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SUMMARY 

The aim of this Thesis was to explore new feed strategies to fight digestive pathogens in 

piglets and contribute to reduce the use of antibiotics at weaning. Based on previous research 

findings of our research group, that evidenced the ability of wheat bran to interfere with the 

attachment of ETEC K88 to intestinal epithelial cells (IPEC-J2 cells), in this Thesis we also 

explore the potential of other potential macro-ingredients to prevent the intestinal adhesion 

of this pathogen. In previous works it was also evidenced the ability of microbial 

exopolysaccharides (EPS) isolated from the industrial fermenters of table green olive, to 

attach specifically ETEC K88 and also to block its adhesion to IPEC-J2 cells. In this Thesis 

we go one step further and we study the chemical composition and structure of this by-

product of the olive industry and its variability between different industrial fermenters. 

Moreover, new strategies to improve the functionality of these microbial EPSs are explored 

as the use of different mates of Lactobacillus pentosus and Candida boidinii strains to be 

used as starters in the fermentation of table green olives.   

In order to achieve these main objectives a set of three trails (chapters 4 to 6) were designed.  

Trial I was design to evaluate in vitro, with different miniaturized models, the ability of 

different common ingredients used in the formulation of piglet diets, and particularly 

different kinds of cereal brans, to attach ETEC K88 (adhesion test, AT) and to block its 

attachment to intestinal epithelial cells (IPEC-J2) (blocking test, BT). For the common feed 

ingredients, wheat, corn, oats, barley, rye, soybean meal 44%, extruded full-fat soybean meal, 

as well as sweet whey powder, all demonstrated a clear affinity to attach ETEC K88. 

Regarding rye, oats and also wheat, all of them could also reduce ETEC K88 adhesion to 

IPEC-J2 cells. Among differently tested cereal brans, wheat bran, spelt bran, kamut bran, rye 

bran, oat bran and rice bran all demonstrated an ability to attach ETEC K88. Also, all of them 

were able to reduce ETEC K88 attachment to IPEC-J2 cells, except rice bran.  

Trial II aimed to explore biological functions against enterotoxigenic E. coli (ETEC) K88 

of the microbial exopolysaccharides (EPSs) produced during the industrial fermentation of 

table green olives. Exopolysaccharides were isolated from the brines obtained from five 

industrial fermenters. Analysis of their monosaccharide composition by GLC revealed that 

the main components were glucose and galactose followed by rhamnose and arabinose.  The 



 
 

1H NMR spectrum showed a very similar profile between samples, and a more in-depth 

analysis revealed the presence of an α-pyranose in the form of α-D-Glcp-(1→) and two 

different α-furanoses, with chemicals shifts values, suggesting the presence of α-D-Glcf and 

α-D-Galf.  Miniaturized in vitro tests included adhesion test (AT) to evaluate the ability of 

EPS to attach specifically ETEC K88 and three different approaches to evaluate its 

interference on adhesion of the pathogen to IPEC-J2 cells: competition test (CT), exclusion 

test (ET) and displacement test (DT). Results from AT demonstrated the ability of EPS 

samples to attach specifically to ETEC K88 with variable intensity. The CT, was not able to 

show ability to block the ETEC K88 adhesion to IPEC-J2 cells, however in the DT, all EPS 

samples were shown to effectively remove the pathogen once attached to the cells.  

Trial III was designed to evaluate the potential of different starters to modulate the 

fermentation of table green olives and to improve the anti-adhesive characters of the EPSs 

isolated from the fermentation brines. A strain of Candida boidinii TOMC-Y13 and four 

Lactobacillus pentosus strains were used as starters in different combinations giving a total 

of 10 treatments in a 2 x 5 design. Different physicochemical parameters were registered 

along the fermentation process including pH and plate-counts of LAB and yeast. The pH 

values, yeast and LAB numbers on olive surface at the 60th day were modified by these 

starters. Some particular strains were able to improve the anti-adhesive characters of EPSs: 

L. pentosus 119WT and specially L. pentosus 119-14MT were the most effective starters 

improving antiadhesive properties of EPSs.  Combination of 119-14MT strain with C. 

boidinii TOMC-Y13 reversed this improvement.  

Results in this Thesis showed that wheat, rye, oat and their brans could be regarded as 

potential ingredients to prevent of diarrhoea in weaning piglets if used preferably in the 

formulation of diets. Moreover microbial EPS, obtained as by-products from the industrial 

production of table green olives, is suggested as a potential in-feed additive to be used in the 

prevention of post-weaning diarrhoea. These EPSs are demonstrated to be quite similar 

between different industrial olive fermenters regarding their chemical composition and 

structure determined by 1H NMR spectrum.  Different EPS tested also showed consistent 

anti-adhesive abilities although of variable intensity depending on the industrial fermenter. 

Using L. pentosus strains and C. boidinii TOMC-Y13 as starters, are demonstrated to 



 
 

influence the fermentation process modifying pH and the attached numbers of yeast and LAB 

on olive surfaces. Anti-adhesive abilities could also be improved by the use of some 

particular L. pentosus strains. The above-mentioned results will be helpful to explore new 

feed strategies and the development of new feed additives in the prevention of post-weaning 

colibacillosis induced by ETEC K88.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

RESUMEN 

El objetivo de esta tesis ha sido explorar nuevas estrategias nutricionales frente a patógenos 

de relevancia en lechones durante el periodo post-destete y así poder contribuir a la reducción 

del uso de antibióticos durante esta etapa. Partiendo de los resultados obtenidos previamente 

en nuestro grupo, con los que se evidenció la capacidad del salvado de trigo de interferir en 

la adhesión de Escherichia coli enterotoxigénica (ETEC) K88 a las células epiteliales 

intestinales (IPEC-J2), en esta tesis se evaluó el potencial de otros macro-ingredientes en la 

prevención de la adhesión intestinal de este patógeno. Asimismo, en trabajos anteriores, 

también se evidenció la capacidad de los exopolisacáridos (EPS) de origen microbiano, 

aislados de fermentadores industriales destinados a la producción de las aceitunas verdes, de 

adherirse específicamente a ETEC K88 y así bloquear su adhesión a las células IPEC-J2. En 

esta Tesis se propuso explorar estos compuestos en mayor profundidad y se estudió su 

composición química y su estructura analizando la variabilidad existente entre diferentes 

fermentadores industriales. Además, se implementaron nuevas estrategias a fin de mejorar la 

funcionalidad de estos EPS microbianos mediante el uso de diferentes cepas de Lactobacillus 

pentosus y Candida boidinii como starters en la fermentación de las aceitunas verdes de 

mesa. 

Con el fin de cumplir con los principales objetivos mencionados, se diseñaron tres pruebas 

distintas (Capítulos 4 a 6). 

El Experimento I se concibió con la finalidad de evaluar in vitro, mediante diferentes 

modelos miniaturizados, la capacidad de diferentes ingredientes, comúnmente usados en la 

formulación de las dietas para lechones, y particularmente diferentes tipos de salvados de 

cereales, de adherirse a ETEC K88 (test de adhesión, AT) y bloquear su adhesión a las células 

epiteliales intestinales (IPEC-J2) (test de bloqueo, BT). En cuanto a los ingredientes 

habituales, el trigo, maíz, avena, cebada, centeno, harina de soja 44%, haba de soja 

extrusionada, así como el lactosuero dulce, todos demostraron una clara afinidad de adhesión 

a ETEC K88. Con respecto al centeno, la avena y también el trigo, se observó como los tres 

ingredientes redujeron la adhesión de ETEC K88 a las células IPEC-J2. Entre los distintos 

salvados de cereal testados, los salvados de trigo, espelta, kamut, centeno, avena y arroz 



 
 

demostraron ser capaces de adherirse a ETEC K88, además de reducir la adhesión de ETEC 

K88 a las células IPEC-J2, a excepción del salvado de arroz. 

El Experimento II fue diseñado para explorar las funciones biológicas de los 

exopolisacáridos (EPS) microbianos, producidos durante la fermentación industrial de las 

aceitunas verdes de mesa, frente a E. coli enterotoxigénica (ETEC) K88. Los 

exopolisacáridos fueron asilados de la salmuera procedente de cinco fermentadores 

industriales. El análisis de la composición de monosacáridos mediante GLC reveló que los 

componentes principales correspondían a la glucosa y galactosa, seguidos de la ramnosa y 

arabinosa. El espectro 1H NMR mostró un perfil muy similar entre las diferentes muestras, y 

el análisis posterior más detallado reveló la presencia de α-piranosa según la forma α-D-

Glcp-(1→) y dos tipos distintos de α-furanosas, lo que sugiriere la presencia de α-D-Glcf y 

α-D-Galf. Los tests in vitro incluyeron el test de adhesión (AT) para evaluar la capacidad del 

EPS de adherirse específicamente a ECET K88, y tres estrategias diferentes para evaluar la 

interferencia en la adhesión del patógeno a las células IPEC-J2: test de competición (CT), 

test de exclusión (ET), y test de desplazamiento (DT). Los resultados del AT demostraron la 

capacidad de las muestras de EPS de adherirse específicamente a ETEC K88 con intensidad 

variable. En el caso del CT, no se pudo mostrar la capacidad de bloquear la adhesión de 

ETEC K88 a las células IPEC-J2, sin embargo, en el test DT, todas las muestras de EPS 

demostraron ser eficaces eliminando el patógeno ya adherido a las células. 

El experimento III fue diseñado para evaluar el potencial de diferentes cultivos starter para 

modular la fermentación de las aceitunas verdes de mesa, así como mejorar las características 

anti-adhesivas de los EPS aislados de las salmueras de fermentación. Para tal fin, se usaron 

distintas combinaciones de una cepa de Candida boidinii TOMC-Y13 y cuatro cepas de 

Lactobacillus pentosus como starters dando lugar a un total de 10 tratamientos bajo un diseño 

de 2 x 5. Durante el proceso de fermentación, se registraron diferentes parámetros físico-

químicos que incluyeron el pH y los recuentos en placa de la LAB y de levaduras. Los starters 

modificaron el pH, los recuentos de levaduras y de LAB en la superficie de las aceitunas a 

día 60. Concretamente, algunas cepas fueron capaces de mejorar las características físico-

químicas de los EPS: L. pentosus 119TW y especialmente L. pentosus 119-14-MT fueron los 

starters más eficaces en la mejora de las propiedades anti-adhesivas de los EPS. Por otro lado, 



 
 

la combinación de la cepa L. pentosus 119-14-MT con C. boidinii TOMC-Y13 revirtió esta 

mejora. 

Los resultados de esta Tesis mostraron que el trigo, centeno, avena, y sus salvados podrían 

tenerse en cuenta como posibles ingredientes a considerar y a incluir en la formulación de las 

dietas para la prevención de diarreas en los lechones destetados. Por su parte, el EPS 

microbiano, co-producto obtenido de la producción industrial de aceitunas verdes de mesa, 

también demostró tener potencial para su uso como aditivo en las dietas post-destete. Los 

EPS presentaron una composición similar entre los diferentes fermentadores industriales en 

cuanto a su análisis químico y su estructura determinada mediante el espectro de 1H NMR. 

Los distintos EPS testados también demostraron poseer capacidades anti-adhesivas, aunque 

con intensidad variable entre los diferentes fermentadores. El uso de las cepas starters de L. 

pentosus y C. boidinii TOMC-Y13 demostró su influencia en la fermentación mediante la 

modificación del pH y de los recuentos de levaduras y LAB adheridos a las superficies de las 

aceitunas. Fue posible además mejorar la capacidad anti-adhesiva de los EPS mediante el uso 

de cepas específicas de L. pentosus. Los resultados expuestos pueden ser de utilidad para el 

desarrollo de nuevas estrategias nutricionales y aditivos dirigidos a la prevención de la 

colibacilosis post-destete causada por ETEC K88. 
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In pig nutrition, feed macro-ingredients have been considered traditionally just as vehicles of 

energy and nutrients, being their possible functional properties generally ignored or 

neglected. However it is known that food can provide a repertoire of trace compounds some 

of them with meaningfully bioactive characters (Jansman, 2016). Some particular 

carbohydrates, glycoproteins, peptides and polyphenols, among others, have been shown to 

have anti-inflammatory, bactericidal or prebiotic roles contributing to maintain intestinal 

health (Puupponen-Pimiä et al., 2002). Especially, the ability of some compounds to interfere 

with the adhesion of pathogens to the intestine has recently attracted attention (Lane et al., 

2010).  

Antibiotics were discovered about 90 years ago and since then they have been extensively 

used in human and veterinary medicine for the prevention and treatment of diverse bacterial 

infections. In livestock, antibiotics have been also used as growth promoters included as in-

feed additives in animal diets, although since the year 2006 their use was forbidden in the 

EU (EPC, 2005). Parallel to the use of antibiotics, microorganisms have evolved developing 

different molecular ways of resistance. Every year, in the EU more than 25 000 people die 

due to multidrug-resistant bacteria with €1.5 billion health care costs (Alvana et al., 2011). 

The antimicrobial resistance (AMR) of pathogenic bacteria is nowadays a global threat that 

has lead the World Health Organization to establish a Global Action Plan in 2015 (WHO, 

2015).  Within their strategic objectives it is stated the need to increase investment in new 

medicines, diagnostic tools, vaccines and other interventions able to reduce the need of use 

antibiotics. 

Weaning is one of the most critical periods in the pig life. A number of stressors, such as 

social, environmental and dietary stress, could cause intestinal and immune system 

dysfunctions facilitating pathogenic infections (Campbell et al., 2013). Weaning-associated 

infectious pathologies are one of the main responsible for the use of antibiotics in livestock 

(Mathew et al., 2007).  Improving management and nutrition, during this period of pig live, 

seems essential in any reduction plan.  From this point of view, a rational use of feed 

ingredients in the piglet diet, aimed to improve natural resistance of the animal to disease, 

appears as an attractive strategy.  
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In intestinal bacterial infections, attachments or adhesion of pathogens to the intestinal 

epithelial cells is one of the first and required steps to colonize the gut and cause disease 

(Ofek et al., 2003). Attachment is mediated by bacteria fimbriae/adhesins and their specific 

receptors on cell surfaces. Literature have pinpointed carbohydrates, proteins or 

glycoconjugates as the main biological structures responsible of the interactions between 

adhesins and intestinal cells (Sharon and Lis, 2004; Day et al., 2015). Taking this into 

account, it has been proposed that providing exogenous molecules with similar structure to 

the microbial adhesins or epithelial receptors, could correspondingly bind with any of them 

interfering in the bacteria-intestine attachment. Providing these exogenous analogues through 

the diet could therefore inhibit the first step of pathogenic colonization preventing disease 

(Cozens and Read, 2012). In addition, these agents would not kill bacteria like antibiotics, 

not being expected to cause selective pressure for the appearance of resistant bacteria (Ofek 

et al., 2003).  

Varity of macro-ingredients of vegetable, animal origin have been described as possible anti-

adhesive providers (Sun and Wu, 2017). Particularly lot of research can be found regarding 

the potential of human milk oligosaccharides to assist neonates in the prevention of diarrhoeal 

pathogens (Coppa et al., 2006). Also, specific carbohydrates, exopolysaccharides (EPS), and 

proteins from microbial origin can be add to the list of potential competitive analogues (Wang 

et al., 2010; Sun et al., 2017).  

In the latest years, the Animal Nutrition and Welfare research group of the UAB have tried 

to explore natural ingredients with anti-adhesive properties. In the frame of previous projects 

(AGL 2007-60851/GAN:  Evaluation of different functional ingredients to improve the 

health status of pigs; AGL2009-07328: Evaluation of Zn and blocking substrates of microbial 

adhesion in the feed of the post-weaning piglet) Molist et al. (2011) found that wheat bran 

(WB) included in the piglet diets reduced fecal E. coli counts in weaning piglets and also in 

ileal digesta after an oral challenge with ETEC K88 (Molist et al., 2010). Hermes et al. (2011) 

also showed in vitro how WB, Casein Glycomacropeptide (CGMP) or locust bean were able 

to inhibit the ETEC K88 attachments to IPEC-J2 cells, also modulating the innate 

inflammatory response. Results from Gonzalez-Ortiz et al. (2013) also verified the anti-

adhesive abilities of these ingredients, and moreover Hermes et al. (2013) and Gonzalez-



4 
 

Ortiz et al. (2014a, b) showed that CGMP and WB were able to reduce the adhesions of this 

bacteria to piglet mucosa in vitro and in vivo. More recently in the frame of a later project 

(AGL2012-3192: Two new strategies to improve the adaptation of piglets to weaning: the 

optimizations of Zn status and the EPS from fermentation of green olives) it was evidenced 

the potential of microbial EPS isolated from olive fermentation brines to interfered with 

ETEC K88 attachment to IPEC-J2 cells (Gonzalez-Ortiz et al., 2014a).  

Based on results from previous studies, and framed in this last project (AGL2012-3192), it 

is developed the research of this PhD. With this work it is aimed to explore the potential of 

common macro-ingredients in the piglet diets to act as anti-adhesive agents, and more deeply 

evaluate the potential of microbial EPSs obtained from olive fermentation brines. 
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2.1. BACTERIAL ADHESION 

 

2.1.1. INTRODUCTION 

The intestine is inhabited by a large population of bacteria that coexist in symbiosis with its 

host. Actually bacterial cells in the gut are higher in numbers than eukaryotic cells in the 

body (Rosner, 2014).  Bacteria in the gut can play numerous beneficial functions to the host, 

including the fermentation of some undigested food material and the synthesis of some 

vitamins, like vitamin k or folic acid (Cummings and MacFarlane, 1997). Together to these 

digestive functions, commensal bacteria are able to cross talk with the host through different 

molecular ways sharping and influencing the immune system (Canny and McCormick, 2008; 

Nicholson et al., 2012). Some particular microbial groups had been demonstrated to have 

anti-inflammatory effects and also to be able to exclude pathogens (Canny and McCormick, 

2008; Hill and Artis, 2010). However, under particular conditions, some opportunistic 

pathogens can colonize the gut and cause disease. The competitive balance maintained by 

commensal and opportunistic pathogens is vital for gut health (Guarino et al., 2012).  

It is a well-accepted theory that for many pathogens the interaction with epithelial cells is a 

critical and first step for performing their actions. This adhesion would be mediated by 

different bacterial appendages able to recognize host receptors on cellular surfaces (Soto and 

Hultgren, 1999; Sharon. 2006). In the following chapters we will review how bacteria can 

interact with the gut and particularly how some intestinal pathogens rely on this ability to 

attach to intestinal epithelial cells and cause disease. 
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Figure 2.1. A diverse and non-disturbed microbiota in the intestinal epithelium (cited 

from Baümler and Sperandio, 2016). 

2.1.2. BACTERIA-HOST INTERACTIONS 

One of the main mechanisms by which bacteria interact with its host is by the expression of 

different molecules and structures on their surface that make them able to specifically 

recognize receptors on the host epithelial cells. These structures are generally known as 

adhesins (Nougayrede et al., 2003; Kline et al., 2009; Solanki et al., 2018). Interaction of 

bacteria with the epithelium in this way can exert different responses in the immune system 

of the host training it to distinguish between commensal and potential pathogenic bacteria 

(Kline et al., 2009). However adhesion of bacteria to the intestinal surface can also turn on a 

way for pathogens to resist physical removal (Klemm and Schembri, 2000) avoiding bacterial 

to be swept out by the digesta flow. In this way adhesins could assist bacteria to resist defence 

from host by bonding receptors on the host surface and increasing the opportunities of gut 

colonization. 

2.1.2.1. CATEGORIZATION OF ADHESINS 

Depending on the structures exhibited on the bacterial surfaces, adhesins could be divided 

into pili/fimbriae and nonpilus/afimbrial adhesins. Pili/fimbriae are extracellular hairy 

appendages. Afimbrial adhesins, contrary to pilus adhesins, without appendages outside the 

bacterial membrane, are like rivets into bacterial surfaces (Finlay and Cossart, 1997; Soto 

and Hultgren, 1999).  Adhesins of Gram-negative bacteria are pili/fimbriae (Patel et al., 
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2017), but pili also have been discovered in some Gram-positive bacteria, and they also play 

vital roles in microbial adherence (Pizarro-Cerdá and Cossart, 2006; Mandlik et al., 2008).   

Depending on the chemical nature of adhesins and receptors we can distinguish multiple 

kinds of interactions.  

 2.1.2.1.1. LECTIN-CARBOHYDRATE INTERACTION 

Lectins were first described more than 100 years ago originating from a series of research 

regarding hemagglutinins (Sharon and Lis, 2004). They were defined as carbohydrate-

binding proteins existing in plants, animals and bacteria. Lectin-carbohydrate interactions 

between microorganisms and cell membrane could be meditated by two ways: bacterial 

lectins bonding with cell surface carbohydrates or cell lectins bonding with bacterial 

carbohydrates (Figure 2.2) (Sharon and Lis, 2004; Ohlsen et al., 2009).  

2.1.2.1.2. PROTEIN-PROTEIN INTERACTION 

Bacteria surface proteins can also help bacteria to adhere the host by connecting with the 

extracellular cell matrix (ECM), which mainly consist of some fibrous proteins (Chagnot et 

al., 2012). Moreover, some transmembrane proteins can also act as receptors of bacterial 

surface proteins, such as α5β1 integrin bounding with Ipa proteins of Shigella (Watarai et al., 

1996), E-cadherin bounding with internalin of L.monocytogenes (Mengaud et al., 1996). 

2.1.2.1.3. CARBOHYDRATE-CARBOHYDRATE INTERACTION 

Carbohydrate-carbohydrate interactions are also important mechanisms in biological 

processes including cell adhesion and communications/recognitions (Rojo et al., 2002). 

Considered as a week interaction, carbohydrate-carbohydrate interactions between bacteria 

and host cells have not been attracted more attentions. However, a recent study conducted by 

Day et al. (2015) firstly illustrated interactions between some bacterial glycan and host 

glycan could be as effective as protein-carbohydrate interactions. These glycan-glycan 

interactions also interfered with bacterial attachments to Caco-2 cells. Belotserkovsky et al. 

(2018) verified glycan-glycan interactions existed in the binding of Shigella to CD+ T 

lymphocytes.  
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Figure 2.2. Cell surface lectin-carbohydrate interactions. Bacterial lectins connect with 

carbohydrate sites of cellular surface carbohydrates of glycoproteins or glycolipids.  

Lectins on cell surface also could attach with outside carbohydrates of bacteria. (cited 

from Sharon and Lis (2004); Based on an original diagram from BioCarbAB (Lund, 

Sweden)).  

 

2.1.2.1.4. OTHER MECHANISMS  

Bacteria could also ‘generate’ and ‘send’ their own receptors to host. Regarding this aspect, 

Kenny et al. (1997) revealed intimin of Enteropathogenic E. coli (EPEC) interact with Hp90 

on mammalian cells, and actually this Hp-90 was a 90 k Da protein secreted by EPEC. 

Bacterial outer membrane vesicles also seemed as similar actors. Vesicles released by 

growing bacteria could interact with host cells and enhance their bacterial attachments to host 

cells (Kuehn and Kesty, 2005).  

2.1.3. RECEPTORS IN BACTERIA-HOST INTERACTIONS 

Corresponding to adhesins, surface receptors are the other fundamental structures responsible 

for bacterial surface adherence (Jones and Isaacson, 1982).  Bacteria attachments could not 

occur if cells would not offer specific receptors (Nizet et al., 2017). As known, bioactive 

components of receptors are highly related with carbohydrates (Kato and Ishiwa, 2015). As 

the most well studied receptors, glycoproteins and glycolipids (proteins and lipids linked with 
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carbohydrates) mainly constitute the glycocalyx on cellular surfaces (Ohlsen et al., 2009; 

Kato and Ishiwa, 2015). 

Carbohydrate linkages in glycoproteins and glycolipids could be of different nature (Wyss 

and Wagner, 1996; Sharon, 2006; Gabius et al., 2016), several examples are given in Table 

2.1. N- and O-linked glycans are common found forms (Yang et al., 2017).  In term of N-

linkage, Asn-Xaa-Ser/Thr is a necessary ‘unit’, and glycans bond with side-chain nitrogen of 

asparagine in this ‘unit’. O-linked glycans consisted of 1-20 residues, and their linkages do 

not need specific ‘unit’ of membrane proteins (Wyss and Wagner, 1996; Juge, 2012).  

2.1.4. ANTI-ADHESIVE STRATEGIES IN THE PREVENTION OF DIGESTIVE 

PATHOGENS 

Based on the mechanism of adhesin-host interactions, the oral supplementation with 

adhesin/receptor analogues has been proposed as a competitive strategy to reduce pathogen 

virulence by blocking bacterial receptors or bacterial adhesins (Kelly and Younson, 2000). 

The principal advantage of this alternative therapy, compared to antibiotics is that it would 

not be expected to cause the selection of bacterial resistance as it not compromise the growth 

or survive of bacteria (Ofek et al., 2003; Sharon, 2006).    

Literature have revealed many compounds that could be used as anti-adhesive agents, 

especially natural compounds obtained from plant, dairy products or microorganism. 

Molecule structures of these analogues usually resemble structures of adhesins or bacterial 

receptors (Kelly and Younson, 2000; Krachler and Orth, 2013). Among these agents, 

carbohydrates and their related materials have been widely investigated. Between them 

methyl α -D-mannopyranoside (αMM) was the first recorded anti-adhesive material in vivo 

preventing pathogen infection (Aronson et al., 1979). In the following chapters there will be 

reviewed the potential anti-adhesive properties reported for different natural ingredients. It 

will be also explored the properties of specific carbohydrates-exopolysaccharides (EPSs), 

produced by certain microorganisms, as receptor/adhesins analogues. 
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Table 2.1. Carbohydrates as attachment sites for bacterial pathogens on animal tissues. 

Organism Target tissue Carbohydrate Forma 

C. jejuni Intestinal Fucα2GalβGlcNAc GP 
E. coli Type 1 Urinary Manα3Manα6Man GP 
 P Urinary Galα4Gal GSL 
 S Neural NeuAc (α2–3)Galβ3GalNAc GSL 
 CFA/1 Intestinal NeuAc (α2–8)– GP 
 F1C Urinary GalNAcβ4Galβ GSL 
 F17 Urinary GlcNAc GP 
 K1 Endothelial GlcNAcβ4GlcNAc GP 
 K99 Intestinal NeuAc(α2–3)Galβ4Glc GSL 

H. influenzae Respiratory [NeuAc(α2–3)]0,1 
Galβ4GlcNAcβ3Galβ4GlcNAc GSL 

H. pylori Stomach NeuAc(α2–3)Galβ4GlcNAc GP 
  Fucα2Galβ3(Fucα4)Gal GP 
K. pneumoniae Respiratory Man GP 
N. gonorrhoea Genital Galβ4Glc(NAc) GSL 

N. meningitidis Respiratory [NeuAc(α2–3)]0,1 
Galβ4GlcNAcβ3Galβ4GlcNAc GSL 

P. aeruginosa Respiratory L-Fuc GP 
 Respiratory Galβ3Glc(NAc)β3Galβ4Glc GSL 
S. typhimurium Intestinal Man GP 

S. pneumoniae Respiratory [NeuAc(α2–3)]0,1 
Galβ4GlcNAcβ3Galβ4GlcNAc GSL 

S. suis Respiratory Galα4Galβ4Glc GSL 
 

aPredominant form in tissue: GP: Glycoprotein; GSL: Glycolipids. Cited from Sharon (2006). 
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2.2. POTENTIAL ROLE OF DIETARY MACRO-INGREDIENTS IN INTESTINAL 

HEALTH 

Cereals and vegetable and animal sources of protein have been widely used in the formula of 

pig diets. These ingredients are important origins of carbohydrates, proteins, fat, mineral, and 

even vitamin for pigs. However no only that, different studies have described how some feed 

ingredients could also promote animal health together providing nutrients (Jansman, 2016). 

In this part, some simple descriptions would focus on reported functions for some different 

ingredients used in the piglet diets, such as cereals, vegetable and animal sources of protein 

or dairy products. Main functions to be reviewed will include effects on mucosa architecture, 

immune response, antiadhesive properties against pathogens and intestinal microbiota. 

2.2.1. INGREDIENTS AND MUCOSA ARCHITECTURE  

The integrity of mucosa of the small intestine is vital for the digestive function (Bach 

Knudsen et al., 2012). During the piglet weaning period, mucosal architecture is greatly 

affected by the food change from the milk to a vegetable based dry diets (Bach Knudsen et 

al., 2012). Research have exhibited how some ingredients, especially cereals, can have an 

influence on the mucosa architecture during this period.  

It has been proved in piglets that intake of cereals increase crypt depth without creep feed 

previously (Torrallardona et al., 2015). However other researchers did not find differences 

between cereals (Boudry et al., 2002) with no change in jejunal structure among wheat-, 

barley- or milk- diets. Brunsgaard. (1998) comparing barley and wheat diets did not found 

differences associated to the cereal type on the mucosal architecture, epithelial cell 

proliferation, or production and composition of the mucins in the large intestine of weaning 

pigs, but they did related to the particle size of each cereal. Regarding the use of cereal by-

products, the study conducted by Hedemann et al. (2006) also verified that feeding newly 

weaned pigs with barley hull could result in higher villous height, which determines post 

weaning weight gain and improves gut morphology, increase the activity of the peptidase, 

aminopeptidase N and dipeptidyl peptidase TV.  
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As the above descriptions, changes of mucosa architecture could be however consequence of 

many factors. The kind of carbohydrates in the cereals could be determinant (Bach Knudsen 

et al., 2012). In large intestine, indigestible carbohydrates are the main fermentation 

substrates for bacteria, and SCFA the final metabolites. Although they were produced in the 

large intestine, SCFA could also promote cell proliferation and growth of the small intestine 

(Montagne et al., 2003). For example, arabinoxylan and β-glucans are some of these non-

digestible carbohydrates from cereals that could promote, in appropriate doses, these effects. 

Its presence in the different kind of cereals is variable being present for example in oats in a 

high percentage (Bach Knudsen et al., 1993 a; Wilczak et al., 2015). Moreover, soluble 

polysaccharides could also increase the viscosity in the intestinal digesta (Mudgil and Barak, 

2003) and promote changes. Higher viscosity in weaning piglet intestine induced by the 

addition of carboxymethylcellulose has been demonstrated to increase the total number of 

ileal goblet cells (Piel et al., 2005). 

It is worthy also to mention that indigestible lectins from legumes, cereals and some other 

plants could also cause intestinal damages (Zárate et al., 2017). In the study conducted by de 

Oliveira et al. (1988), purified lectins from kidney bean leaded to intestinal hypertrophy and 

hyperplasia in rats. Results from Sun et al. (2008) confirmed that soybean β-conglycinin in 

both 1% and 3% levels caused intestinal morphology damage. However most of the 

antinutritional factors from legumes can be inactivate by thermal processing. In this regard 

more than 80% of the antinutritional protein in soya bean meal can be abolished by dry 

heating (Yin et al., 2011).  Supplementing piglets with heated pigeon pea seed meal did not 

cause significant difference in term of villus height, cell area and cell mitosis compared to 

the control group, but piglets in raw pigeon pea seed meal group without removing the anti-

nutritional factors showed lower villus height, cell area and cell mitosis (Mekbungwan and 

Yamauchi, 2004).  

2.2.2. IMPROVEMENTS IN THE IMMUNE LOCAL RESPONSE 

Local immune system is an important part of the immune response when fighting intestinal 

pathogen infections (Mowat, 2003).  The mucosa-associated lymphoid tissues lining the gut 

are known as gut-associated lymphoid tissue or GALT (Garside et al., 2004). An extremely 

important site for the induction of immune responses in the small intestine are lymphoid 
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follicles-Peyer’s patch and leukocytes in epithelium and lamina propria (Jung et al., 2010; 

Mowat, 2003). It has been described in the literature the potential of different ingredients to 

modulate this mucosal immune organ by different ways. 

Regarding cereal ingredients, β-glucan is one of the most studies polysaccharides with 

bioactive properties.  Barley β-glucan upregulate the expression of surface molecule CD86 

in dendritic cells (Wismar et al., 2011). Combinations of barley β-glucans and probiotics 

have been described to modulate the expression of immune genes of human THP-1 cells 

macrophages, and differences of these immune-regulating functions were found between oat 

(1-3, 1-4)-β-glucan and barley (1-3)-β-glucan (Arena et al., 2016).  In rat enteritis model, oat 

β-glucans with high and low molecular weights significantly reduced the increased number 

of total lymphocytes T, B and granulocytes induced by LPS (Suchecka et al., 2015). 

 

Figure 2.3. Schematic representation of the lymphoid elements of the intestinal immune 

system (Mowat, 2003).  

The organized tissues of the Peyer’s patches and mesenteric lymph nodes (MLNs) are involved 

in the induction of immunity and tolerance, whereas the effector sites are scattered throughout 

the lamina propria and epithelium of the mucosa. Both the Peyer’s patches and villus lamina 

propria are drained by afferent lymphatics that go to the MLNs. SED, subepithelial dome; 

TDA, thymus-dependent area (cited from Mowat, 2003). 
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Some β-glucans–connecting receptors have been found on the membrane of immune system 

cells (Suchecka et al., 2017).  Dectin-1 is one of these receptors, which could recognize β-

glucans of many fungal species (Shinkai et al., 2016). Sonck et al. (2009) found dectin-1 

expressed in the porcine small intestine, colon, rectum and the mesenterial lymph nodes. 

Moreover Tada et al. (2009) demonstrated that barley β-glucans could activate NF-κB in 

293T cells when dectin-1 was transfected into the cells together with Syk, CARD9 and Bcl 

10. Oat β-glucan after endo-glucanase treatment showed more activation of the Dectin-1 

receptors in human dendritic cells. The endo-glucanase treatment may change the size and 

molecular weight of β-glucan, and help to expose the β - (1-3) linkages. Authors regarded 

these changes as one of the main reasons for the enhancement of immune activity 

(Sahasrabudhe et al., 2016a).  

 
 

Figure 2.4. The Structure of Cereal glucan 

Polymer of β-(1-4)-D-glycopyranosyl units separated by single β-(1-3)-D-glycopyranosyl units 

(cited from Volman et al., 2008). 

Structure, molecular weight and compositional characteristic of cereal β-glucans are also 

probably involved into the modulation of inflammation (Wismar et al., 2010).   In the study 

conducted by Rieder et al. (2011), cereal β-glucan with lower average molecular weight 

significantly stimulated the expression of IL-8 in HT-29 cells, however, the higher molecular 

weight β-glucan did not exhibited this effect.  Samuelsen et al. (2011) verified a similar result 

of the higher molecular weight β-glucan from barley. Chanput et al. (2012) also found β-

glucans from oat, barley and shiitake stimulated expressions of inflammation-related gene 
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IL-1β, IL-8, IL-10 and NF-κB in human monocytic leukemia cell line THP- 1 by different 

ways. These cereal crude β-glucans, and their commercial forms, also showed similar 

activations, but with different fold incubation values. Sahasrabudhe et al. (2016b) explained 

the mechanism why particulate β-glucan enhance the immune activity more than the soluble 

from. Particulate β-glucan could activate both Dectin-1A-TLR4 and Dectin-1B-TLR4 

receptor cell lines, but the stimulation of soluble β-glucan did not appear in the Dectin-1B-

TLR4 receptor cell lines.  

Other ingredients such as soybean could had adverse effects on the intestinal immune 

response. Lectins from soybean could connect with polysaccharide chains of receptors on the 

intestinal membrane (Kik et al., 1989) and induce different kind of responses. Brown and 

Williams. (1982) found in vitro that soybean lectin bond to leucocyte-common antigens from 

B lymphocytes, not T lymphocytes.  Results from a study of Dunsford et al. (1989) with 

animal models, exhibited that diets with high concentrations of soybean meal leaded to 

greater lamina propria depth in post weaning pigs. Antigenic materials in soybean seems to 

be the main factors being response for the detrimental results. Compared with non-antigenic 

soybean products, antigenic soybean diets substantially increased eosinophil density in the 

duodenal mucosa of early-weaned pigs (Dréau et al., 1994). In another study, heat-treated 

soybean proteins stimulated both B and T lymphocytes in the piglet duodenal mucosa more 

efficiently than ethanol-treated soybean proteins (Dréau et al., 1995). The damage of 

duodenal villi caused by heat-treated soyabean proteins may be the manifestation of these 

immune reactions. 

Cereals and legumes contain polyphenols (Salunkhe et al., 1983; Fardet, 2010). Most of these 

polyphenols are in the coat, bran or germ, and belong to the flavonoid and tannin groups 

(Salunkhe et al., 1983). Although their contents is not as high as in fibrous ingredients, 

research findings illustrate that these polyphenols can be also considered as important 

bioactive compounds with an immune modulation effect.  

Diet containing polyphenol-rich cereals improved the expressions of IL-2 and TNFα of the 

leukocyte from mouse when these leukocyte were separately incubated with Con A and LPS 

(Álvarez et al., 2006). Hole et al. (2009; 2012) found that NF-КB activity in monocyte cell 

line U937-3xkB-LUC induced by LPS were differently affected by the phenolic extracts of 
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barley, oat, wheat and buckwheat. Polyphenols binding to fiber in whole-grain wheat were 

more than in refined wheat, and the consumption of whole-grain wheat was demonstrated to 

inhibit the expressions of inflammatory TNF-α and IL-6 while stimulated the production of 

anti-inflammatory IL-10 (Vitaglione et al., 2015). Bound phenolic acids accompanying the 

fibrous materials are mostly digested in colon, but not in stomach or small intestine (Shao 

and Bao, 2015). Therefore these kinds of polyphenols are supposed to exert anti-cancer and 

anti-inflammatory effects mostly in colon. In addition, isoflavone fraction from soybean has 

been demonstrated to alleviate the IL-8 secretion induced by TNFα in Caco-2 cells (Satsu et 

al., 2009). Results from the study of Kanamoto et al. (2011) also verified that polyphenol-

rich extract of black soybean seed suppress inflammation in mice, as the gene expressions of 

TNFα and monocyte chemoattractant protein-1 in whited adipose tissue were down 

regulated. Recently, polyphenols from grapes also have attracted researcher attention (Brenes 

et al., 2016). Intakes of grape by-products could prevent intestinal inflammatory processes 

and reduce E. coli induced diarrhoea in weaned piglet models (Gessner et al., 2013; Fiesel et 

al., 2014; Verhelst et al., 2014).   

Milk powder is also important ingredient for the post weaning piglets. A variety of 

carbohydrates, proteins, fat as well as bioactive components could be found in milk with 

ability to modulate directly or indirectly the intestinal immunity.  

In human, bovine and goat milk, there has been describe different kind of oligosaccharides 

(Lara-Villoslada et al., 2006), with reported anti-inflammation or proinflammation 

properties. For examples, human milk oligosaccharide 2′-fucosyllactose reduced the 

inflammation in T84 and H4 IECs induced by invasions of E. coli stains by inhibiting CD14 

expression (He et al., 2014). Kurakevich et al. (2013) using gene knockdown mice revealed 

that milk oligosaccharide sialyl (α2, 3) lactose directly stimulated MLN CD11c+ dendritic 

cells via Toll-like receptor 4 signaling. Moreover, human milk oligosaccharides effectively 

increased the basophils in PBMC and mesenteric lymph node (MLN), NK cells in PBMC, 

memory effector T cells in MLN than probiotic in neonatal piglets (Comstock et al., 2016). 

Lane et al. (2013) comparing immune responses in HT-29 cells induced by human milk 

oligosaccharides and bovine milk oligosaccharides found that oligosaccharides modulated 

the immune systems genes in similar patterns. Additionally, goat milk oligosaccharides 

attenuated the colonic inflammation induced by dextran sodium sulfate (DSS) in rats, and 
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maintained expressions of mucin genes down-regulated by DSS (Lara-Villoslada et al., 

2006).  

Regarding dairy proteins, excellent papers have reviewed some peptides like lactoferrin in 

the developments of intestine immunity (Baldi et al., 2005; Donovan, 2016). The modulation 

effects of milk peptides were in both directions: induction and suppression (Politis and 

Chronopoulou, 2008). As known, some toll-like receptor signaling pathways could be 

involved in immune modulations recognizing glycoproteins, peptides as well as 

oligosaccharides (He et al., 2016). Immune responses stimulated by these ingredients in milk 

could help hosts to prevent pathogen invasions (Walker et al., 2015).  

 

2.2.3. INGREDIENTS AND ANTI-ADHESIVE ABILITIES 

As it has been described above, in many cases the infections of some pathogens were firstly 

related with the connections between fimbriae and their receptors in the intestinal epithelium 

surface. Providing suitable agents to inhibit or reduce these connections is recognized as a 

natural method to prevent or treat microbial disease (Sharon, 2006). Ingredients, such as milk, 

plants or microbial products, has been described as important sources of these agents (Lane 

et al., 2010).  

Carbohydrates, proteins and fats from milk have been verified by many authors as anti-

adhesive analogues in terms of the prevention of pathogen attachment. Among them, the 

most highlighted bioactive components have been certain soluble oligosaccharides or 

glycoconjugates, especially from human milk (Bode, 2009; Hickey, 2012). Coppa et al. 

(2006) evidenced how oligosaccharides from human milk reduced the adhesion of 

diarrheogenic bacteria (E. coli, Vibrio cholera, Salmonella fyris) to Caco-2 cells. 

Caseinoglycomacropeptide (CGMP) derived from κ-casein also reduced the adhesions of 

verotoxigenic Escherichia coli, enteropathogenic Escherichia coli, Lactobacillus pentosus, 

L. casei and L. acidophilus to human HT29 cells. However the anti-adhesive ability of CGMP 

was also strain-depend, as adhesions of some other strains were not affected (Rhoades et al., 

2005). In the tests with ETEC K88, CGMP also reduced the attachment of this bacteria to 

piglet mucosa in vitro and in vivo (Hermes et al., 2013), and also intestinal epithelial cells 
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(Gonzalez-Ortiz et al., 2013). The terminal N-acetylneur-aminic acid residues of CGMP 

probably bind with these pathogens.  In the illustration by Ofek et al. (2003), these acid 

residues acted as the receptors of bacteria such as enterotoxigenic and enteroaggregative E. 

coli strains.  

There is a summary in the following table regarding the studies about anti-adhesive properties 

of milk components in recent years.  

In animal models, many plants or their extracts also exhibit beneficial effects in the reduction 

of diarrhoea and some of these effects could be related to the interference with pathogen 

attachment to epithelial cells. Palla et al. (2015) found in a diarrhoea model in mice that the 

flaxseed extract was able to reduce diarrhoeal scores. Also in mice model Leódido et al. 

(2017), found that feeding sulphated polysaccharide fraction from Gracilaria intermedia 

seaweed, diminished E. coli promoted diarrhoea.  Moreover supplementing sows with 

seaweed extracts also reduced caecal E. coli numbers in the progenie 9 d post-weaning 

(Leonard et al., 2011). The β-glucans isolated from Laminaria digitate and L. hyperborean 

seaweeds reduced Enterobacteriaceae numbers in the piglet ileum and colon as yeast β-

glucans from Saccharomyces cerevisiae, without affect numbers of Lactobacilli or 

Bifidobacteria (Sweeney et al., 2012). In piglets challenged with ETEC K88, intake of wheat 

bran diet reduced the number of E.coli attached to the ileal mucosa (Molist et al., 2010).  

Many factors probably contribute to these results in animal models. Different authors have 

described anti-adhesive properties for the water soluble extracts of different vegetable 

ingredients. In the studies of Gonzalez-Ortiz et al. (2013; 2014), wheat bran competitively 

reduced the attachments of ETEC K88 to piglet mucus or IPEC-J2 cells. Soybean extracts 

blocked the adhesions of E. coli, S. aureus, L. monocytogenes and C. sakazakii to Caco-2 

cells (Zhao and Shah, 2015). Tempe extracts of soybeans also prevented the adhesion of 

ETEC to intestinal cells (Roubos-Van Den Hil et al., 2010) and certain carbohydrates were 

deduced as the bioactive component. This hypothesis is not unreasonable or groundless. 

Wheat bran, some common cereal (wheat, oat, barley and rye), soybean and rapeseed are rich 

in soluble non-starch polysaccharides within their fiber fraction (Knudsen, 2014).  

 



20 
 

Table 2.2. Examples of milk compounds in the preventions of bacterial attachment.  

Compounds Sources Tested tissue Targeted bacteria Reference 

Defatted milk fat 
globule membrane bovine milk HT-29 cells E. coli O157:H7 Ross et al ., 2016 

Glycomacropeptide cheese-making HT-29 and Caco-2 cells EHEC 12900, EPEC 0111:H2, 
EPEC 0125:H32 Feeney et al., 2017 

Milk fat globules raw milk and raw 
milk cheese 

HT-29 and Caco-2 
cells, mice Enterohemorrhagic E. coli Douëllou et al., 2018 

Milk fat globule 
membrane bovine milk Caco-2 TC7 Lactobacillus rhamnosus GG Guerin et al., 2018 

Glycosylated 
components 

Commercial dairy 
powders and raw 

buttermilk 
Caco-2 cells Cronobacter sakazakii Ripollés et al., 2017 

Lactoferrin human milk Caco-2 cells E. coli O157:H7, Salmonella, 

enterica ssp enterica heidelberg 
Barboza et al., 2012 

Glycan human milk 
lactoferrin Caco-2 cells S. heidelberg, S. Typhimurium, 

S. enteritidis, L. monocytogenes Barboza et al., 2012 

Oligosaccharides Human milk pIECs Candida albicans Gonia et al.,2015 

Glycosaminoglycans human milk human intestinal cells E. coli, 
Salmonella fyris 

Coppa et al., 2016 

N-glycome Human and 
bovine milk Caco-2 cells 

Salmonella Typhimurium, 
Shigella sonnei, S. aureus 

E.coli O157, Listeria 

monocytogenes 

Wang et al., 2017 

2'-fucosyllactose and 
6'-sialyllactose human milk Caco-2 cells E. coli 

 
Facinelli et al., 2018 
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Polyphenols from plants could also been involved. Actually polyphenols are one of the most 

well understood components with anti-adhesive attributes in the preventions of bacterial 

infections. Tannins isolated from cranberries has been demonstrated to have anti-adhesive 

activity preventing the infections of P-fimbriated E. coli to uroepithelial cells (Howell et al., 

1998, De Llano et al., 2015).  In the prevention of bacterial colonization of intestine, anti-

adhesive abilities of polyphenols also have been described. Extracts from alpinia katsumadai 

with a high phenolic content reduced the adhesion of Campylobacter jejuni to pig small-

intestine cell lines (Pogačar et al., 2011). Cranberry extract with 41% proanthocyanidins in 

vivo reduced the attachments of F4 and F18+ E. coli to pig intestinal epithelium, and piglets 

challenged with F18+ E. coli had less excretion and diarrhoea when they were supplied with 

this extract in feed (10 g/kg) and drinking water (1g/L)   (Coddens et al., 2017). In addition, 

Verhelst et al. (2014) found two plant derived polyphenol extracts reducing diarrhoea caused 

by ETEC infection in piglets, but this result was highly related with bluntness of heat labile 

toxin by polyphenol extracts.  

 

However anti-adhesive properties of some ingredients could be not only specific for 

pathogenic but they could also interfere with the adhesion of some beneficial bacteria. For 

instance, additions of barley β-glucans or barley flour has been shown to inhibit in vitro the 

attachment of some Lactobacillus strains to Caco-2 cells (Arena et al., 2014).  Volštátová et 

al. (2015) also found that acid-hydrolyzed milk could reduce more than 50% the attachment 

of Lactobacillus plantarum S2 and L.gasseri R to HT29-MTX cells. Less intestinal B.bifidum 

2 attachment to Caco-2 / HT29-MTX cells was also reported in the presence of human milk 

oligosaccharides (Musilova et al. 2017). Cellobiose, stachyose, lactulose and 

chitooligosaccharides also have been shown to diminish bifidobacteria and lactobacilli 

adhesion to HT-29 cells. As stated above, these ingredients or their matrix probably bond to 

adhesins or their receptors on the enterocytes. Negative effects of diet ingredients on the 

probiotic colonization should be also therefore considered when looking for food strategies 

able to promote intestinal health.  
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Table 2.3. Examples of plant derived extracts in the preventions of bacterial attachment.  

Compounds Source Tested tissue Targeted bacteria Reference 

arabinogalactan Ribes nigrum seeds Human gastric cells Helicobacter pylori Messing et al., 2014 

Extracts Rosemary water HEp-2 cells Bacillus Pseudomonas Elhariry et al ., 2014 

SNP Plantain Porcine epithelial cell-line, 
primary chick caecal crypts 

Salmonella 

Typhimurium 
Parsons et al., 2014 

 

Extracts /residue 

thyme, 
olive leaf / 
thyme post-

hydrodistillation 

PSI cl1 cells C. jejuni 

 Šikić Pogačar et al., 2016 

Salvianolic acid B Salviae miltiorrhizae HEC-1B cells Neisseria meningitidis Huttunen et al., 2016 

Pectic 
oligosaccharide Orange peel HT-29 cells E. coli O157:H7 Di et al., 2017 

Pectin kiwifruit Caco-2 cells Salmonella 

Typhimurium Parkar et al., 2010 

Xyloglucan-rich 
fraction cranberry human bladder epithelial 

cells/ HT29 cells 

E. coli CFT073 and 

UTI89, 
E. coli O157:H7 

Hotchkiss et al., 2015 

Extracts /fractions Cranberry juice proanthocyanidins E.coli B78 Gupta et al., 2016 

A-type 
procyanidins 

metabolites (rat 
urine samples) 

Cranberry HT-29 cells Uropathogenic E. coli Peron et al., 2017 
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2.2.4. EFFECTS ON INTESTINAL MICROBIOTA 

Another way by which particular components of feed ingredients could improve animal 

health, would be by modulating microbial community of the gastrointestinal tract. There 

would be two main ways for this modulation. First, by a prebiotic effect favoring the growth 

of beneficial bacteria, and consequently reducing potential pathogens, and secondly by direct 

antimicrobial effects preventing the growth of pathogenic bacteria or directly killing them.  

Many dietary carbohydrates can resist the hydrolysis by endogenous enzymes in the upper 

small intestine. These indigested carbohydrates arriving to the proximal hindgut turn in 

growth substrate for mutualist bacteria that will finally produce short-chain fatty acids 

(SCFA) including mostly acetate, propionate and  butyrate but also organic acids like formic 

or lactic acid in different percentages (Engfer et al., 2000; Macfarlane and Macfarlane, 2006). 

These fermentation products could inhibit the growth of certain potential pathogens, like 

certain strains of Enteropathogenic E. coli or Salmonella spp. that has been described to be 

sensitive to the lower pH environment favored by these SCFA (Bach Knudsen et al., 2012).  

Prebiotic effects has been described for different vegetable ingredients. For example barley 

β-glucan has been describe to enhance the in vitro growth of probiotic Lactobacillus strains 

like L. plantarum, L. acidophilus or L. fermentum (Arena et al., 2014). In normal rats and 

LPS-promoted enteritis rats, both high and low molecular weight oat β-glucans increased the 

LAB numbers in faces (Wilczak et al., 2015). Barley also enriched the abundance of 

Lactobacillus in rat caecum accompanying a decrease of the Bacteroides fragilis group 

(Zhong et al., 2015). Bindelle et al. (2010), also described how β-glucans in cereals 

selectively enriched in vitro certain bacteria of pig feces. Soybean oligosaccharides also 

promoted the growth of bifidobacteria in the human faecal flora in vitro (Saito et al., 1992). 

However, not always prebiotic effects has been described. For example Pieper et al. (2008) 

found that less numbers of Lactobacilli could be counted in ileum of pigs fed high mixed-

linked β-glucan and hulless barley diets, compared to the oat diets. This effect was not 

dependent on the amount of β-glucan indicating that probably other factors or components, 

such as the structures of the carbohydrates, may be involved.  

Regarding potential prebiotic components in milk or milk derived ingredients, several 

complex oligosaccharides and proteins has been described to act as prebiotics promoting 
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growths of bifidobacterial species. Petschow and Talbott. (1990) found whey and casein 

fractions from human and bovine milk owned growth-promoting activities of 

Bifidobacterium species in infant faeces. High growth of B. longum biovar infantis strains 

has been described to be supported by human milk oligosaccharides (HMOs) (LoCascio et 

al., 2009). Human milk peptides also has shown in vitro to stimulate the growth of 

bifidobacterial strains (Liepke et al., 2002).  Different human milk oligosaccharides have 

been described to have prebiotic properties. (Marcobal et al., 2010; LoCascio et al., 2007; 

Hunt et al., 2012). Further works are still needed to explore the underlying mechanisms.  

But not only by prebiotic properties feed ingredients could modulate intestinal microbiota, 

also many phytochemicals, particularly proteins, saponins, polyphenols as well as 

carbohydrates, in cereals and milk also could have antibacterial activities. Encouraged results 

illustrated potential usages of natural ingredients as replacements of antibiotics.  

Pu and Tang. (2017) showed that under treatments of certain enzymes, hydrolysis products 

from rice bran-protein could inhibit the growth and biofilm formation of Listeria 

monocytogenes. Protein hydrolysate from a Thailand rice (Sangyod Phatthalung) also 

exhibited bactericidal characters against S. aureus, E. coli and Pesudomonas aeruginosa 

(Ditsawannon et al., 2018). Moreover, defatted wheat germ specifically inhibited growths of 

E. coli and S. enterica (Mahmoud et al., 2015). Kim et al. (2010) discovered that wheat germ 

extracts rich on 2, 6-dimethoxy-1, 4-benzoquinone (DMBQ) had efficient antibacterial 

activities against S. aureus and B. cereus, and synthesized DMBQ also verified similar 

bactericidal effects. Saponins isolated from sorghum bicolor also inhibited growths of S. 

aureus (Soetan et al., 2006).  

Polyphenol was also another commonly reported antibacterial compound. Polyphenols has 

been widely considered as prebiotics and antibiotic agents in preventing pathogen invasions 

(Hervert-Hernández and Goñi, 2011; Daglia, 2012). In cereal, flavonoids, tannins, and 

phenolic acids were in considerable amount (Kadiri et al., 2017).  Phenolic acid released from 

oat bran after carbohydrases hydrolysis, prevented the growth of E. coli (Alrahmany et al., 

2013). Phenolic extracts from barley varieties also prevented the growth of pathogenic E. 

coli, S. aureus, Salmonella enterica or Micrococcus luteus (Boubakri et al., 2017). In 

addition, soybean contains a variety of isoflavones and phenolic acids (Villalobos et al., 
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2016), and natural phenolic extracts from defatted soybean flour had been shown to exhibit 

high antimicrobial activities against pathogens like S. aureus, E. coli, L. monocytogenes or 

S. enterica. Grape, cranberry, tea as well as other plant extracts were also important sources 

of bactericidal polyphenols (Leitão et al., 2005; Friedman, 2007; Cardona et al., 2013; 

Natarajan et al., 2017).  

 Many bactericidal ingredients can also be found in milk. Malkoski et al. (2001) found 

caseinomacropeptide from bovine milk preventing the growth of pathogenic Streptococcus 

mutans, Porphyromonas gingivalis and E. coli. Peptides produced after hydrolysis of bovine 

milk lactoferrin exhibited antibacterial activity against L .monocytogenes (Ripolles et al., 

2015). But not only proteins also milk carbohydrate have showed antimicrobial activity. 

Some HMOs exhibited in vitro growth inhibition of Acinetobacter baumannii. The tests also 

showed antibiofilm activities against S. agalactiae and methicillin-resistant S. aureus strain 

(Ackerman et al., 2017). These milk bactericidal ingredients could help neonate preventing 

bacterial infections especially considering that the immune systems is not yet well 

established. 

A third way by which dietary ingredients could also favor the establishment of beneficial 

bacteria in the intestine would be by favouring their attachment to intestinal epithelium and 

the colonization of the gastrointestinal tract. Volstatova et al. (2016) described that sheep 

milk significantly facilitated the adhesion of Lactobacillus casei FMP to co-culture Caco-

2/HT29-MTX cell lines. Furthermore, adhesion-promoting activities of oligosaccharides 

have selective characters.  According to the study of Kavanaugh et al. (2013), human milk 6' 

sialyllactose promoted the adhesion of B. longum biovar infantis ATCC 15697 to HT-29 

cells, while 3' sialyllactose did not. More B. longum 15697 strains attached to HT-29 cells 

under the assist of the mixtures of these two oligosaccharides. Pro-adhesives properties could 

be due to a direct effect exert as anchors between receptors and microbial adhesins but also 

by indirect effects. In this regard Hedemann et al. (2005) verified in pig ileal tissue that pro-

adhesives properties of some milk oligosaccharides could be caused by changes promoted in 

the secretions of mucins.  

In summary, we have seen above how dietary ingredients, digested and absorbed in intestine, 

are not only providers of nutrients but they also could play a role in animal health. These 
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bioactive actions cover immune modulation, anti-adhesive properties, prebiotic activities and 

bactericidal functions. All these beneficial effects would be helpful for reducing pathogen 

overgrowth and preventing disease, contributing all together to boost host health. This is 

particularly relevant in a scenario where the risk of antibiotic resistance require new 

alternatives to their use that will be able to reinforce natural defences of the animal. In this 

regard the functionality exhibited by many feed ingredients would be of help in the reduction 

of antibiotics in livestock by their rational use in diet formulation.  

 

2.3. WHAT ARE MICROBIAL EXOPOLYSACCHARIDES? 

 

As stated at the beginning of this chapter, in this section we will review the potential of 

different complex molecules produced by a variety of microorganisms known as 

exopolysaccharides (EPS) as possible in-feed additives to be used in the piglet diets. As we 

will see in the following pages different properties has been attributed to this kind of 

compounds that turn this molecules in potential nutraceutics.  

Microbes can synthesize diverse kind of polysaccharides with different biological functions 

according to their structure and architecture (Schmid et al., 2015; Delattre et al., 2016).  One 

of these polysaccharides are known as exopolysaccharides (EPS) being extracellular bacterial 

polysaccharide, which are secreted to the immediate environment under normal physiological 

processes and harsh conditions (Badel et al., 2011; Schmid et al., 2015; Delattre et al., 2016). 

Depending on constituent monosaccharide types, EPSs are divided into homopolysaccharide 

(HoPS), which comprises a single monosaccharide type, and heteropolysaccharide (HePs) 

comprising different monosaccharides (Salazar et al., 2016). Polysaccharides are not the only 

components of EPSs. Some mount of proteins, glycoproteins, glycolipid and extracellular 

DNA also could be found with them (Flemming et al., 2007). 
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2.3.1. WHY SOME MICROORGANISMS PRODUCE EPS? 

 

Both Archebacteria and Eubacteria (Grampositive and negative) can produce EPS (Badel et 

al., 2011). Microalgae also can secrete EPS, some of them with high yields (Flemming and 

Wingender, 2010). Surrounding the bacterial outside, EPS are usually considered as a 

protective cover guarding bacterial surfaces. Microbial EPSs also have the ability to bond 

with proteins and nucleic acids forming biofilms (Irie et al., 2012). Multitudinous bacteria in 

the biofilm could form dynamic systems and be seemed as multicellular organisms (Hall-

Stoodle et al., 2004).  In turn, biofilm can guard bacteria against hostile environments and 

antibiotic treatment. Research also found certain polysaccharides in these biofilm, not only 

as architecture ingredients, but also acting as a molecular signal (Badel et al., 2011).  

 

2.3.2. HEALTH PROMOTING PROPERTIES OF MICROBIAL EPS 

Multiple researches have demonstrated that EPSs synthesized by some probiotic strains are 

associated to a series of beneficial effects to their hosts. Most of these promoting attributes 

are related with intestinal health. In the following sections it will be reviewed some of these 

health promoting properties attributed to microbial EPS.  

2.3.2.1. THE ROLE OF MICROBIAL EPS IN BIOFILMS 

It is generally accepted that one of the main function of microbial EPS is to help bacteria to 

build biofilms. In this way bacteria can aggregate together around themselves and form 

biofilms (Cvitkovitch et al., 2003; López et al., 2010). Biofilms assist bacterial to resist 

antibiotic and unfavorable environments as more cells survival under the protection of the 

biofilm (López et al., 2010). Actually in human and veterinary medicine, biofilms has been 

considered as a relevant element in many bacterial infection (Cvitkovitch et al., 2003) and 

also has been associated to the resistance of some pathogens to antibiotic treatments (Stewart 

and William, 2001) or related to catheter-associated bacterial infections.  

However despite their role in the building of microbial biofilms, it also has been described 

the capacity of many EPS to prevent and/or destroy the bacteria biofilm built by other 

microorganisms. In recent years, several works has been published demonstrating antibiofilm 
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properties of several bacterial EPS. In this regard EPS produced by Lactobacillus strains 

impaired the biofilm formation of enterohemorrhagic Escherichia coli O157:H7 in vitro, 

nevertheless without statistically significant effect on the growth of ETEC bacteria (Kim et 

al., 2009). EPS produced by Lactobacillus plantarum inhibited biofilm forming of S. aureus, 

K. pneumoniae and E. coli (Pradeepa et al., 2016). Abid et al. (2017) also reported how EPS 

produced by Leuconostoc citreum and L. mesenteroid,s isolated from fermented bovine meat 

sausage and fermented turkey meat sausage in vitro, could inhibit and disturb biofilms of 

some pathogens like E. coli, E. faecalis or S. aureus.  In another study, EPS produced by L. 

pseudo-mesenteroides isolated from cow milk showed similar anti-biofilm effects (Abid et 

al., 2018). Rosca et al. (2017) found that dextran EPS produced in vitro by Weissella confusa 

inhibited the biofilms formed by a Candida albicans strain.  

From these results it can be concluded that the impact of microbial EPS on biofilms will 

depends on the microbial strain producing it and in the nature of the biofilm consortium in 

which it is produced. The scientific evidence at the moment make clear that in some cases 

they could had a relevant role reducing and destroying the biofilm produced by other 

microorganisms.  

2.3.2.2. ANTIMICROBIAL PROPERTIES ASSOCIATED TO EPS PRODUCING 

BACTERIAL STRAINS 

Results from many published works suggest that the production of EPS could be behind the 

antimicrobial properties described for some probiotic bacteria. In the study conducted by Li 

et al. (2014), EPSs produced by Bifidobacterium bifidum WBIN03 isolated from human 

feces, and Lactobacillus plantarum R315 from breast milk, inhibited the growths of E. coli 

O157:H7, Salmonella Typhimurium ATCC13311, Bacillus cereus ATCC14579, 

Staphylococus aureus CMCC26003 and Cronobacter sakazakii ATCC29544. In another 

study, sulphonation of EPS from Streptococcus thermophilus GST-6 could significantly 

improve its inhibitory ability against E. coli, S. Typhimurium and Staphylococcus aureus 

(Zhang et al., 2016). In the study conducted by Santos et al. (2003), an EPS-producing strain 

Lactobacillus kefiranofaciens CYC 10058 isolated from kefir prevented the growth of 

enteropathogenic bacteria, such as E. coli, Lysteria monocytogenes, S. Typhimurium, 

Salmonella enteritidis, Salmonella flexneri and Yersinia enterocolitica. Abushelaibi et al. 
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(2017) also reported most EPS-producing strains of Streptococcus and Enterococcus isolated 

from camel milk also showed antimicrobial against E. coli O157:H7, S. Typhimurium, L. 

monocytogenes, or S. aureus. Neither EPS-negative strains showed any antimicrobial ability. 

However, one EPS-producing strain did not have antimicrobial activity against these four 

pathogens. Therefore, in term of antimicrobial abilities, although not all EPS or EPS-

producing strains exhibited antimicrobial properties, for some of them there are clear 

evidences that could have a relevant role controlling the growth of other microorganisms.   

 

2.3.2.3. ANTI-ADHESIVE ABILITIES 

Pathogenic bacteria, such as E. coli, use their fimbriae to attach intestinal receptors as a first 

step to colonize the gut and cause disease (Dai et al., 2000; Jin and Zhao, 2000).  

Carbohydrates have been recognized as the main structures of these receptors for the bacteria 

recognition (Dai et al., 2000). Based on this mechanism, providing carbohydrate-related 

analogue molecules could be a competition-based strategy in the prevention of pathogen 

infections. From this point of view, EPSs secreted by microorganisms, as natural polymers 

of carbohydrates, also could be explored as anti-adhesive agents against pathogenic 

infections.     

In the in vitro study conducted by Kšonžeková et al. (2016) two high MW D-glucan EPSs 

produced by L. reuteri DSM 17938 and L26, inhibited the adherence of ETEC to IPEC-1 

cells. Results from other works also have evidenced that EPSs might be important factors in 

the anti-adhesive abilities of EPS-producing strains. Santos et al. (2003) found that an EPS-

producing strain of L. kefiranofaciens CYC 10058 isolated from kefir reduced the attachment 

of S. Typhimurium to Caco-2 cells. In a recent study, Lactobacillus plantarum WLPL04, an 

EPS-producing LAB strain from human breast milk, reduced the attachments of E. coli 

O157:H7, S. Typhimurium ATCC 13311, and Staphilococcus aureus CMCC 26003 to Caco-

2 cells (Jiang et al., 2016).  A Streptococcus thermophilus strain producing EPS inhibited the 

attachment of Salmonella 657/7E to Caco-2 cells (Veljovic et al., 2017). Živković et al. 

(2016) also corroborated that EPS-SJ+-producing strain Lactobacillus paracasei subsp. 

paracasei BGSJ2-83 impaired E. coli ATCC25922’s interaction with Caco-2 cells, but the 

EPS-SJ- strain did not. Moreover, in a mice model Bifidobacterium breve UCC2003 EPS+ 
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strain also prevented more Citrobacter rodentium to colonize the gut than EPS- B. breve 

strain (Fanning et al., 2012). In the study conducted by Yang et al. (2015 a) reuteran- 

containing diets (reuteran is a glucan) significantly impaired the colonization of ETEC to the 

gut of weaning piglets, although in another research reuteran did not alter the composition of 

gut microbiota (Yang et al., 2015b).   

It is worthy to mention that anti-adhesive properties of EPS do not just affect pathogenic 

bacteria but also to other bacteria including potential probiotics. Ruas-Madiedo et al. (2006) 

found that EPS from fermented milk prevented the adherence of Bifidobacterium lactis Bb12 

and Lactobacillus rhamnosus GG to human intestinal mucus in a dose-dependent way, 

however it did not affect the adhesion of the pathogenic strains, such as E. coli NCTC 8603, 

S. Typhimurium ATCC 29631, even at a higher concentration of 1 mg/ml.  

Although many studies evidenced that EPS-producing bacteria strains reduce the attachment 

of pathogenic bacteria only few of them have tested the antiadhesive properties of isolated 

EPS. It could be not discarded therefore that other mechanisms or compounds from the 

bacteria could also be involved in this interference. In this regard, according to the same study 

of Veljovic et al. (2017) a Lactobacillus heveticus strain also reduced the bacteria attachment 

to Caco-2 cells, but in this case this strain did not produce EPS. 

 

2.3.2.4. PROMOTION OF GUT COLONIZATION BY PROBIOTIC BACTERIA 

The attachment to the intestinal surface could help a probiotic to colonize the gut, establish 

and proliferate, avoiding being swept away by the digesta flow. Many factors have been 

supposed to be involved in probiotic adhesions (Ouwehand et al., 2003). Between them EPS, 

as materials surrounding the outside of probiotic bacteria, could have a relevant role. 

De Palencia et al. (2009) found that the strain Pediococcus parvulus 2.6 from natural ciders 

producing 2-substituted (1, 3)-β-D-glucan had a higher adhesion to Caco-2 cells than its EPS-

isogenic strain 2.8NR. In a further research (Garai-Ibabe et al., 2010), another P. parvulus 

CUPV22 also producing EPS also showed a strong adhesion ability to Caco-2 cells. When 

surface EPS of these bacteria were removed, by washing them, it was diminished the number 

of attached bacteria up to levels similar to those of an EPS-isogenic strain 2.8NR. In the study 
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conducted by Živković et al. (2016) EPS-SJ+-producing strain Lactobacillus paracasei 

subsp. paracasei BGSJ2-83 showed a higher ability of attachment to Caco-2 cells than the 

EPS-SJ- strain. Two Lactobacillus rhamnous KL37B and KL37C strains producing EPS 

isolated from newborn stool also showed a high attaching ability to Caco-2 cells (Górska-

Frczek et al., 2011). These adhesive properties of EPS could be related to their physical 

properties than in many cases could increase viscosity of digesta facilitating the colonization 

of probiotic bacteria (Duboc and Mollet, 2001).  

However, not all EPSs produced by probiotics means help for the bacteria colonization.  In 

the research from Burns et al. (2011), a low EPS-producing strain of Lactobacillus 

delbrueckii subsp. lactis (193) attached more to HT29-MTX than the higher EPS-producing 

strain (193+). Compared to non-ropy derivative strains, a big-size EPS-producing 

Lactobacillus paraplantarum BGCG11 strain inhibited its attachment to epithelial intestinal 

cell lines (Nikolic et al., 2012). Mercan et al. (2015) found in vitro, with chicken gut explants, 

lower adhesion abilities for a high EPS-producing L. salivarius strains compared to the low 

EPS-producing counterpart. However, the conclusion of a negative relationship between EPS 

production and the adhesive abilities of strains could not be deduced just from these results.  

From the review above we have seen that microbial EPSs can show opposite effects on the 

probiotic colonization depending on the probiotic strain. The mechanism of EPS interfering 

with bacterial adhesion probably is more complex than thought.  Together to EPSs, other 

bacterial surface molecules, such as specific proteins, also could be involved in the probiotic 

adherence to the cells (Sarkar and Mandal, 2016).  It could be supposed that adhesin factors 

probably work together or mutually with EPS in constructing biofilms and modulating 

adhesion. More work are still needed to explain the mechanism under the phenomenon.  

2.3.2.5. EPS AS A FERMENTATION SUBSTRATE AND A POTENTIAL PREBIOTIC 

Microorganisms in the large intestine can ferment carbohydrate substrates. As the major 

productions of this fermentation, SCFA are important energy sources for colonocytes and 

have been demonstrated to have beneficial effects for the gut and other organs (Cummings 

and MacFarlane, 1997). Many studies have reported the potentiality of microbial EPSs as 

fermentation substrates for the intestinal microbiota promoting the SCFA production and 
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modulating the intestinal microbiota. From this point of view EPS could be therefore also 

considered as potential prebiotics.  

 

 

Figure 2.5. Functions of EPS in term of intestinal healthy. 

 

Purified EPS isolated from the fungus Fomitopsis castaneus Imaz has been desmonstrated to 

enhanced SCFA production in in vitro (Guo and Chi, 2017). Zhang et al. (2017) reported that 

mice fed EPS produced by a Lactobacillus plantarum YW11 strain showed more than two 

fold increase in their SCFA concentration in faeces. In another research with western diet, 

Lindström et al. (2012) tested four commercial EPSs:  scleroglucan, xanthan, gellan and 

native dextran in LDL receptor knock-out mice. Results showed that scleroglucan, xanthan 

and dextran increased caecal SCFA contents significantly. These results suggests that 

intestinal bacteria could be using selectively EPSs as fermentable substances. 

In this regard in vitro studies demonstrated that levan-type EPS produced by L 

sanfranciscensis was able to stimulate the growth of Bifidobacteria and brought a growth 

trend of Lactobacilli (Bello et al., 2001). In mice models, kefiran, an EPS from kefir, 

significantly increased the percentage of Bifidobacteria in faecal samples at the 21st day after 
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the administration, but there was no significant difference on the number of Lactobacillus 

(Hamet et al., 2016). Furthermore, Mårtensson et al. (2005) observed in an study with human 

voluntaries how an oat-based fermented product with an EPS-producing strain (Pediococcus 

damnosus 2.6) significantly increased total bacterial and Bifidobacterium ssp counts in faces 

compared to the standard oat-based fermented product. From these results seemed that the 

microbial glucan produced by the strain P. damnosus 2.6 was acting as an effective prebiotic. 

The prebiotic effect also could rely on the doses of EPS administered. The study conducted 

by Li et al. (2014) found that EPS from Bifidobacterium bifidum WBIN03 promoted changes 

in the intestinal microbiota of mice depending on the dose given. Whereas Bacteroidales sp. 

/ Lactobacillus sp. were promoted in mice taking a low-dose of EPS, L. johnsonii, L. animalis 

and L. reuteri were the main intestinal strains in the high-dose treatment.   

Despite promising prebiotic properties reported for the microbial EPSs, negative effects on 

the microbiota balance have also been found.  In a test with mice, intake of purified EPS from 

the P. parvulus 2.6 strain leaded to lower cecal microbial diversity and a decreased 

Bifidobacterial population (Lindström et al., 2013).  

As review above, results of EPSs as potential prebiotics are variable. Endogenous or 

exogenous factors, such as molecular structures, methods of EPS production or limitation of 

in vivo/in vitro models could explain part of this variability and should be considered for 

future researches.  

2.3.2.6. ANTIOXIDANT PROPERTIES 

During the cellular metabolism, reactive oxygen species (ROS) are constantly generated 

(Birben et al., 2012; Amir Aslani and Ghobadi, 2016). In the normal physiologic condition, 

excess ROS can be scavenged by antioxidant defences (Halliwell. 1991). When the balance 

of ROS and antioxidant defences is broken, more ROS can damage all cellular organism and 

cause serious diseases to human (Halliwell. 1991; Duarte and Lunec, 2005). Therefore, 

antioxidants play an essential role in the organism and are vital ingredients promoting health 

(Benbrook. 2005).  

Some studies have described EPS-producing bacteria or isolated microbial EPS to have 

antioxidant properties. Camel cheese cultured with EPS-producing strain (Lactobacillus 
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plantarum) showed higher antioxidant activities during the storage (AI-Dhaheri et al., 2017). 

According to the study conducted by Luang-In and Deeseenthum. (2016) with 24 EPS-

producing strains of Bacillus spp. isolated from milk kefir in Thailand, they demonstrated, in 

9 of these strains, a decline in their antioxidant activities when EPS were destroyed or 

removed.  In an “in vivo” study using a colitis model in rats, it was demonstrated a higher 

antioxidant enzyme activity after the administration of two EPS-producing L.delbrueckii 

subsp. bulgaricus strains compared to the control group. Moreover, between strains, it was 

found a higher level of antioxidant activity for the high EPS-producing strain compared to 

the low EPS-producing strain.  From these studies, it seemed that EPS would be the main 

responsible for the antioxidants properties of the probiotic strains. 

Some other research directly verified EPS as the antioxidants. Tang et al. (2017) reported 

three EPSs isolated from fermented milk of Lactobacillus delbrueckii spp.bulgaricus SRFM-

1, mainly composed of galactose and glucose, to have good antioxidant properties. Moreover 

some EPS produced from bacteria isolated from human also have showed antioxidant 

property. In this regard, Li et al. (2014) observed how EPSs produced by Bifidobacterium 

bifidum WBIN03, from human feces, and Lactobacillus plantarum R315, from breast milk, 

had strong antioxidant activities. According to the hypothesis of enhancing intestinal barrier 

function by these antioxidant properties (Albillos et al., 2002), these EPS-producing bacteria, 

with antioxidant activities, were proposed to be selected to improve intestinal health. 

 

2.3.2.7. EPS AND IMMUNE RESPONSE 

Intestinal cells are able to recognize different microbial structures by a set of particular 

receptors like those know as patter recognition receptors (PRRs) (Peterson and Artis, 2014). 

These receptors play a crucial role in the proper function of the immune system (Suchecka et 

al., 2017) and many of them are able to recognize carbohydrates or more complex 

glycomolecules (Jin and Zhao, 2000). It could be expected therefore that microbial EPS could 

exert certain modulation of the immune system and recent research verify that some EPS are 

able to modulate the immunity response.  
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Jiang et al. (2016) describe how an EPS-producing LAB strain from human breast milk 

(Lactobacillus plantarum WLPL04) was able to impair the mRNA expression level of 

interleukin 6 (IL-6), IL-8 and TNF-α induced by Salmonella on Caco-2 cells. Similar results 

were also observed in another study conducted by Kšonžeková et al. (2016). Two high MW 

D-glucan EPSs produced by L. reuteri DSM 17938 and L26 inhibited the gene expressions 

of proinflammatory cytokine IL-1β and IL-6 induced by ETEC infection. According to 

another study, human peripheral blood mononuclear cells incubated with Propionibacterium 

freudenreichii producing surface β-glucan EPS, secreted less anti-inflammatory IL-10 

cytokine than cells incubated with knockout mutants (Deutsch et al., 2012).  

Some results from animal models also described the immune modulation of EPS. Providing 

mice with EPS produced by L. fermentum reduced IL-6 and enhanced s-IgA in the small 

intestine and also helped to prevent Salmonella infection (Ale et al., 2016). Another study 

also tested EPS produced by Lactobacillus kefiranofaciens with mice (Vinderola et al., 2006). 

More IgA+ cells appeared in both small and large intestine lamina propria of mice fed EPS. 

The number of IgG+ cells also increased in the large intestine lamina propria, but not in the 

small intestine. Expressions of IL-4, IL-6, IL10 and TNF also increased during seven days in 

the large intestine, but most of them did not changed in the small intestine with exception for 

IL-6 at the fifth and seventh days, and IL-10 at the fifth day. It seemed that gut mucosal 

responded differently between small and large intestine.   

Other studies also have found modulation of splenocyte response in vitro.  EPSs from 

Lactobacillus rhamnosus KF5 significantly stimulated in vitro splenocyte proliferation (Shao 

et al., 2014) and in the work of Fanning et al (2012), Bifidobacterium breve UCC2003 EPS+ 

strain also modulate splenocyte response to produce less proinflammatory cytokines IFN-ϒ, 

TNF-α and IL-12 compared with EPS- strains.  Regarding in vivo response, less number of 

B-cells were found in mice spleens treated with the EPS+ strain, and the evasion of B-cell 

was beneficial for the long-term colonization of the probiotic strain. In another research with 

mice, cell wall components from Bifidobacteria stimulated splenocytes proliferation, 

cytokines, TNF-ϒ and IL-10 productions. However, EPS from these Bifidobacteria did not 

have these characters (Amrouche et al., 2006).  
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As reviewed above, some EPS or EPS-producing strains has been demonstrated to have 

immunomodulatory properties and this field of research is attracting attention in the recent 

times.  Results however could had been mediated, not only by a direct effect of EPS on 

intestinal receptors, but also indirectly by prebiotic changes in other microbial populations 

(in vivo studies) or by other microbial components in the ropy strains (in vitro studies). More 

research is needed to verify their specific role in the immune modulation. 

Summarizing in this chapter, we gave a simple description of some potential health 

promoting properties of microbial EPS, especially on the intestine. EPSs can be really 

complex in nature and diverge in their structure and functions. This could the reason for so 

many potential functions attributed to these compounds. As reviewed, EPS excreted by 

bacteria showed antimicrobial, anti-biofilm and antioxidant properties. They also could 

connect with cellular surface receptors, interfering with bacteria adhesins, probiotic 

colonization and modulating immune response. They could be also important as prebiotics 

beings selectively fermented in the intestine.  But not only these beneficial effects has been 

attributed to EPS, they also has been demonstrated to have a role in DNA repair (Morifuji et 

al., 2017), to contribute to prevent virus infection (Nagai et al., 2011), cancer (Purohit et al., 

2009), to lowering cholesterol levels (Miranda-Nantes et al., 2011; Ghoneim et al., 2016) or 

help to reduce poisoning heavy metals (Feng et al., 2012). Particular chemical structure, 

molecular weights of EPS and doses may be the essential factors for these bioactivities. 

Although in most of studies mechanisms under biofunctions were not clearly illuminated, the 

achievements pointed out the possibility of EPS as functional ingredients in food/feed 

production.  
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3. OBJECTIVE AND EXPERIMENTAL DESIGN 
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In the last years, new biological properties of feed/food ingredients, beyond their nutrient 

value, have attracted interest from the scientific community.  Within them, the ability of some 

feed/food derived molecules to interfere in the adhesion of pathogenic microorganism to the 

host epithelium has deserved specific attention. The general hypothesis of this Thesis 

consider that a rational use of feed/food ingredients in livestock diets, could help to reduce 

the incidence of intestinal disorders by providing molecular compounds with anti-adhesive 

properties. This is particularly relevant in the post-weaning period in piglets when the 

incidence of diarrhoea is high and also the use of prophylactic and therapeutic antibiotics. 

New feeding strategies aimed to improve the natural resistance of the animal to disease would 

be of great help to reduce the development of bacterial antibiotic resistances.  

Our research group (Animal Nutrition, Management and Welfare group) has been working 

from some years ago at exploring different feed strategies to fight intestinal pathogens and 

particularly screening different functional ingredients (Funded public projects: AGL2007-

60851/GAN; AGL: 2009-07328/GAN and AGL 2012-31294). The research project of this 

Thesis would give continuity to this line of research being framed in the project: AGL 2012-

31294: Two new strategies to improve the adaptation of piglets to weaning: the optimizations 

of Zn status and the EPS from fermentation of green olives. 

 

The main objectives in this Thesis are the following: 

A. To screen the potential of common feed ingredients of piglet diets to interfere in the 

attachment of Enterotoxigenic Escherichia coli (ETEC) K88 (F4) to the intestinal 

epithelial cells of pigs (IPEC-J2 cells). 

 

B. To characterize the chemical structure of the microbial exopolysaccharides (EPSs) 

produced during industrial fermentation of table green olives. 

 
C. To assess the anti-adhesive properties of the EPSs isolated from different industrial 

olive fermenters in the attachment of ETEC K88 (F4) to IPEC-J2 cells.  
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D. To evaluate the effects of different starters (different combinations of Candida 

boidinii and Lactobacillus pentosus strains) to control the fermentations of green 

olives and to improve the anti-adhesive properties of their brines EPSs.   

 

According to these four objectives, three trials were done. Results of these trials will be 

included in Chapters 4 to 6.  

Trial 1: (Zhu et al., 2018a). Screening of the ability of natural feed ingredients commonly 

used in pig diets to interfere with the attachment of ETEC K88 (F4) to intestinal epithelial 

cells. The soluble extracts of natural feed ingredients were tested in vitro to evaluate their 

abilities to specifically attach ETEC K88 and to inhibit its adhesion to IPEC-J2 cells. To 

evaluate these activities different miniaturized in vitro models were used. 

Trial 2: (Zhu et al., 2018b). Exopolysaccharides (EPSs) obtained from green olive brines 

could reduce the adhesion of enterotoxigenic E.coli (ETEC) K88 to porcine intestinal 

epithelial cells. This trial first aimed to characterize the chemical composition and molecular 

structure of EPSs isolated from olive brines by HPLC and nuclear magnetic resonance 

(NMR) spectroscopy. Secondly it was evaluated the anti-adhesive properties of different 

microbial exopolysaccharides (EPSs) isolated from different industrial olive fermenters. For 

this purpose a set of different miniaturized in vitro models were used with ETEC K88 and 

IPEC-J2 cells.  

Trial 3: Starters in the fermentation of green olives can affect functional properties of brine 

EPS in the prevention of ETEC K88 attachment to IPEC-J2 cells. This trail aimed to evaluate 

the potential of using different microbial starters to modulate olive fermentation and to 

improve the anti-adhesive properties of brine EPSs. For that, one strain of C. boidinii and 

four strains of L. pentosus strains were involved in a 2 × 5 design giving to ten different 

starter-treatments. The physicochemical characteristics of the fermentation process were 

monitored. The anti-adhesive abilities of the different EPSs isolated from the brines were 

also assessed with similar in vitro approaches than in previous trials.  
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6.1. ABSRACT 

 

In this study, a strain of Candida boidinii and four Lactobacillus pentosus strains were used 

as starters in green-table olive fermentation (10 treatments in a 2 x 5 design). A total of 20 

exopolysaccharides (EPS) samples were isolated from the brines (2 fermentors per treatment) 

and tested by different miniaturized in vitro models using porcine intestinal epithelial cells 

(IPEC-J2). In vitro studies included an adhesion test (AT) aimed to evaluate the ability of 

EPS to attach specifically ETEC K88 and three different approaches to evaluate its 

interference on adhesion of the pathogen to IPEC-J2 cells: competition (CT), exclusion (ET) 

and displacement tests (CT). AT demonstrated that most EPS samples could attach 

specifically ETEC K88 (P<0.05). Regarding the studies with IPEC-J2 cells, CT (ability to 

block fimbria) showed consistent results for the mutant strain L. pentosus 119-14MT when 

used alone as starter (not combined with C. boidinii TOMC-Y13). The corresponding wild-

type strain L. pentosus 119WT also showed a trend although of lower magnitude. ET (ability 

to block receptors in the cells) showed consistent reductions for the wild-type strain L. 

pentosus 119WT when used not combined.  Regarding C. boidinii TOMC-Y13 it was the 

only starter that significantly showed positive results for AT, CT and ET when used alone. 

DT failed to demonstrated ability of any EPS samples to remove the pathogen once attached. 

According to these results, L. pentosus 119WT and specially L. pentosus 119-14MT seem to 

be the most effective starters improving the antiadhesive properties of brine EPS, but not 

when combined with C. boidinii TOMC-Y13. 

 

6.2. INTRODUCTION 

 

In Mediterranean regions green-table olives, which are also called Spanish or Sevillian style, 

is a particularly important industry. During the year 2017-2018, the production of table olives 

in the world was estimated at 2.95 million tons, and Spain produced about 521,500 tons 

(17.68 %) (Data from International Olive Oil Council IOOC, 2017.11).  
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Green-table olives is a fermented food. For their manufacturing, oleurpein in olive fruit is 

firstly eliminated by a diluted lye solution (sodium hydroxide), and after water wash, green 

olives are covered with brine in suitable containers, and then the fermentation is carried out 

spontaneously for several months (Brenes et al., 1998; Rejano et al., 2010). During this time, 

environmental conditions in the fermenters evolve distinguishing three different stages 

regarding pH (Lucena-Padrós et al., 2014). During the fermentation, hundreds of bacteria and 

yeast have been identified by molecular techniques to participate in the process (Lucena-

Padrós et al., 2014). Lactic acid bacteria (LAB) have been considered main bacteria 

responsible for the fermentation by translating sugars into lactic acid (Benítez-Cabello et al., 

2015). Yeast also play important roles during the fermentation as they can provide LAB with 

vitamins, amino acids and purines, and improve LAB growth (Arroyo-López et al., 2008).  

Actually many of these microbial species has been described to grow on polymicrobial 

biofilms covering biotics (skin of the olives) and abiotic (fermenter walls) surfaces 

(Dominguez-Manzano et al., 2012; Grounta et al., 2015).  

The predominant LAB forming biofilms on olive surfaces is Lactobacillus pentosus although 

many other yeast species has been also described to coexist in the same biofilms (Arroyo-

López et al., 2012). In particular works of Leon-Romero et al. (2016) describe co-aggregative 

interaction between different strains of L. pentosus and Candida boidinii isolated from 

natural green olive fermentations when they were co-cultured together in vitro. The same 

authors suggest that, considering that the proper fermentation of Spanish-style table olives 

relies on the development of L. pentosus-yeast species biofilms in the skins of fruits, the right 

selection of strains to be used as starter cultures could improve the quality and safety of this 

food product. 

To build biofilms, microbial communities surround themselves by a matrix of 

exopolysaccharide material (EPSs) and extracellular DNA. This matrix allow bacteria to 

share nutrients, communicate ant protect themselves from harmful factors in the environment 

(Stoodley et al., 2002). However together to these, biofilms matrix could also have other still 

unknown biological functions. Previous works of our group firstly described how EPS 

isolated from olive brines had abilities to interfere with adhesion of enterotoxigenic 

Escherichia coli (ETEC) K88 to the porcine intestinal mucus and intestinal porcine epithelial 
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cells (IPEC-J2) (González-Ortiz et al., 2013; 2014). In following researches, it was compared 

the activity of EPSs isolated from up to 5 different industrial olive fermenters, confirming 

their biological functions against ETEC K88 but also evidencing variability in the intensity 

of the anti-adhesive abilities depending on the  fermentation batch (Zhu et al., 2018). 

Variability of results suggests that naturally expected variations in the fermentative 

communities and environmental conditions in the fermenters could lead to compositional 

changes in biofilm matrix and EPS functionality. Actually previous research of Leon-Romero 

et al. (2016) corroborated in vitro that the biofilm formation is a complex mechanism, 

probably affected by changes in environmental conditions that occurs in the natural 

ecosystem provided by the olive fermentations, and that biofilm formation can be favored by 

a specific mate of yeast and L. pentosus strains.  Until now, there is no research regarding the 

possible effects of using particular olive fermentation starters on the anti-adhesive properties 

of the EPSs produced by biofilms on olive surfaces. It is therefore hypothesized that using 

defined starter cultures of L. pentosus and C. boidinii it could be possible to improve the 

biofunctions of the microbial EPSs isolated from green-olive brines. 

In this study, four preselected L. pentosus strains (with different capacity to produce biofilms) 

were combined or not with C. boidinii TOMC-Y13, giving ten possible starters (2 × 5) that 

were used in 20 pilot fermenters. EPSs isolated from olive brines after 60 days of 

fermentation, were evaluated in different miniaturized in vitro models for their ability to 

attach ETEC K88 and to interfere in its adhesion to IPEC-J2 cells.  

 

 

6.3. MATERIAL AND METHODS 

6.3.1. OLIVE FERMEANTATION 

Manzanilla-variety fruits (4.05 ± 0.49 g size) were obtained during the 2015/2016 season at 

the green ripening stage from JOLCA, S.A. (Huévar del Aljarafe, Seville, Spain), and 

transported to the laboratory, where they were debittered according to the Spanish style (lye 

treatment with 2.3% NaOH). After washing (12 h) to remove excess alkali, the fruits were 
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brined in polyethylene fermenters with a capacity for 5.2 kg of fruits and 3.4 L of brine (10% 

NaCl). After 2 days to reach equilibrium, CO2 was bubbled into fermenters to adjust the 

initial pH below 6.0. Then, 20 pilot fermenters (2 per treatment) were subjected to 10 

different treatments according to a factorial design 5 x 2 (no LAB or one of four L. pentosus 

strains x inoculated or not with C. boidinii). According to this design two fermenters were 

not inoculated and left to ferment spontaneously and the other 18 received one of the 9 

different microbial starters (2 fermenters/starter).  Initial starter doses per fermenter were 

adjusted to approximately 7 log10 CFU mL−1 (final concentration) for each of the following 

L. pentosus strains: 119WT, 119-14MT, 13B4WT, 13B4-13MT and to 5 log10 CFU mL−1 

for the C. boidinii TOMC-Y13 strain (final concentration). The 119WT and 13B4WT strains 

of L. pentosus were previously isolated from diverse table olive processing brines. They were 

based on their technological and probiotic potential (León-Romero, 2014 PhD Thesis). Non-

coagregative spontaneous mutants 119-14MT and 13B4-13MT were obtained as previously 

described (Furukawa et al., 2012. Biosci. Biotechnol. Biochem 76(2), 326-330). C. boidinii 

TOMC-Y13 strain was selected in basis to their technological and inter-species co-

aggregative properties (León-Romero, 2014, PhD Thesis). All these microbial strains belong 

to the Table Olive Microorganisms Collection (TOMC) of Instituto de la Grasa (CSIC, 

Seville, Spain).  

6.3.2. MONITORING OF THE FERMENTATION 

Physiochemical characters of pH, titratable acidity (TA) (expressed as lactic acid, g/100 mL) 

and combined acidity (CA) (expressed as undissociated organic salts, Eq/L) were tested at 

different period (0, 30, 60 days) according to the methods described by Garrido Fernandez et 

al. (1997). The yeast and LAB populations adhered to olive surface or in the fermentation 

brines were also tested as the description in the study from Benítez-Cabello et al. (2016). 

Briefly microbial populations adhered to fruits were isolated by homogenizing clean and 

previous washed olives for 1 min at 300 rpm in a stomacher model Seward 400 (Seward 

Medical, Ltd., West Sussex, England). Suspensions of the samples were then plated onto 

solid selective culture media. Enterobacteriaceae were counted on Crystal Violet Neutral-

Red Bile Glucose (VRBD) agar (Merck, Darmstadt, Germany), lactobacilli were spread onto 

de Man Rogosa and Sharpe (MRS) agar (Oxoid, Basingstoke, Hampshire, England) 



75 
 

supplemented with 0.02% (wt/vol) sodium azide (Sigma, St. Luis, MI, USA), and yeasts were 

grown on yeast-malt-peptone-glucose medium (YM) agar (Difco, Becton and Dickinson 

Company, Sparks, MD, USA) supplemented with oxytetracycline and gentamicin sulfate 

(0.005%, wt/vol) as selective agents. Counts were expressed as log10 CFU/g. 

6.3.3. EPS ISOLATION 

The extraction of EPSs from olive-fermentation brines obtained after 60 days of incubation 

was carried out using the method described by Sánchez et al. (2006) with some modifications. 

Briefly, brines were centrifuged at 10,000 x g at 4℃ for 30 min to get rid of suspended solids 

and bacteria. Then, 10% w/v trichloracetic acid (TCA) was added and stirred for 30 min at 

RT followed by centrifugation to remove the pellet. Two volumes of 96% cold ethanol (4℃) 

were used to precipitate the EPSs at 4℃ overnight. After this, the precipitated EPSs were 

recovered by centrifugation, re-suspended in ultrapure water and dialysed in dialysis tubes 

of a 10 kDa-14 kDa molecular-mass cutoff (Medicell Membrane Ltd.; UK) for 48h at 4℃.  

Dialysates were subsequently lyophilized and stored at RT until use. 

6.3.4. MINIATURIZED IN VITRO MODELS 

6.3.4.1. PREPARATION OF EPS SOLUTIONS FOR IN VITRO STUDIES 

Each lyophilized EPS sample was suspended in PBS at a solid-to-liquid ratio of 1:10 (w/v). 

These suspensions were vortexed and sonicated (J. P. Selecta; Spain) alternately three times 

for 30s each and then centrifuged at 460 x g for 5min (Mikro 220R, Hettich Zentrifugen). All 

supernatants were stored at -20℃ until used. Casein glycomacropeptide (CGMP) (Arla 

Foods, S. A.) was also included as a control in the different tests. Solutions of CGMP to be 

used in the tests were obtained following the same procedure.  

6.3.4.2. Escherichia coli STRAINS 

In this research, two different strains of E. coli were used. ETEC K88 was generously 

provided by the E. coli Reference Laboratory, Veterinary Faculty of Santiago de Compostela 

(Lugo), which was isolated from a colibacillosis outbreak in Spain,30 with serotype 

(O149:K91;H10(K-88)/LT-I/STb). The other strain was a non-fimbriated E. coli (NF-E. coli) 
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(F4-, F6-, F18-, LT1-, ST2+, Stx2e-) that was kindly donated by the Departament de Sanitat 

i d’Anatomia Animals of the Universitat Autonoma de Barcelona, and was isolated from the 

faeces of a post-weaning piglet. The ETEC K88 strain was grown in unshaken Luria broth 

(LB) at 37℃ for 24h, and the non-fimbrated strain was cultured in shaking LB. Finally, 

cultured bacteria were centrifuged (1,700 x g, 10 min., 20ºC) and the cell pellet was re-

suspended in PBS buffer and adjusted to an optical density (OD) of 1 at 650 nm. For the 

adhesion test, adjusted suspensions were used directly  (OD=1); for the in vitro test with 

IPEC-J2 cells, a dilution of 1/100 times of this suspension was performed  to reach a final 

concentration of 6.5-7 log CFU/ml in order to optimize the bacteria/cells ratio.   

6.3.4.3. CELL-CULTURE GROWTH 

The IEPC-J2 cells (epithelial cells isolated from the jejunum of the neonatal piglet), kindly 

donated by Dr. Antony Blikslager, from the College of Veterinary Medicine (North Carolina 

State University), were cultured in Dulbecco´s Modified Eagle Medium (DMEM)/Ham´s F-

12 (GIBCO®, Ref.no.:31331-028, Life Technologies; Spain), with insulin, transferrin, 

selenium and ethanolamine added as ITS solution (GIBCO®, Ref.no.:41400-045, Life 

Technologies; Spain). Cells were maintained in an incubator at 37℃ with an atmosphere of 

5% CO2. Cells were used between passages 95 and 105 and were routinely tested to be free 

of mycoplasma contamination. For the in vitro tests (competition, exclusion and 

displacement tests described below), 2×104 cells were seeded into 96-well flat-bottom plates 

(Nunclon Delta Surface, Ref.no.: 167008, Thermo Scientific; Denmark) in a 200 μl volume. 

After 24h culture in an atmosphere of 5% CO2 at 37℃, cell confluence was confirmed under 

the microscope by a technician specifically trained for this, and then cells were washed once 

with PBS. Two-hundred-microlitre CO2-independent medium (GIBCO®, Ref.no.: 18045-

054, Life Technologies; Spain) were added into each well and cells were left in the incubator 

( 37℃ for 24h without CO2) until use. 

6.3.4.4. ADHESION TEST (AT) 

Adhesion test was implemented as described previously (González-Ortizet al., 2014). 

Briefly, 300 µl of the PBS soluble extracts (1:100 w/v) obtained from the different EPSs and 

CGMP (described above), were incubated into 96-well high-binding polystyrene 
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microtitration plates (Microlon F plate 655 092; Greiner Bio-One BV) at 4℃ overnight. After 

removing nonbinding material by sterile PBS wash, wells were incubated with 1% bovine 

serum albumin and 0.5% sodium azide in PBS (w/v) at 4℃ for 1h to block non-specific 

adhesion sites. Following twice washes with sterile PBS again, 300 µl of the bacteria 

suspensions (ETEC K88 or NF-E. coli) were incubated for 30 min at room temperature with 

the 96-well plate. Wells were washed three times with sterile PBS to remove the non-attached 

bacteria. Three hundred milliliter sterile Luria broth were added, and the sigmoidal growth 

of bacteria was measured in a microplate reader (Spectramax 384 Plus, Molecular Devices 

Corporation) at 37℃ for 12 h at a wavelength of 650 nm at 10-minute intervals (Becker et 

al., 2007). All the readings were taken in two independent assays and in triplicate per trial. 

6.3.4.5. MINIATURIZED ASSAYS WITH IPEC-J2 CELLS 

Miniaturized assays were performed as the previous descriptions by González-Ortiz et al. 

(2013) and Salcedo et al. (2013). A dilution of 1/100 times of suspension (OD=1) of E. coli 

was performed in order to optimize the ratio bacteria/cells. 

Competition test (CT) 

Solubilized EPS samples (1:100 w/v) were gently mixed with an equal volume of each E. 

coli strain suspension. These mixtures were immediately added to confluent monolayers of 

IPEC-J2 in 200 µl volume and were incubated with the IPEC-J2 cells at 37℃ for 30 min to 

allow non-blocked bacteria to adhere to cells. Wells were washed once by gently pipetting 

with sterile PBS to remove the non-adhered bacteria, but without disturbing the cell 

monolayer. 

Exclusion test (ET) 

One hundred microliter of solubilized EPS (1:100 w/v) was gently mixed with equal volume 

of PBS. After this dilution, mixtures were immediately added to confluent monolayers of 

IPEC-J2 in 200 µl volume. IPEC-J2 cells were incubated with mixtures at 37℃ for 30 min 

to allow EPS to adhere to cells. Wells were gently washed twice with sterile PBS to remove 

the non-adhered EPS, but without disturbing the cell monolayer. One hundred microliter of 

E. coli culture was then mixed with 100 µl PBS, and IPEC-J2 cells were co-incubated with 
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this mixture again at 37℃ for 30 min. Wells were washed twice by gently pipetting with 

sterile PBS to remove the non-adhered bacteria, but without disturbing the cell monolayer. 

Displacement test (DT) 

One hundred microliter E. coli culture was mixed with 100 µl PBS, and then were co-

incubated with IPEC-J2 cells at 37℃ for 30 min. After washed twice with PBS solutions, 

IPEC-J2 cells were incubated with 200 µl EPS (0.5%) at 37℃ for 30 min. Wells were then 

washed twice as previously described. 

The following steps were the same for the previous three tests. Two hundred microliter of 

CO2-independent medium was added to allow for the growth of the adhered bacteria and to 

keep cells alive. Plates were covered by a film (VWR, Cat No.6094-064) and monitored in a 

microplate reader (Spectramax 384 Plus, Molecular Devices Corporation) at 37℃ for 12 h at 

a wavelength of 650 nm at 10-minute intervals. All the readings were taken in two 

independent assays and in triplicate per trial. 

6.3.4.6. ANALYSIS OF OD DATA 

The OD650 data from the tests were processed by non-linear regression analysis using the 

non-linear P-NLIN procedure (Gauss-Newton method) through SAS 9.2 (SAS Inc.; Cary, 

NC, USA) following the equations described by Becker and Galletti (2008). From the time 

at which the bacterial growth reached an OD650 nm of 0.05 it was defined the tOD=0.05 value 

(in hours). 

The final tOD=0.05 values were translated into colony forming units (CFU) by correlations 

previously defined between tOD=0.05 values and initial number of bacterial seeded in 

microplate wells. Cultivated ETEC K88 and NF-E. coli strains were serially diluted in LB 

medium and the CFU/ml determined by plate counting. At the same time, 300 µl per well of 

each dilution and bacteria were added into microtitration plates in three replicates. Plates 

monitored in a microplate reader (Spectramax 384 Plus, Molecular Devices Corporation) at 

37℃ for 18h, as previously described. Fitted equations were: y = -1.682x +13.916 (R2=0.989) 

for ETEC K88 and y = -1.084x+9.364 (R2=0.975) for NF-E.coli, where “y” corresponds to 

tOD=0.05 and “x” to the log of CFU per well. 
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Data from in vitro tests were also expressed as the Δ t observed between the tOD=0.05 values 

registered for each EPS sample and its PBS control included in a same assay (Δ t = tOD=0.05 

(h) of EPS sample - tOD=0.05 (h) of PBS control). In AT, lower negative Δ t value reflects the 

ability of EPS to attach more bacteria. In the other three tests with IPEC-J2 cells, a higher 

positive Δ t value means higher anti-adhesive effects with less attached bacteria to the cells. 

6.3.4.7. STATISTICAL ANALYSES 

Significant differences between treatments were determined by a linear model with two-way 

analysis of variance (ANOVA) with the R v.3.3 free software. Values are presented as means 

± SEM. Differences between means were tested by the Tukey-Kramer adjustment for 

multiple comparisons.  

 

6.4. RESULTS 

6.4. 1. PHYSICOCHEMICAL AND MICROBIOLOGICAL 

CHARACTERIZATION OF FERMENTATION 

Table 6.1. shows changes in pH, titratable acidity (TA) and combined acidity (CA) or the 

fermenters at day 0, 30 and 60.  pH decreased during the process being the main decrease 

observed between day 0 and day 30 (from 5.2± 0.13 to 4.3 ± 0.08). Last 30 days of 

fermentation pH values only changed slightly from 4.3 ± 0.08 to 4.3 ± 0.08.  Regarding the 

effect of the starters it was found a trend for an increased pH at day 60 when C. boidinii was 

included (P = 0.06). There were also found differences related to the different L. pentosus 

strains, corresponding the  highest value to the mutant type 119-14 and the lowest to the 

mutant type 13B4 (P = 0.06). 

Titratable acidity and combined acidity were clearly increased after the first 30 days of 

incubation but slightly afterwards. After 60 days, and according to pH values, TA was 

decreased when C. boidinii was included in the starters (P = 0.07) but no significant changes 

were found related to the different L. pentosus strains. CA only showed significant 
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differences related to the treatments at day 0 when we compare fermenters that included or 

not C. boidinii as starters. 

Table 6.2. shows microbiological changes registered in the fermentors as plate counts of 

lactobacilli and total yeast (log CFU/ml) both in the liquid media and in the olive surfaces. 

Total numbers of yeast did not shown a consistent pattern along the time of incubation and 

they increased or decreased depending on the treatment. In any case, counts of total yeast 

were not high and ranged values between 1.30 and 4.15 log CFU/ml for liquid brines and 0 

and 3.51 log CFU/ml for olive surfaces. Regarding lactobacilli they were clearly increased 

in the olive surfaces after 30 days of incubation and decreased afterwards (5.4 ± 0.80, 8.1 ± 

0.60 and 6.2 ± 0.27 log CFU/mL for days 0, 30 and 60 respectively). In the liquid brine 

lactobacilli showed a trend to decrease with time (8.6 ± 1.64, 7.7 ± 0.38 and 6.4 ± 0.40 log 

CFU/mL for days 0, 30 and 60 respectively). 

Regarding the effects of the starters on microbial communities of the fermenters, significant 

changes were registered in the number of yeast attached to the olive surfaces after 60 days of 

incubation, being this effect of different magnitude depending on the L. pentosus strain (P 

interaction = 0.03). The number of total yeast cells was higher when C. boidinii was 

combined with L. pentosus 119-14MT and L. pentosus 13B4 WT compared to L. pentosus 

119WT and L. pentosus 13B4 MT.  Also it deserves to be mentioned the decreased counts of 

lactobacilli registered at day 0 when C. boidinii were included in the starters (P = 0.01). 
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Table 6.1. Effects of microbial starters on the physicochemical characteristics of the fermentation of table green-olives.  

 

 

Different starters resulted from a 2 x 5 design combining or not a Candida boidinii TOMC-Y13 strain with four strains of 

Lactobacilli pentosus. Treatments also included one spontaneous fermentation (with no starter addition). Variables included pH, 

titratable acidity (TA) and combined acidity (CA) of the brine at day 0, 30 and 60 of fermentation. 

 

Mean values were from two independent in vitro assays (in triplicate each).  

MT & WT. Mutant Type and Wild Type strains, characterized by a different amount of production of EPS (higher in MT).  

RSE: Residual standard error.  

C: Candida boidinii TOMC-Y13. 

L: Lactobacillus pentosus.  

Different superscript letters within a row mean a significant difference (P < 0.05) among treatments.  

   C. boidinii TOMC-

Y13 

L. pentosus strain  P-Value 

  day + - 119 

WT 

119-

14MT 

13B4 13B4-

13MT 

N RSE C L C × L 

 

pH  0 5.21 5.21 5.15 5.29 5.22 5.16 5.23 0.11 0.89 0.44 0.08 
30 4.31 4.36 4.34 4.41 4.33 4.28 4.31 0.07 0.13 0.24 0.51 
60 4.29 4.23 4.29 4.31 4.24 4.18 4.29 0.06 0.06 0.06 0.09 

TA 

(g/100m

l) 

 0 0.14 0.14 0.15 0.10 0.17 0.15 0.14 0.04 0.64 0.28 0.32 
30 0.78 0.71 0.87 0.63 0.71 0.77 0.76 0.13 0.27 0.19 0.38 
60 0.83 0.91 0.88 0.79 0.87 0.94 0.88 0.08 0.07 0.23 0.65 

CA 

(Eq/L) 

 0 0.11a 0.12b 0.12 0.10 0.11 0.11 0.12 0.01 0.03 0.36 0.12 
30 0.15 0.15 0.16 0.15 0.15 0.15 0.15 0.01 0.76 0.60 0.40 
60 0.15 0.16 0.16 0.15 0.15 0.16 0.16 0.01 0.25 0.68 0.13 
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Table 6.2.  Effects of different starters on the microbiological fermentation of table green-olives.  

 

Different starters resulted from a 2 x 5 design combining or not a Candida boidinii TOMC-Y13 strain with four strains of 

Lactobacillus pentosus. Treatments also included one spontaneous fermentation (with no starter addition). Variables included 

total plate counts of lactobacilli and total yeast, on olive surfaces or liquid brines (log CFU/mL) at day 0, 30 and 60 of 

fermentation. 

Mean values (log CFU per well ± SD) were from two independent in vitro assays (in triplicate each). MT & WT. Mutant Type 

and Wild Type strains, characterized by a different amount of production of EPS (higher in MT). RSE: Residual standard error. 

C: Candida boidinii TOMC-Y13. L: Lactobacillus pentosus. LAB: lactic acid bacteria. 

Different superscript letters within a row mean a significant difference (P < 0.05) among treatments. ND. Not determined.

   C. boidinii 

TOMC-Y13 

L. pentosus strain  P-Value 

  day + - 119 

WT 

119-

14MT 

13B4 13B4-

13MT 

N RSE C L C × L 

 

Yeast olive 0 1.53 0.98 2.26 0.57 1.08 1.55 1.33 0.56 0.36 0.76 0.29 
30 0.37 0.68 ND 0.65 ND 1.04 0.93 1.06 0.54 0.51 0.88 
60 1.92a 0.66b 0.71 2.36 1.36 0.46 1.57 0.83 0.01 0.06 0.03 

brine 0 3.22 3.52 3.81 2.83 3.39 3.59 3.22 0.74 0.39 0.44 0.38 
30 3.54 3.20 2.32 3.49 3.75 3.52 3.76 1.05 0.48 0.33 0.29 
60 1.90 2.04 1.74 2.00 2.04 2.02 2.04 0.34 0.40 0.70 0.20 

LAB olive 0 5.54 5.34 5.90 5.47 5.02 6.08 4.96 0.73 0.59 0.30 0.27 
30 8.18 8.07 8.26 8.10 8.33 7.43 8.50 0.48 0.62 0.07 0.17 
60 6.23 6.20 6.28 6.27 5.96 6.06 6.50 0.24 0.74 0.06 0.82 

brine 0 7.54a 9.55b 7.62 8.86 8.35 8.56 9.34 1.38 0.01 0.53 0.59 
30 7.71 7.70 7.80 7.84 7.56 7.60 7.72 0.47 0.93 0.89 0.87 
60 6.48 6.23 6.31 6.34 6.49 6.37 6.28 0.47 0.27 0.98 0.68 
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Figure 6.1. Ability of exopolysaccharides (EPSs) isolated from green-olive brines to 

attach ETEC K88 and/or interfere its adhesion to IPEC-J2 cells.  

 

Number of bacteria (log CFU per well) that attached to coated wells (Adhesion Test) or 

IPEC-J2 cells (Competition, Exclusion and Displacement Tests). Mean values were 

from two independent in vitro assays (in triplicate each) considered as the experimental 

units. PBS was included as the negative control and casein glycomacropeptide (CGMP) 
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as the positive control.  For details in preparation of samples see material and methods 

section. Superscript asterisks of treatments mean significant differences when 

compared to negative control (PBS): *: P <0.05; **: P <0.01; ***: P <0.001. ETEC K88: 

Enterotoxigenic Escherichia coli K88. NF-E.coli: Non fimbriated E. coli.  STR (+): EPS 

isolated from the green olives fermented with different starters (n=18). SPN (N): EPS 

isolated from green olives fermented spontaneously (n=2). RSE: Residual standard 

error. 

 

6.4.2. ABILITY OF EPS TO ATTACH ETEC K88 AND TO INTERFERE ITS 

ADHESION TO IPEC-J2 CELLS 

Figure 6.1. shows the ability of EPS isolated from green-olive brines to attach and interfere 

with the adhesion of ETEC K88 to IPEC-J2 cells. Data are expressed as log CFU/well for the 

different miniaturized in vitro models and CGMP and PBS were included as positive and 

negative control respectively. Results clearly shown how EPS isolated from green olive 

brines have ability to specifically attach ETEC K88 in a similar degree than CGMP. 

Regarding the impairment of adhesion of ETEC K88 to IPEC-J2 cells, olive brine EPS reduce 

numerically the number of adhered bacteria compared to PBS in the CT although differences 

did not reach the statistical significance (P = 0.26). In the ET, EPS obtained from fermenters 

including starters did reduce significantly the number of adhered ETE K88 cells (P = 0.02) 

but no effect was found in the DT. As expected, results obtained with NF-E.coli revealed no 

significant difference between EPS treatments.  

Regarding the effect of the different starters on the functionality of the isolated EPS, Table 

6.3. shows the results obtained from the different miniaturized models.  Results from the AT 

could not evidence differences due to the starter in the ability of the EPS to attach specifically 

ETEC K88 (P <0.05). Regarding the studies with IPEC-J2 cells, CT (ability to block fimbria) 

showed improved results for mutant strain 119-14MT (P = 0.04), effect that was specially 

manifested when used not combined with C. boidinii TOMC-Y13 (P interaction = 0.05; see 

Figure 6.2.). The decreased activity when combined with C. boidinii TOMC-Y13 also was 

seen for the wild type strain (119WT) although with lower ΔtOD=0.05 mean values (Figure 

6.2.). The ET (ability to block receptors in the cells) showed for all the starter treatments 
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reductions in ΔtOD=0.05 of similar magnitude to those reported in the CT for the strain 119-

14MT when not combined with C. boidinii TOMC-Y13. The DT failed to demonstrated 

ability of any EPS samples to remove the pathogen once attached regardless of the starter 

treatment. 

 

 

 

 

Figure 6.2. Effects of different starters on the ability of the EPS isolated from green-

olive brines to reduce the adhesion to IPEC-J2 cells.  

 

Results from in vitro competition test (test ability to block fimbria). Different starters 

resulted from a 2 x 5 design combining or not a Candida boidinii TOMC-Y13 strain with 

four strains of Lactobacillus pentosus. Treatments also included one spontaneous 

fermentation with no starter. Data are expressed as ΔtOD=0.05 values related to the 

control-PBS included in each assay. Mean values came from two independent in vitro 

assays (in triplicate each). For details see material and methods section. MT & WT. 

Mutant Type and Wild Type strains, characterized by a different amount of production 

of EPS (higher in MT). Different superscript letters mean a significant difference (P < 

0.05) among treatments. 
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Table 6.3.  Effects of different starters on the ability of the EPS isolated from green-olive brines to attach ETEC K88 and interfere 

its adhesion to IPEC-J2 cells. 

  C. boidinii TOMC-Y13 L. pentosus strain  
 

P-value 

Bacteria Test + - 119WT 119-

14MT 

13B4 13B4-

13MT 

N RSE C L C × L 

 

 

 
 

ETEC 
K88 

AT -0.87 -0.95 -1.10 -0.86 -0.82 -0.93 -0.84 0.48 0.68 0.91 0.60 
 

CT 0.22 0.30 0.20ab 0.47a 0.19b 0.17b 0.29ab 0.09 0.11 0.03 0.05 
 

ET 0.47 0.46 0.57 0.44 0.53 0.41 0.37 0.29 0.97 0.85 0.78 
 

DT 0.08 0.06 0.10 0.04 0.03 0.05 0.12 0.06 0.57 0.30 0.25 
 

 

 Different starters resulted from a 2 x 5 design combining or not a Candida boidinii TOMC-Y13 strain with 4 strains of 

Lactobacillus pentosus. Treatments also included one spontaneous fermentation with no starter. Miniaturized in vitro models 

included: Adhesion Tests (AT), Competition Test (CT), Exclusion Test (ET) and Displacement Test (DT). Data are expressed as 

ΔtOD=0.05 values related to the control-PBS included in each assay. For details see material and methods section. 

ETEC K88: Enterotoxigenic Escherichia coli K88. NF-E.coli: Non fimbriated E. coli. RSE: Residual standard error. C: Candida 

boidinii TOMC-Y13. L: Lactobacillus pentosus. Mean values (log CFU per well ± SD) were from two independent in vitro assays 

(in triplicate each). MT & WT. Mutant Type and Wild Type strains, characterized by a different amount of production of EPS 

(higher in MT). Different superscript letters within a row mean a significant difference (P < 0.05) among treatments.
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6.5. DISCUSSION 

Carbohydrate related structures of receptors on cell surface are the main biofunctional sites 

for ETEC K88 adhesin recognition (Jin and Zhao, 2000). Several researches have verified 

that natural ingredients or extracts containing carbohydrates acts as fimbriae or receptor 

analogues in prevention of bacterial infections (Ofek et al., 2003). In our previous studies, 

EPS isolated from green olive brines could reduce adhesion of ETEC K88 to porcine 

intestinal mucus and IPEC-J2 cells (González-Ortiz et al., 2013; 2014).  Further research 

confirmed the anti-adhesive abilities of EPSs from 5 different olive fermenters with variable 

intensity in the anti-adhesive activity depending on the fermentation batch (Zhu et al., 2018). 

Those results suggested that differences in the microbial consortia involved in the 

fermentation of green olives could lead to changes in the composition and structure of the 

produced EPS and therefore in their activity. 

During the olive fermentation, hundreds of bacteria and yeast have been identified to be 

involved in the different fermentation stages (Lucena-Padrós et al., 2014). Among these 

microorganisms, Lactobacillus pentosus, together with yeast populations are considered the 

main responsible, but not the only, to synthesized EPSs.  Leon-Romero et al. (2016) in their 

work demonstrated in vitro how co-cultures of L. pentosus strains and C. boidinii  were 

responsible to synthesize the strongest biofilms and that the biofilm formed by C. boidinii 

was stimulated in the absence of cell-cell contact with L. pentosus. Authors conclude that 

biomass and properties of biofilm depends on specific mates of C. boidinii and L. pentosus 

and that more than one mechanism might be implicated in the biofilm formation. 

Considering these previous results, in this study we wanted to test how different 

combinations of L. pentosus strains, differing in their ability to produce EPS, and the yeast 

C. boidinii, introduced as starters in the fermentation of olives, could induce changes in the 

biofilm formation and characteristics and properties of EPS produced.  
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6.5.1. PHYSICOCHEMICAL AND MICROBIOLOGICAL CHARACTERIZATION 

OF FERMENTATION 

Titratable acidity (TA) and combined acidity (CA) can be used to calculate combined, free, 

and corrected total acidity (Leal-Sánchez et al., 2003). For all treatments, CA and TA 

increased significantly in the first 30 days and slowly in the next 30 days in a similar way. 

Different olive starters did not influence contents of TA or CA in the 30th or 60th day.  

In accordance with changes of TA and CA, pH values in brines significantly declines in the 

first 30 days, and in the following 30 days there was no huge change. In the studies conducted 

by Blana et al. (2014) and Dalla Rosa et al. (2016) authors also found similar phenomena. 

Moreover, different L. pentosus strains or C. boidinii showed trends to influence the pH 

values at the 60th day (Both p = 0.06). Previous research also verified how different olive 

starters could induce changes in pH values during the fermentation process, especially in the 

terminal periods (Blana et al., 2014; Dalla Rosa et al., 2016). The reason was probably related 

to different metabolism of bacteria. For example an increase in the growth of LAB bacteria, 

responsible to translated sugars into lactic acid, could be associated to decreases in the pH 

(Benítez-Cabello et al., 2015). Actually in our study the inclusion of C. boidinii in the 

fermentors was associated to a decrease in the numbers of LAB associated to the green olive 

surfaces (P =0.01) and to an increase of pH at day 60.    

We should bear in mind that microorganims do not exist separately but coexist in more or 

less complex ecosystems. In this regard it is known that on olive surfaces, Lactobacillus 

pentosus and yeast species coexisted in biofilms (Arroyo-López et al., 2012) and that yeast 

can improve LAB growth by providing vitamins, amino acids and purines (Arroyo-López et 

al., 2008).  However, from our results it seems that the introduction of C. boidinii in the 

starters diminished the growth of LAB in olive surface biofilms.  Here it can be remind the 

results of  León-Romero et al. (2016) that could verified in vitro the complexity of 

interactions between different strains of L. pentosus and C. boidinii in the formation of 

biofilm. We could hypothesize that in our study the introduction of yeast in the starters would 

have led to specific changes in the fermentation process and interactions in the biofilm 

formation that finally had competitively favored the growth of yeast compared to LAB on 

olive surfaces. 
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6.5.2. INFLUENCES OF FERMENTATION STARTERS ON EPS INTERFERING 

WITH ETEC K88 ADHESION 

Confirming previous observed results (Zhu et al., 2018), EPS obtained from the starter-

controlled fermenters significantly increase the number of attached bacteria in the AT and 

also reduced the number of ETEC K88 attached to IPEC-J2 cells in the ET (Figure 6.2.). 

These results confirm the ability of these complex carbohydrates to interfere in the adhesin-

receptor recognition. However we were not able to detect, in this case, significant changes in 

the CT or DT tests. Differences in the nature of EPS between studies and also in the scale of 

the fermenters (pilot or industrial) could be behind these differences.  

Interestingly we could find some differences in the blocking activity of the isolated EPS 

related to the starter used, confirming the initial hypothesis.  Different L. pentosus starters 

influenced the ability of the EPSs to block fimbria in the CT being impaired when 119WT 

and 119-14MT strains were used combining with C. boidinii TOMC-Y13. From the tested 

combinations of starters the best results were found for 119-14MT when it was not combined 

with C. boidinii TOMC-Y13 and the lowest activity for 119-14WT when combined with the 

yeast.   These results confirm the potential of using defined starters to improve the 

antiadhesive properties of olive brines EPS.  Using as starter, the mutant type strain of L. 

pentosus as 119-14MT, able to produce a higher amount of EPS, appears therefore as 

potential strategy to control olive fermentation for the production of EPS with higher ant 

adhesive properties.  

Multiply factors could account for preventions of bacteria adhesion by EPSs. 

Physicochemical and / or structural characteristics of microbial EPSs have been considered 

as vital factors in the probiotic and enteropathogenic adhesion to human intestinal mucus 

(Ruas-Madiedo et al., 2006).  These characteristics have been demonstrated to be easily 

influenced by culture conditions that can determine the type and concentration of EPS 

produced (Sánchez et al., 2006). Even the same bacteria strain has been demonstrated to be 

capable of synthesizing different EPSs under similar conditions (van Geel-Schutten et al., 

1999). In our study changes promoted in the fermentation process by the use of particular 

starters would have affected the kind of EPS produced and therefore their functional 

properties. Specifically, results obtained in the CT evaluating the ability of EPS samples to 
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competitively bond with ETEC K88 fimbriae, suggest that the mechanism involved in this 

change of activity is an increase in the recognition of bacterial fimbria by isolated EPS when 

119-14MT strains is used.  The reduction of activity observed for this strain, when used in 

combination with C. boidinii TOMC-Y13, would suggest that this consortium could modify 

the way by which L. pentosus colonize the olives and form biofilms.  Changes in the 

attachment of yeast and/or LAB to olive surfaces could had modulated the fermentation 

conditions and therefore the amount, and characteristics of the EPS produced. Actually, 

attending to the number of yeast found in the olive surfaces after 60 days of fermentation, it 

was registered a relevant increase with this starter combination fact that would support this 

hypothesis.  

6.6. CONCLUSIONS 

In this study, we gave a first slight that the different olive starters have influences on the anti-

adhesive abilities of EPS produced during the green table olive fermentation. Data from in 

vitro models exhibited that EPSs samples from different olive starters could attach ETEC 

K88 or inhibit the bacteria attachment to IPEC-J2 cells by combining with the fimbrae or 

blocking bacteria receptors on the cell surface. Lactic acid bacteria 119-14MT strain could 

be a potential olive starter as a probiotic with a higher ability of connection with ETEC K88. 

The combination with C.boidinii TOMC-Y13 exhibited a decreasing trend of anti-adhesive 

ability of EPS. Although the mechanism are still not well understood, results from this study 

gave a first description about the anti-adhesive properties of EPS probably affected by olive 

fermentation starters.  
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7. GENERAL DISCUSSION 
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The aim of this Thesis was to screen and evaluate new functional ingredients with anti- 

adhesive properties as new tools to reduce the incidence of post-weaning diarrhoea caused 

by ETEC K88 and reduce the use of antibiotics. As has been described in previous chapters, 

we tested, in different in vitro trials, the ability of some common macro-ingredients used in 

the formulation of piglets’ diets and also some specific complex-carbohydrates, particularly 

microbial EPS produced during the industrial fermentation of table-green olives.  Studies 

also include the evaluation of different starters to modulate the olive fermentation process 

and in this way the anti-adhesive abilities of the microbial EPSs produced during the 

fermentation. In the following pages we make a general discussion of these results pointing 

out the possible mechanisms of action under these anti-adhesive attributes and also to analyze 

their potential use as non-antibiotic alternatives. Finally we also add a critical view of the in 

vitro methodologies with some discussion regarding possible complementary in vivo models.  

7.1. MACRO-INGREDIENTS WITH FUNCTIONAL PROPERTIES TO REDUCE 

THE ATTACHMENT OF PATHOGEN BACTERIA 

As well known, interactions between bacteria and hosts are vital during the pathogen 

infection. Several studies have verified protein-carbohydrate, protein-protein and 

carbohydrate-carbohydrate as the main interaction ways (Sharon and Lis, 2004; Chagnot et 

al., 2012; Day et al., 2015). Blocking bacteria adhesins or their receptors on cell surface 

probably inhibit pathogen attachments. In this way, providing carbohydrate or protein related 

agents is hoped to be a new natural method in the prevention of diseases,  and these natural 

agents would not cause bacteria resistance like antibiotics (Cozens and Read, 2012).  

Previous works of our group found that wheat bran, locust bean and CGMP reduced in vitro 

the attachment of ETEC K88 to IPEC-J2 cells (Hermes et al., 2011; Gonzalez-Ortiz et al., 

2013). In the Chapter 4 of this Thesis, other common macro-ingredients of piglet diets were 

also tested using the same in vitro methodology. Among these; cereals like oat, rye, wheat 

(P =0.05) and their brans significantly reduced the attachments of ETEC K88 to IPEC-J2 

cells.  

Results from our studies show therefore how some macro-ingredients, particularly some 

cereals and their by-products, could prevented invasion of intestinal cells by ETEC K88 by 

inhibiting its attachments to the cells. Many bioactive materials from these cereal and their 
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brans probably could had contributed to the anti-adhesive abilities. Among them, proteins 

could be one of these potential molecules, moreover considering that the protein content of 

these cereals was around 10% (Table 1. in Chapter 4). In this sense results from the one-

dimension SDS-PAGE analysis showed different patterns among different cereal brans 

(Chapter 4, Figure.1.) but quite simpler pattern for rice bran that could be the reason for the 

failure of this ingredient to prevent the attachment of ETEC K88 to IPEC-J2 cells. Some 

previous works have verified the anti-adhesive property of vegetable or cereal proteins.  

Peptides from pea seed bond with Helicobacter pylori adhesins (Niehues et al., 2010). 

Previous studies of our group (Gonzalez-Ortiz et al., 2014) also proposed some proteins from 

wheat to be involved in the observed results, particularly Globulin 3 (66 k Da) is suggested 

to interfere in the adhesion of F4 fimbria to IPEC-J2 cells.  

Some previous studies have also showed that sugars linking with proteins could also be 

involved in the interference of connections between bacteria and intestinal cells. In this regard 

quite a lot of literature can be found with carbohydrates from milk. Shahriar et al. (2006) 

found how carbohydrate residues in lactadherin were the dependent factors for preventing 

the attachment of F4-positive ETEC to porcine intestinal villi. In our study the positive 

control, CGMP, is also a glycoprotein, and its glycosylation sites are probably offering 

receptor analogs to the bacteria (Grange et al., 2002; Rhoades et al., 2005). Results from the 

displacement test showed that this ingredient can also detach ETEC K88 once attached to 

IPEC-J2 cells. These results would suggest that ETEC K88 fimbriae would have a higher 

affinity for CGMP than for the intestinal cells. In the Exclusion Test, the previous incubation 

of cells with CGMP did not lead to decreased number of bacteria attached. The main reason 

probably was that CGMP do not cover receptors on cell surface but only interact with ETEC 

K88 adhesins.  

Lactose also has been describe as the milk carbohydrate structure recognized by adhesins 

from different K88 (F4) variants (Moonens et al., 2015). Despite this, our results were not 

able to demonstrate inhibition of adhesion of ETEC K88 to IPEC-J2 cells with sweet whey 

powder reported as highly rich in lactose (63-75%). In terms of oligosaccharides, 

oligosaccharide and glycosaminoglycans from human milk own antiadhesive properties 

against pathogens like E. coli and Salmonella (Coppa et al., 2006; 2016).   
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More information also can be found in the literature regarding plant carbohydrates. Becker 

et al. (2009) found fiber and starch from pea could bind with ETEC K88. Glucomannan 

hydrolysates from konjac (a plant) and mannose also showed anti-adhesive abilities in E. coli 

attaching to check epithelial cells (Al-Ghazzewi and Tester, 2014). Similar anti-adhesive 

functions were also found with xyloglucan from cranberry and soluble fiber from plantain 

(Roberts et al., 2013; Hotchkiss et al., 2015). Especially, xyloglucan, as a hemicellulose, 

could be found in the primary cells of all higher plants (Fry, 1989). Carbohydrates are also 

the main components of tested cereal (83%-88%, Table 1. in Chapter 4) and brans. Soluble 

characters of these carbohydrates are common in cereal grains (Knudsen, 2014).  

Moreover, other molecules in these cereal or brans also could not be discarded. Cereal are 

also sources of polyphenols in considerable content (Manach et al., 2004). Results from 

certain assays have confirmed polyphenols also owned anti-adhesive properties against 

pathogen adhesion (Lee et al., 2009; Verhelst et al., 2010; González de Llano et al., 2015). 

As state above, it could be hypothesized that soluble proteins, carbohydrates or even 

polyphenols from wheat, oat, rye and their brans would offer receptor analogues to ETEC 

K88 interfering with its attachment to IPEC-J2 cells.   

Many factors should be considered in the formulation of pig diets with the final aim of 

improving animal health, especially those factors that could compromise the economic 

profitability of the production. Some cereal grains, such as wheat, oat and rye, are primarily 

produced for human consumption and therefore they are not as commonly used in animal 

feeding as maize or barley.  The use of wheat bran as one of the main by-products of the flour 

industry is quite common in animal feeding, no so much other kind of brans. Despite this, 

some grains or their co-products have been explored for feed formulation. Wheat is used for 

livestock in Canada, Northern European, and Australia (Stein et al., 2016).  Cereal brans 

(mostly wheat) are wildly used as fiber-rich ingredients in pig diets (Jarrett et al., 2018).  

Previous study showed that growing pig diet containing 10% (w/w) wheat bran could 

maintain similar gain: feed ratio to diets including coarse ground corn or sugar beet pulp diet 

as dietary fibre (Anguita et al., 2007). Full fat rice bran also has been described to contain 

considerable concentration of digestible and metabolizable energy comparable to wheat and 

corn (Shi et al., 2015; Stein et al., 2016).  Oat bran is easily fermented in large intestine with 

high butyrate production promoting intestinal health (Bach Knudsen et al., 1993). However, 
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certain tested cereal and their brans are not yet enough explored for pig diets. Our results may 

help to explore new formulations of diets especially for weaning piglets. Particularly, 

different combinations of these ingredients are worthy of attentions. 

When extracting conclusion regarding macro-ingredients from our in vitro miniaturized 

models it is important to be aware of the limitation of these methods. Huge differences exist 

between the simplicity of a small coated well in a plastic plate and the complex environment 

that represents the intestine. In our model, soluble extracts only interact with the intestinal 

cells and the tested bacteria, but in the animal multiple interactions could affect bacterial 

adhesions.  Between them: other dietary components, other bacteria microbiota and other 

host components like the secretion of mucins (Hedemann et al., 2005) or the mucosa 

architecture (Brunsgaard,1998). Moreover in the in vitro models we are only testing the 

soluble fractions but not the insoluble components of the ingredients such as insoluble fiber 

that has been also reported to be relevant of the gut health (Montagne et al., 2003). Also the 

possible peptic or enzymatic digestion of some of these soluble compounds in the stomach 

and foregut is not taken in consideration. Therefore before recommending the use of these 

ingredients in piglet diets, more studies would be needed such as identifying bioactive 

molecules and their resistance to endogenous digestion and verifying their use in vivo under 

natural challenging conditions or experimental models of colibacillosis.  

 

7.2. MICROBIAL EPS OBTAINED FROM THE INDUSTRIAL OLIVE 

FERMENTATION AS A POTENTIAL ANTIDIARRHOEIC FEED ADDITIVE 

The anti-adhesive properties of EPS produced during table green olive fermentation will be 

specifically discussed in the following text.  

In the second trial of this Thesis, five EPSs were isolated from different olive fermentation 

brines and tested in miniature assays. In CT, no EPS sample significantly reduced ETEC K88 

attachments to IPEC-J2 cells as the study conducted by Gonzalez-Ortiz et al. (2014), but 

positive results appeared in AT, ET and DT among EPSs samples (Figure 3.,.5.,.6.). 

Especially, EPS2 could bind with ETEC K88, block bacteria receptors on the surface of 

IPEC-J2 cell and also significantly remove attached bacteria from cells. In addition the other 
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four EPSs samples, successfully detached ETEC K88 from cells in the DT suggesting a 

higher affinity of the ETEC K88 adhesins for EPSs than for IPEC-J2 cell receptors. Variances 

of results among EPS samples tested in this study shows that certain factors affect the anti-

adhesive abilities of EPS samples. As hundreds of bacteria and yeast take part in the olive 

fermentation process (Lucena-Padrós et al., 2014) variations in the microbial consortium can 

be expected with variation in environmental and fermentation conditions.  Bacteria such as 

Lactobacillus pentosus and yeast has been reported to build biofilms and produce EPS on the 

olive epidermis (Domínguez-Manzano et al., 2012; Arroyo-López et al., 2012), from this 

point of view it seems plausible to modulate the microbial communities by the use of defined 

fermentation starters.  

 

In the third trial we tested therefore up to 10 different starters in an attempt to see differences 

in the characteristics of the EPS produced. Relevant results could be found in AT, CT and 

ET for the different isolated EPS, however no starter showed significant effects in DT 

contrary to trial 2. Comparison of results between Trial 2 and 3 can be found in Table 7.1.  

Differences between studies can be due to the complexity of the interactions and also to 

differences between industrial (Trial 2) and lab-scale (Trial 3) fermenters.  In any case, from 

both trials, the potential of microbial EPS to interact with bacteria-cell recognition was 

evidenced.  

As previously described, interactions between bacteria adhesins and their receptors are 

specific. Carbohydrate structures of receptors offers adhesion sites for many bacteria 

(Sharon, 2006). To K88 adhesin, carbohydrate-related receptors has been reported (Grange 

et al., 2002). In particular, galactose (Gal) and glucose (Glu) residues has been related to 

microbial adhesion. Payne et al. (1993) verified the vital role of β-linked Gal residues in the 

connections of glycoproteins and glycolipids with K88 adhesin. A terminal Gal β-linked to 

the N-acetylhexosamine assisted all K88 adhesin variants binding to glycosphingolipids 

(Grange et al., 2002). Moonens et al. (2015) found terminal Gal in the lactosyl unit was the 

carbohydrate site of two short amino acid from F4ad (K88ad). The terminal β-linked Gal from 

egg white glycopeptides was supposed as one of binding sites for K88ac fimbriae (Sun et al., 

2017).  Regarding bacteria EPS, Glu-containing EPSs also interfered with the attachments of 
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Table 7.1. Summary of results from Trial 2 and Trial 3 about properties of EPS samples interfering with ETEC K88 adhesion 

 Trial 2A Trial 3B 

      C. boidinii TOMC-Y13 - 

 EPS1 EPS2 EPS3 EPS4 EPS5 119WT 119-

14MT 

13B4 13B4-

13MT 

N 119WT 119-

14MT 

13B4 13B4-

13MT 

N 

AT  *   ** ** ** ** ** ** * ** *** * * 

CT         *  * **    

ET  *  *  *    * *  *   

DT ** ** ** ** **           

 

A : Data represent results of EPS samples from 5 different industrial fermenters.  

B : Data represent results from the fermentor with most significant effects from the two included for each starter combination. 

Asterisks of treatments mean significant differences when compared to negative control (PBS): *: P <0.05; **: P <0.01; ***: P 

<0.001.
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E.coli strains to porcine erythrocytes (Wang et al., 2010).  In this Thesis, as both sugars in all 

five EPS samples from Trail 2 were in high percentages, EPSs probably connected with 

ETEC K88 fimbriae with their Gal and Glu residue sites (Character 5, table 1.) 

As previously shown, microbiota participating in green olive fermentation did not exist 

separately, but in complex ecosystems. Yeast improve LAB growth by providing vitamins, 

amino acids and purines (Arroyo-López et al., 2008). Arroyo-López et al. (2012b) found that 

Lactobacillus pentosus and yeast species coexisted in the same biofilms on olive surfaces. 

Results from the study of Leon-Romero et al. (2016) also verified co-aggregative interaction 

between different strains of L. pentosus and C. boidinii isolated from natural green olive 

fermentations when they were co-cultured together in vitro. Authors further explained that 

co-cultured L. pentosus and C. boidinii facilitated to form biofilms, and biomass in biofilm 

varied among different mates of C. boidinii and L. pentosus. Based on these results, it was 

easy to understand in this Thesis, why CFU of yeast and LAB on olive surfaces on the 60th 

day of fermentation seemed to have been affected by the L. pentosus starters and C. boidinii 

TOMC-Y13. Selective connections between yeast and LAB probably were regulated by these 

starters, and different biofilms were formed by these attached bacteria on olive surface partly 

released into olive brines. In addition, attached bacteria, especially LAB, could help to 

translate sugar into lactic acid inducing changes of pH in brines on the 60th day. Culture 

conditions of EPS-producing bacteria has been describe to influence the type and 

concentration of EPS (Sánchez et al., 2006; Laws et al., 2008). As a conclusion it could be 

deduced that the use of defined starters in the industrial fermentation of green olives can 

improve the anti-adhesive properties of the EPSs produced. Results from CT showed that L. 

pentosus 199 14MT strain, used as starter, is capable to increase anti-adhesive properties of 

brine isolated EPSs.  This improvement is however lost if the strain is combined with C. 

boidinii TOMC-Y13. 

Our study help to move one step forward exploring bio-functions of green table olives. 

However there is still a long way to go for the industrial application of these results. In 

Mediterranean regions green table olive is a particularly important industry with million of 

tons produced each year (IOOC, 2017.11). As previously described, LAB and yeast together 

embedded themselves in biofilms on surface of green table olive (Arroyo-López et al., 
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2012b). Green table olive have been therefore proposed as a good vehicle for probiotics, as 

dairy productions, especially for people have milk allergies. This is not just a hypothesis, 

studies conducted by Lavermicocca et al (2005) detected L. paracasei IMPC2.1 from faeces 

of volunteers after oral intake of table olives highly colonized by this bacteria on surface. We 

could therefore hypothesize that modulating the fermentation of olives with starters of high 

EPS producing LAB strains could therefore help to reduce diarrhoea caused by E.coli in 

humans by consumption of green table olive.  However for this application there are still lots 

of questions that need to be answered first. For example to determine the chemical nature of 

EPS on olive biofilms and to confirm its stability along shelf life of the product. Not 

necessarily the EPS isolated and tested on this Thesis should be the same to those found on 

the olive surfaces ready to eat. On the other hand, it should be also evaluated the effective 

intake of olive need to promoted the claimed effect.  

Other possible industrial application would be the use of the isolated EPS obtained from the 

brines in human or animal diets. This is actually the application initially stated in this Thesis. 

In the industrial fermentation process of olives, huge amounts of brines are finally wasted. 

Utilizing EPS from these brines as feed additive could therefore will give added value to this 

by-product. However before any industrial application of these EPSs it would be needed to 

find an economically effective way to isolate EPS from brines at large scale. In our study, we 

isolate EPS based on precipitation of EPS with alcohols but this methodology probably could 

not be translated to a large scale in an economic and environmental viable way.  Results from 

our studies also indicated that not all EPSs from olive brines owned the same anti-adhesive 

properties. In this sense it would also be a must to standardize and define the fermentation 

conditions of the olives for the standardization of the EPS produced.  

As well known, fermentation conditions and bacteria strains greatly influenced types of EPSs 

(Badel et al., 2011). Fermentation conditions such as pH, temperature, medium in bioreactors 

are easily controlled through industrial technology, so producing targeted EPSs in bioreactors 

also could be regarded as a potential strategy to produce antidiarrhoeal EPS decoupled from 

the olive industry. Considerable information is available nowadays from productions of some 

commercial EPSs (Patel et al., 2011). For the production of these EPS in bioreactors it would 

be needed to define many parameters that undoubtedly represent many technical challenges 
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(Seviour et al., 2011). Efforts would be needed, especially in selection of cheaper substrates, 

development of higher yielding strains and optimizing fermentation conditions (Poli et al., 

2011).  

7.3. LIMITATIONS OF MINIATURIZED IN VITRO TESTS AND ALTERNATIVE 

IN VIVO MODELS  

In the last section of this chapter we also would like to add some discussion regarding the 

methods of study we dispose when we want to test new anti-diarrheic in-feed additives that 

have not get a large-scale production. Scarce amount of experimental product can therefore 

impose practical restrictions to test them in large animals as pigs.    

Miniaturized in vitro models, like those used in this Thesis, offers undoubtedly an inestimable 

tool to test defined modes of action of a new additive and require a very small amount of 

material. They are therefore very useful to screen easily a large number of products in a cost-

effective way. However in vitro trials can not reflect real environments of animal intestine in 

term of physiology and physical processes. When an additive or a nutraceutic is given to an 

animal, or to a person, it can exert lots of effects with interactions with other components of 

the digesta, the immune system or the intestinal microbiota.  As we have reviewed before, 

functional ingredients could reduce diarrhoea by different ways like immune modulation, 

prebiotic effects, bactericidal functions or anti-adhesive properties, between other. Miniature 

assays in this Thesis were designed to test exclusively anti-adhesive properties and preclude 

important factors like the presence of the intestinal microbiota or the immune response of the 

animal. In vitro results can evidence the anti-adhesive characters of EPSs samples with IPEC-

J2 cells, but obviously effects could be different when given to an animal. 

The use of animal models of disease appears therefore as an indispensable way to test the 

efficacy of a new antidiarrhoeic additive. The use of experimental models of post-weaning 

colibacilosis in piglets has been used successfully used in our research group to test different 

feed additives and probiotics (Hermes et al., 2011; Barba-Vidal et al., 2017. However to test 

in-feed experimental additives in piglets require a large amount of product considering that 

a pig could consume up to 5-6 kg of feed during the first three weeks post-weaning. 
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Table 7.2. Parameters to be optimized in the implementation of ETEC diarrhoea models in mice 

  Assay 1 Assay 2 Assay 3 

 

 

Parameters to be 

optimized  

Bacterial Strain ETEC K88, B41 ETEC K88, B41 ETEC B41 

Bacterial dose 109, 1010 CFU/ml 1011 CFU/ml 1011 CFU/ml 

Weaning weight 15, 20 g 10 g 10 g 

Previous treatment 
  

cimetidine 

Bacterial phase 
  

4 h, 12 h inoculation 

 

 

 

Parameters of 

responses  

Body weight changes 
   

Diarrhoea scores In faeces and colon In faeces and colon In faeces and small intestine 

Microbiology 
   

Water & feed intake 
   

Cecal water content 
   

Histology scores 
   

 

Background in grey colour in the table means parameters executed or examined. 
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Alternatively other animal models like mice or rat models could turn as an alternative when 

we dispose of limited amount of experimental product as in this Thesis for EPS.  

Actually during the development of this research we tried to implement a mice model of post-

weaning colibacillosis but we did not have success. In three different assays with Hsd: ICR 

(CD-1®) mice we tried to define the optimum parameters to get a clinical course of post-

weaning diarrhoea. Parameters tested in the different assays are shown in Table 7.2. We 

tested different ETEC strains  (K88 and B41), different growth conditions for the inocula (4 

or 12 h of incubation), different oral doses  (109-1011 CFU), different days post-weaning  (20, 

15 or 10 gr. of weight) and the use or not of cimetidine previous to the oral inoculation.  To 

monitorize the response of the animals we registered changes in body weight, feed and water 

intake, diarrhoea scores in faces and digesta, microbial count of coliforms,  cecal water 

content and histology scores (after necropsy).  

We were not able to reproduce successfully the disease in any of the assays as the animals 

showed to be quite resistant to the pathogens. No significant changes were registered in the 

cecal water content or in the histological scores in any of the assays. Only in one of the studies 

(assay 1) the strain ETEC B41 showed to promote a slight increase in the fecal score of some 

animals. In the assay 2 this strains also promoted moderate reductions in body weight gains 

two days post-challenge, suggesting that this mice strain could be more susceptible to B41 

than to K88. Promoting an early weaning (just at 10 gr. of live weight vs. 20 gr.) did not 

either induced diarrhoea after the challenge although animals with lower weights presented 

an increase in cecal coliforms numbers after the inoculation (less than 0.5 log units).  

Some successful experimental models of colibacillosis can be found in the literature (Ritchie, 

2015), however in those models authors use protocols incompatible with the test of in–feed 

additives, as the use of antibiotic-induced disbiosis (Aguilera et al., 2015), infant mice 

(Goldhar et al., 1986) or other highly virulent strains of E. coli like EPEC, EHEC or VTEC 

strains (Toledo et al., 2011). In summary we were not able to induce diarrhoea even using 

the most extreme conditions showing the Hsd: ICR (CD-1®) mice strain a high natural 

resistance to ETEC oral challenge. 
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Alternatively other animal models, like small intestinal segment perfusion model in piglet 

(Chen et al., 2014), could be also be consider for testing low amounts of experimental 

additives. However the implement of these methods is complex and was out of the scope of 

this Thesis. 

In summary in this work we have demonstrated that the water soluble fractions of some 

macro–ingredients, and also the microbial EPS isolated from olive brines, exhibit anti-

adhesive properties against ETEC K88. These results suggest that the inclusion of these 

ingredients in the piglets’ diets could help to reduce the incidence of post-weaning diarrhoea 

and the use antibiotic at this early stage. We found water-soluble extracts from wheat, oat, 

rye and their brans capable of reducing attachments of ETEC K88 to IPEC-J2 cells. Specific 

EPS, isolated from brines obtained from industrial fermentation of green olives also interfere 

with adhesion of ETEC K88 to IPEC-J2 cells. Moreover the use of L. pentosus 199 14MT 

strain as starter in this fermentation improve the anti-adhesive properties of the brines isolated 

EPSs, probably by modulating the bacteria and yeast biofilms that live on olive surfaces. 

These new results will help to open new lines of research in the prevention of piglet diarrhoea. 
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8. CONCLUSION 
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The results obtained in this Thesis allow concluding that under our in vitro experimental 

conditions:  

 

1. Water soluble extracts of wheat, corn, oats, barley, rye, extruded full-fat soybean 

meal, soybean meal, as well as sweet whey powder, all demonstrate a clear affinity 

to attach ETEC K88. Extracts of rye, oats and also wheat, can also reduce ETEC K88 

adhesion to IPEC-J2 cells (P = 0.05). Extracts from wheat bran, spelt bran, kamut 

bran, rye bran, oat bran and rice bran also can attach ETEC K88, being all able to 

reduce its adhesion to IPEC-J2 cells, except rice bran.  

 

2. Microbial exopolysaccharides isolated from brines during the industrial fermentation 

of table green olives show a relatively constant chemical composition. Analysis of 

their monosaccharide content by GLC shows glucose and galactose followed by 

rhamnose and arabinose as their main components.  The 1H NMR spectrum 

demonstrate a very similar profile between industrial batches, and a more in-depth 

analysis reveals the presence of an α-pyranose in the form of α-D-Glcp-(1→) and two 

different α-furanoses, with chemicals shifts values, suggesting the presence of α-D-

Glcf and α-D-Galf.   

 
3. Miniaturized in vitro tests demonstrate the ability of microbial EPS isolated from 

industrial olive brines to attach specifically to ETEC K88 and to effectively remove 

the pathogen once attached to IPEC-J2 cells.  

 

4. By using different strains of Lactobacillus pentosus and Candida boidinii, as starters 

in the production of table green olives, is possible to modulate the fermentation 

process.  Changes can be seen in fermenter pH and also in the number of yeast and 

LAB attaching to olive surfaces.  
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5. Miniaturized in vitro tests demonstrate that the use of different starters in the 

fermentation of table green olives can affect the anti-adhesive properties of the 

microbial EPS isolated from the brines. The mutant strain L. pentosus 119-14MT, 

high EPS variant, appears as the most effective starter to improve the antiadhesive 

properties of isolated EPS. This improvement is lost if this strain is combined with C. 

boidinii TOMC-Y13.  
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