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RESUMO

O presente trabalho objetivou caracterizar a estrutura quimica fina dos
polissacarideos quimiotransformados de farelo de soja, e avaliar suas capacidades de
ligacdo e inibicdo da ades&o in vitro a bactérias enteropatogénicas. Para tanto, uma
solucdo de farelo de soja (150 g-L-") teve seu pH ajustado para 2,0 e foi submetida a um
tratamento térmico (120°C, 1 atm, 1 h). Apos filtragcdo, neutralizagéo e centrifugacao, o
sobrenadante obtido foi submetido a um novo processo térmico (120°C, 1 atm, 15 min).
A solugdo final foi entdo tratada com TCA e em seguida os polissacarideos foram
precipitados com etanol. Esta fracdo polissacaridica foi fracionada e submetida a
analises quimicas e espectroscopicas para determinacdo da estrutura quimica.
Adicionalmente, as fragdes foram avaliadas in vitro quanto a capacidade de adeséo a
Salmonella enterica sv. Typhimurium, usando um produto comercial e BSA como
controles positivo e negativo, respectivamente. Estes resultados foram analisados
estatisticamente pelo programa R usando uma equagao sigmoidal que descreve a
cinética de crescimento bacteriano. A fragdo bruta (FS-Ep) apresenta alto teor de
carboidratos (85,0%) e baixo teor de proteinas (4,7%). As demais fragdes obtidas (FS-R,
FS-Tp, FS-A e FS-Es) apresentaram elevados teores de proteinas (39,1 — 86,8%) e
menores teores de carboidratos (8,7 — 37,2%). Todas as fragbes apresentaram
galactose, arabinose e acido urbnico como monossacarideos principais. O
fracionamento de FS-Ep permitiu a identificacdo de dois grupos de moléculas: um
primeiro grupo de alta massa molar (Mw = 500 kDa), composto de pectinas parcialmente
despolimerizadas, com unidades de o-D-GalpA-(1—4)-ligadas e cadeias laterais de o-L-
Araf-(1—5)-ligadas e p-D-Galp-(1—4)-ligadas; e um segundo grupo composto por uma
B-D-galactana (1—4)-ligada de baixa massa molar (Mw = 8 kDa). Com excec¢&o da
fragdo composta por pectinas purificadas, todas as demais fragbes apresentaram
capacidade de aderir a enterobactérias, apresentando resultados estatisticamente
equivalentes ao produto comercial, mostrando-se como potenciais substitutos. Os
resultados indicam que a presenga de manose nao € o unico fator responsavel pela
ligac@o da bactéria as moléculas de interesse, outros fatores/biomoléculas participam do
processo de adesdo. Delineamento experimental do tipo DCCR permitiu otimizag&o das
condicbes de extracdo do farelo de soja em fungcdo do rendimento do processo e
obtenc&o de extratos com alta capacidade de adeséo a enterobactérias. Os rendimentos
dos extratos brutos foram elevados em 10x, passando de 7,9% (extrato bruto FS-A,
antes da otimizagéo) para 77,3% (extrato CS). Os melhores rendimentos (63,9 e 77,3%)
e extratos com maiores atividades de ades@o a enterobactérias (219,9 e 215,8% em
relacdo ao controle positivo) foram obtidos em pH 0,5, 60 min e [farelo] de 300 g-L-' e pH
13,0, 60 min e [farelo] de 300 g-L-'. Analises indicam a presenca de proteinas e
carboidratos nos extratos biologicamente ativos. Adicionalmente, resultados
demonstram que os extratos de farelo de soja mantém atividade apds processo de
digestdo, bem como apresentam potencial de inibir a ades&o de enterobactérias a
receptores analogos conhecidos. Todos 0s resultados em conjunto demonstram o
potencial econdémico e biotecnologico dos extratos quimiotransformados de farelo de
soja na prevencdo de infecgcdes causadas por enterobactérias, e uma das
consequéncias esperadas de sua utilizacdo pode ser a reduc&o do uso de antibidticos
na pecuaria.

Palavras-chave: Resisténcia a antibidticos. Enterobactérias. Adesdo bacteriana.
Receptores Analogos. Farelo de Soja. Polissacarideos.



ABSTRACT

This study aimed to characterize the fine chemical structure of
chemotransformed polysaccharides from soybean meal and evaluate their binding
capacity and inhibition of adhesion in vitro to enteropathogenic bacteria. For this
purpose, a soybean meal solution (150 g-L™") had its pH adjusted to 2.0 and was
subjected to a heat treatment (120°C, 1 atm, 1 h). After filtration, neutralization and
centrifugation, the supernatant obtained was subjected to a new thermal process
(120°C, 1 atm, 15 min). The final solution was then treated with TCA and then the
polysaccharides were precipitated with ethanol. This polysaccharide fraction was
fractioned and subjected to chemical and spectroscopic analysis to determine the
chemical structure. In addition, the fractions were evaluated in vitro for their ability to
adhere to Salmonella enterica sv. Typhimurium, using a commercial product and
BSA as positive and negative control, respectively. The results were statistically
analyzed in the R software following a sigmoidal equation that describes the kinetics
of bacterial growth. Crude fraction (FS-Ep) had a high carbohydrate content (85.0%)
and low protein content (4.7%). The remaining fractions obtained (FS-R, FS-Tp, FS-A
and FS-Es) had elevated protein levels (39.1 to 86.8%) and lower carbohydrate
content (8.7 to 37.2%). All fractions showed galactose, arabinose and uronic acid as
main monosaccharides. The FS-Ep fractionation allowed the identification of two
groups of molecules: a first group of high molecular weight (Mw = 500 kDa),
composed of partially depolymerizated pectins, with units o-D-GalpA-(1—4)-linked
units as main chain and (1—-5)-linked-a-L-Araf and (1—4)-linked-B-D-Galp side
chains; and a second group composed of a B-D-Galactan (1—4)-linked of low molar
mass (Mw = 8 kDa). Except for the fraction consisting of purified pectins, all other
fractions showed ability to adhere to the enterobacteria, with statistically equivalent
results to the commercial product, showing up as potential replacements. The results
indicate that the presence of mannose is not the only factor responsible for the
binding of the bacteria to the molecules of interest, other factors/biomolecules
participate in the adhesion process. Experimental design, type CCRD, allowed
optimization of the soybean meal extraction conditions on the yield of the process
and obtain extracts with high capacity of adherence to the enterobacteria. The yields
of the crude extracts were high at 10x, going from 7.9% (crude extract FS-A, before
optimization) to 77.3% (CS extract). The best yields (53.9 and 77.3%) and extracts
with activity greater adhesion to the enterobacteria (219.9 and 215.8% compared to
the positive control) were obtained at pH 0.5, 60 min and [meal] 300 g-L-' and pH
13.0, 60 min, [meal] 300 g-L"'. Analyzes indicate the presence of protein and
carbohydrates in biologically active extracts. Furthermore, results demonstrate that
soy meal extracts retain activity after digestion process and have the potential to
inhibit the adhesion of enterobacteria to known analogue receptors. All the results
together demonstrate economic and biotechnological potential of the
chemotransformed extracts from soybean meal in preventing infections caused by
enterobacteria, and as an expected consequence of their use may be to reduce the
use of antibiotics in livestock.

Key words: Antibiotics Resistance. Enterobacteria. Bacterial adhesion. Analogue
Receptors. Soybean Meal. Polysaccharides.
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1  INTRODUGAO GERAL

As infecgdes entéricas sdo hoje uma das causas globais de morbidade e
mortalidade, atingindo mundialmente milhdes de pessoas/ano. Entre os
enteropatdogenos de maior importancia e interesse estéo espécies de Campylobacter
e Salmonella, causas frequentes de gastroenterites humanas.

Estas bactérias propagam-se de animais para seres humanos
principalmente via cadeia alimentar, refletindo que, além de um problema de saude
humana, as doencgas entéricas s&o um dos maiores problemas na pecuaria. O uso
de antibidticos, na pecuaria, tem tido nas ultimas décadas a finalidade de controlar
patdgenos intestinais (reduzir mortalidade) e promover a performance ou saude
animal. No entanto, seu uso generalizado em animais produtores de alimentos tem
contribuido para a selecéo de diferentes cepas de bactérias resistentes em todo o
mundo. Dessa forma, existe grande necessidade de criacdo de métodos alternativos
de defesa contra doencgas causadas por bactérias zoondticas.

Entre as estratégias terapéuticas ja propostas como alternativas ao uso de
antibidticos e controle da resisténcia bacteriana estéo a utilizagdo de certos tipos de
carboidratos e glicoconjugados. Essas moléculas aderem aos patdgenos, impedindo
a colonizagdo do trato gastrointestinal e, consequentemente, inibindo seu efeito
patogénico. Contudo, séo limitadas as informagdes sobre sacarideos e suas fontes
de obtencdo, acessibilidade, concentracdo e possiveis estruturas envolvidas no
processo de adesdo bacteriana. Mais estudos s&o requeridos para elucidar tais
informacdes e identificar o mecanismo de efeito anti-adesédo dessas moléculas sobre
enterobactérias.

Polissacarideos de diversas origens (OFEK; HASTY; SHARON, 2003) ja
foram relatados como agentes anti-adesdo de enterobactérias, entre eles
polissacarideos derivados de soja (NEESER; KOELLREUTTER; WUERSCH, 1986;
NEESER; WURSCH, 1990; KIERS et al., 2002; KIERS et al., 2003; BECKER et al.,
2007; BECKER; GALLETTI, 2008; RODRIGUES, 2012; NOSEDA et al., 2012).

A soja é um grédo bastante versatil utilizado pela agroindustria, industria
quimica e de alimentos. Seu principal destino é a extragdo de 6leo, cujo processo
gera grandes quantidades de farelo de soja, um subproduto de alto valor nutricional,

baixo custo direcionado principalmente a fabricac&o de racbes animais.
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Dentro dessa perspectiva, buscam-se novas moléculas, obtidas a partir de
farelo de soja, capazes de impedir a ligagdo de enterobactérias a mucosa intestinal,
podendo, desta forma, se tornar uma alternativa ao uso de antibidticos e atuar como

substitutos aos produtos comerciais que ja apresentam esse apelo bioldgico.

1.1 OBJETIVOS

1.1.1 Objetivo Geral

Caracterizar a  estrutura quimica fina dos  polissacarideos
quimiotransformados de farelo de soja, e avaliar suas capacidades de ligacédo e

inibicdo da adeséao in vitro a bactérias enteropatogénicas.

1.1.2 Objetivos Especificos

- Obter extratos modificados quimicamente (quimiotransformados) de farelo de
s0ja;

- Determinar, por métodos quimicos e espectroscopicos, a composicao e
estrutura quimica dos extratos quimiotransformados obtidos;

- Isolar e purificar polissacarideos quimiotransformados a partir de farelo de
s0ja;

— Determinar, por métodos quimicos e espectroscopicos, a estrutura quimica
fina dos polissacarideos quimiotransformados;

- Avaliar a estabilidade in vifro dos extratos quimiotransformados frente a
condigcdes similares as encontradas no estdbmago e intestino de animais
monogastricos (digestéo in vitro);

- Determinar a capacidade de adeséo in vitro dos extratos brutos, extratos apds
digestao in vitro e polissacarideos purificados;

- Comparar a capacidade de adeséo in vitro entre os extratos/polissacarideos
testados:

- Determinar in vitro a capacidade dos extratos brutos em inibir a adeséo de
Salmonella spp. a mananas;

— Avaliar a citotoxicidade dos extratos brutos sobre Sa/monella spp.;
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- Determinar a concentragdo minima para atividade de adesdo dos extratos
brutos:

- Otimizar processo de produgéo dos extratos quimiotransformados de farelo de
soja, tendo como respostas rendimento do processo e capacidade de adeséo a
enterobactérias;

- Validar o processo de otimizagdo de produgdo dos extratos
quimiotransformados de farelo de soja;

— Determinar, por métodos quimicos, espectroscdpicos e termogravimétricos, a
composi¢ao dos extratos otimizados de farelo de soja;

- Correlacionar a composigao/estrutura dos extratos/fragbes com a capacidade
de adesdo a enterobactérias;

- Realizar analise econdmica preliminar da produgcéo de extratos bioativos de

farelo de soja.

1.2 JUSTIFICATIVA

O Brasil € mundialmente o segundo maior produtor de soja. O principal uso
da soja € na producéo de dleo refinado, obtido a partir do éleo bruto. Esse processo
gera elevadas quantidades de farelo de soja. O farelo representa em torno de 70%
da semente de soja, portanto, a cada tonelada de grdo que € destinada para
extracdo de 6leo, 700 kg de farelo de soja sdo gerados. A previsdo para a safra
2015/2016 é de que sejam produzidos no Brasil 30 milhées de toneladas de farelo
de soja. A maior parte desse farelo é destinada a producé&o de ragdo animal. Sua
composi¢cdo nutricional inclui alto teor de proteinas e carboidratos, indicando ser
uma fonte com potencial de utilizagdo para fins biotecnoldgicos. Pesquisas e
processos tém sido desenvolvidos utilizando subprodutos de soja, com o intuito de
obter produtos refinados com maior valor agregado.

Existem poucos estudos cientificos sobre a atividade bioldgica de
polissacarideos obtidos do farelo de soja. A pesquisa por novas moléculas bioativas
produzidas a partir do farelo de soja torna-se de alta relevancia, uma vez que
permite o conhecimento de novas fontes com potencial bioldgico provenientes de um

subproduto de baixo custo e alta disponibilidade no Brasil.
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A resisténcia a antibidticos € um dos grandes problemas do mundo
globalizado do século XXI. Buscas constantes s&o realizadas com o intuito de se
encontrar substituintes que apresentem eficacia similar sem ocasionar as mesmas
consequéncias. Sacarideos e glicoconjugados de diversas fontes tém sido descritos
como produtos alternativos, no entanto, incerteza a respeito das estruturas quimicas
ideais persistem € 0 mecanismo de acdo ainda ndo € totalmente compreendido.

Estudo anterior, realizado no laboratorio de Quimica de Carboidratos da
UFPR, indicou que extratos brutos de farelo de soja apresentam potencial de adeséao
a Salmonella enterica sv. Typhimurium (NOSEDA et al., 2012; RODRIGUES, 2012).
Esses extratos eram compostos por [(-galactanas-(1—4)-ligadas e pectinas.
Entretanto, mais estudos ainda s&o necessarios para viabilizacido do processo de
producdo desses extratos de farelo de soja e identificacdo das moléculas
responsaveis pela atividade bioldgica.

Sendo assim, busca-se no presente trabalho estudar polissacarideos
quimiotransformados obtidos de farelo de soja, quanto a sua estrutura quimica fina e

capacidade de adesao as bactérias enteropatogénicas.

1.3 ESTRUTURA DA TESE

Com o intuito de facilitar a leitura deste documento, a tese esta dividida em
quatro capitulos distintos.

No primeiro capitulo foram compiladas informacbes sobre resisténcia
bacteriana em animais destinados a alimentacdo e exemplos da utilizacdo de
sacarideos e glicoconjugados, obtidos a partir de diferentes fontes, no controle de
doencas de origem alimentar, causada por agentes gram-negativos. O capitulo foi
escrito em formato de artigo, em inglés, para submissdo futura no Journal
Biotechnology Advances.

No segundo capitulo estdo compilados os resultados relacionados a
extracao, isolamento e purificacdo de polissacarideos quimiotransformados de farelo
de soja, bem como a composi¢cdo quimica dos extratos brutos e estrutura quimica
fina dos polissacarideos purificados.

No terceiro capitulo estdo agrupados os resultados obtidos nos ensaios de

capacidade de adesdo a enterobactérias realizados com os extratos brutos e
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polissacarideos purificados, caracterizados previamente no capitulo anterior, e
consideragdes a respeito da relacdo estrutura-atividade.

No quarto capitulo, foram reunidos os resultados referentes a otimizacéo
do processo de extracdo de farelo de soja, para obtencao de melhores rendimentos
e extratos com alta capacidade de adesdo a enterobactérias, aplicando um
Delineamento Composto Central Rotacional. Adicionalmente, estdo compilados os
resultados referentes aos ensaios de digestdo in vitro, inibicdo da ades&o e
citotoxicidade realizados com as fragbes extraidas nas condi¢bes Otimas de

processo.
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CAPITULO 1

CARBOHYDRATES AND GLYCOCONJUGATES USE IN ENTEROPATHOGEN
CONTROL AND PREVENTION OF BACTERIAL RESISTANCE - REVIEW PAPER
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1.1 ABSTRACT

The widespread use of antibiotics in food-producing animals has contributed
to the emergence of different strains of resistant bacteria around the world. These
resistant bacteria can spread from animals to humans via the food chain, or other
less common pathways. This transfer implies often in failed treatments, generating
serious public health problems. Thus, alternatives to antibiotics are urgently needed.

Among the main therapeutic strategies already proposed for the control of
bacterial resistance is the use of carbohydrates or glycoconjugates. These molecules
have been extensively reported in the literature as analogue receptors, i.e., they
mimic natural receptors involved in the adhesion process of the pathogen to host
tissue. The great advantage of this strategy is the fact that analogue receptors
prevent the infection without bactericidal action, minimizing the selective pressure
that causes resistance.

This review compiles information about the use of antibiotics in food-
producing animals and its consequences, and thoroughly reports extensive research
involving the use of carbohydrates and glycoconjugates in controlling foodborne

illness, with particular focus on gram-negative pathogens.

Key-words: antibiotic resistance; analogue receptors; adhesion; enteropathogen;,

carbohydrates; glycoconjugates.

1.2 INTRODUCTION

Antibiotics, one of the greatest discoveries of the 20th century, are
culminating in a major concern of the 21th century, the bacteria resistance
(GUZMAN-MURILLO; ASCENCIO, 2000; HEILIG; LEE; BRESLOW, 2002,
AARESTRUP, 2005; ANDERSSON; HUGHES, 2011; SEAL et al., 2013). The “magic
bullets”, described by Paul Ehrlich, which were once lifesaver are now worthless and
in the near approaching future, may have ceased its use (BOSCH; ROSICH, 2008;
HUTTNER et al., 2013; THE LANCET INFECTIOUS, 2013; WOOLHOUSE;
FARRAR, 2014).

Bacteria resistance is a health care problem worldwide (WITTE, 2013)
recognized by leading global health organizations (MARSHALL; LEVY, 2011) that
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requires global solutions (HOWARD et al., 2013; LAXMINARAYAN et al., 2013) for
responsible utilization. Different causes of resistance are described, for example,
inappropriate and excess use of antibiotics for nonbacterial infections such as viral
infections or colds (DOWELL; SCHWARTZ; PHILLIPS, 1998; MARSHALL; LEVY,
2011; PERSELL et al., 2013) and extensive use for animal farming and agricultural
purposes, mainly as growth promoter in animals (AGP) (SALISBURY et al., 2002;
MARTINEZ, 2009).

It is estimated that 20 tons of antibiotics are produced every hour in the world
(WOOLHOUSE; FARRAR, 2014), reaching up to 200,000 tons per year (WISE,
2002). Approximately 50-70% of all antibiotics produced are intended for food
producing animals (MELLON, BENBROOK; BENBROOK, 2001; BUSH et al., 2011;
DANTAS; SOMMER, 2014). Substantial portions of these are used for the
nontherapeutic purposes of growth promotion (VAN DEN BOGAARD;
STOBBERINGH, 2000; SMITH et al., 2002).

Substantial controversy exists about the impact of agricultural antibiotic use
on the subsequent emergence of antibiotic-resistant bacteria in humans. Animal food
products are contaminated with antibiotic-resistant bacteria, mainly gram negatives,
generated by antibiotic usage as growth promoters or for treatment or control of
animal diseases (SMITH et al., 2002). It has been reported that annually 48 million
people contract a foodborne illness in the United States (CDC, 2014b). In severe
cases, use of antibiotics may be required in the treatment of foodborne illness,
making antibiotic resistance in foodborne pathogens a considerable concern
(MATHEW et al., 2007).

It is already enormous the economic and human cost of antibiotic resistance
(BUSH et al., 2011). For instance, there were 386,000 infections cases by multidrug-
resistant bacteria, and 25,000 attributable deaths, in European Union (EU), Iceland
and Norway in 2007, two-thirds being due to gram-negative bacteria, most
responsible for foodborne iliness (ECDC/EMEA, 2009; TILLOTSON, 2013). A recent
report by the United States (US) Centers for Disease Control and Prevention
estimated that antibiotic-resistant pathogens cause at least 2 million illnesses and
23,000 deaths each year in the US (CDC, 2014a). Antibiotic-resistant infections lead
to a cost of $20 billion per year in excess direct healthcare in the US (ROBERTS et

al., 2009). In Europe, these extra costs were estimated in €1.5 billion each year,
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being €870 million with antibiotic-resistant gram-negative bacteria (ECDC/EMEA,
2009).

As antibiotics are losing effectiveness due to the increase in the number of
resistant bacteria, the discovery of new therapeutic agents with novel modes of
action becomes urgent and crucial (CHOPRA et al., 2008; OLDFIELD; FENG, 2014).
However, there is a gap in antibiotics pipeline, as just four new classes of antibiotics
were launched in the past 40 years, none to treat gram-negative bacteria (TALBOT
et al., 2006; COATES, HALLS; HU, 2011; COOPER; SHLAES, 2011; CAIN, 2012;
BUTLER; BLASKOVICH; COOPER, 2013). The cost of bringing a new antibiotic to
market is estimated among US$ 800 million to 1.7 billion and demands about 15
years of research (IDSA, 2004; VICENTE et al., 2006; BERDY, 2012). The cost and
time consumed, combined with the poor return of the investment, makes
pharmaceutical industries reluctant to pursue antibiotic research (LEEB, 2004,
NORRBY; NORD; FINCH, 2005; COOPER; SHLAES, 2011). These companies are
focusing investments on more lucrative areas, such as debilitating or chronic
illnesses and mood disorders, which need treatments used for over years or a
lifetime, rather than for just a week or two as the antibiotics (LEEB, 2004; ALANIS,
2005; CHOPRA et al., 2008).

Given this complex situation, the search for novel therapeutic strategies to
replace antibiotics has been intense (COX; WRIGHT, 2013). However, the true
efficacy remains unclear because the present results are often inconsistent
(GAGGIA; MATTARELLI; BIAVATI, 2010; ALLEN et al., 2013). These approaches
commonly include the use of pre-, pro- and symbiotics, antibacterial vaccines, phage
therapy, herbs, plant extracts and etheric oils, exogenous enzymes and organic
acids.

Often mistakenly, carbohydrates or glycoconjugates are categorized as
prebiotic, however their functions may be not related to the growth of beneficial
bacterial populations (GAGGIA; MATTARELLI; BIAVATI, 2010).
Mannanoligosaccharides (MOS), widely marketed, may act as inhibitors of bacterial
adhesion, functioning as a mimetic or analogue receptor. These saccharides bind to
adhesins, e.g. mannose-specific lectin, of gram-negative pathogens that express
Type-1 fimbriae, such as Salmonella and E. coli, resulting in their excretion from the
intestine (OFEK; MIRELMAN; SHARON, 1977; LINDHORST, KIEBURG,;
KRALLMANN-WENZEL, 1998; SPRING et al., 2000). Similarly, other molecules of
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the same class may act as analogue receptors for different types of bacteria
adhesins. In this context, this review compiles information about bacterial resistance
in food-producing animals, and report examples of the use of saccharides and
glycoconjugates, obtained from different sources, as analogue receptors in the

control of foodborne iliness, caused by gram-negative pathogens.

1.3 BACTERIA RESISTANCE IN FOODBORNE ANIMALS

1.3.1  Emergence of Bacterial Resistance — Source and Mechanisms

The antibiotics' history began in 1929 with the discovery of penicillin by
Alexander Fleming (FLEMING, 1929). Years later, in 1936, Gerhard Domagk
discovered the first sulfonamide drugs (or sulfa drugs) in a synthetic dye, the
Prontosil (CONGRESS, 1995; STORK, 2005). Later, René Dubos, in 1939, found
gramicidin, an antibacterial agent which inhibits the growth of gram positive (DUBOS,
1939A; B; DUBOS; CATTANEO, 1939). In 1940, researchers Emst Chain and
Howard Florey gave sequence to Fleming studies (CHAIN et al., 1940). They purified
penicillin and showed the compound could be used to treat infections in animals.
During World War |Il, large scale penicilin production was implemented
(GUSTAFSON; BOWEN, 1997), and since then, antibiotics have been widely used
for a variety of purposes, particularly infectious disease control (DAVIES;
SPIEGELMAN; YIM, 2006). Amid the dawn of the antibiotic era, the danger of
creating resistant bacteria was clear (LEVY, 2014), and alerting the increase in
resistant bacteria are not new. Fleming in his acceptance speech of the Nobel Prize
warned of the development of bacterial resistance (FLEMING, 1945).

However, the origin of antibiotic resistance is controversial and continues to
divide opinions. Some researchers defend the idea of bacterial resistance as a
modern phenomenon, facilitated by selective pressure of millions of tons of
antibiotics used since its introduction, on sensitive strains, favoring the survival of
resistant strains (MITSUHASHI, 1993; VAN DEN BOGAARD; STOBBERINGH, 2000;
ARASON et al.,, 2002; LEVY; MARSHALL, 2004, DAVIES; DAVIES, 2010;
HUTTNER et al., 2013; LAXMINARAYAN et al., 2013). Other researchers argue that
bacterial resistance is an ancient and natural phenomenon (HUGHES; DATTA, 1983;
BARLOW: HALL, 2002; BHULLAR et al., 2012; COX; WRIGHT, 2013; RODRIGUEZ-
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ROJAS et al., 2013), already existing for two billion years (Hall; Barlow, 2004). They
claim inconsistency in the arguments of bacterial resistance as a contemporary
emergency. Antibiotics would select only resistant determinants already pre-existing
(COSTA et al., 2011).

Leaving aside the temporal origin of bacterial resistance (pre or post
antibiotic era), antibiotic resistance exists in two different phenotypes: intrinsic and
acquired. Intrinsic resistance is a common evolutionary phenotype to all members of
a specific taxonomic group of bacteria (genus, species, and subspecies), regardless
of previous exposure to antibiotics and not obtained from horizontal gene transfer
(HGT) (FAJARDO et al., 2008). This resistance is directly related with the structural
or functional characteristics inherent to the native microorganism (SALISBURY et al.,
2002; BOERLIN; WHITE, 2013). Conventional examples refer to resistant
phenotypes displayed by gram-negative bacteria that are intrinsically resistant to
many classes of antibiotics effective against gram-positive bacteria (COX; WRIGHT,
2013). Triclosan biocide is broadly effective against gram-positive bacteria, however
it is unable to inhibit the growth of members of the gram-negative genus
Pseudomonas (BLAIR et al., 2015). This drug, in susceptible species, hinders fatty
acid synthesis by inhibition of enoyl-acyl carrier protein (ACP) reductase, however,
this genus carries a fabV gene, that encodes triclosan-resistant enoyl-ACP reductase
isozyme (FabV), culminating in the absence of a susceptible target (ZHU et al.,
2010).

In addition to intrinsic resistance, bacteria can acquire or develop resistance
to antibiotics. This acquired resistance occurs when normally susceptible organisms
develop resistance through genetic alterations (by mutations in chromosomal genes)
or horizontal acquisition of new genes carried by mobile genetic material (plasmids,
transposons, integrons, bacteriophages and naked DNA) (MAZEL; DAVIES, 1999;
HOGAN; KOLTER, 2002; SALISBURY et al., 2002; MARTINEZ, BAQUERO;
ANDERSSON, 2007; BOERLIN; WHITE, 2013). When associated with mobile
genetic elements, the acquisition of resistance determinants may occur between
bacteria of the same species or different species and genus by transduction (DNA
transfer by a bacteriophage); conjugation (mobilization of DNA through inter-
organism contact); transformation (naked DNA incorporation released from another

microorganism); or transposition (DNA mobilization into the organism's genome)
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(DAVISON, 1999; DZIDIC; BEDEKOVIC, 2003; ROE; PILLAI, 2003, LEVY;
MARSHALL, 2004; WRIGHT, 2007).

These resistant phenotypes are expressed by several antibiotic resistance
mechanisms. Such mechanisms can be divided into four major groups: (1) reduced
in cell permeability, decreasing diffusion of antibiotics into the cell (NIKAIDO, 1994;
DE et al., 2001; MCDERMOTT; WHITE, 2011); (2) change in efflux pumps that
extrude the drug from the interior cell to the external environment (LEVY, 1992;
NIKAIDO, 1996; WEBBER; PIDDOCK, 2003); (3) inactivation of the drug due to
degradation or structural modification, either before or after penetrating the cell
(ALEKSHUN; LEVY, 2004; WRIGHT, 2005); and (4) modification and protection of
target sites that may reduce the affinity of the antibiotic to the target (LAMBERT,
2005; BLAIR et al., 2015). Different mechanisms can, alone or together, confer
resistance to one antibiotic, a class of antibiotics, a group of classes of related
antibiotics or even to antibiotics of several different classes resulting in multidrug
resistance (BOERLIN; WHITE, 2013).

1.3.2 Transfer of Antibiotics Resistance among Animals and Humans

The effectiveness of any antibiotic is compromised by the potential
development of tolerance or resistance from its initial use (DAVIES; DAVIES, 2010).
The use of antibiotics, therefore, impose a natural selection (BAQUERO et al., 1998;
WITTE, 2000), generating many reservoirs of resistant strains (ALLEN, 2014).

Resistance genes and resistant bacteria flows constantly between different
environments (SINGER et al.,, 2003). Thus, the transmission interface between
humans and animals is complex due to the numerous possible transmission routes,
and frequent transfer of genes between different species of bacteria (KRUSE;
SORUM, 1994; OKEKE; EDELMAN, 2001; WEGENER, 2012). Therefore, concrete
evidence of dissemination and routes of spread between humans and animals are
difficult to obtain (MARSHALL; LEVY, 2011; LAXMINARAYAN et al., 2013), however,
several studies have been published demonstrating indirect evidence of this
transmission.

Bezanson, Khakhria and Bollegraaf (1983) identified, from a hospital
outbreak in newborns, in Canada, resistant strains of Salmonella enterica sv.

Typhimurium coming from dairy cattle, possibly transmitted by raw milk. An outbreak,
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in Denmark, involving the same Salmonella species was investigated by Mglbak et
al. (1999). The studies found that such strains were resistant to quinolones. A total of
eleven people was hospitalized and two died. Molecular epidemiology indicated that
the primary source of contamination was a swine herd. Hoelzer et al. (2010) isolated
in human multidrug resistant strains of Sa/monella enterica serotypes Newport and
Typhimurium. Epidemiological results identified cattle dairy farms as a source of
transmission.

Lee (2003) studied cattle, pigs and chicken’s isolates, collected between
2001 and 2003. Strains of methicillin (oxacillin)-resistant Staphylococcus aureus
(MRSA) were identified. To determine the genetic relationship between animals and
human’s isolates, during the entire period of the study, human samples were
collected. Molecular studies have shown that the genome of six animal MRSA isolate
were very closely related to those of some human MRSA isolates, indicating that the
source of contamination arises possibly through contaminated food intake. In
Denmark, two cases of MRSA were also researched and linked to a livestock
reservoir (HARRISON et al., 2013). Phylogenetic analyzes of isolated human and
animal support zoonotic transmission probability.

While the majority of studies on the epidemiology of antibiotic susceptibility
has focused animals as primary sources of transmission of resistance antibiotics,
some studies have shown that transmission between animals and humans can occur
bilaterally (SCHWARZ, KEHRENBERG; WALSH, 2001), making it difficult to quantify
and identify the responsibility of each part involved (SINGER et al., 2003;
COLLIGNON; ANGULO, 2006). Seguin et al. (1999) followed for 13 months, horses
that attended a veterinary hospital and developed post-infection procedures
performed on site. MRSA strains were isolated; however, such strains are very
uncommon animal isolates and common human isolates. Thus, samples of people
associated with equine surgery and recovery were collected in an attempt to identify
a possible source of the organisms. Results indicated that the isolates originated
from a common source, and it is speculated that the hospital staff were the primary
source of infection, although the specific mode of transmission is not clear. O'mahony
et al. (2005) reported similar observations. MRSA strains identified in animals may
have had its origin human hospitals.

The spread between the different hosts can occur by direct contact, through
the environment or via the food chain (PENDERS et al., 2013; CANTAS; SUER,



38

2014). In the new host, the bacteria can colonize and infect, transmit their resistance
genes to different bacteria (commensal and pathogenic), besides to accept
resistance genes from other bacteria (SALYERS; GUPTA; WANG, 2004). There is a
direct relationship between the number of resistant bacteria and the potential spread
and transmission. The greater the number of resistant bacteria, the higher the
probability of transmission to potentially pathogenic bacteria and to the environment
(VAN DEN BOGAARD; STOBBERINGH, 2000; O'BRIEN, 2002). Thus, the subject
resistance in zoonotic pathogens deserves attention. The increased prevalence
among animals increases the spread to humans. Therefore, it is necessary an
application of an antibiotic management system by the veterinary medicine and
animal husbandry to prevent or minimize the emergence and spread of antibiotic
resistance in the sector (LAXMINARAYAN et al., 2013).

1.3.3 Zoonosis

Zoonosis are diseases and infections that can be naturally transmitted by
animals to humans (PAHO, 2001; ALEMAYEHU, 2012). The most common zoonosis
are foodborne infections caused by the presence of zoonotic bacteria of genera
Salmonella, Campylobacter, Yersinia, Listeria and enterohemorrhagic Escherichia
coli in production animals (AARESTRUP; WEGENER, 1999; BLANCOU et al., 2005).

The gastrointestinal tract of animals serves as a reservoir of zoonotic agents
(POOLE et al., 2004), and foodborne infections come from direct contact with the
animal or contamination through the food chain (ANGULO; NUNNERY; BAIR, 2004;
WEGENER, 2012; STANTON, 2013). Food contamination can happen at any stage
of the production chain, including slaughtering (fecal contamination), milking and
other subsequent processes (COLLINS; WALL, 2004; GAGGIA; MATTARELLI,
BIAVATI, 2010; HUE et al., 2010). Other forms of contamination, less frequent, may
also occur, by water or vegetables grown in soils fertilized with contaminated
excrement or irrigated with contaminated water (TEUBER, 2001; HANNING; NUTT;
RICKE, 2009; EFSA, 2014).

There is considerable debate surrounding the use of antibiotics in livestock
and the risks of its use for human health. This is due, mainly, to the direct correlation
between antibiotics use and frequency of resistant genes in food animals (AUSTIN;
KRISTINSSON; ANDERSON, 1999; BRUINSMA et al., 2003; CHANTZIARAS et al.,
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2014). Inappropriate and excessive use of antibiotics contributes to the emergence of
resistance in zoonotic pathogens (PERRETEN et al., 1997, BERENDS et al., 2001;
ANDERSON et al., 2003; FORSLUND et al., 2013).

Among the zoonotic bacteria of greater importance and concern are species
of Campylobacter and Salmonella, frequent cause of human gastroenteritis
(THORNS, 2000; NEWELL et al., 2010; BEHRAVESH; WILLIAMS; TAUXE, 2012). It
is estimated, all around the world, a total of 94 million cases of nontyphoidal
Salmonella infections per year resulting in approximately 155 thousand deaths
(WHO, 2014). A report recently issued by the European Food Safety Authority and
European Centre for Disease Prevention and Control (EFSA/ECDC), on the
occurrence of foodborne illness in the European Union (EU) in 2013, indicated
214,779 and 82,694 confirmed cases of campylobacteriosis and salmonellosis,
respectively, covering approximately 95% of total disease (EFSA/ECDC, 2015b). In
the same year, it was reported in 10 US sites (approximately 15% of the US
population), 17,856 confirmed cases of foodborne iliness, being 7,277 and 6,621
cases of salmonellosis and campylobacteriosis cases, respectively, corresponding to
78% of total cases (CRIM et al, 2014). The Centers for Disease Control and
Prevention (CDC) estimate that across the US occur each year around 1.3 million
Campylobacter infections and 1.2 million nontyphoidal Sa/monella infections (CDC,
2014a). These data show the alarming rate at which infections caused by zoonotic
bacteria are growing.

Resistant zoonotic bacteria have been extensively identified worldwide
(ENGBERG et al., 2001; GEBREYES; ALTIER, 2002; ENGBERG et al., 2004;
CANTON et al., 2008; HAWKEY, 2008; GESER et al., 2011; MATHER et al., 2013
SCHMID et al.,, 2013; VERNET et al.,, 2014, WHO, 2014; SHAIKH et al., 2015).
Treatment options for some of the most common foodborne infections have
decreased, because isolates from antibiotic-resistant bacteria continue to emerge.
That was the conclusion published by EFSA at the beginning of 2015, after analysis
of the data reported by 28 Member States for the year 2013 (EFSA, 2015).

Official data released by the report issued by EFSA/JECDC, show that
Salmonella strains resistant to commonly used antibiotics were isolated from
humans, animals (mainly turkeys and broiler) and meat products (EFSA/ECDC,
2015a). Multidrug resistance rates were high, 31.8% in humans, 56% in broiler, 73%

in turkeys and 37.9% in pigs. In human’s isolates, high proportions of strains resistant
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to ampicillin, sulfonamides and tetracyclines were observed. Low rates of resistant
strains to third-generation cephalosporins and non-suscetible to fluoroquinolones
were also found. In animal’s isolates (turkeys and broiler meat), strains with high
resistance to fluoroquinolones were observed. The results for Campylobacter also
worry. Resistant strains were isolated from humans, animals (mainly broiler, pigs and
cattle) and broiler meat. For the specie, Campylobacter jejuni, more than half of the
isolates in humans and broiler are resistant (54.6% and 54.5%, respectively),
alongside 35.8% in cattle. For the specie, Campylobacter coli numbers are even
higher, 66.6% In humans, 68.8% in broiler and 31.1% in pigs. In human’s isolates,
high proportions of strains resistant to ciprofloxacin, tetracyclines and
fluoroquinolones, and low to moderate proportions to erythromycin were observed. In
animals isolates extremely high levels of resistance to ciprofloxacin, nalidixic acid
and tetracyclines were observed.

Estimates made by the CDC indicate that approximately 24% and 8% of all
cases of campylobacteriosis and salmonellosis, in US, are caused by resistant
strains (CDC, 2014a). Most of the identified Campylobacter strains are resistant to
ciprofloxacin, and a minority to azithromycin. Most of the identified Salmonella strains
are multidrug resistant (five or more antibiotic classes), and some were resistant to
ceftriaxone and criprofloxacin.

Thus, resistance in zoonotic bacteria poses a threat to human health, as it
can be propagated and easily disseminated through the food chain, besides often
causing failure of antibiotic treatment (SALISBURY et al., 2002; ZHAO et al., 2005;
MELLATA, 2013). Furthermore, there is a significant impact on public health
worldwide, since food animals and foods of animal origin are traded worldwide
(AARESTRUP; WEGENER; COLLIGNON, 2008; CAVACO; AARESTRUP, 2013).

1.3.4 Antibiotic Use in Food-Production Animals

Antibiotics are widely used in food-production animals. In some countries, the
amount of antibiotics, for the livestock reaches up to four-times the amount used in
human medicine (FDA, 2012; 2014a). The reasons for the use of antibiotics in food-
producing animals are diverse. Modern intensive livestock operations, with high
population density, allows the rapid spread of pathogens, requiring aggressive

management strategies, which often include the use of antibiotics therapy (Landers
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et al., 2012). Among the main indications are the treatment and prevention of enteric
diseases and respiratory disorders in young animals, mastitis and skin and organs
abscesses (TEUBER, 2001; CASAL et al., 2007). Thus, the use of these antibiotics
allows the growth of more healthy and productive animals, with lower incidence of
diseases, ensuring animal welfare and leading to reduced morbidity and mortality
(PAGE, 2006; OLIVER; MURINDA; JAYARAO, 2011).

Antibiotics are used in four different ways, including prevention (prophylaxis),
control (metaphylaxis), treatment of diseases (therapeutic use) and promoting growth
and improves feed efficiency (use as a growth promoter) (MCEWEN; FEDORKA-
CRAY, 2002; WEGENER, 2003; MARSHALL; LEVY, 2011). The therapeutic use is
defined as treating infections in clinically sick animals (PHILLIPS et al., 2004). The
treatment involves individual animals, for a short period at doses of antibiotics that
exceed the minimum inhibitory concentration of the target pathogen (BARTON,
2000).

The metaphylaxis and prophylaxis settings are similar and often overlap.
Metaphylaxis is the treatment of a group of animals immediately after the appearance
of first clinical symptoms in some animals, thus infections are treated before they
become clinically visible (SCHWARZ; KEHRENBERG; WALSH, 2001; SINGER et
al., 2003; AARESTRUP, 2005; MATHEW, CISSELL; LIAMTHONG, 2007). The same
authors define prophylaxis as the treatment of healthy animals, used as a preventive
measure to the emergence of disease. Doses involved in treatments are moderate to
high, usually applied by water or feed, for a predefined period to a group of animals
(GUSTAFSON; BOWEN, 1997; GRAHAM; BOLAND; SILBERGELD, 2007). It is
important to remark that prophylaxis requires caution since the appropriate duration
of therapy is not well defined (GIGUERE; ABRAMS-OGG: KRUTH, 2013).

Use the promotion of growth includes continued usage of antibiotics in animal
feed, in order to promote growth and increase efficiency of feed conversion (VAN
DEN BOGAARD,; STOBBERINGH, 2000; VIOLA; DEVINCENT, 2006). Antibiotics
used for this purpose are commonly called antibiotic growth promoters (AGP). AGPs
are included in the formulation of feed, in non-therapeutic concentrations for long
periods (VAN DEN BOGAARD; STOBBERINGH, 2000; RETI et al, 2013,
REDONDO et al., 2014).

The non-therapeutic use of antibiotics in food-animals is quite old. The

growth promoting effect was first described by Moore et al. (1946), soon the end of
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the war. It was reported that chicks showed better growth when sulfasuxidine and
streptomycin were added to the diet. Shortly thereafter, Stokstad et al. (1949)
observed that chickens fed with aureomycin fermentation byproducts had better
weight gain with less feed. Numerous subsequent investigations have documented
the same efficacy for other food-animals and similar effects were also identified in
other antibiotics (BARTLEY; FOUNTAINE; ATKESON, 1950; CUNHA et al., 1950;
COATES et al., 1951; RUSOFF, DAVIS; ALFORD, 1951; SLINGER et al., 1951;
SHEFFY et al., 1952; LASSITER, 1955).

In 1951, the United States approved the use of AGPs in animals (JONES;
RICKE, 2003; HUME, 2011). In the following years, European countries approved
regulations about the use of antibiotics in animal feeds (CASTANON, 2007). This
practice was, therefore, implemented as a way to meet the increasing demand for
food (ALLEN et al., 2013), coinciding with the modernization of the livestock system,
which began involving confinement rearing of food animals in a large scale
(GUSTAFSON; BOWEN, 1997; MATHEW, CISSELL; LIAMTHONG, 2007). Over
time, the practice of non-therapeutic use of antibiotics has become an integral part of
intensive livestock (BARTON, 2000; BUTAYE, DEVRIESE; HAESEBROUCK, 2003;
LAXMINARAYAN et al., 2013).

Many hypotheses have been launched in an attempt to unravel completely
the AGP mode of action. What is clear is that the action is mediated by antibacterial
effect, since the effects in germ-free animals are smaller or zero (COATES et al,,
1963; FEIGHNER; DASHKEVICZ, 1987; PAGE, 2006; NIEWOLD, 2007). Therefore,
the studies on mechanisms have focused the interaction between antibiotics and the
microbiota, favoring performance in different ways: (i) improvement in the absorption
and utilization of nutrients because of thinning of the intestinal wall (COATES;
DAVIES; KON, 1955, FEIGHNER; DASHKEVICZ, 1987; GASKINS; COLLIER;
ANDERSON, 2002; PAGE, 2006; NIEWOLD, 2007); (ii) reduction in the incidence
and severity of intestinal subclinical infections, leading to reduction of metabolic costs
of the immune system (innate) (FEIGHNER; DASHKEVICZ, 1987; GASKINS;
COLLIER; ANDERSON, 2002; BRENNAN et al., 2003; DIBNER; RICHARDS, 2005);
(iii) reduction of microbial use of nutrients (FEIGHNER; DASHKEVICZ, 1987;
DIBNER; RICHARDS, 2005; NIEWOLD, 2007; HUYGHEBAERT, DUCATELLE AND
IMMERSEEL, 2011); (iv) reducing the toxins production by intestinal bacteria
(KNARREBORG et al., 2004; DIBNER; RICHARDS, 2005; PAGE, 2006; NIEWOLD,
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2007; LIN, 2014); (v) stimulation of vitamins synthesis, and (PAGE, 2006; MODI et
al., 2011); (vi) anti-inflammatory effect by inhibiting the production and excretion of
catabolic intestinal inflammatory mediators by cells, thereby providing the catabolic
advantage to the host (NIEWOLD, 2007; COSTA et al., 2011, HUYGHEBAERT,
DUCATELLE; IMMERSEEL, 2011; MENCONI et al., 2014).

1.3.5 Banned Antibiotic Growth Promoters

Discussions about the use of AGPs are therefore old and their use is
controversial due to the potential transfer of antibiotic resistance from animals to
humans (KELLY et al., 2004), aggravated the fact that there is no clear division
between antibiotics for human and animal use (HEILIG; LEE; BRESLOW, 2002;
WEGENER, 2003; LANDERS et al., 2012).

Evidence of resistance in animals-production began to appear shortly after
the beginning of utilization. Elam, Gee and Couch (1951) reported penicillin resistant
microorganisms in chicks receiving a feed containing such antibiotic. In the same
year, Starr and Reynolds (1951) identified streptomycin resistance bacteria in turkeys
fed streptomycin. In the 1960s, alarmed by the rise in multidrug-resistant
enterobacteria, resistance transmission evidence of antibiotics to animals for human
and the widespread use of antimicrobial agents as growth promoters, the United
Kingdom’s Swann Report of 1969 recognized the possibility that AGPs were
contributing largely to the problem of drug-resistant infections (SCIENCE AND
TECHNOLOGY COMMITTEE, 1998, WITTE, 2000; MARSHALL; LEVY, 2011).
Therefore, recommended banning the use of human or animal therapeutics
antibiotics as growth promoter for animals (HOUSE OF LORDS, 1998). The
recommendation was implemented first in England and then in other European
countries and Canada (HOUSE OF LORDS, 1998; AARESTRUP, 2005; MARSHALL;
LEVY, 2011).

Despite the Swann Report, the first prohibition of the use of any antibiotic in
order to promote growth in animals came only 17 years later, in 1986, in Sweden
(WIERUP, 2001). Following the bans by Sweden, Denmark and Norway banned the
use of avoparcin as growth promoter in 1995 (HOFSHAGEN et al., 2000; SARMAH;
MEYER; BOXALL, 2006). In the same year, the Norwegian food animal industry
voluntarily stopped all use of AGPs (GRAVE et al., 2006).
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EU banned the use of other antibiotics as growth promoters in the following
years, such as avoparcin, virginiamycin, tylosin, bacitracin, spiramycin, carbadox and
olaquindox (DIBNER; RICHARDS, 2005). The Danish food animal industries decided
in 1998 to voluntarily discontinue all further use of AGPs by the end of 1999, thus the
AGPs were gradually phased out in Denmark (AARESTRUP et al., 2001). Finally, in
2006, all AGPs were banned in the EU (EC, 2005). However, other regions have not
followed this suit. The practice continued in the United States, but the Food and Drug
Administration (FDA) proposed a plan of action on the overuse of antibiotics through
a project of guidelines for judicious use of antimicrobials in animal husbandry for food
production (ALLEN et al., 2013; LAXMINARAYAN et al.,, 2013; HEDE, 2014).
Importantly, many countries, organizations and professional associations have
developed (or are in the process of developing) guidelines and codes for the prudent
use of antibiotics in animals (BARTON, 2000; GUARDABASSI; JENSEN; KRUSE,
2008; WERTHEIM et al., 2013; WHO, 2015).

1.3.6 Estimate Antibiotic Use for Food-Producing Animals

There is a correlation between the antibiotic consumption and subsequent
development of antibiotics resistance (BELL et al., 2014). Countries with high
antibiotic prescription rates tend to reach unacceptable levels of resistance, making
ineffective most of the drugs (GARAU et al., 2014). Since its introduction, millions of
tons of antibiotics have been produced and employed for a wide variety of purposes
(DAVIES; DAVIES, 2010), however data for amounts of antibiotics sold for or used in
animals are still scarce (LAXMINARAYAN et al., 2013). Reliable figures are rare, and
estimates are only available for a few regions of the world (WHO, 2002,
AARESTRUP, 2005).

The FDA recently released a report of sales and distribution data of
antibiotics used in food-producing animals. The amount of important antibiotics sold
grew by 16% from 2009 to 2012, totaling about 54,000 tons sold in this period, only in
2012 were sold 14,618 tons of antibiotics (FDA, 2014b). A few years ago (MELLON,;
BENBROOK; BENBROOK, 2001), estimated values were well next to recently
released by FDA, in their report, estimated 16 million kg of antimicrobial compounds
are used annually in the US, and approximately 70% are used for nontherapeutic

purpose.
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In EU and European Economic Area (EAA), sales achieved 8,046 tons of
antibiotics in 2012 (EMA/ESVAC, 2014). Australia, between 2005 to 2010, had
consumed 2,932 tons, and 6% were used as growth promoters (APVMA, 2014). In
the same period, Japan sold 687 tons of antibiotics, and in New Zealand, among
2004-2008, 32 tons of antibiotics were used (NVAL/MAFF, 2009; MAF, 2010; HOSOI
et al., 2014).

Sweden, Denmark and Norway, the first countries to ban the use of AGPs in
food-producing animals, had over the years, the significant decrease in the amount of
antibiotics used (GRAVE et al., 2006). Sweden reduced from 21 tons of antibiotics
consumed in 1996 to 11 tons in 2013, a decrease of approximately 48%
(BENGTSSON et al., 2001; ASPEVALL et al., 2014). Sales of antibiotics in Denmark
and Norway, between 1994 and 2013, were reduced from 206 tons to 112 tons and
11 tons to 6 tons, respectively, reaching 46% reduction in sales (BLAGER et al,
1999; HOFSHAGEN et al., 2000; AGERSU et al., 2014; ANDERSEN et al., 2014). It
is also possible to observe reduction in antibiotics sales in other EU countries, such
as France, United Kingdom, Netherlands and Czech Republic. Together, these
countries reduced sales by 35%, from 2,366 tons in 2005 to 1,543 tons in 2012
(EMA, 2011; EMA/ESVAC, 2014).

Different organizations and experts in the field continue to question the use of
antibiotics in food-producing animals (ASOA, 2014; RUMA, 2014; SCIENCE AND
TECHNOLOGY COMMITTEE, 2014). Conflicts for a responsible prophylactic use are
evident. Thus, the prohibition of AGPs seems not to prevent prolonged and routine

use of such antibiotics in healthy animals.

1.4 NEED FOR ALTERNATIVES TO REPLACE ANTIBIOTICS

The use of antibiotics in food-producing animals favors the selection of
resistant bacteria (ZHAO et al., 2005; GULLBERG et al., 2011). In a globalized world,
this problem is even more urgent, since resistance genes are travelling faster and
over long distances (VERNET et al., 2014). Oblivious to these facts the question of
pipeline of new drugs is faltering (TOMAYKO et al., 2014).

The removal of antibiotics as AGPs appears to result in a decrease in the
prevalence of some resistant bacteria (PANTOSTI et al, 1999, VAN DEN
BOGAARD; BRUINSMA; STOBBERINGH, 2000; BOERLIN et al, 2001;
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LAUDERDALE et al., 2007). However, negative impacts on productivity, health and
animal welfare are described (AARESTRUP, 2002; CALLESEN, 2002; TORNQE,
2002; COGLIANI; GOOSSENS; GREKO, 2011). There is an increased incidence of
infectious diseases, leading to an increased use of antibiotics for therapeutic
purposes (LARSEN, 2002; CASEWELL et al., 2003). This generates an increase in
animal production costs and therefore making the final product more onerous
(FERBER, 2003; KELLY et al., 2004).

Increasing restrictions on antibiotic propose challenges to modern livestock
and related industries. Viable and effective alternatives are required to maintain the
current animal production levels without threatening public health (WANG et al.,
2012). The challenge is complex. It is required that such alternatives contribute to the
stagnation of resistance to antibiotics, show effectiveness on animal performance
and assist in the reduction or elimination of pathogens, thereby controlling the
morbidity and mortality (GAGGIA; MATTARELLI; BIAVATI, 2010; ALLEN et al.,
2013).

On the economic and financial aspects, returns on investments for
alternatives to antibiotics are dependent on the biological impact, dynamics of the
market price and effect on the performance levels (REDONDO et al., 2014).
Furthermore, (HUYGHEBAERT; DUCATELLE; IMMERSEEL, 2011) reinforce the
need to consider the variability in production costs between the different possible
alternatives. The same authors estimate that the returns on investments can vary
among 2-25 (€ / ton) compared to 1-2 (€ / ton) of feed antibiotics.

Several alternatives to antibiotics have been proposed, include the use of
pre-, pro- and symbiotics (CALLAWAY et al., 2008; GAGGIA; MATTARELLI,
BIAVATI, 2010, HUYGHEBAERT; DUCATELLE; IMMERSEEL, 2011), antibacterial
vaccines (ALEKSHUN; LEVY, 2004), paghe therapy (ATTERBURY, 2009; PIRNAY
et al.,, 2011), herbs, plant extracts and etheric oils (SMITH-PALMER; STEWART,
FYFE, 1998; GUPTA et al., 2007; WINDISCH et al., 2008, BARBOSA et al., 2009;
DJENANE et al., 2011; YAN; MENG; KIM, 2012), exogenous enzymes (JACKSON et
al., 2003; ADEOLA; COWIESON, 2011; LIU; GUO; GUO, 2012; ZHANG et al., 2014),
organic acids (JOHNY et al., 2009; SANTOS et al., 2009; JOHNY et al., 2012),
cooper and zinc (PETTIGREW, 2006; JACELA; DEROUCHEY; TOKACH, 2010;
AMACHAWADI et al., 2011) and anti-virulence therapies (CEGELSKI et al., 2008;
RASKO; SPERANDIO, 2010). Moreover, in a recent review, (THACKER, 2013)
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described less traditional alternatives to antibiotics as antimicrobial peptides, clay
minerals, egg yolk antibodies, eucalyptus oil-medium chain fatty acids, rare earth
elements and recombinant enzymes.

Glycoconjugates, polysaccharides and/or oligosaccharides can act as
modulators of intestinal microbiota and often are mistakenly categorized as prebiotic.
Gibson and Roberfroid (1995) define prebiotic as nondigestible food ingredients that
stimulate the growth and/or activity of bacterial resident in colon, beneficially affecting
the health of the host. In addition of prebiotic activity, these carbohydrates and
glycoconjugates may act on another mechanism, modulating the intestinal microbiota
by eliminating pathogenic bacteria. In summary, these molecules mimicking the
receptors located in the intestinal mucosa of the host, leading to inhibition of
adhesion of pathogenic bacteria and therefore infection. Various saccharides have

been reported in the literature with this property.

1.4.1 Use of Analogue Receptors

Pathogens adhesion to the gut epithelium surface (colonization) is the first
critical step in the infection process (OFEK; MIRELMAN; SHARON, 1977; WILSON
et al., 2002). It is mediated by specific adhesins. There are three main types of
adhesin-receptor interactions: lectin-carbohydrate; protein-protein and protein-
hydrophobins (OFEK; SHARON; ABRAHAM, 2006). Lectins-carbohydrate-
interactions are widespread in most pathogens, so it has been extensively studied
(OFEK; HASTY; SHARON, 2003). It is important for cell-cell communication in
various physiological processes and have a crucial role in the pathogenic event
(LINDHORST; KIEBURG; KRALLMANN-WENZEL, 1998). The lectins recognize and
bind to complementary available carbohydrates on the surface of the host intestinal
tissue, thereby initiating the process of bacterial adhesion (BURGER et al., 2000)
(Figure 1.1). Thus, strategies using anti-adhesion agents, named analogue
receptors, can be effective in reducing infections, disease and the risk of
transmission (BECKER et al., 2007). Furthermore, anti-adhesion therapy appears to
be safer, softer and sustainable with the added benefit of minimizing selective
pressure because the pathogens are prevented from binding to host cells rather than
being killed (THOMAS, 2010).
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FIGURE 1.1 - NORMAL ADHESION MECHANISM: ADHESINS PRESENT ON THE SURFACE OF
THE BACTERIA BINDS TO COMPLEMENTARY RECEPTOR ON THE SURFACE OF THE HOST
ENTERIC TISSUE (a); USE OF ANALOGUE RECEPTORS: THE BACTERIA VIA CARBOHYDRATE-
SPECIFIC ADHESINS BINDS TO THESE RECEPTORS, WHICH ARE SACCHARIDES
STRUCTURALLY SIMILAR TO THE NATIVE RECEPTORS. THUS, ADHESION DOES NOT
HAPPEN AND THE BACTERIA ALONG WITH THE ANALOGUE RECEPTOR ARE ELIMINATED
FROM THE INTESTINE (b).
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SOURCE: Adapted from MORAN (2009).

Yeast derivatives, such as yeast cell wall and yeast autolysate products,
have been sold in the feed supplements market for a long time, reaching worldwide.
These products contain mainly mannose in their structure and claim to bind and
reduce enteropathogenic bacteria. Various in vivo studies (LINE et al, 1998;
SPRING et al., 2000; HOFACRE et al., 2003; MOURAO et al., 2006; BAURHOO et
al., 2007; BIGGS; PARSONS, 2008; YANG et al., 2008, BAURHOO; GOLDFLUS;
ZHAOQO, 2009; JACOBS; PARSONS, 2009; EL-KHALEK et al.,, 2012) and in vitro
(SALIT; GOTSCHLICH, 1977; KORHONEN et al., 1980; MIRELMAN; ALTMANN;
ESHDAT, 1980; FERNANDEZ;, HINTON; VAN GILS, 2000; 2002; BECKER,;
GALLETTI, 2008, BOROWSKY, CORCAOQO; CARDOSO, 2009; GANAN et al., 2009;
GANNER et al., 2010; BADIA et al., 2012; BADIA et al., 2013; GANNER et al., 2013)
showed the benefits of these products on animal health and performance. The
presence of mannose is essential. It binds to the pathogen adhesin, preventing the
adhesion to the receptor in the gut wall, leading to elimination of bacteria with the

digesta flow.
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Though, there is much confusion throughout the animal feed industry
concerning the quality of yeast products (GANNER et al., 2013). As result, products
derived from other sources have gained ground. Mannose-based polysaccharides
obtained from various gums types are subject of several patents and researches
around the world (SHINICHI, TAKASHI; MITSURO, 1996, TSUTOMU; YUKIKO;
SHIGEMITSU, 1996; KROSS, 2000; BARBERA; SANZ, 2003; BARBERA et al,,
2009a; BARBERA et al., 2009b; BADIA et al., 2012; BADIA et al., 2013).

Patents claiming products with anti-adhesion ability is not restricted to
saccharides containing mannose. Derived from various sources containing different
monosaccharides residues are also objects of invention documents, as macro and
microalgae polysaccharides (LINDBERG; SVENSSON, 1983; PRIETO; RUIZ-
PALACIOS, 1999; AJISAKA; TOBA, 2002; VIEIRA; DE MORAIS, 2008; NOSEDA et
al., 2013), food ingredients (NEESER; WURSCH, 1990; BAILLON; GIFFARD, 2001;
NOSEDA et al.,, 2012), mik (MORROW; NEWBURG,; RUIZ-PALACIOS, 2010),
glycoproteins (SAKANAKA et al., 2002) and synthetic compounds (SCHENGRUND;
THOMPSON, 1998; HEERZE; ARMSTRONG, 2000; VANMAELE; ARMSTRONG,
2000; MUNIR et al., 2001; YANMAELE; ARMSTRONG, 2001; KLINGEBERG et al,,
2003; KLINGEBERG et al, 2006; BRUGGEMAN; DESCHEPPER, 2007,
STUTZENBERGER et al., 2010, MORROW, NEWBURG; RUIZ-PALACIOS, 2011b;
a, BRUGGEMAN; DESCHEPPER, 2014).

There are, however, some important practical uncertainties concerning the
use of analogue receptors. Some of these questions are due doubts of the exact
mechanisms related to the anchoring of many strains to the enterocytes surface
(BARDIAU; SZALO; MAINIL, 2010). It is known that most pathogens possess genes
encoding more than one type of adhesin, so that during the infectious process more
than one of these adhesins can be expressed by the pathogen population (OFEK;
HASTY; SHARON, 2003; WITTSCHIER et al., 2007). Moreover, the adhesion may
also involve other factors, such as hydrophobic interactions or other non-specific
interactions. For the anti-adhesion therapy to be completely effective, it is necessary
the use of multiple agents that specifically inhibit each adhesin type of the infecting
pathogen, or a single agent with anti-adhesion broad spectrum of activity (BECKER;
GALLETTI, 2008, THOMAS, 2010).

Numerous studies have been conducted over the past 30 years trying to find

viable and effective alternatives to minimize the use of antibiotics and elucidate the
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adhesion process for the different strains involved in foodborne iliness (Appendix 1, 2
and 3).

1.5 CARBOHYDRATES AND GLYCOCONJUGATES THAT PRESENT
POTENTIAL TO INHIBIT THE ADHESION OF ENTEROPATHOGENS AND ACT
AS ALTERNATIVE TO ANTIBIOTICS

1.5.1 Alternatives to Control Campylobacter

Adhesion of C. jejuni to the epithelium of the small intestine and colon is
mediated by polar flagella and outer membrane adhesins, including PEB1a, PEBS3,
JIpA, MOMP, CapA and CadF (KONKEL et al., 2001; VAN VLIET; KETLEY, 2001;
MAHDAVI et al., 2014). The use of anti-adhesive compounds for prevention and
treatment of campylobacteriosis is increasingly being discussed, but so far, few data
are available.

Some monosaccharides have been identified over the years as potential
inhibitors of bacteria of the genus Campylobacter. L-Fucose and D-mannose partially
inhibited adhesion of C. jejuni to intestinal cells, suggesting the presence of different
adhesins, which cooperate for binding of the pathogen to the host (CINCO et al.,
1984; MCSWEEGAN; WALKER, 1986). Before long, Naess, Johannessen and
Hofstad (1988) observed that L-rhamnose caused a slight reduction in adhesion of C.
Jejuni and C. coli to porcine intestinal brush border membranes. D-Galactose,
D-mannose, D-maltose and D-glucose, but not the L-sugar equivalents, inhibited, in a
dose-dependent manner, the binding of C. jejuni to human colonic Caco-2 cells
(RUSSELL; BLAKE, 1994). More recently, Day et al. (2009) demonstrated, through
glycan array, that C. jejuni has preference for gastrointestinal niches within host
tissues containing terminal mannose, N-acetylneuraminic acid, galactose or fucose.

Bode (2012) reviewed the properties of human milk oligosaccharides.
Glycans containing fucose a-(1—2)-linked are associated with the prevention of C.
Jejuni. Lane, Marifio, Naughton, et al. (2012) identified that oligosaccharides from
bovine colostrum also prevent infection by Campylobacter. It was observed that
these oligosaccharides dramatically reduced the invasion and translocation of
bacteria to HT-29 cells in a concentration dependent manner. Furthermore, bovine

colostrum oligosaccharides completely prevented the pathogen binding to chicken
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intestinal mucin, in vitro. Treatment of oligosaccharides with periodate led to loss of
anti-adhesion activity, suggesting a direct oligosaccharide-bacterial interaction.

Ganan et al. (2010) investigated the ability of pectic oligosaccharides to
inhibit adherence and invasion of Caco-2 cells by C. jejuni. Pectic oligosaccharides
were extracted from Valencia orange mesocarp using nanofiltration. The equal
amounts of galacturonic acid and rhamnose suggest that oligosaccharides are
derived from a rhamnogalacturonan | (rhamnose and galacturonic acid in the
backbone with arabinose and galactose attached to the rhamnose in side-chains).
The results of the present study indicate that pectic oligosaccharides did not
significantly affect the adherence of pathogen to Caco-2, however, can affect the
invasion of intestinal epithelial cells. Thus, it was concluded that the oligosaccharides
interfere with cell invasion by altering the effectiveness of cell adhesion.

Wittschier et al. (2007) and Lengsfeld, Faller and Hensel (2007) studied
polysaccharides isolated from fruit of the okra plant (Abelmoschus esculentus).
Results revealed the presence of rhamnogalacturonans type | in the fractions that
showed anti-adhesive activity in vitro. However, this positive anti-adhesive effect
under in vitro conditions were not reproduced under conditions in vivo, indicating that
intestinal decontamination of previously infected chickens with C. jejuni is not
possible by the oral application of these compounds.

Byrne, Clyne and Bourke (2007) compared the interaction of human and
chicken mucus with C. jejuni. The results showed that chicken mucus, but not human
mucus, significantly reduced the interaction of the pathogen to the intestinal
epithelium cells. Reduction of invasion and cell adhesion was dose-dependent
manner. Given the evidence obtained, the authors suggest that one of the chicken
mucus components can be responsible for the differences between humans and
birds after exposure to the pathogen. Alemka et al. (2010) demonstrated that mucins
purified from small and large intestines of chicken inhibited adhesion and
internalization of C. jejuni to human intestinal cell line HCT-8. To assess whether
glycosylated portion of mucin were involved in inhibition activities, mucins were
treated with sodium metaperiodate. Binding and internalization by HCT-8 cells
returned to levels observed in the untreated controls, demonstrating that the O-
glycans expressed on the secreted intestinal mucins of chickens can inhibit pathogen
colonization. Similar results were presented by Struwe et al. (2015). Purified mucin

from chicken’s intestine also inhibited adhesion and invasion of C. jejuni to HCT-8
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cells. Several structures, absent in human intestinal mucins, were identified in
chicken mucins, besides that O-glycans released from chicken mucin are more

sulphated compared to human mucin.

1.5.2 Alternatives to Control Salmonella

The pathogenesis of Salmonella enterica infections requires adherence to
various host cell surfaces, and a wide number of adhesive structures may be found.
Adhesive mechanisms of S. enterica were reviewed by Wagner and Hensel (2011).
Gene clusters for more than 10 different fimbrial adhesins were identified, depending
on the serotype, with type | fimbriae such as Fim, Lpf (long polar fimbriae), Tafi (thin
aggregative fimbriae) or the type IV pili. In addition, non-fimbrial adhesins have been
identified as adhesins secreted by type | secretion systems and autotransporter
adhesins. The structural and functional properties of many adhesins are not
completely understood (WAGNER; HENSEL, 2011). FimH is the best-studied and the
most common fimbrial adhesin (KISIELA et al., 2006). It is encoded by the fim
operon, highly specific for mannose residues (CLEGG; GERLACH, 1987).

Feed supplemented with various components to eliminate Sal/monella from
the intestine has been investigated. D-Mannose and o-methylmannoside has been
widely reported to suppress the colonization of S. enterica sv. Enteritidis and S.
enterica sv. Typhimurium in vitro (OLD, 1972; KORHONEN et al., 1980; LINDQUIST
et al., 1987; MCHAN et al., 1989; OYOFO et al., 1989; PARKER et al., 2010) and in
vivo (OYOFO et al., 1989a; OYOFO et al., 1989b; AGUNQOS et al., 2007). These
studies also demonstrated the anti-adhesion ability of other monosaccharides as L-
arabinose, D-galactose, L-fucose, D-fructose and N-acetylgalactosamine, and
disaccharides as lactose and 3-1,4-mannobiose. Moreover, studies by Chessa et al.
(2009) showed that the std operon present in S. enterica sv. Typhimurium encodes
o(1-2)-fucosylated residues. Thus, adhesion of the bacteria to Caco-2 cells was
blocked by Fuca1-2Galp1-4GIcNAc.

Ishihara et al. (2000) evaluated the in vivo potential by enzymatic
hydrolysates of galactomannans derived from guar gum (Cyamoposis
tetragonolobus). The results indicate an increase in the number of beneficial bacteria

and decrease the incidence and number of pathogenic bacteria, suggesting that the
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hydrolyzed promotes the excretion of S. enterica sv. Enteritidis. Searle et al. (2009);
Searle et al. (2010) and Tzortzis et al. (2005) showed that nondigestible
oligosaccharides such as galactoligosaccharides reduced Sa/monella adhesion and
invasion in vitro in the human colonic cell line (HT-29) and also in vivo in the ileum
gut loop model in mice.

Parkar et al. (2010) compared different pectic polysaccharides obtained from
the kiwifruit cultivar Actinidia deliciosa Hayward. Pectin called Monok, extracted with
monopotassium phosphate, was superior to commercial products (inulin, guar gum
and citrus pectin), enhancing the adhesion of Lactobacillus rhamnosus and
decreasing the adhesion of S. enterica sv. Typhimurium to Caco-2 cells. Galacturonic
acid was the dominant sugar residue in this fraction, comprising around 87% of the
total, followed by galactose, arabinose and small amounts of other sugar. Similar
results were presented by Roberts et al. (2013). Acid polysaccharides from plantain
(Musa spp.) also inhibited the adhesion of S. enterica sv. Typhimurium to Caco-2
cells.

Feed and food ingredients were evaluated by Becker et al. (2007) and
Becker and Galletti (2008) for the ability to bind to different strains of Salmonella.
Extracts of pumpkin, sesame, sunflower, carrots, palm kernel, soybean tempe,
konjac, thyme, tomato and Biomos® were able to bind enterobacteria. Several studies
demonstrated the anti-adhesion capacity for S. enterica sv. Enteritidis by palm kernel
extracts (SUNDU; KUMAR; DINGLE, 2006). These extracts are obtained from Elaeis
guineensis and may comprise small amounts of xylan, arabinans, galactans, glucans
and mannans.

Many glycoconjugates have proved active against Sa/monella. Yang et al.
(2008) isolated by enzymatic hydrolysis a soy glycopeptide, B-conglycinin, capable of
minimizing the adhesion of S. enterica sv. Typhimurium to LoVo cells (human colon
adenocarcinoma cell line). B-Conglycinin is a glycoprotein which contains
approximately 5% carbohydrate, being mainly high-mannose moieties, followed by N-
acetylglucosamine. It is suggested that the mannose structure is responsible for
bacterial recognition.

Recently, Sakarya et al. (2010) showed that the presence of N-
acetylneuraminic acid increases S. enterica spp. enterica sv. Tiphy recognition
capability. Sialylglycopeptide, sialyloligosaccharide and its asialooligosaccharides

derived from hen egg yolk inhibited the S. enterica sv. Enteritidis adhesion to Caco-2
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cells (SUGITA-KONISHI et al., 2002). /In vivo assays showed, however, that these
molecules were rapidly absorbed in the gastrointestinal tract. In trying to solve the
problem, Sugita-Konishi et al. (2004) conjugated sialylglycopeptide to
carboxymethyldextran via EDC  (1-ethyl-3-dimethylaminopropyl-carbodiimide)
reaction. Further in vivo tests results showed that sialylglycopeptide-CMD was able to
inhibit Salmonella at a concentration of 10 uM. Ghosh et al. (1996) and Vimal et al.
(2000) describe glycoproteins obtained from rat intestinal brush border and mucus
membrane. Cell adhesion of S. enterica sv. Typhimurium was inhibited by these
glycoproteins. Fractionation of the molecules indicated the presence of mannose in
the fractions with maximum activity. Thus, it is suggested that the mannose is
recognized by the bacterial fimbriae during the recognition process.

Fractions derived from human and bovine milk containing acid and neutral
oligosaccharides (COPPA et al.,, 2006; MALDONADO-GOMEZ et al., 2015), o-
lactoalbumin, glycomacropeptide (BRUCK et al., 2006), sulfatides (NEWBURG et al.,
1999) and mucin (PARKER et al., 2010) showed potential to act in Salmonella

prevention, since inhibited the adhesion of pathogens to different cells lines.

1.5.3 Alternatives to Control Escherichia

The classification of enteropathogenic E. coli is related to their virulence
properties: enteropathogenic E. coli (EPEC), enterotoxinogenic E. coli (ETEC),
enterohaemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC), verotoxinogenic E.
coli (VTEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC)
(NATARO; KAPER, 1998). During the last years, several adhesins and putative
colonisation factors have been described for each of the E. coli strains (BARDIAU,
SZALO; MAINIL, 2010).

ETEC is among the most common E. coli strains causing diarrhea-associated
morbidity and mortality (ZHANG; SACK, 2012) followed EPEC (EVANS; EVANS,
1996). Fimbriae expressed by ETEC isolated from animals include K88 (F4), F18,
K99 (F5), 987P (F6), and F41 (F7) (ZHANG et al., 2007) and isolated from humans
include colonization factor antigens (CFA) CFA/I and CFA/lIl (EVANS; EVANS;
DUPONT, 1979; BLANCO; GONZALEZ; ANADON, 1985).

Payne, O'reilly and Williamson (1993); Grange et al. (1998); Grange et al.
(1999) and Grange et al. (2002) studied the intestinal receptors K88 (F4) fimbrial
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adhesin. It was revealed that these receptors are composed of N- and O-glycans
containing galactose, glucose, sialic acid, mannose, N-acetylhexosamine and fucose.
However, ETEC preferentially binds to N-acetylhexosamine (HexNAc), in the terminal
position or, alternatively, in the penultimate position with galactose in the terminal
position. Bind to D-galactosamine (LAUX et al., 1986) and terminal B-D-galactosil
(GIBBONS; JONES; SELLWOOQOD, 1975) have also been described.

Gonzalez-Ortiz et al. (2013); Gonzalez-Ortiz et al. (2014) and Hermes et al.
(2011) compared the ability of different feed ingredients, to bind to ETEC K88, using
in vitro microtitration-based models, and reduce bacteria attachment to the porcine
intestinal epithelial cell-line (IPEC-J2) and mucus. Casein glycomacropeptide
(CGMP), locust bean, wheat bran and exopolysaccharide (EPS) from olive
fermentation brines exhibited the highest adhesion to pathogen and decreased the
number of bacteria adhered to the cells and the intestinal mucus. CGMP is a
glycoprotein originated during cheese manufacture. Contains heterogenous
glycosilation sites, based on a core of GalB-(1—3)-GalNAc- and NeuAc-(2—5)-Gal-,
which may act as potential analogue receptors. The locust bean was obtained from
the Ceratonia siliqua tree (mixing locust pods and seeds). Analysis of locust bean
extracts has identified the presence of galactomannans and phenolic compounds.
Wheat bran is a by-product rich in carbohydrates (arabinoxylans and glucans) and
proteins. Enzymatic fractionation of wheat bran extracts identified that the
glycoproteins present may be involved in the recognition process of K88 fimbriae.
The EPS is derived from the natural fermentation process of green olive brines by
Lactobacillus pentosus, and maily containing glucose, galactose and rhamnose.
According to authors, EPS could offer several complementary molecules to bacterial
and mucus lectins due to complex chemical structures of the present
polysaccharides. Thus, these products become good candidates against
colibacillosis, since they can be included in the animal’s diet.

In vivo experiments in pigs challenged with ETEC K88 also showed that
supplementation of animal diet with wheat bran results in reduction in the incidence
of diarrhea and the number of E. coli in the intestinal tract (HERMES et al., 2009;
MOLIST et al., 2010; MOLIST et al., 2011). This reduction may result from the
promotion of beneficial bacteria favoring the competitive exclusion and/or binding
capacity to ETEC. Similar results have also been reported in experiments with
animals supplementation CGMP (HERMES et al., 2013).
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Other in vitro studies also describe the effect of glycans on the adhesion of
ETEC. EPS containing glucose, galactose and fructose produced by Bifidobacterium
breve (ALP et al., 2010) and Lactobacillus reuteri (WANG; GANZLE; SCHWAB,
2010) impeded effectively the adhesion of E. coli to Caco-2 cells and
hemagglutination of porcine erythrocytes.

Roubos-Van Den Hil and Nout (2011) reviewed various studies on the
influence of soybean tempe on the adhesion of ETEC to intestinal cells. Tempe is a
fermented food made from boiled soybean inoculated with a fungus, usually of the
genus Rhizopus (KIERS et al.,, 2002). Soybean tempe extract prevent adhesion in
vitro of ETEC to intestinal epithelial cells. In vivo experiments show that dietary
supplementation of animals, with tempe, reduces ETEC excretion, incidence,
duration and severity of diarrhea in animals. Inhibition of adhesion, which results in
anti-diarrheal effect, is mediated by carbohydrates present in the soybean tempe
extracts. Purification experiments have indicated that arabinose, responsible for the
bioactivity, originate from arabinan or arabinogalactan of soybean pectin side chains.

Besides soybean tempe, tofu, extracts of raw, soaked and cooked soya
beans can reduce adhesion in vifro of ETEC K88 to Caco-2 intestinal epithelial cells
(ROUBOS-VAN DEN HIL et al., 2009) and piglet intestinal brush border cells (MO;
ZHU; NOUT, 2012), although the effect was lower than that of tempe extracts.
Traditionally, tempe is made from soybean, however other substrates were also
reported to be suitable substrates to produce tempe. Roubos-Van Den Hil et al.
(2010) studied different cooked and fermented products with Rhizopus microspores
var. microsporus. Soybean, cowpea, green pea and red beans cooked and
fermented significantly inhibited the adhesion of the pathogen to intestinal cells to
values lower than 20% of the positive control. Anti-adhesion activity increased after
the fermentation process. Authors suggest that during the fermentation process an
active component was released or formed by enzymatic hydrolysis from leguminous
substrates. Glycopeptide derived from soybean B-conglycinin was also able to
decrease the adhesion of EPEC strains O114 and O111 to LoVo cells (YANG et al.,
2008).

Der Meulen, Panneman and Jansman (2010) evaluated the effect of
inclusion of pea (Pisum sativum), faba beans (Vicia faba) and their hull fractions in
diets for piglets orally infected with ETEC serotype O149:K91:K88. From 10 days

after the challenge, there was no fecal excretion of pathogen in any of animals. The
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use of legume seeds or their hull also caused a change in the ileal microbiota
composition suggesting a potential for prevention of intestinal disorders in piglets.
Right after, Becker et al. (2012) studied the binding capacity of different grain
fractions from pea and faba beans to ETEC K88ac. Pea hulls, specially, showed a
higher binding to bacteria and its characteristics and binding capacity were preserved
even after in vitro digestion. ETEC may be binding to xyloglucan «1,2-
fucosyltransferase present in pea seeds, offering an alternative of binding sites.

The binding capability to enteropathogens of other food and feed
components was tested by Becker and Galletti (2008). Pumpkin, tempe, sesame,
sunflower, tomate, coffe, artchoke and Biomos® were most efficient binding matrices
to ETEC serotypes 0149:K91:K88ac and 09:K35:K99. Sesame seed extract was
effective both in vitro and in vivo to bind ETEC K88 (MAIORANO et al., 2007).
Sesame seed extract reduced the number of E. coli faecal and improved faeces
consistency in weaning pig challenging with pathogen.

Rhoades et al. (2006) examined the potential of commercial chito-
oligosaccharides as antiadhesive agents against strains of E. coli (VTEC; EPEC).
Chito-oligosaccharides (97% deacetylated, degree of polymerisation~4), composed
of glucosamine with smaller quantities of N-acetylglucosamine inhibited the EPEC
adherence to HT-29 human cells. Quintero-Villegas et al. (2013) evaluated the ability
to chito-oligosaccharides of varied degree of polymerization and acetylation to inhibit
the adhesion of EPEC to HEp-2 cells. Hydrolysates with a low degree of acetylation
were more effective in reducing adhesion. The degree of polymerization did not
influence the adhesion potential. The same oligosaccharides were investigated by
Liu et al. (2008) and Liu et al. (2010) as the ability to impede adherence by ETEC
K88 in pigs. Results showed that animals group fed a diet supplemented with chito-
oligosaccharides had a decrease in incidence of diarrhea caused by the pathogen.
The reason suggested may be due to an increase in the concentration of beneficial
bacteria (Lactobacillus) and reduced population of E. coli in the intestinal tract
favored by declining the adhesion of pathogen to intestinal cells.

The anti-adhesion potential, in vifro and in vivo, of synthesized
galactooligosaccharides (GOS) were evaluated by Tzortzis et al. (2005). GOS were
produced by the activity of galactosyltransferases from Bifidobacterium bifidum
41171 on lactose. The novel GOS mixture and the disaccharidic fraction impeded the

EPEC adhesion to HT-29 cells. Disaccharidic fraction, composed of two galactose
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units a(1—6)-linked, inhibited 90% of the adhesion. The administration of GOS
mixture also increased the density of Bifidobacteria when added to commercial diet
of piglets, suggesting a great prebiotic potential. Shoaf et al. (2006) tested adherence
of EPEC strain E2348/69 (0127:H6) on HEp-2 and Caco-2 cells, in the presence of
several oligosaccharides. Commercial GOS exhibited the greatest adherence
inhibition on both cells lines, reducing the adherence, dose dependent manner, about
70%. The lactulose (BGal-(1—4)-B-Fru) also significantly prevented adhesion for both
cell lines. Galactose monosaccharide, when tested alone, did not showed activity.

Aqueous extracts from carrots (carrot soup) containing acidic
oligosaccharides and acid polysaccharides from plantain (Musa spp.) are able to
block adherence of EPEC and ETEC to HEp-2 and Caco-2 cells in vitro (KASTNER
et al., 2002; ROBERTS et al., 2013). Furthermore, it was observed that the adhesion
blocking ability is dependent on the degree of polymerization of the molecule. For
oligosaccharides from carrots, the trigalacturonic acid was the most effective.
Rhoades et al. (2008) also reported the anti-adhesion effects of pectic
oligosaccharides from orange peel purified against VTEC and EPEC. Dose of
2.5mgmL"' of oligosaccharides was effective to reduce 70% of the pathogen
attachment to HT-29 cells compared to the negative control. More information about
the carbohydrate structure is required to elucidate the mechanism of the effect of
anti-adhesion molecules in E. coli strains.

Numerous studies have indicated that bovine and human milk protect against
infections caused by E. coli Coppa et al. (2006) isolated acid and neutral
oligosaccharides from human milk. All fractions inhibited the adhesion of EPEC
serotype 0119 to Caco-2 cells. Characterization of neutral fractions indicated the
presence of fucosylated oligosaccharides. Similarly, isolated and purified human milk
oligosaccharides prevented the binding of EPEC strain 2348/69 (serotype O127:H6)
to intestinal epithelial cells (HeLa and Hep-2 cells) (MANTHEY et al., 2014). Infant
formula containing GOS, were also tested, but did not show anti-adhesion effect,
indicating absence of an active component recognized by pathogens.

Martin, Martin-Sosa and Hueso (2002) and Martin-Sosa, Martin and Hueso
(2002) studied the potential of human milk oligosaccharides to bind ETEC strains
expressing different fimbriae. Sialylated fraction of milk oligosaccharides proved to be

efficient at inhibiting hemagglutination mediated by this pathogen. ETEC strains,
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expressing K99, F41 and F17 adhesin, exhibit high affinity for a(2—6)-sialylated acid.
The expression of B23 adhesin exhibit affinity for a(2—3)-sialylated isomers and B64
adhesin seem to require N-acetylglucosamine for binding. ETEC strains, expressing
CFA/l and CFA/Il fimbriae, are inhibited by sialylated fraction, however desialylated
fractions also inhibit adhesion, requiring only larger quantities. These results indicate
that despite the acid residue is involved in the recognition process, it is not alone
responsible for the inhibition. Other structures of oligosaccharide can participate in
the binding process.

Lane, Marifio, Rudd, et al. (2012) reported that 3'-sialyllactose and a mixture
of bovine colostrum oligosaccharides (lactose, 3'-sialyllactosamine, 3'-sialyllactose,
6'-sialyllactosamine, 6'-sialyllactose and disialyllactose) inhibited the E. coli O157:H7
adhesion to differentiated HT-29 cells. Maldonado-Gomez et al. (2015) studied
different fractions obtained from bovine colostrums that are able to prevent the EPEC
strain E2348/69 (serotype 0127:H6) attachment to HEp-2 cells. Results showed little
difference between the oligosaccharide profiles, with predominance of sialylated
trisaccharides. In addition to the carbohydrates, the fractions also contained small
peptides, including glycopeptides as glycomacropeptide (GMP), lactoferrin and f3-
lactoglobulin.

Several milk glyconjugates have also been reported to have anti-adherence
activity against different E. coli strains (NEWBURG, 1999; PETERSON et al., 2013)
including glycomacropeptide (BRUCK et al., 2006), mucins (PARKER et al., 2010),
lactoferrin (NAIDU, 1991; TERAGUCHI et al., 1996; KAWASAKI et al., 2000;
OLIVEIRA et al., 2001) and immunoglobulin (DEMIERRE et al., 1975, ATROSHI et
al., 1983; WOLD et al., 1990; SILVA, GIAMPAGLIA, 1992; CAMARA et al., 1994,
CARBONARE et al., 1995, DELNERI et al., 1997; FERNANDES et al., 2001;
OLIVEIRA et al., 2007). Furthermore, nonimmunoglobulin fractions have also been
shown to inhibit pathogen binding (HOLMGREN; SVENNERHOLM; AHREN, 1981;
ASHKENAZI; MIRELMAN, 1987: ARAUJO; GIUGLIANO, 2000; PALMEIRA et al.,
2001).

Glycoconjugates derived other sources were also evaluated for anti-adhesion
capacity. Ramos-Clamont et al. (2007) isolated immunoglobulin from porcine serum.
This IgA inhibited hemagglutination of erythrocytes by ETEC K88. It is suggested that

the oligosaccharides present in the structure of this glycoprotein is interacting with
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the pathogen. Results from glycoprotein-blocking studies indicate that terminal
GIcNAc and GalNAc, presents in ovine submaxillary mucin and ai-acid glycoprotein,
may play a role in the interaction of the K88 adhesin with brush border receptors
(ANDERSON; WHITEHEAD; KIM, 1980). Metcalfe et al. (1991) and Erickson et al.
(1992) propose that E. coli K88 binds to glycoproteins obtained from porcine
intestinal brush border and porcine small intestine mucus. In addition, Seignole et al.
(1994) proposed that the K88 adhesin recognizes Galp(1—3)GalNAc and
Fuca(1—-2)Galp(1—3,4)GIcNAc on the pig intestinal receptor and reported that
K88ac binding totally disappeared after fucosidase treatment. Galactosylceramide
also has been reported to be responsible structure in the recognition of intestinal
mucus receptors by the K88 adhesin (BLOMBERG et al., 1993).

Therapeutic effects against E. coli K88 have been observed by egg yolk
derivatives, suggesting the presence of structures recognized by the pathogen. Jin et
al. (1998) isolated egg yolk antibodies capable of decreasing between 84.6 to 97% of
ETEC adhesion to intestinal mucus piglet. Sialylglycopeptide, sialyloligosaccharide
and its asialooligosaccharides derived from hen egg yolk inhibited the E. coli K88
adhesion to Caco-2 cells (SUGITA-KONISHI et al, 2002). Sialylglycopeptide
conjugated to carboxymethylcellulose was able to inhibit E. coli at a concentration of
50 uM (SUGITA-KONISHI et al., 2004).

Synthetic oligosaccharide-protein conjugates (neoglycoproteins) obtained by
non-enzymatic lactosylation of serum albumin from different species, as porcine
serum albumin (PSA)-lactose or bovine serum albumin (BSA)-lactose, can reduce
ETEC K88 adherence to mucin in vitro (LEDESMA-OSUNA; RAMOS-CLAMONT;
VAZQUEZ-MORENO, 2009; SARABIA-SAINZ et al., 2009). Chemically synthesized
N-acetyllactosamine glycosides covalently coupled to BSA (LacNAc-BSA) or gold
nanoparticles impede the EPEC strain E2348/69 (serotype 0127:H6) binding to HEp-
2, Caco-2 and T84 cells, even reaching 98.5% inhibition in HEp-2 cells (VANMAELE;
HEERZE; ARMSTRONG, 1999; HYLAND et al., 2006).

Laparra et al. (2011) synthesized glycoconjugates from galactosylation and
lactosylation of B-lactoglobulin and sodium caseinate obtained via Maillard reaction.
All glycoconjugates obtained significantly reduced adherence to mucin E. coli in vitro.
In vitro digestion assays have identified galactose as partial responsible to the

recognition of glycoconjugates.
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Receptors K99 (F5) fimbrial adhesin have a high specificity for N-
acetylneuraminic acid and N-acetylgalactosamine (MORRIS; STEVENS; SOJKA,
1977, LINDAHL, WADSTROM, 1984; LINDAHL, 1989; LINDAHL; CARLSTEDT,
1990). Thereby, several sialic acid conjugates has been described as receptor sites
for t fimbriae. This fimbriae seems to recognize sequences NeuGca3GalB4Glcp
(Willemsen and De Graaf, 1993) present in glycolipids (NeuGc-GMs, N-Glycoly-GMs
and N-glycolulsialoparagloboside) from piglet small intestine (KYOGASHIMA;
GINSBURG; KRIVAN, 1989; TENEBERG et al.,, 1990) and gangliosides (NeuGc-
GMs, NeuGc-GM2 and NeuGe-GD1) from calf small intestine (TENEBERG et al.,
1994). It is also recognize GM2 ganglioside derived from newborn meconium (FARIS,
LINDAHL; WADSTROM, 1980), glycolipids (NeuGcLacCer, NeuGc-GMz) from
equine erythrocyte (SMIT et al.,, 1984; ONO et al., 1989) and oligosaccharides
NeuAc(a2—6)GalNAc of human erythrocyte glycophorin (LINDAHL; WADSTROM,
1984). Mouricout et al. (1990), Mouricout (1991) and Mouricout and Julien (1987)
identified bovine plasma glycoproteins composed of several oligosaccharides with at
least Neu5Gc or NeuSAc(a2—3)Gal nonreducing terminal sequence. All these
structures are at least minimally similar to receptors in the intestinal epithelium used
during the process of bacterial adhesion.

ETEC expressing F17 fimbriae recognize receptors located in the mucus and
brush border membrane of young calves (SANCHEZ et al., 1993). Adherence to
mucus and brush border membranes was restrained by different glycoproteins:
fetuin, ovomucin, mucin, hen egg white and cow plasm. Bovine erythrocyte
glycophorin also inhibited hemagglutination of erythrocytes by ETEC F17
(MOURICOUT et al., 1995). The F17 fimbriae interacted specifically with glycosylated
units of glycophorin. Its affinity is affected by GIcNAc bond position, p(1—3)-linked
have high affinity, but sequences of GIcNAcB(1—3)Gal in internal position in the
chain are recognized too.

ETEC expressing CFA/lI are mannose resistant (EVANS; EVANS; DUPONT,
1979). Bartus et al. (1985) identified that CFA/I specifically bound to sialic acid
present in glycoconjugates. Sialoglycoprotein isolated from human erythocytes
inhibited at low concentrations, hemagglutination by ETEC CFA/I. This glycoprotein

contains high levels of sialic acid, corresponding to 25% of the total carbohydrate
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present. Other molecules containing sialic acid, ganglioside GMz2, mucin type 2, N-
acetylneuraminic acid, also were effective in higher concentrations.

Several fimbriae have been implicated as potentially important in EPEC
adhesion and pathogenesis. Among them are the type | fimbriae (KARCH et al.,
1987; ELLIOTT; KAPER, 1997). However the role of the EPEC type | fimbriae in
human enteric infections is still unclear, since the adhesion usually is mediated by
the plasmid-borne type IV fimbriae known as bundle-forming pili (Bfp) (TORRES,;
ZHOU; KAPER, 2005).

Type | fimbriae are highly specific for mannose residues and several studies
reported the ability of D-mannose, methyl a-D-mannoside, mannooligosaccharides or
oligomannoside-type glycopeptide to inhibit E. coli adhesion to intestinal cells
(RIVIER; DAREKAR, 1975; OFEK, MIRELMAN; SHARON, 1977; OFEK; BEACHEY,
1978, NEESER; KOELLREUTTER; WUERSCH, 1986; LEUSCH et al., 1991; AL-
GHAZZEWI; TESTER, 2014). Other monossaccharides, as fucose, glucose, D-
fructose, N-acetylmannosamine (SALIT; GOTSCHLICH, 1977, ASHKENAZI;
MIRELMAN, 1984) and fructoligosaccharides (NAUGHTON; MIKKELSEN; JENSEN,
2001) also been described to present anti-adhesion ability.

EHEC expressed a series of fimbrial proteins (Lpf1, Lpf2, curli, ECP, F9,
ELF, Sfp, HCP, and type 1 fimbriae) related to the process of adhesion and
colonization of different surfaces (MCWILLIAMS; TORRES, 2014). The anti-adhesion
capacity of glycoproteins derived from mucin has been investigated. Ovomucin
glycopeptides (OGP), obtained from hydrolysis enzymatic of hen egg ovomucin,
binds to EHEC (KOBAYASHI et al., 2004). Ovomucin is a highly glycosylated protein
containing different carbohydrates. It consists mainly of N-acetylneraminic acid,
followed by N-acetylhexosamines and galactose. Treatment with periodate indicated
that the bacterium binds to OGP carbohydrate portions. Treatment with
neuraminidase abolished binding capacity to the pathogen, indicating that sialic acid
has an important role in the recognition of the molecule.

Sajjan and Forstner (1990a) found one of six strains of EHEC 0O157:H7,
called CL-49, which binds to purified rat intestinal mucin by fimbriae expression of
type 1. Mucin purified impeded hemagglutination caused by EHEC, in minimal
concentration, and was 7-fold more potent than the native mucin. Its composition

includes GIcNAc, GalNAc, galactose, fucose, mannose and sialic acid (SAJJAN;
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FORSTNER, 1990B). Deglycosylation abolished the activity of the molecule,
demonstrating that CL-49 exhibits specificity to the glycans.

1.5.4 Alternatives to Control Other Pathogens

Studies of other gram-negative bacteria related to enteric diseases and
zoonosis have been described in smaller number. Among the main genres are
Shigella, Yersinia and Vibrio.

Guhathakurta, Sasmal and Datta (1992) demonstrated that Shigella
dysenteriae and S. flexneri are sensitive to fucose, N-acetylneuraminic acid and N-
acetylmannosamine. Glucose, mannose, fructose and o-methylmannoside also
reduced binding to intestinal cell and hemagglutination of erythrocytes by S. flexneri
(OLD, 1972; ASHKENAZI; MIRELMAN, 1984). Polysaccharides obtained from
plantain (Musa spp.), containing uronic acids, glucose, and mannose (Roberts et al.,
2013), guinea pig mucus (DINARI et al., 1986) and human milk glycoproteins
(WILLER; LIMA; GIUGLIANO, 2004; BRUCK et al., 2006) inhibited adherence of
different strains of Shigella to HelLa cells and Caco-2.

Izhar et al. (1982) isolated a lipopolysaccharide (LPS) from S. flexneri able to
reduce bacterial adhesion to pig colonic cells. It is composed of rhamnose, glucose
and N-acetylglucosamina. Proteins portions were also identified. Periodate oxidation
and saponification affect the inhibition capacity, indicating that a carbohydrate moiety
of LPS is recognized by the adhesin of the bacteria.

Jensen and Paerregaard (1991) identified human and bovine milk fractions
able to reduce the attachment of different strains of Yersinia enterocolitica to brush
border vesicle and epithelial cells (IPI-2l). It is suggested that present
nonimmunoglobolin components are responsible for the reduction. Paerregaard et al.
(1991) and Mantle et al. (1989) identified that mucus from rabbit and mucin decrease
adhesion by Y. enterocolotica to brush border cell. It is unknown which adhesins
mediate the binding of Y. enterocolitica to mucin, however Mantle and Husar (1993)
found that galactose, N-acetylgalactosamine and lactose decrease this connection.
Additionally, Mantle and Husar (1994) purified oligosaccharides present in rabbit
mucin. Results of treatments of mucin with protease, periodate oxidation and
trifluoromethanesulfonic acid allowed to evidence that N-acetylgalactosamine, either

alone or with galactose attached, is closely involved in bacterial binding.
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Vibrio cholerae El Tor and Classic has been reported to be sensitive to D-
mannose, L-fucose and D-fructose (JONES; FRETER, 1976, BHATTACHARJEE;
SRIVASTAVA, 1978; HANNE; FINKELSTEIN, 1982; EHARA et al., 1987; SANCHEZ,
JONSON, 1990). Ehara et al. (1991) showed that D-glucose and N-
acetylglucosamine also inhibit hemagglutination of erythrocytes by V. cholerae O1
fimbriate.

Human milk inhibits hemagglutination of chicken erythrocytes by V. cholerae
(HOLMGREN; SVENNERHOLM; AHREN, 1981; HOLMGREN; SVENNERHOLM;
LINDBLAD, 1983). Results suggest that free oligosaccharides and high molecular
weight glycoproteins containing fucose, are responsible for inhibition of classical
strains. For El Tor vibrios glycoproteins containing mannose mediated inhibition.
Fractions containing glycolipids were not effective. Similar results were reported by
Coppa et al. (2006).
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1.6 CONCLUSIONS

Uncontrolled and excessive usage of antibiotics has led to a wide range of
environmental, economic and public health problems. Thus, the identification and
development of compounds that mimic natural receptors, allowing the elimination of
pathogens without generating resistance, is seen as a promising strategy opposite
the context of the increasing incidence of resistant strains worldwide.

In recent years, numerous studies have been published proposing
alternatives to the antibiotics use in control of enteropathogens. However, there are
still inconsistencies regarding its practical use. More information is needed to
elucidate the exact mechanism of action and receptors structures involved in
bacterial adhesion process. It should be noted that the central target of most previous
studies involving enteropathogen, does not include the two main genera involved in
foodborne illness (Campylobacter and Salmonella), extra reason to justify the need
for more research and involvement of other stakeholders.

There is no way back in time, the consequences of rampant use of antibiotics
is reality. We urgently need to create firm alternatives that result in benefits for the

future and minimize the consequences of the past still present.
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