European sea b&8sentrarchus
labrax (L.). J. Exp. Zool. 282, 290-300. https://doi.d&@/A002/(SICI)1097-
010X(19981015)282:3<290::AID-JEZ2>3.0.CO;2-H

Jia, R., Liu, B.L., Feng, W.R., Han, C., Huang, IBi, J.L., 2016. Stress and immune responses
in skin of turbot $cophthalmus maximusnder different stocking densities. Fish Shéillfis
Immunol. 55, 131-139. https://doi.org/10.1016/j381L6.05.032

Johnson, J.A., Summerfelt, R.C., 2000. Spray-dbkxbd cells as a partial replacement for
fishmeal in diets for rainbow tro@ncorhynchus mykis3. World Aquac. Soc. 31, 96-104.
https://doi.org/10.1111/j.1749-7345.2000.tb00703.x

Jurado, J., Fuentes-Almagro, C.A., Guardiola, FQuesta, A., Esteban, M.A., Prieto-Alamo,
M.J., 2015. Proteomic profile of the skin mucusfafmed gilthead seabrearBparus
aurata). J. Proteomics 120, 21-34. https://doi.org/1061j0prot.2015.02.019

Kalogianni, E., Alexis, M., Tsangaris, C., Abrahavh, Wendelaar Bonga, S.E., Iger, Y., Van
Ham, E.H., Stoumboudi, M.T., 2011. Cellular respsis the skin of the gilthead sea bream
Sparus aurata L. and the sea Hagentrarchus labraxL.) exposed to high ammonia. J.
Fish Biol. 78, 1152—-1169. https://doi.org/10.1111095-8649.2011.02922.x

Kiilerich, P., Kristiansen, K., Madsen, S.S., 20686rmone receptors in gills of smolting Atlantic
salmon, Salmo salar Expression of growth hormone, prolactin, minecakticoid and
glucocorticoid receptors and [-hydroxysteroid dehydrogenase type 2. Gen. Comp.
Endocrinol. 152, 295-303. https://doi.org/10.10364en.2006.12.018

Kirschner, L.B., 1978. External charged layer araf Mgulation. Munksgaard, Copenhagen,

Denmark.

Laiz-Carrion, R., Guerreiro, P.M., Fuentes, J.,&&n A.V.M., Martin Del Rio, M.P., Mancera,
J.M., 2005a. Branchial osmoregulatory responsealtoity in the gilthead sea breaBparus
auratus J. Exp. Zool. Part A Comp. Exp. Biol. 303, 563657
https://doi.org/10.1002/jez.a.183

Laiz-Carrién, R., Sangiao-Alvarellos, S., Guzman].J Martin Del Rio, M.P., Soengas, J.L.,

Mancera, J.M., 2005b. Growth performance of giltheaa brearBparus auratan different

— 219 —



ibBografia

osmotic conditions: Implications for osmoregulatemd energy metabolism. Aquaculture
250, 849-861. https://doi.org/10.1016/j.aquacul2085.05.021

Lee, K.-J., Bai, S.C., 1997. Haemoglobin powderaadietary fish meal replacer in juvenile
Japanese eej\nguilla japonica. Aquac. Res. 28, 509-516. https://doi.org/10.1jQUE65-
2109.1997.00887.x

Logan, J., Haas, H., Deegan, L., Gaines, E., 200tover rates of nitrogen stable isotopes in
the salt marsh mummichogundulus heteroclitysfollowing a laboratory diet switch.
Oecologia 147, 391-395. https://doi.org/10.100744@0005-0277-z

Ld, A, Hu, X., Wang, Y., Ming, Q., Zhu, A., Shel, Feng, Z., 2014. Proteomic analysis of
differential protein expression in the skin of zdish [Danio rerio (Hamilton, 1822)]
infected with Aeromonas hydrophila J. Appl. Ichthyol. 30, 28-34.
https://doi.org/10.1111/jai.12318

Luzier, J.M., Summerfelt, R.C., Ketola, H.G., 198%rtial replacement of fish meal with spray-
dried blood powder to reduce phosphorus conceotisin diets for juvenile rainbow trout,
Oncorhynchus mykiss  (Walbaum). Aquac. Res. 26, 577-587.
https://doi.org/10.1111/j.1365-2109.1995.tb00948.x

MacAvoy, S.E., Macko, S.A., Arneson, L.S., 20050@th versus metabolic tissue replacement
in mouse tissues determined by stable carbon drafjan isotope analysis. Can. J. Zool.
83, 631-641. https://doi.org/10.1139/z05-038

Magnadottir, B., 2006. Innate immunity of fish (oview), in: Fish and Shellfish Immunology.
Academic Press, pp. 137-151. https://doi.org/1%434i.2004.09.006

Marshall, W.S., 1978. On the involvement of mucseisretion in teleost osmoregulation. Can. J.
Zool. 56, 1088-1091. https://doi.org/10.1139/272-15

Martin-Perez, M., Fernandez-borras, J., Ibarz,F&lip, O., Fontanillas, R., Gutierrez, J., 2013.
Naturally occurring stable isotopes reflect charigggotein. J. Agric. Food Chem. 61 (37),
8924-8933.

Martin-Pérez, M., Fernandez-Borras, J., lbarz, Felip, O., Gutiérrez, J., Blasco, J., 2011.
Erratum: Stable isotope analysis combined with bwia indices discriminates between
gilthead sea brean§parus auratpfingerlings produced in various hatcheries. Jrié\g
Food Chem. 59, 11893. https://doi.org/10.1021/j888%

Martinez-Llorens, S., Vidal, A.T., Mofiino, A.V., @&z Ader, J., Torres, M.P., Cerda, M.J.,
2008. Blood and haemoglobin meal as protein souirtetiets for gilthead sea bream
(Sparus auratp effects on growth, nutritive efficiency and &tl sensory differences.
Aguac. Res. 39, 1028-1037. https://doi.org/10.3j111365-2109.2008.01961.x

— 220 —



ibBografia

Martinez Cruz, P., Ibafiez, A.L., Monroy Hermosil®,A., Ramirez Saad, H.C., 2012. Use of
Probiotics in Aquaculture. ISRN Microbiol. 2012, 1B-
https://doi.org/10.5402/2012/916845

Maruyama, A., Shinohara, K., Sakurai, M., Ohtsuka, Rusuwa, B., 2015. Microhabitat
variations in diatom composition and stable isotogtgos of the epilithic algae in Lake
Malawi. Hydrobiologia 748, 161-169. https://doi.d@.1007/s10750-014-1977-3

Maruyama, A., Tanahashi, E., Hirayama, T., Yonek&a 2017. A comparison of changes in
stable isotope ratios in the epidermal mucus argthatissue of slow-growing adult catfish.
Ecol. Freshw. Fish 26, 636—642. https://doi.orgi1Q1/eff.12307

Maruyama, A., Yamada, Y., Rusuwa, B., Yuma, M.,2@Change in stable nitrogen isotope ratio
in the muscle tissue of a migratory goBhinogobius spin a natural setting. Can. J. Fish.
Aquat. Sci. 58, 2125-2128. https://doi.org/10.14BB/147

Matallana-Surget, S., Leroy, B., Wattiez, R., 208B8otgun proteomics: Concept, key points and
data mining. Expert Rev. Proteomics. https://dgib0.1586/epr.09.101

McCormick, S.D., 2011. Hormonal control of metabnii and ionic regulation. The hormonal
control of osmoregulation in Teleost Fish, in: Eclopedia of Fish Physiology. Elsevier,
pp. 1466-1473. https://doi.org/10.1016/B978-0-12553-8.00212-4

McCormick, S.D., Bjornsson, B.T., Sheridan, M.,edon, C., Carey, J.B., O’'Dea, M., 1995.
Increased daylength stimulates plasma growth hoeraod gill Ng, K*-ATPase in Atlantic
salmon (Salmo salar). J. Comp. Physiol. B 165, 2588
https://doi.org/10.1007/BF00367308

McCormick, S.D., Hansen, L.P., Quinn, T.P., SausdRgrL., 1998. Movement, migration, and
smolting of Atlantic salmon Salmo salar) . Can. J. Fish. Aquat. Sci. 55, 77-92.
https://doi.org/10.1139/d98-011

McCormick, S.D., Regish, A.M., 2018. Effects of aneacidification on salinity tolerance and
seawater growth of Atlantic salmaBalmo salarsmolts. J. Fish Biol. 93, 560-566.
https://doi.org/10.1111/jfb.13656

McCormick, S.D., Regish, A.M., Christensen, A.K.joBisson, B.T., 2013. Differential
regulation of sodium-potassium pump isoforms dusngplt development and seawater
exposure of atlantic salmon. J. Exp. Biol. 216, 2HwM151.
https://doi.org/10.1242/jeb.080440

McMahon, K.W., Fogel, M.L., Elsdon, T.S., Thorroll,R., 2010. Carbon isotope fractionation
of amino acids in fish muscle reflects biosynthesid isotopic routing from dietary protein.
J. Anim. Ecol. 79, 1132-1141. https://doi.org/1A.1/11365-2656.2010.01722.x

— 221 —



ibBografia

Micallef, G., Cash, P., Fernandes, J.M.O., Rajan,Tihsley, J.W., Bickerdike, R., Matrtin,
S.A.M., Bowman, A.S., 2017. Dietary yeast cell veadtract alters the proteome of the skin
mucous barrier in atlantic salmo8almo salay. Increased abundance and expression of a
calreticulin-like protein. PLoS One 12, 1-18. hitfoli.org/10.1371/journal.pone.0169075

Molle, V., Campagna, S., Bessin, Y., Ebran, N.n§ai., Molle, G., 2008. First evidence of the
pore-forming properties of a keratin from skin msicf rainbow trout @ncorhynchus
mykiss formerly Salmo gairdnei Biochem. J. 411, 33-40.
https://doi.org/10.1042/BJ20070801

Mylonas, C.C., Pavlidis, M., Papandroulakis, N.isgaM.M., Tsafarakis, D., Papadakis, I|.E.,
Varsamos, S., 2009. Growth performance and osmiatdgu in the shi drummbrina
cirrosa) adapted to different environmental salinities. uaqulture 287, 203-210.
https://doi.org/10.1016/j.aquaculture.2008.10.024

Negus, V.E., 1963. The function of mucus. Acta @tghgol. 56, 204-214.
https://doi.org/10.3109/00016486309127406

Ottesen, O.H., Olafsen, J.A., 1997. Ontogenetici@ment and composition of the mucous
cells and the occurrence of saccular cells in thdeemis of Atlantic halibut. J. Fish Biol.
50, 620-633. https://doi.org/10.1111/j.1095-864971801954.x

Pelis, R.M., McCormick, S.D., 2001. Effects of gtbwhormone and cortisol on Na
K*2Clcotransporter localization and abundance irgthe of Atlantic salmon. Gen. Comp.
Endocrinol. 124, 134-143. https://doi.org/10.1006fg2001.7703

Pérez-Bosque, A., Mirg, L., Amat, C., Polo, J., Btdr M., 2016. The anti-inflammatory effect
of spray-dried plasma is mediated by a reductiomirtosal lymphocyte activation and
infiltration in a mouse model of intestinal inflaration. Nutrients 8, 657.
https://doi.org/10.3390/nu8100657

Pérez-Sanchez, J., Terova, G., Simo-Mirabet, Papkii, S., Folkedal, O., Calduch-Giner, J.A.,
Olsen, R.E., Sitja-Bobadilla, A., 2017. Skin muofigilthead sea breamg&rus auratd.).
protein mapping and regulation in chronically stesb fish. Front. Physiol. 8, 1-18.
https://doi.org/10.3389/fphys.2017.00034

Pickering, A.D., Macey, D.J., 1977. Structure, tastiemistry and the effect of handling on the
mucous cells of the epidermis of the cBaivelinus alpinugL.). J. Fish Biol. 10, 505-512.
https://doi.org/10.1111/j.1095-8649.1977.tb04083.x

Pockley, A.G., Muthana, M., Calderwood, S.K., 20D8e dual immunoregulatory roles of stress
proteins. Trends Biochem. Sci. https://doi.org/0Q4/j.tibs.2007.10.005

Powell, M.D., Ransome, J., Barney, M., Duijf, R.M,Mlik, G., 2007. Effect of dietary inclusion

— 222 —



ibBografia

of N-acetyl cysteine on mucus viscosity and susie#ipt of rainbow trout,Oncorhynchus
mykiss and Atlantic SalmorSalmo salarto Amoebic Gill Disease. J. World Aquac. Soc.
38, 435-442. https://doi.org/10.1111/j.1749-73467200115.x

Provan, F., Jensen, L.B., Uleberg, K.E., LarssenRBjalahti, T., Mullins, J., Obach, A., 2013.
Proteomic analysis of epidermal mucus from seailitected Atlantic salmoralmo salar
L. J. Fish Dis. 36, 311-321. https://doi.org/10.1/jft1.12064

Rajan, B., Fernandes, J.M.O., Caipang, C.M.A., Kifd., Rombout, J.H.W.M., Brinchmann,
M.F., 2011. Proteome reference map of the skin mwfuAtlantic cod Gadus morhup
revealing immune competent molecules. Fish Shellfiesnmunol. 31, 224-231.
https://doi.org/10.1016/j.fsi.2011.05.006

Rajan, B., Lokesh, J., Kiron, V., Brinchmann, MZ013. Differentially expressed proteins in the
skin mucus of Atlantic cod3adus morhupupon natural infection witklibrio anguillarum
BMC Vet. Res. 9. https://doi.org/10.1186/1746-6 4803

Rakers, S., Gebert, M., Uppalapati, S., Meyer,Maderson, P., Sell, A.F., Kruse, C., Paus, R.,
2010. “Fish matters”: The relevance of fish skialbgy to investigative dermatology. Exp.
Dermatol. 19, 313-324. https://doi.org/10.1111006625.2009.01059.x

Reyes-Lopez, F.E., Vallejos-Vidal, E., Ordéfiez-G@nB., Sanahuja, |., Sanchez-Nufo, S.,
Fernandez-Alacid, L., Firmino, J., Pavez, L., Rgdez, C., Polo, J., Tort, L., Ibarz, A.,
Gisbert, E., 2019. Searching integrated stratefgieshe evaluation of the physiological
status in fish fed functional diets: The exampleSafPP in gilthead sea brea®p@arus
auratg). Fish Shellfish Immunol. 91, 456. https://doi i@ 1016/j.fsi.2019.04.249

Roberts, S.D., Powell, M.D., 2005. The viscosityl aytycoprotein biochemistry of salmonid
mucus varies with species, salinity and the presaxicamoebic gill disease. J. Comp.
Physiol. B Biochem. Syst. Environ. Physiol. 17511~https://doi.org/10.1007/s00360-
004-0453-1

Roberts, S.D., Powell, M.D., 2003. Comparative ¢dhix and gill mucous cell histochemistry:
Effects of salinity and disease status in Atlasitmon Galmo salarl..). Comp. Biochem.
Physiol. - A Mol. Integr. Physiol. 134, 525-537.tpst//doi.org/10.1016/S1095-
6433(02)00327-6

Roosta, Z., Hajimoradloo, A., Ghorbani, R., HogainiS.H., 2014. The effects of dietary vitamin
C on mucosal immune responses and growth perfornarnCaspian roachR{tilus rutilus
caspicu$ fry. Fish Physiol. Biochem. 40, 1601-1607. htjoei.org/10.1007/s10695-014-
9951-6

Ross, N., Firth, K., Wang, A., Burka, J., Johns8n, 2000. Changes in hydrolytic enzyme

— 223 —



ibBografia

activities of naive Atlantic salmd®almo salaskin mucus due to infection with the salmon
louse Lepeophtheirus salmonind cortisol implantation. Dis. Aquat. Organ. 4B;-51.
https://doi.org/10.3354/dao041043

Ruane, N.M.; Wendelaar Bonga, S.E.; Balm, P.H.Mfebénces between rainbow trout and
brown trout in the regulation of the pituitary-imenal axis and physiological performance
during  confinement. Gen. Comp. Endocrinol. 1999, 5,11 210-219,
doi:10.1006/gcen.1999.7292.

Saeidi asl, M.R., Adel, M., Caipang, C.M.A., Dawo®lA.O., 2017. Immunological responses
and disease resistance of rainbow tr@n¢orhynchus mykisguveniles following dietary
administration of stinging nettldJ(tica dioica). Fish Shellfish Immunol. 71, 230-238.
https://doi.org/10.1016/j.fsi.2017.10.016

Saleh, M., Kumar, G., Abdel-Baki, A.A.S., Dkhil, K, EI-Matbouli, M., Al-Quraishy, S., 2019.
Quantitative proteomic profiling of immune resposige Ichthyophthirius multifiliisin
common carp  skin mucus. Fish Shellfish Immunol. 84834-842.
https://doi.org/10.1016/j.fsi.2018.10.078

Sanahuja, I., Ferndndez-Alacid, L., Ordéfiez-GraBdeSanchez-Nufio, S., Ramos, A., Araujo,
R.M., Ibarz, A., 2019a. Comparison of several npaesfic skin mucus immune defences
in three piscine species of aquaculture interesth BShellfish Immunol. 89, 428-436.
https://doi.org/10.1016/j.fsi.2019.04.008

Sanahuja, |., Ferndndez-Alacid, L., SAnchez-NuiipQO8&l6fiez-Grande, B., lbarz, A., 2019b.
Chronic cold stress alters the skin mucus interaetéin a temperate fish model. Front.
Physiol. 10. https://doi.org/10.3389/fphys.2018.14.9

Sanahuja, I., Ibarz, A., 2015. Skin mucus proteofiggithead sea bream: A non-invasive method
to screen for welfare indicators. Fish Shellfish momol. 46, 426-435.
https://doi.org/10.1016/.fsi.2015.05.056

Sanchez-Nufo, S., Eroldogan, O.T., Sanahuja, dahidaclu, I., Blasco, J., Fernandez-Borras,
J., Fontanillas, R., Guerreiro, P.M., Ibarz, A.188. Cold-induced growth arrest in gilthead
sea breansparus aurataMetabolic reorganisation and recovery. Aquac.igmv Interact.
10, 511-528. https://doi.org/10.3354/AEI00286

Sanchez-Nufio, S., Sanahuja, |., Fernandez-AlacidOkdénez-Grande, B., Fontanillas, R.,
Fernadndez-Borras, J., Blasco, J., Carbonell, TarzlbA., 2018b. Redox challenge in a
cultured temperate marine species during low teatpex and temperature recovery. Front.
Physiol. 9, 923. https://doi.org/10.3389/fphys.200823

Sangiao-Alvarellos, S., Laiz-Carrién, R., Guzméamj.J Martin del Rio, M.P., Miguez, J.M.,

— 224 —



ibBografia

Mancera, J.M., Soengas, J.L., 2003. AcclimatiorSofuratato various salinities alters
energy metabolism of osmoregulatory and nonosmdmeagy organs. Am. J. Physiol. -
Regul. Integr. Comp. Physiol. 285, 897-907. httgeiforg/10.1152/ajpregu.00161.2003

Sangiao-Alvarellos, S., Arjona, F.J., Martin DeloRM.P., Miguez, J.M., Mancera, J.M.,
Soengas, J.L., 2005. Time course of osmoregulatodymetabolic changes during osmotic
acclimation in Sparus  auratus J. Exp. Biol. 208, 4291-4304.
https://doi.org/10.1242/jeb.01900

Sarasquete, C., Gisbert, E., Ribeiro, L., Vieira,[kinis, M., 2001. Glyconjugates in epidermal,
branchial and digestive mucous cells and gastiandg of gilthead sea brea®parus
aurata, Senegal soleSolea senegalensieind Siberian sturgeonAcipenser baeri
development. Eur. J. Histochem. 45, 267. httpS:64dy10.4081/1637

Schempp, C., Emde, M., Wolfle, U., 2009. Dermatmdg Darwinjahr. Teil 1: Die Evolution
der Haut. JDDG - J. Ger. Soc. Dermatology 7, 756-Thtps://doi.org/10.1111/j.1610-
0387.2009.07193.x

Schreck, C.B.; Tort, L. The concept of stresssh fin Fish Physiology; Elsevier Inc., 2016; Vol.
35, pp. 1-34.

Sheikhzadeh, N., Tayefi-Nasrabadi, H., Oushani, .ARKnferadi, M.H.N., 2012. Effects of
haematococcus pluvialis supplementation on antekidystem and metabolism in rainbow
trout  Oncorhynchus  mykigs Fish  Physiol.  Biochem. 38, 413-4109.
https://doi.org/10.1007/s10695-011-9519-7

Shephard, K.L., 1994. Functions for fish mucus. .R&sh Biol. Fish. 4, 401-429.
https://doi.org/10.1007/BF00042888

Shigeta, K., Tsuma, S., Yonekura, R., Kakamu, Hayiama, A., 2017. Isotopic analysis of
epidermal mucus in freshwater fishes can reveat4imoe diet variations. Ecol. Res. 32,
643-652. https://doi.org/10.1007/s11284-017-1478-8

Shimomura, T., Nakajima, T., Horikoshi, M., lijim4,, Urabe, H., Mizuno, S., Hiramatsu, N.,
Hara, A., Shimizu, M., 2012. Relationships betweaglh Na*,K*-ATPase activity and
endocrine and local insulin-like growth factor¥éds during smoltification of masu salmon
(Oncorhynchus maspu  Gen. Comp. Endocrinol. 178, 427-435.
https://doi.org/10.1016/j.ygcen.2012.06.011

SOFIA, 2018. The state of world fisheries and agliae. Contributing to food security and

nutrition for all.

Subramanian, S., Ross, N.W., MacKinnon, S.L., 2@@&nparison of antimicrobial activity in

the epidermal mucus extracts of fish. Comp. BiochBhysiol. - B Biochem. Mol. Biol.

— 225 —



ibBografia

150, 85-92. https://doi.org/10.1016/j.cbpb.200801.

Tam, C., Mun, J.J., Evans, D.J., Fleiszig, S.M2012. Cytokeratins mediate epithelial innate
defense through their antimicrobial propertiesClnical Invest. 122(10), 3665—-3677.
https://doi.org/10.1172/JCI64416DS1

Tort, L., 2011. Stress and immune modulation ih.fi@ev. Comp. Immunol. 35, 1366—1375.
https://doi.org/10.1016/j.dci.2011.07.002

Valdenegro-Vega, V.A., Crosbie, P., Bridle, A., febl., Wilson, R., Nowak, B.F., 2014.
Differentially expressed proteins in gill and skinucus of Atlantic salmonS@lmo salay
affected by amoebic qill disease. Fish Shellfish mimol. 40, 69-77.
https://doi.org/10.1016/j.fsi.2014.06.025

Vanderklift, M.A., Ponsard, S., 2003. Sources afation in consumer-digtl5N enrichment: A
meta-analysis. Oecologia 136, 169-182. https:8dpil0.1007/s00442-003-1270-z

Varsamos, S., 2002. Tolerance range and osmoregulat hypersaline conditions in the
European sea bad3i¢entrarchus labrax J. Mar. Biol. Assoc. United Kingdom 82, 1047—
1048. https://doi.org/10.1017/S0025315402006677

Vargas-Chacoff, L., Calvo, A., Ruiz-Jarabo, ., Isitoel, F., Mufioz, J.L., Tinoco, A.B.,
Cérdenas, S., Mancera, J.M., 2011. Growth perfocaaasmoregulatory and metabolic
modifications in red porgy fryjRagrus pagrusunder different environmental salinities and
stocking densities. Aquac. Res. 42, 1269-1278. sifttipi.org/10.1111/j.1365-
2109.2010.02715.x

Wendelaar Bonga, S.E., 1978. The role of environatlaralcium and magnesium ions in the
control of prolactin secretion in the tele@dstterosteus aculeatuklsevier/North-Holland

Biomedical Press, Amsterdam, 259-262.

Winter, E.R., Nolan, E.T., Busst, G.M.A., BrittahR., 2019. Estimating stable isotope turnover
rates of epidermal mucus and dorsal muscle forraniwmrous fish using a diet-switch
experiment. Hydrobiologia 828, 245-258. https:/foigj/10.1007/s10750-018-3816-4

Xia, B., Gao, Q.F., Dong, S.L., Wang, F., 2013.4oarstable isotope turnover and fractionation
in grass carp Ctenopharyngodon idellatissues. Aquat. Biol. 19, 207-216.
https://doi.org/10.3354/ab00528

Yu, L.R., Stewart, N.A., Veenstra, T.D., 2010. Rarhics. The deciphering of the functional
genome. Essentials Genomic Pers. Med. 89-96. Mtipisorg/10.1016/B978-0-12-374934-
5.00008-8

— 226 —



Anexo

— 227 —






Anexo

£12019. Publichad by The Comgany of Bk L | Jaurmal of Exarimanial Bdagy 2019) 222 jeb1 95005 dot 101240 fah. 195025

& ficlogiss

METHODS & TECHNIQUES

Using stable isotope analysis to study skin mucus exudation and

renewal in fish

Antoni |barz*, Borja Ordbnez-Grande, lgnasi Sanahuja, Sergio Sanchez-Mufo, Jaume Femandez-Borrds,

Josefina Blasco and Laura Fernandez-Alacid

Fish skin mucus is proposed as a8 nowvel tamgat for the stdy of
physiclogical condilion and to conduct minimally invasive monilonng
of fish. Whersas mucus composibon has bean a majy intarast of
mecant siudes, no pracial tschniques have basan proposed 1o gain
understanding of the capacity and rhythm of production and
axudation. Hama, we used slable isolope analysis (SlA) with a
izbelled meal, packaged in gelatine capsules, b ewaluale mucus
producton and ranewal in 3 fish model, the githead sea bream
(Spans aumis). Mucus '3C- and "“N-annichment mached higher
lewals at 12 h poskingeston wilhout significant diferencas al 24 k
Whaen fhe formation of new mucus was induced, "“C-ennchmant in
the new muos doubled whemas "“Neenrchment only increased by
10%. Thase resulis indicale the feasbility of adopting 514 In mucus
shidias and allow us b proposa this mathodology as a means o
improve knowladge of mucus tumoser in fish and othar ammats.

KEY WORDS: Epldermal mucus, 7€, 47N

INTRODUCTION

Ome of the most effective msponses fish have developed to
envimnmental challenges 15 the regulation of slin mucus exudation
and composition, The vertehmie integument is aconserved stroctur:
consisting of the epidermis, dermis and hypodermis (Le Guellec
et al, 2004) Monetheless, the skin of aguatic md of temestnal
vertehmites has acquired spocific adaptutions in response to the
different envimmmental challenges faced Whenzas the skin of
mammals acquined bvers ofdesd kemtinzed cells, hair follicles and
aweat glands, and ako lost the capacity to produce mucis (Schempp
et al., 2004), the skin ofteleosts did not keratinize but developed asa
mucous tissues it has mucous cells that produce and seorete mucus
which covers the skin surface and forms the outermost barmer
agninst the sumoundings.

Fish skin mucus s a complex flmd which performs seveml
fimations: it is mvolved mn osmoregulation, respimtion, mtrition and
locompton {reviewed in Escban, 2012; Benhamed et al., 30141
Muocus 15 contnuously secreted and, in stressful siiations, one of the
mist evident fish responses 15 an increase m skin mucus production
(Ferminder-Alacid et al., 201 &; Shephard, 1994; Vatsos etal,, 2010),
Secretion of mucins, ane of the most imporant omponants of fish
mucis, 15 dependent on cubture conditions {(Sveen et al, 2017} or
infection processes | Paee-Sanches et al, 2013), Recently, it has
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been demomsirated that the components of emded mucus become
maodified in response to stressors; changes have been observed in
compoments related to defence (Comdero et al, 20105 Patel and
Brmchmann, 201 7; Pérez-Sanchez et al, 2017, Rajan etal,, 2011;
Sanatuja and Tharz, 2015), mueus metabolites such as glucose and
[actate, and hormonessuch as cortisol (Femandez-Alacid etal., 2019,
M8 Guardiola et al, 2016) Thae are also studies that mport
benefits of adequate diets or the wse of dietary additives which
enhanee ammal welfare through mprovement of muocosal health
{Beck and Peatman, 2015}, All these studies mmforce the idea that
skin muos can be used as 1 non-iov asive indicator of fish stmos; it
represents a toolwhich could bevery useful for both aguaculture and
environmental studies such a5 those on dimate change effects,
human impact, alterations i tophic networks or habitat degmdation.
However, no studies exist that mepont prctical technigues to gain
m imderstandmg of the capacity and rhyvthm of production and
exudation of skin mucus.

The pim of te present study was therefore to evaluste stable
isptope analysis { $IA) using dietary nutrients labelled with '*C and
M to determine the time course of mucus exudation and renesal
mics in a tempame marne fish model: gilthead se  bream,
Sparus aurmg Linnaens 1758, After one forced meal, the time
courses of isoiope (8°C and §"*N) ennchment were amalysed in
exoded skin muous and compared with that in other tissues: liver
and white muscle. Labdled muous renewal was also analysed after
memovitl, The procedure developed her is o prctical technique that
allows us 1 understand muous exmdation processes better, as well as
the mechanisms underlying mucus composition and regulation.

MATERIALS AMD METHODS

Javenile sea bream were obtaned from a local provider | Piscimar,
Burrima, Spam) and acclimated mdooms of the facilities of the
Facutty of Biology of the University of Barcelons (Bamelona,
Spaim ) at 22°C, for | month, using a stendard commercial fish feed
(Skmetting, Burgos, Spam). A tofal of 50 fish wew lighty
massthetized with MS-222 {1 g I™"), welghed imein mass 1862
5g) amd subcuteneowsly tagred with o passive integrabed
tmnspondar (PIT, Trowvin Elegronic  Mentification Systems,
Melton, UK) near the dorsal fing this permitted the fish to be
monitored mdividuslly, The fish recovered well mnd were modomly
distribuied in twoe 200 | tanks (25 fish per tank at densites of
2-2.5kgm™¥) and kept fior a further month; they were fiod a daily
mtion of 1.5% of body mass (distnbuted m two pomions; 10:00 h
ad 150 h), Rearing sysems, equipped with o semi-closed
mcimulation sysiem, wemr used to contml solid and biological
filters, and the water tempemtun: and oxygen concentration were
momitomd; addionally, nitnte, nitmte and ammonia concentrations
were pariodically analysed and mamtaimed throughout the mal. All
mnimal hmndling procedures. wene conducted following the norms
mnd procedures established by the Council of the European Union
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{201 0/ VELT), Spanish government and regional Ctnlan authorities,
and were approved by the Ethics and Ammal Care Commitiee of
the Limversity of Barcelona { permit no. DAAM 9383),

To undemstand better the capacty of fish to allocate food
components to exuded slin mucus, we performed 2 post-prndial
time course ennchment sidy using SIA. The food was labelled
with P (3% C-algal starch) and "N (1% "M-spirulma), in
accordance with previous studies on the use and fate of dietary
nuirients m gilthead sea bream (Beltrin o al, 2009; Feip et o,
2011, X012y The labelled ground food was padied in gelatine
capsules (Roig Famma, 5.A., Barcelona, Spain) (Fig. 1), Fifteen
mndomly selected fish wene lighthy anassthetied and force fed three
0.2 ml gelatime capsules, using A gastric cinmita containng a meal
cquivalent of 0.6% fish body mass (which coresponded to the
maorning mgesta). To detarmine the natuml abundance of *C and
1M in tissue and muocus {blank values), five additional fish received
the same diet and meal mass contining stmilar proportions of
uniabelled sprrulina protein and algal starch, After force feeding, the
fish were held for 8 minute m mdividoal tanks to check for
regurgitation and to ensure meeovery, before being replaced in the
reanng mnks, A time course trial was then performed by samp ling 6,
12 ond 24 h after feeding. These times points were selected in
aocordance with our previous studies of gilthead =ea bream, Five
fish from the lsbelled group wem amaesthetized ns above and
sampled o each time point. Mumis samples wemre collected as
desiribed in Femandez-Alacid et al. (2018). Briefly, stenle glass
slides were used to crefully emove muoms from the over-lateml
Ime, strting from the front and moving o the candal direction. The

Food
preparaion

&

. BE [3%) |

- 07 =01 |

By

Gedatine capaubes
(~320-330 mg f i
per capaiis) Bt

glass was gently shd along both sides of the animal and the
epidermal mucus was canefully pushed mto a sterile tube (2 ml).
The non-desimble operculum, ventml-anal md candal fin aress
were avoided. Thereafter, the fish were weighed, kalled by severing
the spinal cord, and tissues { plasma, lver md muscle) were sampled
to memsure stable Botope enrichment. Blood ssmples were edmcted
from the candal vessels usmg EDTA-Li asan mticosgulant. Plasma
was obinmed by centrifiging the biood at 13,000 g for 5 min at 45
and then kept at =80°C until analysis. Samples of liver and white
muscle were mpidly exdsed, froeen m liquid Ny and stored at
~BPC mnitil analvsis. An additional *mnewal " tial was performed to
gam understandimg ofthe mlevanoe of S LA for mucus dynamics. An
addmional five fish were force fed and, mmedutely after, sk
muous was emoved as described above These fish were left to
moover end then sampled 24 b afier fecding,

The mucus samples were homogenized wsing a sterile Teflon
homogenizer and doed using a vacunm system (Speed Vac Plus AR,
Savant Speed Vaco Systems, South San Frimeisco, CA, USA),
Frozen pieces of biver (100 mg) and white muscle {300 mg) were
ground n liguid Ny using a pestle and morar to obtain a fine
powaler. Plasma samples (100 pl) and powdered tssue samples
were then dried using the vacuum system. Aliquots mnging from
(1.3000 to 060400 mg wene acourately weighed i small tin capsules
{3.3-5 mm, Cromlab, Barcelons, Spain) and analysed for their ¢
and N isotope composition using a Mat Deltn C isotope-ntio mass
spectrometer {IRMS, Finnigan MAT, Bremen, Germmany ) coupled
to a Flash 1112 Elemental Analyser {Themmo Fisher Scientific,
Madrd, Spain), both at the Scientific Services of the Univemsity of

'.:r |:LJ>
A 5

#15N i

Fig. 1. Schamatic representation of the procedune devaloped vsing stable motops anslysis [SA) i stody fish mucis Food wih stable maloges |0 and
T3} incorposaied &8 melabolls Tacess was peepaed 88 in peEvious Sidies of giihesd ses boearm (Baisin ot &, 2000, Felip o 81, 2011). Encapsudalion

of the food wes periormed mancaly weing oeletine capsubes of 14.5 mim and {he food ralion wes sdusiod io 0 6%, which meani (ires capsdon wess sdminisensd
per figh, The fah, which had besn PIT Bgged ndhadusly for beflar individual identfication, were joroe fed under By sedalion, Theee cagauies wee
peepased in advancs in & fexiife gasite cannuls and were carefully placed dieally inle e soamach vis s pressure on the candia. The gelaling capsules
e he feh somarh easdy and no regurglalion was dheecved in any lish during recovery. Mucus caisdinn and B sampling a1 sach poel-leedng lime are

detsded n the Meilerais and Methods .

— 230 —

>
g
2
]
=
€
£
2
i
©
:
-
2



Anexo

METHODS & TECHNIQLUES

Jewrnal of Experimareal Biokay 2010} 222, jebrl 05005, dok 101242 Sab 195925

Barceloma, COITUB. The EA-IRMS bumed the samples and
converted them mto gas (MN; and C0), which was transported
thmugh a continuous heliuvm flux to determine the percomtage
carbon and nitrogen content in the samples. Isotope miios (2C/"5C,
NN} in the samples wem cxpressed on a wmlative scale as
deviation, refemed to in delta {§) wmts (pans per thousand, %),
as follows:

B = [(Ru/Ra)— 1] x 1000, (1}

where B, isthe "N/"*N or O ratio of the samples and R, isthe
BN or POC mbto of the imtematonal standards (Viemma Pee
Dee Belemmite, a caloum arbonate, for O and awr, for N The
same reference matenal analysed over the expenmaental penod was
mizsuned with +1.2%. precision,

[xifferences in the time course of smble isotope ennchment wene
anmalysed by one-way ANOVA and, when sigmficant, by Tukey's
past fioc test, The time course md renewnl groups wene compared
24 h afler feeding using Student’s ~test. All statistical analysis was
undertuken wsing PASW (version 21.0, SP55 Inc., Chicago, IL,
USA)and all differences were considered stahstically significant at
P05,

RESULTS AND DISCUSSION

Epidermal muens has meently been considered a non-mvasive and
relishle target for the study of fish responses 0 avionmental
challnges { De Mencado et al, 200 §; Elonan et al,, 201 5; Femindez-
Alacid et al, 2019, 2018; Guardiola et al., 2016). For this to be
effective, both the production and composition of mucus need to be
closely studied, with its exndation and menewal rates bemg key.
Adequate production of mucus guanntes the multiple functions of
this firt bamier against physical, chemical and biological mincks
(Benhamed et al., 2014; Edeban, 2012). Thewfor:, the stody of
mucus production amd exudation, n addition to its composition, is
neceszary. The present work aimed to provide o epmduable method
to eyaluate the time course of mucos exdation using well-known
imnocuous stahle sotopes as tmoers,

Chr fimst goal in the study wang SIA was to determine the
incomporation of the isotopes into mucus after force feeding the fish
with a labelled meal. Stable isotopes, mostly C and N, have
successfully been wsed in ecological studies of fish to determine
trophic levels or producer-consumer relstionships { Vandedctift and

Ponsand, 2003) and, more recently, to tmce the metabohic fate of
food muinenis and their disinhution woithin fish tissues, gven
different dietary soorces, regmmes or rearing conditions (Beltmn
et al., 2009 Felip et al., 2015, 2012). However, no studies have
sldressed epidermal muous a5 o fate of these dictary nutrients. Fig. 2
shows ennchment values {as caleulated § values) following feeding
with dict containing Z*C-starch and “N-spirulin protein, in skin
muous, over 4 tme course irial (6, 12 and 24 h afier feoding)
compared with: liver, as metabolic tissue white muscle, as growth
tissue; and plasma, as the distribation mute. The stable isotope
ennichment shiws that mucus 15 an important destination of recently
ingested nutrients, with evidence of mpid incorpomtion imto mucus
(12h} of PO from dietary starch, and slower but cumulative
mcorpomation of N fom dictary protein, which was still inareasing
24 h after feeding. The rates of liver and white muscle enrichment
were even higher than those previously meported in gilthead sea
bream (Beltran et al, 20008 Felipetal., 201 1), thereby validating the
mmproverment of the method using the gelatine capsules. The use of
gelatme capsules m fish nounshment was reported o specific trials
studying macromunent preferences, with the nutrients being packed
into these capsules { Almaida-Pagan et al., 2006; Rubio etal,, 2005).
We assayed the use of gelatme capsules to determne food ingestn in
force-feading tmals; amd to awoid regurgitaton and ensure the
supplied dose of stble isotopes. Knowing the exact dose of smble
isotopes ingested will be extremely weful in mutdtional studies
eatimating net enrichment in tissues, ncluding skin mucus, and
their frctions { glycogen, lipids, pmten and free pool distnbution].
This will allow results to be expressed as percentages of the marker,
in melation to the ingested dose. In prior assays (dam not shownd,
we determined that for this species and size, feeding three apsules
of 1435mm (containmg 1 maximum of 34 mg of the sobid
mponent} avoided regurnpitation and ensurad a dose of (L6074
of the daily food mton, Mote that each fish specics and size should
be assaved prior to experimentation to delermine the best size of
capsule to be used m this procedurne,

Stable isotopes are taken up from lobeled notnents of the diet
with chamctenstic tempont dynamics, depending on a vanety of
factors thnt include the catnbobc turnover and type of tissue
(reviewed in Martinez del Rio et al., 2009), The dictary proteins
with "N in their amino grmoups are hydmlysed and assimilated a5
free mmino acds, and then incorpomted into tissue protan. As the

A B
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Fig. 2 Time course of 6 °C and & "N levels in mucus, lheer, wivite miscle and plasma of gilthead sea bream sfer one forced meal, (4] 570 et
and (B}5" "N levek. Values ane meansts. & m. of fve individual samples. Differentbstien indicate significant dflerences| P05, AN OVA and post o Tuksy test)

e e Bme course.
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Fig. 3. Effects of mucus nenewal on 6°3C and 5N
levels, (A) 8UC levels and (B} 5" beveis. \Valuss ane
rrEanats e . of fve indl kkeal samples. Aslerisis
indRcate significan] dhierentes Detwean e Bme opume
I grosugs and The mnawal group, 24 h afler feeding ["P<0.05
and = F-aD 001, Sthtent™s Hest).
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deamimation pathways of the micrmediary metabolism discrimimate
the lighter 13N from the heavier "N, this is mainly retained in the
protein fraction. In contrast, 2C of dictary starch is hydrolysed

to "*C-glucosy| umts that enter the intermediary metabolism,
'S-i:m darly. the COu-producing reactions discnmmate m favourof the
lighter 'C isotope, so that the heavier 0 can be passed to many
othermoleoubes thrugh micrmediary metabolism, mamly glycogen
in tissue stores, but also in non-essential ammoe acds (and then mto
proteins) and in a low proportion into glycerol and faty acids {and
then to other lipids). We previousty found that for gitthead sca
breamn fed with both stable isotopes supplied in one meal, the tssoes
inoompored PC from algal stich more mpidly than "N from
spirulina protein (Felip et al, 201 1), and that the ver was the first
organ to show incorpomton whereas incorpomton into muscle was
slower (Felip et al., 2012}, which is in ngrement with the cument
results. Inthe present study, mucos " C and "N enichment reached
higher levels o 12 b post-ingestion without significant differences
at 24 h {Fig. 21, In contrast, in the repewal tmil, when an external
factor induced the formation of large amounts of new moais, B
enrichment was double that of muois n the time course tnal,
whereas enrichment with '*N only increased by 10% {Fig. 3). These
msults many mflect different isotope dynamics dunng muens
nooformation becase only the protein fmction 15 labelled wath
*W whemas mmy other molecoles [shelled with ' am
inoorporaed into different tissue frctions. Additional studies on
the isotopic enrichment of all mucus components would be of great
Imierast,

(Our mesults demonstrate that stshle sotope emmchment m
cpidarmal mucus is modified by one force-fed meal, thos
suppartng the idea that a fmcton of the mgesta 15 destined to
produce new muous. As mucus exodaion is greatly inoreased under
acute and chromc stressors (Femandez-Alncid ot al, 2018 Vafsos
etal 2010}, the comespond g extm demand s of mucus muntenance
wittld themfore contrbute to evtm enengy use, compromising the
condition of the fish. Thus, the proposed procedune could also be
usefil to evalmate the effects of envimonmenial challenges or reanng
conditions on therate ofmucus eoudation. SEA studies have revealad
that sustmined swimming contributes to imprvement in thecondition
of fish through an increase i the food conversion mte (Belimin et al,
2008, Felip et al., 2012} Thus, similar trialbs could comrbute to
ingeasing ow knowledge of the muocus exudation  process,
Morcover, the procodur wed here would permit mak to be
pafomed to sudy the effecs of hormones on mocus exudation.
Although some studies sugpest that cortisol or prolactin can act &=
mucus-releasng factors, there is cumently little evidence of this,

Renswal

Hiwever, the pmoedure we mpori bere s pot without
disadvintiges or gaps. Firsily, the msulis ar based on a shon-
period wrial, a5 one force-fisd meal docs not represent the whaole daity
mium or the nohral mgest of the fish. Secondly, mucws 15 oot o
omparimenial tissue, but a dynamie floid, and this makes i difficoli
to study. Finally, it & necessary to comsider additional methods to
determune the volime produced perunit of body mass, or io evaluate
the susceptibility of mcus to stable tsotope aoss-oontammation from
oontact with faecal content or other fishes. Despite  these
considemtions, the cument results highlight the potential benefits of
the nseof dable soopes when studying skin muos exudation. Ther
use will, for the fimt tme, allow prctical sppmaches o muocs
production mtes underdifforent conditions, simmuli or challenges. The
stable isotopes used in the present dudy were limited to C-starch
and ”H'—pn:tci'ﬂ, but ather sources (eg, ]"'C-]Iutdn'l or other wsotope
tmeers (e.p hvdmpgen, sulphur) could lead to further intenesting
findings, Morcover, the SIA techmique and procedure may allow
mesearchers to determng what components ane easily replaced, for
imstance: by sepamting the insoluble fmation of the mucus (mainly
mucing) from the soluble facton, or studying which specific labelled
metabnlites areinoorpomied into the epidermal mucus aftera abelled
meal Frully, SIA methodology and the procedure presented heren
should also prove useful n the study of other types of fish mcus
{bmnchial or digesive], or the mucns of speacs from other orders,
including mammals.
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Simple Summary; Skin mucus biomarkers have become relevant indicators for studying fish
physiclogical status and welfare. Here, we evaluated them in terms of the acute osmotic response
of the sea bass. Change of mucus volume exuded and main stressmelated metabolites explain the
putative energy loss implied in a hyper/hypo-osmotic response, We demonstrated that skin mucus is a
valuable tool, comparable to dassical blood markers, forevaluating sea bass response to acute salinify
challenges as well as some other potentially stressful situaticns. This fechnigue will allow ecologists,
physinlogists, and aquafarmers to monitor fish welfare and to analyse endangered migrating species
without affecting their vulnerable populations.

Abstrack European sea bass is a marine teleost which can inhabit a broad range of environmental
salinities. 5o far, no research has studied the physiclogical response of this fish to salinity challenges
using modifications in skin muous as a potential biclogical matrix. Hem, we used a skin mucus
sampling technique to evaluate the response of sea bass to several acute osmotic challenges (for 3 h)
from seawater (35%.) to two hy poosmotic environments, diluted brackish water (3%.) and estuarine
waters (12%w), and to one hyperosmotic condition (50%<).  For this, we recorded the volume of
mucus exuded and companed the main stress-related biomarkers and osmosis-related parameters in
skin mucus and plasma. Sea bass souded the greatest volume of skin mucns with the highest total
contents of cortisol, glucose, and protein under hy persalinity. This indicates an exacerbated acute
stress mesponse with possible energy losses if the condition is sustained over time. Under hy posalinity,
the response depended on the magnitude of the osmotic change: shifting to 3%. was an extreme
salinity change, which affected fish aerobic metabolism by acutely modifying lactate exudation.
All these data enhance the current scarce knowledge of skin mucus as a target through which to study
environmental changes and fish status,

Keywords: Dicentrarchus labriax; hypersalinity; hy posalinity; mucus exudation; osmaolality

L Introduction

European sea bass {Dicentrarchus labrix) is an eury haline diadromous marine teleost species of
considerable economic interest for aguaculture, Sea bass can mowve seasonally between seawater (SW)
and fresh water (FW), and sometimes inhabit areas with fluctuating salinities such as estuaries, lagoons
or coastal areas that are used as nurseries [1-3]. This species is also found inupper-river FW reaches [4,5].
Therefore, it is a good candidate for sea, land-based or estuarine farming. Movements from SW to FW
and vice versa are usually reported for migratory diadromous species [6], while curyhaline teleost
species undergo a crisis-and-regulation pattern when subjected to salinity challenges. Classically,
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this pattern consists of an initial phase of blood metabolic and osmotic changes, mainly nelated
to the variation of plasma glucose, triglyceride, cholesterol, and sodium concentrations and of
osmaolality. This is followed by a regulation phase, which usually tends towards a steady phase [—10].
WVarsamos et al. [11] analysed the acute effects on plasma osmolality of & hypersaline environment (from
a basal 35%. to 50, FO%w, or 90%.) for a short period (up to 10 days). Those authors eported that
plasma osmolality increased in direct relation to the intensity of the osmotic shock over the first few
hours. However, 4.5 h post-challenge, plasma osmolality started fo decrease to control levels, except
for the S0%6: group, for which full mortality was recorded after 25 h. Additionatly, the hyperosmotic
conditions also resulted in higher drinking rates in sea bass larvae [B], which is one of the factors that
regulates blood osmolality as a short-term adjustment mechanism to cope with rapid salinity changes.
Lair-Carrion et al [12] exposed gilthead sea bream to a short-term {from 2 b to eight days} salinity
challenge (from a basal 38%w to 5%, 15%:.0, and 60%a). The acute challenge (at 2 hj plasma osmiolality
showed a variation that agreed with the direction of the osmotic challenge: decreasing in hypoosmaotic
conditions and increasing in the hy perosmotic condition.

Cheerall, plasma cortisol values ame the blood parameter that is most commaonly used to indicate a
stress response, irrespective of the stressor studied [15]. Although most fish respond to stress similarly,
by increasing glucose, lactate, and cortisol concentrations, the response is species specific in terms
of patiern and magnitude, as well as of stress tolerance [14-21]. This specificity is not limited to the
species, as it also ooours between stocks or strains of the same spedes, and there could even be variety
between individuals [20,22-24]. Several studies have measured the e flects of an acute salinity stress on
plasma biomarkers. Plasma cortisol increases in the first 2 h post-stress and returns to basal levels over
the following days (44 days) [410,12,25-77]. In gilthead sea bream, Laiz-Carrion et al [12] mported a
tendency for glucose and lactate to increase in extreme conditions, 8 and 60w, with respect to the
control (38%.). However, an absence of change in glucose levels during salinity challenges has also
been mported, but mostly in long-term studies [10,25]. In addition, it has been observed that plasma
profein onby varied when fish wene transferned to hyperosmotic conditions [9,12,26].

Although several experiments have studied the effects of the csmotic challenge in European sea
bass, mainky on plasma and regulatory parameters, no studies have yet considered these effects on skin
mucus, a conservative indicator that can be assessed non-invasively and a potential target for stress
studies [25]. Despite blood analysis generally being a non-kethal method to measune stress, the Tequined
procedun: can generafe injuries to fish skin and flesh, which may increase the risk of infection. Thus,
alternative methods to ascertain fish stress should be considered, such as fish skin mucus analysis,
which has aleady been demonstrated to be a neliable tool that can be used to gauge fish phy siological
status and well-being [17,158,25,29]. It has been reporied that both endogenous and exogenous factors,
such as fish developmental stage, sew, stress, infections, nuiritional status, or environmental changes,
can modify fish skin mucus composition [17,18,25-35]. Recently, it has been observed. that the
components of exuded mucus are also modified in response to stressors [2640]. Some of the stress
indicators, such as cortisol, glucose and lactate, have also been proposed as feasible biomarkers that can
be measuned in skin muous samples [17,15,28]. Moreover, Fernandex-Alacid et al. [17] demonstrated
in meagre (Argyrosomus regiis) that correlations exist between plasma and mucus for some of these
indicators, in response to different acute stressors such as hypoxia and netting,

Knowledge of how sea bass respond to osmotic challenges is currently mainly related to
their plasma and tissue metabolic and osmotic responses [7,5,11,22, 27, 41-44]. However, to date,
no researchers have considened skin mucus as a target for the study of csmotic response in sea bass.
Given these considerations, our main aim here was to study mucus composition during the response of
juvenike sea bass to acute osmotic challenges. To this end, we transferred fish directily to two hyposaline
environments, a mid-estuary condition (from a bazsal 35%. to 12%.), which is practically isoosmotic with
the fish internal miliew, and an almost FW condition {from 35%. to 3% ) which is highly hypoosmotic,
and also to a hypersaline condition (from 35%. to 50%.), which is highly hyperosmotic We exploned
the utility of mucous as an indicator of physiological responses during this process by evaluating the
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sea bass response to these osmotic challenges and measuring, for the first ime, the volume of mucus
exuded. In this first approach, we selected the acute response {at 3 h post-challenge) and determined
the bicmarker composition of the mucus, and the main stress-related biomarkers in both plasma and
mucus, together with osmolality and the principal ion compositions.  All our findings contribute
to knowledge of the sea bass esponse to environmental salinities by an evaluation of skin muous,
which could be useful for conservation biology studies and aguaculture conditions.

2 Material & Methods

2.1. Animals and Experimental Procedures

Eurmpean sea bass juveniles were obtained from a commercial source (Maricos de Esteros 54,
Spain} and acclimated indoors at the Center of Marine Sciences (CCMAR) Kamalhete marine station
{Faro, Portugall. There, they were reared for two months in open flow 1000 L fiberglass tanks supplied
with running W pumped from the marine environment, under natural Emperature (157 £ 1.2 7C)
and salinity (34.9%. + 01%) conditions. They weme exposed to a simulated natural photoperiod
{April) and fed twice a day (2.5% ) with a commercial diet To induce an acute osmotic challenge,
closed-cirouit experimental tanks (500 L) were prepaned with the following nominal salinities: 3% and
12%s, by mixing SW with well FW, and 35%< and 50, by adding the adequate amount of commercial
aquarium complete sea salt (Tropic Marin, Germany ). For the assay, fish (129.2 = 3.6 g) werne rapidly
caught from the rearing tanks and transferred to experimental tanks, 10 fish per condition (3%, 12%.,
35%uw, and 5] where they were kept for 3 b This short 3 h exposune time was selected in accordance
with epored maximum effects of osmotic challenges on plasma for sea bass [22.77

After the 3 h salinity challenge, the animals were rapidly ansesthetised with an overdose of
2-phenoyethanol {1:250, Sigma-Aldrich, Castellon de la Plana, Spain). Individual skin mucus samples
were immediately collected as described in Fermander-Alacid etal [28] with slight modifications
to obtain lateral pictures of the area from which the muous was extracted. Briefly, fish wene lighthy
anaesthetized with 2-phenoxyethanol ((L0T%, Sigma-Aldrch, Castellon de 1a Plana, Spain} to avoid the
stress of manipulation. Immediately, anaesthetized fish were dripped for the excess water from the @il
and slightly supported on an absorbent cloth to remove ventral water excess. Then, dorsal mucus from
both sides was carefully collected with a sterile glass. The sterile glass slide was gently slid along both
sides of the animal only three times, to minimize epithelial cell contamination, avoiding the operculum,
and both the ventral-anal and candal fin areas. The skin mucous was then carefully pushed into a sterile
tube (1.5 ml.) and stored at —80 “C until analysis. Thereafter, each fish was laterally photographed
{all om the left side} with a Mikon D3000 camera (Mikon, Tokyo, Japan), weighed, and measured.
Blood was subsequently obtained from the caudal vein with a 1 ml heparinised syringe fitted with a
253G needle. Flasma was separaied by centrifugation of whole blood at 10,000 ¢ for 5 min, aliquoted,
immediately frozen, and stored at —80 " The animals were then killed by severing the spinal cord.

The research was approved by the Centre for Marine Sciences (CCMAERUniversidade do Algarve
animal welfare body (ORBEA) and Diregan-Geral de Alimentacio e Veterinaria {DGAV), Permit
20M59-06-M-097 55, in accordance with the requirements imposed by Directive 20M0/63EL of the
European Parliament and of the Council of 22 September 2000 on the protection of animals u=ed for
scientific purposes.

2.2, Stress Biomarkers

Mucus and plasma were analysed for the stress-pelated biomarkers such as glucose, lactate
and cortisol [17,18] Soluble components of the skin mucons samples wemre obtained from: the
homiogenised mucus, using a sterile Teflon pestle and centrifugation at 14,(00x ¢ as described
in Fernandez-Alacd et al [25]. Eneymatic colorimetric tests (LO-POD glucose and LO-POD lactate,
SFINREACT, Spain) adapted to 96-well microplates were used to measure skin mucus, and plasma
glucose and lactate concentrations. Following the manufacturer s instructions, the mucus and plasma
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samples, and the standard dilutions were mined in triplicate with working eagents. The OD was
determined at 505 nm with a microplate reader (Infinity Pro2(i) spectrophotometer, Tecan, Spain)
The glucose and lactate values were expressed as mg-dL. " for plasma and pg-mL ™! for skin mucus.
Cortizol levels were measured using an ELISA kit (IBL Intermational, Hamburg, Germany ). Briefly
an unknown amount of antigen present in the sample competed with a fixed amount of erccyme-labelled
antigen for the binding sites of the antibodies coated onto the wells. After incobation, the wells
were washed to stop the competition reaction. Therefore, after the substrate reaction, the intensity
of the colour was inversely proportional to the amount of antigen in the sample. Following the
manufacturer’s instructions and adaptations for fish mucus and plasma [17,18], the samples and
stapdard dilutions (from 0 to 3 ].[g-dL'ijen: mixed with the ereyme conjugate and incubated for 2 h
at room Emperature. The substrabe solution was added after rinsing the wells with a wash solution and
incubated for 30 min The reaction was stopped by adding stop solution and the OD was determined
at 450 nm with a microplate reader (Infinity Pro200 spectrophotometer, Tecan, Spain). The cortisol
values weme expressed as ng cortisol mL~! of plasma or skin mucus.

Caring the collection process, the mucus samples may have boen affected by water diluting them
Thus, normalization of data through mucos protein concentration is 'ecommendable [22] and all data
from stress biomarkers am also expressed per mg of protein.

23 Total Protein Chiamt ffomtion

IMasma profein concentrations and shin mucus soluble protein were determined using the Bradford
assay (Bradford, 1976) with bovine serum albumin (B5A) as the standard. The Bradford reagent was
mixed with the samples in triplicated and incubated for 5 min at mom temperatune. The OD was
determined at 596 nm with a microplate reader (Infinity Pro200 spectrophotometer, Tecan, Spain).
The protein values were expressed as mg protein mL~! of plasma or skin mucus.

2.4 Osmolality and Ton Quantifications of Plasna and Skin Muois

Plasma osmolality was measuned with a vapour pressume osmometer (WESCOR VA PRO 5520,
Wesoor Inc, Logan, UT, USA) and was expressed as mDsrn-kg'l. Plasma Nat and K' levels were
measured using a Flame Photometer {(BWBXTE, BW B Technologies, Mewbury, UK) and were expressed as
mmol-L~L, Plasma chloride concentration was measured using a colorimetric test (SPINEEACT, Spain)
adapted to microplates and OD was determined in a microplate reader (MultiScan Go, ThermoFisher
Scientific, Tokyo, Japan). Values were expressed as mmol-L~%. Mucus osmolality and ion concentrations
{Nat*, K* and CI" ) were measured using an ion analyser (ISElyte X9, Tecil, Spain). Osmolality values
wereexpressed as mOsm-kg ! and ion concentrations as mmolL~ %

2.5 Muous Exudation Values

To determine the effects of the osmotic challenges, total mucus exudation was obtained by
measuring the volume of mucus collected {im pl) and this was related to both the skin area (in em?) and
fish weight (in g). For this purpose, the skin anea was obtained using the Image] program (US Mational
Institutes of Health, Bethesda, MDD, USA ). The area was manually marked as an approximation to area
actually scrapped, avoiding the dorsal and the lateral fins, and over the lateral line, This was then
measured using the own software for the program. Furthermore, for the first time in fish, soluble
mucus collected (pl)was referred to the sampling area and to fish weight, to calculate mucus collected
por area ipl-em™?) and mucus collected per fish weight (pl.g” Ly

26 Statistical Analysis

To compare the data obtained for stress-relabed biomarkers and osmotic parameters among the
different salinity challenges, we used one-way ANOVA. Additionally, Student’s ttest was used o
compare csmotic parameters bebween plasma and muocous. For all our statistical analvsis, a prior
study for homogeneity of variance was performed using Levens's est. When homogeneity existed,
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Turkey's st was applied, whereas if homogeneity did not exist, then the T3-Dunnet &stwas applied.
Moreover, Fearson’s correlation coefficent was applied to the data to examine the refationship between
plasma and mucus stress indicators. Correlations with p < (L05 were considered demonstrated.
Principal component analysis {(PCA) was performed to study the structure of the different mucus
biomarkers analysed. The PCA score plots display the main trends in the data, and their respective
"wieighing” reveals variables with a significant loading. All statistical analysis was undertaken using
5P55 Statistics for Windows, Version 220 {IBM Corp, Armonk, WY, USA} and all diffrences were
considered statistically significant at p < 0.05,

3 Results

A1 Muois mnd Plosma Biomarkers

Total volume of skin muous exuded {in pl) a8 well as muoos exuded per unit of collection area
and per unit of body weight are shown in Table 1, together with the stressrelated biomarkers, such as
ghucose, lactate, and cortisol. Compared to mums exuded at 35%, a hypoosmotic shock at 3%
or 12% provoked a 200 reduction in the amount of mucus collected, which was significant at the
lowwest salindty (150 + 2 t0 122 + 9 pl. of muous collected, from 35%. to 3%., respectively, p < (LOG)
In contrast, the acute response to the hyperosmotic shock at 50%.. caused skin muous overexudation:
significantly ¥5% higher (267 + 33 ul, p = 0.05) with respect to control vakues of fish transferred to 35%..
Mucus collected per unit of body weight followed the same significant differences as the absolute
amount of mucus collected. However, no significant diffe renoes were observed when analysing the
mucus per surface area of collection between control and hypoosmotic conditions. The expressions of
the exuded mucus per unit of skin surface or body weight wene conserved, with slight modifications,
with respect to the data for total volume.

Table 1. Skm mucus exudabtion parameters and mucus biomarkers of European sea bass juvenales
suibroa thed bo scule camolic challenge

Salinity Chatlenge aa 1¥%m 35%0 ST
Exudation parameters
Collected Muscos (pl) 12222 . 878 ¢ Izho0+£2A09 % MMM LIS * EEF+33A3 Ot
Exoded mumsiskin (pliom®)  195£016 ¢ 1732036 2 * 264 D2F O dmznm ¢
Exuded mucustw (plig] 193+ 008 B34 017 ¢ 138013 ° 2314035 L
Salinity Challenge %, 1% 35% 50w
Muos biomarkers .
Elucose {ug/ml) 3531 23Rl ®  f1e54708 B JMA3LL19 P 25355058 0 4
Lactate {pgiml) 333+£055 ¢ ZEmode7H B OTrsam @ B9 +1.38 .
Cortisal (ng'ml) go7+242 & Jspapes Y 4Malls ° szsa54 F
Soiuble protesn (mgml) Esfrndr B 504+ 044 BT a@Er W 508 + 03] é
GlucoseProtein (pgimg) 5294 049 TEF 174 547+ 063 ALAT + 0LAG

m
=

Lactate /Proein {pgimg) {40 + 0.0d 345+ DAD & 1R a0]8 La5 £ 011 i
Ghucoasy Lactate (g pg) Wah=lom F ZEa028 ¢ 30 a4 A .05+ 025 d
CextisolProtein [ngimg) ldp+03 @  QRS+008 0 4 [Q83:RF 0 232 £ 0.38 =

Values am shown as mean + standard emor of mean of 0 individizal samples. Difleent letters indicate diflerent
groups ot significane emong salinities challenges (3%, 12%0, 35%: and 5% by cne-way ANIVA anabysis and
post-hoc Tuckey's test (F< 0L05). 35% is assumed as contmol value of seawater salinity and mpresented initalic
bw = body weight

Mucus biomarkers related to stress (glucose, lactate, and cortisol) showed different esponses
depending on the osmotic challenges. The acute shock from 35%. to 12%. significantly increased
mucus lactate around 3fold (from 2.2 = (18 to 25.0 = 7.8 pg per mL}), whereas it only provoked a

nor-significant increment of glucose of around 30%. In contrast, the stronger hypoosmotic challenge,
redused to 3%, resulted in far lower levels of exuded lactate, and reduced to one-third the 35%a
lewel and less than one-seventh the 12%. level. Consequently, the glucose/lactate ratio, an indicator
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of aerobic rate, was five-fold higher at 3%.. Cortisol, as the main indicator of acute stress msponsa,
was notexuded differently under acute exposure to 12%., but at 3%, mucus cortisol levels increased
sipnificantly by two-fold. The amounts of soluble mucus, although not diredtly related to the stress
response, were also quantified to evaluate the possible impact on other mucus properties. In response
to 3 h osmotic challenges, only the fish subjected to 3% showed a significant increase of mucus-soluble
profein All these biomarkers indicate a different response to the 12%. and 3%, challenges.

In respomse to hy perosmotic shock (increased to 507}, whereas mucus glucose, lactate and
soluble protein, expressed per mL of collected mucus, did not change significantly, mucus cortisol
increased significantly 2-3 folds, with respect to the 35%. value (from 4.3 + 1.00t0 11.5 + (1.5 ng per mL,
po= (L05). Addifionally, as the individual volume of muoas exuded were recorded, the total amount
of each exuded biomarker in mucus are estimated and represented in Figure 1. The hypoosmotic
conditions seemed to preserve nutrients, maintaining or reducing loss into mucus. Total glucose
was only slightly higher in the 3% condition and lactate was over-secreted in the 12%. comdition,
with respect to mucus values at 35%.. However, the hyperosmotic condition generated a large and
significantly higher exudation of protein, glucose, and cortisol than the other conditions, in onky three
hours of salinity exposition, due to the greater volume of skin mucus exuded.

Plasma stress-mwlated biomarkers 3 h post-challenge are shown in Table 2, as i= the cormelation with
skin mucus vabues. No significant differences in response to acute osmotic challenges were detected for
glucose and protein. Interestingly, plasma lactate showed the same pattern as observed in muous for
hypoosmotic conditions, with the lactate levels for the 3% condition significantly lower than control,
and levels for 12%. significantly higher Plasma cortisol showed high values in all cases: between
300 and 700 ng per mL without any differences between conditions, possibly duoe to the considerable
dispersion of values for this parameter. However, the lowest values weme recorded for the 3%. condition,
and the highest for 12%. and 5%, Pearson’s cormelations with mucus and plasma values only showed
positive and significant correlation with lactate levels, with an rvalue of 0069 (p =< (L05).
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Figure L Total beomarkers exoded oy skin ovucus from European sea bass juverales in response to an
acube pemotic challeamge. Total exuded protem [(A), glucose (B), lactate (C) and corbisal (D). Vahes ane
shiwer 0t a5 mean = standacd deviabion, of en mdosdual samples, Diffesent letiers mdeate dafferent groups
of sypmficances amenys the saliraty challenges (3% 12%0, 35%0 and 3} by one-way AMNCVA and
Tukey's post-hoe test (p < 0L05) 357w 18 taken as the seawater controd sabnaty and @ reprresended o whnbe
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Table L Plasma omarkers of Bunopesn sea bass uveniles i fesponse o e scule osmobe challenge

Salinity Challenge Plasma va Mucus !
Plasma Biomarkers z 2
T 1M 35%. 0% R Coefficient p-Value
Glueose: {mg/dL) 17385 + 17.64 18672 + 792 IB4EE 1123 188,22 + 1533 o7 =005
Lactate (mgfdL) 35.41 = 2450 b 55T £ 813 ; BRI £ 7. 64 . 3985 +£ 392 b 069 <0.01
Corhsol {(ng'ml) 33T £ 10L& 615,88 = 102.08 453 64 = B0.GY 5Epbb = 154,32 -1.05 ={.05
Proteun {mgiml.) W70+ 075 2.18+102 2114 081 18.80 1 095 Qo7 =0.05

Values are shown 2s mean £ standand error of mean of ten individual samples. Difierent keters ndicae different groups of significance ameng salinities challenges [(3%m, 12%s 35% and
%} by ore-way ANOWVA anabrsis and post-hoc Tuckey's test (P < L05). 35%. i assumed as control value of seowater salinity. | The relationship for each stess biomarker in plasma and
mucis {0 = 4} paired data, o= 20 F\lﬁh for cortisol} is anahysed by Pearson’s cormiations: the Peamson valee (r) and significance kevel [p-value]
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3.2, Oanotic Paramefers

Plasma and mucuos osmolality, and the main ions concentration (Na®, CI", and K*} were measuned
and are shown in Figures Z and 3, respectively. To compare ion retentions in mucus or jon concentrations
in plasma, the osmolality of the surrounding water was also determined. The increment in water
salinity, and the concomitant increment in osmolality, was not buffered by skin mucus (Figure 2
However, at control and lower salinities, mucus tended to accumulate or retain ions, resulting in
mucis having higher osmolality than the surmrounding water With regard to the main osmosis-nelated
ions (Figare 3), Na™ and C1™ showed a strict dependence on the surrounding water. Whereas in the
35%w and 5% conditions, the sum: of mucus Ma™ and CI7 reached 74000 = 1.3% and 73.6% + 4.09 of
mucus osmolality, espectively, at 12%., this sum only represented 51.0% + 3.2% while at 3%, it was
barely 35.2%: + 2.5% of the mucus osmolality. This indicates a rapid dilution of these ions in the new
hypoosmotic water, proportional to the salinity reduction. The mucus concentration of potassium,
although this does not contribute greatly to total csmolality values, also depended on water salinity.
However, no differences were observed between the 3%. and 12%. conditions, which would indicate
differences in the dynamics of mucus trapping potassium between these two hypoosmotic challenges.

In contrast to mucus, plasma osmolality and fons were independent of water salinity; they were
generally maintained near the 35%. control values (339 + 3 mmol-kg™' ). However, plasma values at
3% were significantly lower (311 + 1 mmolkg™, p < 0.05) and at 50% they were significantly higher
{365 + 5 mmol-kg "}, p < 0.05), indicating some effect of this immediate stress. In plasma, the sum of
the main csmosis-related ions (sodium and chloride) represented around 9079 of plasma csmolality
imespective of the challenge condition. In the 50%. challenge, plasma ions showed differences with
respect to control values at 35%.: higher sodium and chlonide values, and lower potassium values,
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Figure L Mocus and plasma camolably of European sea bass juvernles after 3 h of oamaotic challenges,
Values ame shown as mean + standard ervor of mean, of en mdivadual samples. Arcows mdicate
measuned osmobc value of surroundmg waker at 3% = 115 n:mm.ul-kg"’_, at 12%= = 320 mmol-kg™ L
at 35%e = 931 mmol-kg 1, and at 50%. = 1366 mmolkg 1. Different lettors indicate different groups of
argnafcance among the salimity challenges (3%, 2%, 35%w and 50064) by omne-—way ANOVA and Tubey's
post-hoc et (p- 005) Lower-case ketlers e present sagnihcant differences momucus, Upper-case letiers
represenl siprahcant differences e plasma. 35%.s @ taken as the seawaber control salmaty amd 1=
represendad m while for mucus and Lightly dotbed for plasma.
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whate for mucws and bghtly dotéed for plaama.

A3 Privcipal Compenent Analysis (PCA)

I"CA was used to determine the contribution of the stress-elated and osmosis-nelated biomarkers
to the owerall response, and allowed us to discriminate the effects of the osmotic challenges over specific
indicator=. Figume 4 shivwes the PCA analvsis with and without osmotic parameters. In accordance
with the high impact of the surrounding waker on mucus osmosis-related parameters, the PCA plot
revealed the differences between challenges, dearly separating each condition on the 1-axis: there was
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positive correlation with mucus chloride, osmolality and sedium, together with plasma osmolality
{Factor 1 of PCA in Figure 4A). On the |-axis distribution, data relabed to lactate separated the acute
response o the 12%.0 and 3% conditions. When osmosis-related parameters were not considered
{Figune 48), in spite of a loss of confidence, the 50%.. data were close to the control values, whemras
the 3% condition was the extreme on the -axis and strongly separated from 12%.. Finally, the y-axis
distribution showed a broad distribution of 12%. data, probably due to the higher dispersion of values

of several paramefers in this condition
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Figure 4 Princpal component analysis (PCA) plot of Buropean sea Dass juverule plasma and skon
mucus parameters after acute cantobc stress. Factors 1 and 2 repoesent the firstand second prancpal
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9. (A) PCA of plasma and skan muwces parameters inchoding csmolality and won parameters, (B) PCA
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4. Discussion

In recent years, several minimally harmful ways to evaloate fish physiological status and welfare
have been tested, for instance when fish face acute biotic and abiotic stressors, including examining
skin mucus, Most of the conditions in which mucus has been evaluated focus on acute stressors that
occur in cubture or fishery conditions, sach as hypoxia, netting, crowding, anaesthetic agents or capture
procedures. Research has considered different species, but mostly gilthead sea bream [28,249,34,47],
rainbow trout [48], meagre [17,28,34], Senegalese sole [1%] and European sea bass [28] A few studies
have reported valuable correlations between classical stress biomarkers in plasma and skin mucus,
suggesting the potential to use this biological matrix instead of mome invasive blood extracton [17]
Hem, we assaved the stress biomarkers gluoose, lactate, cortisol, and soluble prokein, and some
osmosis-related parameters, osmolality, and the main ions mvolred in plasma and skin mucus.
Chur aim was to determing the response of sea bass to acote (3 h) salinity challenges in two hypoosmotic
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conditions (3%, diluted brackish condition; 12%., estuarine condition) and one hyperosmotic condition
| 5%, in relafion to transfer to a control condition {35%. ).

A volume of skin mucus is produced as one of the early response mechanisms [28,49] and should
be ome of the most interesting parameters to be analysed under stress conditions. To the best of our
knowledge, no data on the volume of mucus collected have previously been reported in the literature.
Mevertheless, some authors have neported an increase in mucus production, both when animals move
from FW to SW in several migratory spedes, such as Onoorfiymchus nerka [50], Cyprinus carpio [51],
Salmo salar [52], Fundus seminolis [52] or Colossoma macropomum [54], and when they move from SW to
FW, for Fundulus heteroditus [55], Gambusa affinis affinis, Catla catin [56], and Gasterosteus aulentus [57],
as also mviewed by Shephard [49]. In the current study, we followed our method previously described
in marine fish [33] to measume the volume of mucus produced by a specific skin area surface. Thus,
the exuded volume could be compared between conditions and we determined an =80%: volume
increase under the acute change from 35%. to 50%.. In contrast, a slight, 20%,, decrease was measured
at 3% and 12%.. These data clearly indicate the different response to salinity at the skin mucosa level,
and for the first ime, we provide specific data for comparative purposes.

Classic indicators associated with the stress nesponse in fish, such as glucose, lactate, and cortisol,
are easily and rapidly detectable in skin mucus. During the collection process, the muous samples may
have been affected by water dilution or concentration, and in the view that environmental saliniby
affected mucus volume collected, it is stronghy recommended to normalize data to protein levels {ratios)
that proved comparable [28]. Eecent studies by our group have demonstrated that a correlation exists
between these parameters in plasma and mucous, such as happens on exposure to air and handling
in meagme [17]. The presence of cortisol, as the main stréss-related hormone, has been determined in
other exocrine secretions, such as lateral line, faeces, urine, and the surrounding water, as well as in
caudal fin and scales, tested in order to find a reliable non-invasive method to assess siess [47, 5862
In our present study, the mucus cortisol levels indicated different stress responses depending on the
osmotic challenge, Extreme conditions of 3%, and 50f%. increased cortisol in muos, whereas 12%.
showed similar values to control conditions. When these values are compared with plasma cortisol in
order to validate mucus samples as a bicindicator, a lack of correlation was observed. In most fish
species, cortisol reaches its highest concentration in plasma after (1.5-1 h, depending on the stressor
and species [63,64]. However, plasma values in msponse to the osmotic challenges we applied here
did not show significant differences with mespect to control values. This fact is probably explained by
the specifics of the experimental design. [t must be considered that all the fish, including the control
animals {35%.), wene subjected to the same handling stress when transferned to the new conditions 3 h
before sampling, and this probably meant that the acute csmotic effect masked the cortisol response in
this short period. Measured control values were high (around 450 ng:mL ") with mspect to basal levels
{~100 r@-mL"} meported for this species (reviewed in Ellis et al, [13]). Meanwhile, the scarce data
in the literature on kevels of mucus exuded are still controwersial. For instance, Guardiola et al. [47]
found a delay between the measurement of plasma cortisol and that in skin mucous in gilthead sea
bream, whereas Fanouraki et al [27] measuned the plasma cortisol to peak 1 h after stress in Furopean
sea bass In previous studies, we observed a peak in skin mucus cortisol 1 b after air exposune stress
in meagre, which strongly correlated with the plasma increment [17], while exuded cortisel did not
show amy post-stress dynamics in Senegalese sole [18]. As commented abowve, it would seem that
neither skin mucus nor plasma cortisol levels ame particularly informative in esponse to an acute
osmotic challenge, at least using this ex perimental paradigm. This would imvalidate them as mucus
biomarkers. However, when considering the volume of exuded mucus {the transformation of cortisol
concenfration ingo the total amount of cortisol exuded) a marked effect of hypersalinity was detected:
exuded cortisol increased five-fold with respect to control values These data would indicate, for the
first time in this species, a condition of exacerbated exudation of this hormone, which necessarily
implies greater plasma release, although it was not detected. Further studies should address the
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cortizol dynamics, for instance, in a post-osmotic challenge time course or when subgcting fish toa
sustained hypersaline condition.

An increase in skin muous glucose and lactate exudation were widely reported after an acute
stress in several fish spedes [17.18,22, 28 48], These responses wene also reported in plasma glucose
and lactate levels [12,16-18,25,26,48,63,65] with a strong plasma-muoous correlation reported only
in meagre [17]. Fish in stressful situations exhibit increased plasma glucose as a consequence of
cortiso] release (reviewed in Schreck et al. [2U]). However, the magnitude and duration of high glucose
comcentrations in plasma is spedes-specific [2Z]. Acute osmotic challenges did not atter glycasmia
3 h post-challenge comparing hypo- and hyvpersalinities to 35%. values. With regard to muocous kevels,
to our knoewledge, the only study supplyving data on skin mucus ghicose for similarsized Furopean
sea bass, eported glucose valees of around 10-30 pg-mT_." {or 24 pgamg'] of protein) [25], which are
in agreement with the data we present in this study. Again, when data are transformed as total glucose
exudation, hypersalinity provoked the highest glucose loss via skin mucus, so sustained levels over
time could be harmful for the animal. Further studies should take advantage of this mucus biomarker
to evaluate the status when fish migrate from SW to FW or vice versa, as suggested for other sustained
erwircnmental conditions [28,25],

Masma lactate increases in stressed fish, particufarly if any aspect of the stressor results ininoeased
activity or reduced ooygen availability [20,21], and such stress-related increases weme also recently
demonstrated in skin mucus [17,18,25,48]. Furthermore, lactate is an important metabolite that fuels
osmomegulatory mechanisms [12] and should be taken into consideration, as it becomes mome important
during osmotic acclimation [4]. In agreement with this, our current data show that lactate was the
only parameter showing a poor cormelation between plasma and mucous levels. In fact, it was the
only biomarker which clearty differentiated the hyposalinity conditions (3%, and 12%<). Interestingly,
whermeas in the 12%. condition both plasma and mucus lactate rose markedly within 3 h with respect
to control values, in the 3% condition they diminished. Mo previous evidence exists of a dinect
plasma or mucus lactate reduction under hy poosmotic shock, wheneas the opposite would be expected:
a response similar to that oonurring at 12%. [9,25]. We could hypothesise that a mome acote metabolic
change would be needed in order to cope with the stress of the extreme saline condition. Inview
of the current results and previous studies in other species [4,12], deeper approaches are necessary
to consider the related aspects with the metabolic costs, for instance histological affectations of the
skin mucosa, as well as of the branchial mucosa and of the intestinal mucosa because of that the
multiplying cemotic aells is certain to also have a significant metabolic cost. A change in metabolic
fuel preferenoe, by increasing lactate oxidation and stimulating the use of lactate as a gluconeogenic
substrate, as was suggested for rainbow trout [66], would consume lactate faster upon its release from
stores. In agreement with this, the mucus glucose/lactate ratio increased 67 -fold in the 3%. condition,
due to the scarce lactate exuded in skin mucus. Thus, mucus lactate could be a good biomarker to
measure the camotic threshold where fish modity a dassic and transient stress response to a resilient
condition. Further studies ame necessary to eluddabe the usefulness of mucus lactate as a mucos
biomarker of anaercbic/aerobic metabolic change.

Masma ocsmolality has been used as a physiclogical indicator when measuring the effects of salinity
on fish physiclogy [1267-70]. Plasma csmolality is maintained between 300 and 350 mOsmolkg™?
in the face of tolerable salinities by adult euryhaline teleost [12,71,72]. In our experiment, although
significant differences were found between condifions, all the plasma osmolality values weme in the
range of 300 to 350 mOsmol-kg ™!, These results are in agreement with those observed for gilthead sea
bream after a short exposure to a salinity challenge [12]. In that previous research, the authors eported
that plasma osmolafity increased when fish were transferred to a 607 condition for the first 4 b, and it
decreased when transferred to 5% or 15%. for the first M b, achieving a steady state after four days.

Femarkably, and for the first time, skin mucus csmolality was measured during a salinity
challenge, revealing that skin mucus does not completely buffer water osmolality. While at lower
salinities, skin mucus tended to accumulate or retain ions, esulting in a higher osmolality than that of
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the surrounding w ater (similar to previous observations in salmonids by Roberts and Powell [73])
at higher salinities, mucus ion composition and csmolality closely reflect those of the surrounding
water Mucous substrates also contribute to maintaining an elevated osmolality and provide some
hydrophobic featumes. This would constitute a protective barrier, decmeasing the local gradient across
the skin. In low salinities, the osmotic pressure of the mucus layer, being similar to that of the blood,
may buffer the immediate entry of water and loss of jons across the skin. However, the elevated level
of ions in the muecus of fish in high salinities may contribute to the observed volume increase as the fish
tends to lose water across the skin to the immediate hyperosmotic mucus layer Again, these values
are in the framework of acute challenges. Longer-term responses of skin mucous need to be elucidated
in further experiments.

Information on the functions of epidermal mucus in osmoregulation is scaroe. According to
Shephard [4%], unstirned layers of skin mucus educed diffusional fluxes of ions and water [74], but the
impermeability conferred by skin mucus would only reduce water diffusion by about 10% of overall
transport. Previously, Marshall [75] used radiclabelled Ma and Cl to demonstrate that muos could
onbr reduce the rate of solutes permeating across the epithelia by up to 15%, but suggested, a= did
Kirschner [76], that mucous layers may serve to concentrate cations from ion-deficient envinonments
and support active uptake of ions. Interestingly, the measurement of the main osmosis-melated ions
{sedium, chloride, and potassium} in our samples indicated rapid dilution in the new hypoosmotic
water, proportional to salinity reduction. However, maintenance of ion concentrations at a basal level
above environmental levels m low salinity may indicate that moous compaosition is involved in or
controlled by some osmomegulation process or fon capture mechanism, as suggested by Marshall [75]
and Kirschner [76]. Skin mucus is a polyanionic gel [77 ] which increases its potential to trap cations
and allew anion diffusion [75]. It remains to be seen if ion-binding proteins are secreted into the mucus
under salinity challenges.

Hamdy [79] found higher mobility of chloride, followed by potassium and sodium, in rainbow trout
skin mucus and hypothesised that most of the skin mucus ion content may re flect the goblet cell comtent
before secretion. In addition, Roberts and Powell [52] measured wholk body net e ffhox of jons when
transferring Atlantic salmon to FW, finding a net whole-body efflux of chloride after 3 b 1t has been
reported that SW-acclimated fish have a “lealy” junction between gill cells that allows an efflux of jons
to the environment when ex posed to lower water salinity [52]. Further studies are necessary to improve
our knowledge of skin muous dynamics when fish are subjected to salinity modifications, and whether
skin and gill mucus, covering the main ion exchange sites, have comparable compositions. Taking all
these data into consideration, mucus csmotic modifications seem to be a good means to analyse fish
responses to osmotic challenges. Momreover, when we performed PCA, the cemolality and csmotic
parameters cearly discriminated between salinity groups. Components wene discriminated in one
direction by csmolality and osmosis-related parameters in skin mucus, as could be expected, and in the
other by aerobic-to-anserobic ratio in skin mucus and potassium concentrations in plasma. In addition,
our factor 2 discriminated groups by metabolic fuel and on the opposite side by aerobic-to-anaerobic
ratio and cortisobto-protein ratio, Therefore, FCA clearly discriminated the two main effects of salinity
in fish: a modification in short-term metabolic resources o cope with the new environmental situation,
and the effect of the new environment on the non-buffered osmosis-related parameters in skin mucus.

5 Conclusions

Skin mucus biomarkers offer valuable information on the immediate response of fish to different
acute challenges. The specific measurement of mucus volume per anea has been shown to be a useful
and informative parameter. Sea bass exuded the preatest volume of skin mucous under exposurs
to hypersalinity, with the highest total contents of cortisol, glucose, and protein. This indicates an
exacerbated stress response with possible energy losses if the condition is sustained. Under exposure

to hyposalinity, the response depends on the magnitude of the oemotic change, as 3% is an extreme
salinity change, which probably affects fish aerobic metabolism. Although this study only focuses on
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the acute response, our data on skin mucus effer a new means by which to analyse fish esponses to
oamotic challenges, and it opens up interesting new questions on how skin mucos copes with salinity
changes in the surrounding water
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Fish skin mucus is composed of insoluble components, which form the physical barrier, and soluble components, which are key
for interrelationship functions. Mucus is continuously secreted, but rates of production and exudation are still unknown, as
are the underlying mechanisms. Using stable isotope analysis, here, we evaluate skin mucus turnover and renewal in gilthead
sea bream, separating raw mucus and its soluble and insoluble fractions. lsotopic abundance analysis reveals no differences
between mucus and white musde, thus confirming mucus samples as reliable non-invasive biomarkers. Mucus production
was evaluated using a single labelled meal packaged in a gelatine capsule, with both '3C and 5N, via a time-course trial.
B was gradually aflocated to skin mucus fractions over the first 12 h and was significantly (4-fold) higher in the soluble
fraction, indicating a higher turnover of soluble mucus components that are continuously produced and supplied. N was
also gradually allocated to mucus, indicating incorporation of new proteins containing the labelled distary amino acids, but
with no differences between fractions. When existent mucus was removed, dietary stable isotopes revealed stimulated mucus
neoformation dependent on the components, All this is novel knowledge concerning skin mucus dynamics and turnover in fish
and could offer interesting non-invasive approaches to the use of skin mucus production in ecological or applied biclogical
studies such as climate change effects, human impact, alterations in trophic networks or habitat degradation, especially of
wild-captured species or protected species.
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Introduction (Maruyama et al,, 2001: Church et al., 2009). SIA has been

used wo evaluate dictary sources and the ophic posinon of
Stable isotope analysis {hercafier SIA) 1s'a wery powerful  fish. From a productve point of view, 514 has also been
and cffecove tonl to determme wrophic relanonships, dictary used to trace the metabolic fate of food nutrientss and ther
switching and migranng patterns when studying fish ecology  diseriburion within fish nssues, given different distary sources,
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regimes of rearing comditions [ Beltran ec ab, 2009: Feblipetal,,
2012, 201 5; Martin-Perez et al., 2013). Irrespective of the
amm of those studies, in tradinonal methods of sotope anal-
vsis, fish must be killed in order to sample the nssues most
commonly used: the white muscle and liver (Logan et al,
2e; Guehnckx et al., 2007; Boecklen et al, 2001). Dorsal
white muscle s considered the best tssue as it represents
fsh dictary adaptanon 1sotopically (Martn-Perex et al, 2013,
Busst et al., 2015; Vander Zanden et al, 2015). Meanwhile,
the biver, blood and plasma exhibit shorter half-lives than
dorsal muscle { Thomas and Crowther, 201 5; Vander Zanden
et al, 2015}, The use of fish aossue samples necessanly implies
mmvasive o fate]l collecion methods. To avoid this, non-
invasive collection of alternanve tissues, such as fin and scales,
15 mercasingly wsed (Busst et al, 20015: Busst and Briston,
2016} However, early experiments reported that the sotopic
half-lives exhibited by these tissues can be longer than those
of dorsal musde (Busst and Brtton, 2018; Winter o al,
2019%. A recently proposed and encouraging aliernanve for
sotopic analysis 15 touse skin mucus. Although hmeted 514
has been performed on fish mucus, and mostly in freshwaer
fish species, inital sugpestions are that mucus has a relatively
fast turnover, sumalar to or faster than that of musde (Churech
et al., 200%; Maruyama eval., 2005, 201 7; Shigeta et al., 2017
Winter et al., 2019},

The importance of skin mucus for fish physiclogy and
welfare studies has therefore increased over the past decade,
As the most external bodily layer positioned between the
cpidermis and the eovironment, fish skin muois provides a
protectve barrier against physical, mechanical and chemcal
agents as well as both biostic and abiotic stressors {reviewsd
in Esteban, 2012). Skin mucus is produced mainly by goblet
cells located in the epithelium and composed mainly by water
and gel-forming macromolecules such as muans and other
glyvcoproteins (Ingram, 1980; Sheppard, 1994), Nevertheless,
sOMMe components are noorporated via the secondary ciren-
latory system and the epithelial cells themselves (Easy and
Ross, 2008}, Most of the components of skin mucus are
related to mocus defences (Bajan et al., 2011; Sanahuje and
Ibarz, 2015; Cordero et al, 2015; Patel and Brinchmann,
201 7: Perez-Sanchey et al., 20017, Sanahuga et al, 2019 b)), m
mucus metabolites such as ghicose or lactate, or 1o hormiones
like cortisol (Guardiola e al, 2016; Fernander-Alacid ex al_,
2018, 201 %ab ). Mucins can generally be consedered the msol-
uble components, or the insoluble fraction, of the muoos
that provide the physico-chemical properties on which the
hinlogical funchions depend. Mucus viscosity 15 a property
that s mainky atmbuted to mucin contents znd hydration, and
it provides the surface of the body of the fish with rheologt-
cal, viscoelastic or adhesive characienstics (Fernander-Alzcid
et al, 2018, 2019b). The soluble components, or soluble
fraction, come from goblet cells as well as from eprthelial
cells and the ner body; they endow the muocus with s
protecove, structural and merabolie properties {Cordero ez al
2015; Sanahups and Ibarz, 2015; Sanahoja et al., 201%a b;
Fernander-Alacid et al., 2018, 201%a). Moreover, skin mocus
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i5 continuously secreted and replaced to prevent pathogen
adhesion {Benhamed et al,, 2014), but this produchon and
secretion can be aupmented in response to external factors
such as stress by increasinge skin muocous cell number or size
[Sheppard, 1994; Vateos et al., 2000; Pernandez-Alacd et al.,
2018} Recently, we proposed & methodology to study mucus
dymamics via stable isotope enrichment from one force-fed
meal (Ihare et al., 2019], following the methods proposed by
Beleran: of &l (2009 and Felip et ol (2012, 2015) o study
the fate of ingesta. However, no studies have vet addressed
exudanion dynamics of each mucus fraction, soduble and
msolible, considering their different functions and putateely
different internal ongin.

To fill some of the gaps that sull exist in oor knowledoe
of fish skin mwscus a5 a biomdicator, i this study, we used
SIA and experimental procedures on the glthead sea bream,
Sparns aurata, Hsh model. Specifically, our objectives were
a5 follows: (il to determine the 1sotopic signature (for the
sotopes 15 N and 130C) of skin mucus, for the first time
analy=ing soluble and msoluble mucus fractions, comparing
these with other tissues such as the liver, white muscle and
plasma: (it} to determine the new mucus production via the
isotopic enrichment (815N and 5§13C) of the roral and mucus
fractions after one force-fed meal: and (1) to test the effects
of a renewal process (by removal of the existing mucus) on
the mucos producton via the isotopic ennichment. The S[A
technigque and procedures allowed us to determuine which
mucus components are more casily replaced and provided
practical approaches to the study of mucus production and
renewal rates under different conditions, stimuli or challenges
m ecological or appled belogical studies.

Materials and methods

Animals

Sca bream juveniles were obtammed from a local provaders
[(Piscimar, Burriana, Spain) and acclimared indoors at the Fac-
ulty of Biology facilities (University of Barcelona, Barcelona,
Spam} ar 22°C for 1 month, using a standard commerceal fish
feed (Skretting ARC, Burgos, Spamn). A rotal of 60 fishes (body
weight average, 186.1 £5.31 g} were tagged with a passive
miegrated transponder [ Trovan Electronic ldentification Sys-
tems, UK} and fed twice & day a dasly ration of 1.5% of body
weight. The reanng systems were controlled and montored as
described in Tbarz of 2l (2009). All animal handhing was con-
ducted following the European Union Councl (S6/6097ELT
and Spanish mational and Catalan regional norms and proce-
dures, with approval from the University of Barcelona Ethics
and Animal Care Commitiee (permit no. DAANM 9383).

Time-course enrichment trial
Two different S1A trials were conducted. The frst included a

time-course enrichment tnal of skin mucus and representatve
tessues together with study of the natural sotopicabundances.
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We nused 30 fishes to perform the nme-course motopic enrich-
ment via skin muces exuydanon. In accordance with previous

studies on the wse of the fate of dictary nuenentes m gilthead
sea bream, the meal was labelled with alpal starch (39 PC)
and algal protemn (1% "M} (Beltran et al, 2009 Felip et al.,
2013}, The feed was ground, mixed with the labelled com-
pounds and packed into gelatine capsules (PsonasisEX Lid,
Germany) following the method of Ibarz &t ol {201%). Four
sampling points were scheduled at 0, &, 12 and 24 h after
feeding, and 10} fishes were sampled at sach point. The fishes
were hghtly anestheteed (0.1 g7 MS-222) force-fed four
gelatine capsules of approximate 0.2 ml cach, using a pastric
canmula contaiming a meal equivalent to 0.6% of body weight.,
To determine the natural abundance of *'C and "N in tssoe
and skin mucus, 10 fishes recerved the same diet and meal
weight but contaming similar proportions of unlabelled pro-
tein and starch. These fishes were sampled as (0 h after feeding,
to determine motopic sipnature. To obezin the diet isotopic
signature, three independent samples: of the unlabelled dict

were used.

Renewal trial

The second S[A trial was the renewal trial aiming to analyse
the skin mucus sotopic renewal by previous mucus removal.
We used 10 fbshes that were slightly anesthetized and
had mucus removed after droving their body surface with
absorbent sterile paper for few scconds (4-5 s} znd then
they were immediately force fed, as descnbed above, to be
further sampled at 24 b post-feeding. As control fish, animals
sampled at 24 h of ome-course tnal were used.

Sample collection

After force feeding, the fishes were held for & minute in
inchividual tanks wo check regurpitanon and to ensure recovery
before being returned to therr reanng tank. In the time-course
enrichment trial, after being anesthetized, mucus samples
were mmediately collected as described m Fernandez-Alaad
gt ai. (2013) and o Tbarz er af. (2019), Brefly, a sterle glass
shide was wsed to carefully remove muoss from the over-
lateral hne, starting from the front and shiding in the caudal
direction. The plass was gently slid along both sides of the
amimal only three omes, to avoid epithelial cell contamination
{Fermandez-Alaad et al., 2018), and the skin mucos was
carcfully pushed into a sterile tube (1.3 ml) and stored at
—80°C untl analysis. The non-desirable operculum, ventral-
anal and cawdal fin areas were avoided. Afterwards, the
fishes were weighed and laterally photographed to record
the mucus extraction area and kalled by sevening the spinal
cord, and the plasma, liver and muscle were sampled to mea-
sure stable sotope ennchment. To venfy the post-prandial
process, plasma plycarmia was analysed measuring plasma
glucose using a commercial kg (Spinreact, Spain) adapied 1o
9&-well microplates. In the renewal tnial, after beng anes-
thetized, mucus samples were collected 24 h post-prandial, as
desenbed above, and the fishes were weighed and laterally

.............................................................................

photographed to record the area the mucus was collected
from. All fish images were analvsed using Image| software
mamuzlly deliminng the muoss extraction area for each inds-
vidual fish and wsing our own software (Schindelin et al |
2015) to calculate the skin area (in cm®) and the correspond-
ing micus production (35 mE of mucos per om? ).

7'M and i™C tissue determination

Skin mucus samples were lightly homopgenized using a sterile
Teflon 1mplement to avoid possible depostbions on the bot-
tom of the tube. For cach sampling point and the bBlanks,
five mucns samples were used to measure the total raw
mucos isotopic abondance or enrichment, and five different
samples were used to mezsure the msoluble and soluble
mucus fracoons. To obtain mocus fractons, raw samples
were centrifuged at 14 (M0 g as described m Fermandez-Alacid
et gl |2018) to separate the msoluble (pellet) and soluble
components. For the posc-prandial eeial, the pieces of the
Iiver {100 mg) and white muscle {300 mg) were ground
Ligued M3 using a pestle and martar to obtain a fine powder
Mucus samples, plasma and bssue samples were dried usmg
a vacuum system (Speed Vac Plus AR, Savant Speed Vac Sys-
tems, South San Francisco, CA, USA) Pre-weighed wials were
used to dry the mmsoluble and soluble mucus fracoons and to
calculate water content. Dried aliquots ranging from 0.3 to
(.6 mg were accurately weighed insmall tim capsnles (33—
5 mm, Cromlab, Barcelona, Spain) and analysed for their C
and N isotope composition using a Mat Delta C sotope-ratio
mass spectrometer ([RMS, Finmgan MAT, Bremen, Germany |
coupled to a Flash 1112 Elemental Analyser (ThermoFisher
Saconfic, Madnd, Spain); both at the Sciennfic Services of
the University of Barcelona: CCiTUR, The EA-TRMS burned
the samples and converted them ingo gas (N7 and CO4), and
then transported them through a contimmous helium flux to
determune the percentage carbon and nitrogen content in the
samples. Isotope ratios (2O and “NMN) o the samples
were expressed on a relative scale as deviation, referred to in
delea (8] wmits {pares per thousand, %) and according o the
intermational standards: PDE (Pee Dee Belemmite, a calaum
carbomate) for C and air for N

The net ennchmens of tssue or atom PETCENtAEE EXCEss
[APE) was calculated from the difference between the an%

and their corresponding blank ar% values:
APE = at.% sample—at. % blank
Frnally, the results for total allocation were expressed as a
percentage of ingested dose in each tissue (PC or "N g/ 100 g

of "C or YN ingested) using APE, molecular weight snd
Avogadro’s pumber:

104- {(g”ﬁ or i M /g m.Er_:] -{g m.ir./g tissue)

(g ossue/g bow.) / {g ing;:sr:d”[ﬂ or N/ b_w.})
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where mfr. 15 the mucus frachon and bow. 15 body weight
Tissue valoes for white muscle and plasma were obtamed
according to the literature {Felip et al., 2013 and Fazio et al,
2013, respectively ). For skin mucus, total exudanon of muous
was referred to extraction area incm® and incm?® per ¢ of hsh.

Statistical analysis

For the comparzon of the 1sotopic signature between diet,
mucus and tissucs, one-way analysis of vanance (ANOVA)
was performed. For the ime-course ennchment tnal, statisti-
cal differences in wotopic ennchment throughout the post-
prandial samples were analysed by one-way AMOVA. For
the renewal trial, the companson between the 24 b renewal
enrichment and 24 h ome-course ennchment was performed
using Student’s i-test. For all the stagistical analvsis, a previous
study of homogenerty of vanance was performed wsing Lev-
cne’s test. When homogeneny existed, Tukevs past-foc test
was applied, whereas if homogeneity was not established, the
T3-Dunnet test was applied. All statistical analysis was undes-
taken using SPSS for Windows, v22.00 {IBM Corp, Armonk,
NY, USA), and all differences were considered statistically
significant at ! = 0.05.

Results

Isotopic signature

The stable isotope abundances (3N and 57C) for diet and
each tissue analvsed, as well as the sotopie signaoere {baplot
FUN vs §9C), are shown mn Fig. 1. Dhet 57N -and 57C were
4.2 +02% and —-24.1 £0.4%:, respecively. The isotopic
composition of tssues, at 1 month of dier acchimanon,
showed that both "N abundance and “C abundance depends
on the tisspe studied. For 3N, total mucus and both s
fractions (soluble and imsoluble) had valves around B%..
with no differences (P = 0.05), while white musdle values
weee significantly lower: 7.2+ 04%. The liver showed
intermediate YN values, between the low diet values and
the high ones for muous or white muscle, whereas plasma
values were equivalent to those of the diet. For 8" C, muous
and white mrscle ranged from —22%, to — 20%.: siprmificantly
higher than for diet, whereas the liver and plasma valoes
matched those of the diet.

Time-course trial

SIA was used o determine the mcorporation of the sotopes
into the mucus fractions (soluble and msoluble) after force
feeding the fish with a labelled meal. Figores 2 and 3 show
isotope ennchment values with respect to total ingested stable
1sotopes, respectively, over the one-day time-course tral (0 b,
6 h, 12 h and 24 h after feeding). The stable isotope enrich-
ment [Fig. 2ZA) revealed that the soluble fraction of mucos,
M, icorporated more Y C than the insoluble fracoon, DM,
did: delta values were 5-fold higher at € h (240 £ 55 vs
45+ 5 %, P = 0.05] and remained over 3-fold higher ar 12k
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Figure 1: 5Stable isotope abundances ™C (A} and "N {B)_ and a biplot
of the isotopic signature (). Vahses are means + s.2.m. of five
indivadual samples for toial mucwes (TM), inscluble muous (),
sohubde mucws (SM), liver (L), plasma (P} and white musche (WML For
dietary isotopic abundance, three independent samples wera
analysed. Different letters indicate significant differences betwean
mucis fractions, tissues or diet (P . 0.05, ANCAVA and the post-hoc
Tuskey testh.

(489 L 15 v 165 £ 9%, P < 0.05}. The me interval between
12 h and 24 h after feeding saw no further *C ennchment.
Surprsingly, ¥ was not incorporated differently mngo SM
and IM, with values matching those for total mucos (Fip. 2B
However, at & h, a shightly higher ennchment mto 5M was
detecred (P < 0.05). The tme-course mmal also showed that
after 12 b, most "N enrichment had occurred, with no
significant increase beoween 12 hand 24 h. Thes demonserated
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Figure 2: Time courss of mucus isotopic enrichment after a single
mieal: (A} 27'C levels and (B 3™ N levels. Values are means £ s.am. of
the five individual samples. Different letters indicate significant
differences duwning the time course (P - 0,05, ARCVA and the
post-hoc Tukey test) and « indicates significant differences between
solulde and inscduble fractions (P . 005, Student’s -test).

that maxmmum enrchment of labelled mutrents (both N and
W) o mucys components after a single meal 5 achieved
before 12 h has passed.

Te caloalate the rotal *C and N enrichment mto cach
mcus fraction, SM and IM percentapes were obtained gravi-
metrtcally. Mo differences between percentages in the frac-
trons were detected durng the ome-course samplings and
the means obtained were 82.4 £2.1% for the soloble frac-
tron and 15.3 + 1.6% for the insoluble fraction. Correspond-
ingly, when sotope allocation was expressed as total sotope
ingested (Fig. 3), our data showed that the soluble fraction
was highly labelled (P < 0.05) for both isotopes than the
insoluble fraction was, The ingested C {Fig. 3A) sent to the
raw {or total) mucos gradually inaeased from @ h o 12 b,
and then increased shghtly at 24 b to the maximum valses of
0.25 +00.02%, with apparently faster ennichment (6 h) ingo
5M and more gradually over the 24-h ttme meerval for [M. In
this way, the ingested YN (Fig. 3B) destined for the raw mucus
showed the highest enrichment from 6 h to 12 b, acheving a
maxymum of 0.11 £0.01% at 24 h. As opposed to "C, total
=W meorporated into SM anly doubled that incorporated ineo
IM, although significantly at each time interval.

Liver, muscle and plasma YN and T ennchment was alzo

caloulated with respect to tofal sotope inpestion, as explained
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Figure 3: Time course of total sotopic allocation o mucus fractions
after @ single meal: (4) C lavels and (B} ™ N levels. Values are
means + s.em. of five individual samples. Total allocaton, expressad
as percentage i/100 g of ingesta), was caloulated as indicated above
in M&M. Different letters indicate significant differences during the
time course (P « 0.05, ARDVA and the post-hoc Tukey test) and &
indicates significant differences between soluble and insofuble
fractions [P = 005, Student’s &testh.

in M&M and represented in Fig. 4, to compare further with
amounts moorporated mto muous and their dynamecs. Con-
trary to the case of muous eonchment, for each of the bssues
studied (Fig. 44}, 7C was not incorporated pradually but with
a peak in plasma and white muscle at 6 h, and with a marked
mcrease m the liver between 6 h and 12 b, to values as high
as over 40% of mgested . This demonstrates considerable
assimilation of the labelled meal when using the proposed
pelatme capsule method. In the case of the fate of N, that
ingested 1n a single meal was gradually incorporated between
0 and 12 h, reaching values of around 15% for the Lver
3% for white muscle and 1% for plasma. As confirmation
of feed assimuilation, plasma glucose was measured (Fig. 40)
and showed 2 post-prandial peak value at & h with a return
to the expected basal vahyes at 12 h and 24 b

Renewal trial

In the second expenment, the ennchment of stable isotopes
into recently exuded (mew) mucus was analysed using the
same force-fed meal method. To this end, before feeding the
pelarme capsules with the labelled meal to the fish, ther skin
mucus was mdividieally removed and, to avod healing so
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Tukay test).

as to be able to collect mucus twice In a short ome peniod,
only 24 h sampling was performed. Table 1 summarizes data
comparng mucus volume collected and 1sotopic enrichment
between control samples (withoot prevacus msous removal)
and ‘renewal’ samples (24 h after the mocus removall, The
mucus removal provoked a sigmficant reduction in muacus
collected {2900+ 35 mg per hsh) with respect to comerol
mucus (510 mg +49 mg per fish) as well as in the mmous
exuded per skin ares or per 100 g of fish, as there were no
differences in fish collscong area or fish weight. Refernng the
fate of the ingested diet to the mucus renewal process, our
dara demonstrared thar new mucus exuded in 24 b showed
greater enrichment for O, which was doubled in total mucus
(P = 05 and affecied both soluble and insoluble muous
components. “N enrichment of the new mucus also increased,
although 1t was only significant for 30% ennchment of the
SM. However, the volume of mucus colleced was reduced,
as mentioned above, which consequently affected the total
isotope allocanons in raw muoas and its fractions. Thus, the
results we caboulated of the fate of one ingested meal showed
that labelled V'C in the new exuded mucus reached the conerol
values in total mucus and 1M but did not m SM. In contrast,
labelled ¥ ™ did mot eeach controd values i new eotal mucus or
M, evidencing thar the mucus turnover differed according to
the orgin of each labelled dictary component, starch for YC
or protein for “N, and even depending on SM or IM.

Discussion

Most studies of hsh skin mocus have been performed on the
soluble fracnon, considering sotopic composition |Church
et al., 2009 Marowyama et al., 2017; Shigeta et al, 2017)

or mucus properties {reviewed in Esteban, 2012 and in
Benhamed et al, 20004). In the present work, we studied
separately raw mucos and s soluble and insoluble fracrions.
We compared their namral ssotopic signamires and 1sotogpic
enrchment after a force-fed meal or during a renewal process
uwsing SIA to gam beter knowledpe of the mechanisms
underlving the rhythm of skin mucus exudzoon and the
mmipartance of s soluble and insoluble componenis,

The few previous SIA smudics of fish mweus used sk
mucns from defrosted fish directly wiped on glass microfiber
filters (Maruyama et al, 2015, 2017; Shigeta et al, 2017:
Winter et al, 2019} That would correspond to raw
moous collected o the current expenment, which we
obtammed directly from live animals. However, no studies
have compared stable sotopes abundance in whole (raw)
muous and either 1ts soluble (typocally used to study mucas
properties) or msofoble fraciion (much less used: only
study phyvsical properties such as viscosity). The first result
dertved from our analysis of mucus fractions was the am
ournt of each frachion m glthead sea bream skin muicus. These
amounts were around 80% for soluble frection, and 20%
for the msaluble fraction, wrespecove of the moment and
condition of sample collection in the current triak. From
our best knowledge, no data have been published on mucus
fraction amounts in fish species to compare with our results
in sea bream. Dhe to recent findings that reported specific
changes in mucus physical propertics in response to stress
conditions in pelagic species such as sea bream, sea bass and
meagre (Fermandez-Alaad et al., 201%a) and in benthomic
species such as Senegalese sole (Fernandez-Alacd et ol
2019}, more experiments are necessary to explain the role
of mucus fractions better; for instance, in condibons that
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Table 1: Collected skin mucus and isobopic enrichment (at 24 h
past-prandiall from control fish and renewal fish
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Walues e eupressed o mean Lsem N = 1 for dats of mucus exuded @nd
m =5 for data of isotopic enrchment. * indicates significant differences between
wontrol and renewal groups {from Students et

induce chromc mucus exudation or using hormonal implants

to fawour muecus exudation, m the same specics or others,

In spite of the frachion amounts, the natural abundance of
neither of the stable isotopes considered, 2 C and YN, differed
between the soluble and insoluble fractions or compared wath
raw muocus. |hese data would indicate the equivalence of
analvsing the whole mucus with respect to the soluble frac-
nion: the most commen way o study other mucus properties
in fish. In the current study, the differences between diet 1so-
topic abundance and tssue sotopic abundances at 1 month
of dier acdimation resulted m higher values: over 2.7% and
3.5% for “C and YN, respectively. In the hteratore, it has
been reported that isotopic discrimination between predators
and their prey increases as the protein gualty decreases,
especially for *N (Roth and Hobson, 2000, In aquaculture
condibions, higher isotopic values in tissues were attnbuted
tor plant matenal m the dict (Beltran et al., 2009: Bosst and
Britton, 2016) as was also reported for whole mucus (Winter
et al., 2019). The second finding dertved from the natural
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abundance 1n mucus fracoons under the corrent conditions
confirmed that skin mocus in both forms, raw mucus or
5M, collected from live fish provides the same mformation
as white muscle: the classc tissoe vsed to evaluage distary
trophic effects (Busst et al., 201 5: Vander Zanden etal., 2015).
Considering that mucus have a relatively fast turnover, as
wee discuss below, with an isotopic kalf-live spmilar to muscle
(Church et al., 2009 Shigera et al., 2017; Winter et al, 2019,
together with the valuable less-invasive way to obtain fish
samples: we consider muces 25 a reliable altermanye in aguatc
stable 1sotope studies. Thus, the proposed procedure could
also be useful in threatened species or in conservation studies,
where fish sacnifice are madvisable or prohibited, to evaluate
the effects of environmental challenges, to known the fish
status, the rearnng conditions, etc.

S1A has successfully been wsed to study the metabolic fare
of food mutnents (Hesslem et al, 1993: MacAvoy et al.,
2005; Martin-Perez et al., 2012; Xia ex al., 201 3; Felip e al.,
2012, 20115]), and we recently demonstrated thar S[A was
also vabid for mucus stedics, a5 skin mucus 15 also a fate of
dictary components {Ibarz et al., 2019). In contrast to other
SIA stodies of mucus, data obtamed in the corrent study
provide information on the amount of sotope ennchment
impo raw muocus after 24 b for the frst ome: 0.25% and
L1% of ingested V' C and *MN, respectively. Both plasma gha-
cose and plasma "C allocanon showed the expected pactern
of one marked peak & h post-prandial, in sgreement with
that reported by Felip ef al (2013, 2015) using a stable
isptope post-feeding trial, or by Montova er al (2010) znd
Gomez-Milin f al. (2011), who apalysed plasma plycasmia
performance after ingesta. Moreover, both lower levels | <1%)
of total stable 1sotope allocation per g of mgested sotopes
confirmed that plasma does not act as a final fate but rather a
transttory pathway with a fast urnover (Carter ef al., 2019).
UM allocation go the lver also corresponded to reports 1
previous studies by Beliran of al. (2009} and Felip o ol (2012,
2015) for pilthead sea bream afeer a force-fed mical, Inter-
estingly, the improved method used for diet administration
(Ibarz et al., 2019) corresponded to global hicher levels of
1sotopic enrichment. In consequence, gelatime capsules filled
with labelled diet would allow several precse checkpoints
at which to measure the exact stable sotope dose ingestion,
controlling any regurgitabon event, and guarantecing higher
levels of label incorporaton. This would be crucial for mucus
sturdies, where lower levels of labelling are achieved.

The ome course of allocaton of cach 1sotope o the mucus
fractions provided relevant information on skin mucus forma-
tion and exudation processes. The zllocaton of Y depended
on the fraction analysed, bemg significantly higher for the
soluble fraction. Unexpectedly we found that mucus fractions
incorporated dietary M at the same rhythm, irrespective of
whether to total mucus or the soluble or insoluble fractions.
Whereas "M enrichment 15 classecally wsed as an indicabion
of the ongin of dictary protemn, ©C 15 used a5 an mdicanon
of isotopic routing from several diegary constituents {pro-
tein, lipids and carbohvdrates) {DeNiro and Epstein, 1977
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Schwarce and Schoeninger, 1991 : Martin-Perez ez al, 20015
Thus, as could be expected, the preat VC enrichment - and
allocation to the soluble fractton of the mucus, composed of
simall molecules, would indicate a higher mrnover of soluble
mictabolites than insoluble components, mainly mucopolvsac-
chandes with slower synthesis rates. Interestingly, compared
to issfope ennchment mto tssues; mucos 'O earichment
was fast and continuous for the first 12 h, with maximum
enrichment at 24 h. This 15 in contrast to plasma, where "'C
allocation dimnished after 12 b, and o both moscle and
Iiver, with maximum incorporation at 12 h. These dynamics
demonstrate that fish skin mucss not only represents the fate
of dictary nutrients, as does muscle {Beliran et al., 2009; Felip
et al., 2013}, bur s conomaously produced differenty to the
muscle or liver

It 15 well accepted that msoluble components of all body
muosae are manly muans, which form mucos gel layers
either direcily or through their ectodomams, whereas solu-
ble components are adhered or trapped within such layers
{reviewed i Beck and Peatman, 2015). Thus; the key to
understanding the different rhythms m sotope allocation
demonstrated by the corrent results bies in the mternal origin
of the components of cach fracoon. Gaobler cells located in the
epithelium mostly exuded muans and other heavy glycopro-
teins (Ingram, 19801, but their involvement in exuding soluble
componcnts 15 stll not clear. Surprisingly, the appearance of
=N 1 skin mucus showed no differences between the soluble
and msolible components, with the amount of "N g per
I g of *N mpested depending only on mucoes fraction
proportons. The rhythm of incorporation in muocus is also
continuows and similar to that observed in the liver. Most
of the "N allocated to muscle 5 linked to mew proten
incorporation, and the lack of differences between soluble and
insoluble components necessary mplics that labelled dietary
amino acids are imcorporated at the same thythm into bath
fractinns, which has mot previously been reported in the
liteearure. Danly rhythms of mucus composition cannot be
rubed out, as recently proposed by Lazado and Skov (2019) for
several mucosal defences: Although the use of stable 1sotope
enrichment via @ single labelled meal would mask the daily
rhythms of soluble and msoluble components of skin mucus,
further studies should address both renewal rates and the
daily/photoperiod rhythms of specific mucus components.

Other muocus components are presumably rransferred from
the circulatory system and the epithelial cells themselves (Easy
and Ross, 2002). For mmstance, we recently demonstrared a
high degree of correlaton m some soluble components, such
a5 ghicose, lactate or cortsol, between a plasma overshot
and a mucus overshot n response to stress (Fernandez-Alacd
et al, 20019}, Moreover, preliminary results reported by
Reves-Lopez et al. (2019) suppest that skin cells provide
skin mucus with a great number of soluble components, The
results drawn from sotope P ennchment of soluble compo-
nents seem to apree with the presence of such g sscondary
system of exudation and filtravon of muoes components

from plasma and epithehal cells. However, further studies

using stable soropes labelling will be necessary to underseand
the turnover of each specific mucus component better; for
mstance, by inducing mucus exudation with stress factors, as
in Fermandez-Alscid et al, (2018, 201Ya), or with hormonal
stimulztion. Morcover, in a2 previous study of Sencpalese
sole, Fernandez-Alacid & af, (2019b) demonstrated for the
first time that mucus metzbolite exvdation could be side
dependent 1n flatfish species with marked body asvmmetry.
In view of the present results on mucus secretion dynamics,
the need for further studies on morphometrics and the destri-
bution of mucos-secreting cells acgiures greater importance
to overcome the weakness of single-disaplinary approaches.
It 15 known that goblet cell number can vary among different
body regions of fish. Several studies have already shown
that mucus cell distnibution and skin gene expression vary mn
different fish skin areas, depending on specics [brown trout
and char, Pickenng, 1974; cod, Caipang, et al, 2011 Ardantic
salmon, Pitman et al, 2013; pilthead sea bream, Cordero
et al, 2007; lumpfish, Patel ez al, 2009: Senegalese sole,
Fernander-Alacid et al, 2019b), Mew and complementary
studies of the distnbution of mucus cells and their underlying
secretory mechanisms must be developed, for instance by
combining SIA model studies with the listological approach
both of which reintorce the 1dea of muocosa tssue, As the
exudation and renewal rates of soluble and inscluble mucus
fractions seem o be different, such studies would clarify
the role of the diverse mucus cells in produang soluble and
insatuble muscus components: the gobler cells, as the mose
abundant in all fish epidermal surfaces producng neurral
murcus granules (Sheppard, 1993): sacoform cells -and aci-
dophilic granular cells, the lamer producing basic protems
{Zaccone et al, 200 ); and club cells, which secrete larger
proteinaceous and smaller carbohydrare components {Fahoso
et al, 1993: FZaccone et al, 20411

The aim of our corrent second trial was o evaluate the
production and exudation of ‘new muoss’ by removing exis-
tent muocus. In this study, we demonstrate the presence of
new exuded mucus by messunng the volume of the collected
mucus (in mg per fish} and the turnover rate of new mucus via
stable isotope ennchment, compared with unremoved mucus
turnover. To the best of our knowledge, nosimilar expenment
has been reported previously. In this way, we found half
the volome of post-removal mucus after 24 b, compared to
the amounts of natural, non-stressed, mucus collected. These
results show that the biological barrier afforded by the mucus
layer is compromised by any aquaculture handling processes,
which exposes fish to mucus losses (weipht classificanon,
mamual vaconaton, high density, holding facilitics, etc.). In
speaific conditions where mucus layers are shed or digested,
pathogens can adhere to cells on the epithelium surface before
mucus has been renewed (Cone, 200% Benhamed et al.,
2014}, In contrast, in stressful situattons, one of the most
evident fish responses 15 an merease of skin mucus exuda-
tion (Shephard, 1994 Vatsos et al., 2000; Fernandez-Alacid
et al, 2018, 2019ab). However, greater mucus exudation
would modify the protein turnover m goblet muwcus cells,
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which affected protein exudation in sea bass [Azeredo et al
2015Y, reduced the tomal protein content in soluble mucus
in sea bream (Fernander-Alaoid et al., 20018) and Sencgaless
sole {Ferndndez-Alacd et al., 201%b) and even altered the
mucus viscosity in Sencgalese sobke |Fernandez-Alaad ef al.,
2019h),

From a physiological point of view, 1sotope enrichment
values allow us to determine the turnover modulaton of
mucus exudation via the incorporation of dietary compo-
nents.: Here, we have demonstrared that **C ennchment of
renewed mucus 15 higher than in control mucos (withowt
previous removal), urespective of the mucus fraction studied.
These results indicate stimubaged ennchment of C from
dictary labelled starch, which necessanly implies an increase
in intermediary metabolism to produce newly synthetized
mucus componenis. Meanwhile, the new mucus exuded only
saw UM increased by 10%-20%: only significantly for solu-
ble mucus components, thos llusirating a different dynamic
from that of C. Only the protein fracnon s labelled with
“M, whereas many other molecules labelled with O are
incorporated into different tissue fractions (protewn, carbohy-
drate, lpids). Although no data exast on mucus, other studies
validated the stmulated turnover in tissues, for instance,
under exercise conditions {Felip et al., 2012, 2013}, where 7O
rnover mcreased m the lver and "W was in white muscle.
Therefore, our current resulis surpest that when an external
factor induces the formation of aew mucus, we must take
into account the different dvnamics of each component during
mucus neoformation, shown here by the different sotope
enrichment. Thus, this 5IA methoedology 15 agam proving 1o
be & very mterestmg tool to study the turnover of muocus com-
ponents and opens a new window for practical approaches w
studying mucus production rates under different conditions,
stimuli or challenges.

In summary, we conclude that our comparson of sotopic
signarure among mucos fractions and tssoes confirms thar
mucus samples represent an advantageous less-imvasive way
to study fish ecology and applied bology. “C and "N allo-
cation to skin muos fracowons was gradually achieved over
the first 12 b post-feeding, but continuous until 24 h post-
feeding, as opposed to what occorred m other tissues. The
study of mucus fractions demonstrated that soluble compo-
nents contamed more Y C-labelled components than msoluble
components, but no differences were shown m YN, which
exclusively marked newly synthetized protems. Knowledge of
these rhythms conld be of great interest, considermg that skin
mucws one of the fates for the dietary additives (reviewed
m Lee, 2015). When muoous renewal waz induced by the
remaval of existent mucus, 24 h was pot enough to achieve
the non-stressed amount of mucus secretion, bot via isotopic
ennichment this replacement mucus showed a hngher presence
of de novo components. All these data on skin muocus exuda-
tion turnover in fish allow us to propose this methodology
to mprove knowledpe via further fsh studies of mucus
[Urnover,
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