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Abstract

Lactic acid bacteria produce glycans that may be applied in food and pharmaceutical industries
as prebiotics, food additives, to prevent pathogen adhesion, or to modulate the host immune
system. The recent identification of theusture ofgalacteoligosaccharidesGOS preparations
demonstrates that their functionalities are depah@n the chemical structurekhis research
aimed to investigate the relation between the structurexagolysaccharide€EP produced

by lactic aed bacteria and their functions in food and health applications.

Enterotoxigenidscherichia col(ETEC) is a major cause of secretory diarrhea in pigler&£C
colonizesto the intestinal mucosa by fimbriae and produces diarrheal toXinsi-adhesive
properties of the bacterial glycans reuteran and levan and of the commercial glycans dextran and
inulin were determined using a small intestinal segment perfusi@P)Snodel Quantitative

PCR identified E. coli as the dominant organism in infected segimehe presence of
autochthonous ETEC K88 was revealed by qP®RBcterial EPS significantly decreased
adrerent ETEC K88however this effectwas not attributed teeuteranbut to bacterial extracts
produced by theeuteransucraseegative strainL. reutei T MW1 . @%A6 The enzymatic
digestion of the antadhesive compound by DNase, RNase, lysozymenartenolysin, and the
screening of heteropolysaccharides gene cluster impliedhé¢tatopolysaccharidgsoduced by

L. reuteriwas a candidatir the antiadhesivectivity.

EPS producedby lactic acid bacteriamprovethe texture and shelf life of breadhe effectof

EPS on bread qualitglepends orthe properties of EPS an&PSproducing strains. The
constructionof a heterologous expression syst of dextransucrase amduteransucrasesnd
site-directed mutagenesis gfucansucraseallowed theex situproduction of pureeuteransand

dextran. Linkage type and molecular weight of enzymatiqaibduced glucans were determined



by *H-NMR and asymniegic flow-field-flow fractionation.L. reuteri TMW1.656 andL. reuteri

T MW1 . 6gBA6sgrved as fermentation strains to remove confounding effects of bacterial
metabolites Bacterial and enzymatically produceeuteranshad comparable effects on bread

volume and crumb hardnesReuteranwi t h  hi g h e r-( 1pYodr)t i loinn kcafged an
molecular weight was as efficient as dextran in enhancing wheat bread volume and texture.
Overall, this study established a valuable mddetlucidate structur@unction relationships of

glucansn baking applications.

In general, this is the first study to demonstrate structure and function relationships of bacterial
and enzymaticallproducedreuteransn bread baking application. The wttural determinants

of bacterial EP$hat prevent ETEC K88 adhesiored to be confirmed with further study.
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1. Introduction
1.1. Overview of exopolysaccharides

Bacterial &opolysaccharides (EP@ye longchain polysaccharides that are classified based on
their compositions. Heteropolysaccharidescompose of 2 - 8 differentcarbohydratenoieties

while homopolysaccharidesre composéd of only one constitutingnonosaccharidéorakli &

Vogel, 2006) EPS are biosynthesized by intracellular glycosyltransferases or extracellular
glycosyl hydrolases. Most homopolysaccharides are synthesized bgsyglyhydrolases of
glucansucrasend fructansucraseheteropolysaccharides and some homopolysaccharides are
synthesized by glycosyltransferas@®adel, Bernardi, & Michaud, 2011)Glucan/fructan
sucrases synthesize EPS large amouns using theenergygeneratedrom the cleavage of
sucroseosidic bond(Korakli & Vogel, 2006) Intracellular glycosyltransferases synthesize EPS
in small amount from activated sugar nucleotide®/uyst & Degeest, 1999)
Heteropolysacchales are synthesized bya cluster of genes encoding proteins that produce
UDP-sugar precursors, assemble the repeating unit, or polymerize and export the repeating unit
(Badel et al., 2011)Due to diverse structures, bacterial EPS with diffepbgsicochemicaland
biological properties are commercially applied in the food, cosmetics paiadmaceuical
industries (Freitas, Alves, & Reis2011) The bacterial EPS widely applied the global
hydrocolloids market is the heteropolysaccharide xanthan ithgiroduced byXanthomonas
campestrigFreitas et al., 2011)'he homopolysaccharide cellulaséhebiomaterialfor making
artificial blood vesselsChawla, Bajaj, Survase, & Singhal, 2009extran produced by
Leuconostoanesenteroidesis hydrolyzed to smaller fragments (70 kDa) to be used as gel
filtration compounds and blood plasma substit@kdsnsan et al., 2001EPS naturally produced

by lactic acid bacteria (LAB) improwoghurttexture, which can eliminate or reduce the use of



texture improvers, such as stabilizers or milk solids (fat, proteins and s(igans)ni, Waters,

Coffey, & Arendt, 2015)

FoodrelatedLactobacillaceaeandLeuconostocacedeave little or no potential to cause disease
in humans and animals, EPS producedtihgse LAB strainsare thus attracting industrial
attentions. LABproduced EPS benefthe host as prebiotics or through mmunomodulation,
antioxidant antitumouror anti-atheroscleroti@ctivities (Patten & Laws, 2015However, some
EPS are also regarded as virulence factors. For exammpian produced byStreptococcus
mutansis a causativeaktor in dental cariesas mutanis a main componentof cariogenic
biofilms (Klein, Hwang, Santos, Campanella, & Koo, 2Q15here are around 30 species of
lactobacillithat have been weltharacterized as EPS producers, includiagtobacillusreuteri

(Badel et al., 2011; Tieking & Ganzle, 2005)

Homopolysaccharides produced hy reuteri have potentialto be used in commercial
applications. Inulin, theb-(2,1) fructan produced by. reuteri 121, was demonstrated as a
prebiotic (Badel et al., 2011)L e v a n ,-(2,8) fruetan fproduced bl. reuteri 100-23, was
reported toincrease Treg cell proportion to modulate host immune syEsems et al., 2011)
Reuterarproduced byL. reuteri TMW 1.106, was a component thfe polysaccharides matrix in
bacterial biofilm formation, which facilitated the colonization of beneficial lactobacithumine
gut (Walter, Schwab, Loach, Gazle, & Tannock, 2008euteranor levan produced by.
reuteri TMW1.656 orL. reuteri LTH5794 prevented enterotoxigerischerichia coliadhering
to erythrocyte cells(Wang, Gazle, & Schwab, 2010)Dextran andreuteranwere potential
hydrocolloid alternatives in bread baking applicasitmimprove bread volume and delay bread
staling (Galle, Schwab, Bello, Coffey, Gazle, et al., 20H 201d). Commercial

exploitation of glycans produced hyAB in food and health applicatismequires information on



mechanisms and structdfienction relationships of the glycan$he structure and function
relationships ofreuteranare not well studied. Galactdigosaccharides (GOS) produced by
gl ycosyl lgaladtosimdse) ©feLAB, bave beeavell characterized with respect to
structure, mechanisms of activity, and potential applicati®tracture and function relationships
of GOS in potential commercial applications will be described in detail ifotloeving review
The challenges and opportunities of glycareducedrom LAB will be discussedising GOS as

anexample.
1.2.Hypothesisand objectives:
Hypothegs:

- Reuterarbut not dextran prevents adhesion of enterotoxigéaaherichia coliK88 to swine
epithelial cells;

- Reuterarand dextran improve dough hydration, bread volume and texture;

- Technological and therapeutic function&gi of reuteranare dependent on the molecular
weight and the linkage type.

Objectives:

- Review the literature on health benefits of GOS to benchmark worteateranagainst
current concepts in functional oligosaccharides. Galakigmsaccharides were cben as
well-characterized glycans that are produced by glycosyl hydrolases fronf@iAgpter 2)

- To detect ETEC K88 adhesion in theglet small intestinal segment perfusion modet to
determine the effect of bacterial EPS to prevent ETEC K88 adhesiarno(Chapter 3)

- Construction of heterologous expression systemeoferansucrasand dextransucrafeom

L. reuteri TMW1.656 andWeissella cibaria 10M, and sitedirect mutagenesis of both



glucansucrases towards the alteration of linkage typenasdcular weight of reuteran and
dextran(Chapter 4)

- Investigation of the structural determinants that relate to the ability of reuteran and dextran to
prevent adhesion of ETEC K&8hapter 5)

- Investigation of the structural determinants that relatbeaability of reuteran and dextran to

improve the texture of breq@hapter 6)
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2. Lactose and lactosalerived oligosacharides: more thanprebiotics
2.1.Introductio n

The disaccharide lactose occurs almost exclusively in the milk of mani@dalde, Haase,
& Jelen, 2008; Jelen, 197Because lactosis the major component of cheese whigye main
routes of lactose valorization rely on the purification for pharmaceutical applications or the
chemical or enzymatic conversion to lactose derivatives with nutraceutical prof@dizle et
al., 2008) Commercial lactose derivatives includelagéo-oligosaccharides (GOS), lactitol,
lactulose, and lactosucrose. Application development for hetgyosaccharides derived from
lactose is currently emergir{@d¢z -Municio, Herrero, Olano, & Moreno, 2014; G&zI2012)

The ter m GO Slinkedsolignsacehadridds avith a blegree of polymerization (DP) of
2 to 9 that are composed of galactose and may contain one glucose unit, typically at the reducing
end (Dixon, 1982Gdzle, 2012;van Leeuwen, Kuipers, Dijkhuizen, & Kamerling, 2016)
keeping with [IUPAC nomenclature, the term GOS is usethclude disaccharides, however,
|l actose is typically excluded because it i s
g al act oGalrchtlgzed tranBgalactosylation with lactose as glyeasgéptor anddonor
(Ganzle, 2012; Gosling, Stevens, Barber, Kentish, & Gras, 20d@jerooligosaccharides are
obtained by trangalactosylation of carbohydrates other than lactose, or by transglycosylation of
| actose with e-6d(seviesvad byGalzle 2012) han b

GOS are low calec and norcariogenic, nordigestible, and prevent attachment of some
pathogens to intestinal cel{&dzle, 2012) Application development of GOS was based on
human milk oligosacdrides (HMO) as the conceptual template. HMO modulate infant
microbiota based on their prebiotic activity, they also prevent the adhesion of pathagens,

stimulate the immune systeniBode, 2012) The structure of GOS is less complex and less



diverse when compared to HMO, however, GOS are used in infant formula to mimic the
functions of HMO(Barile & Rastall, 2013)

Production, structure, and applications of GOS and other lactose derivatives have been
studied for more than 4 decades; several reviews cover enzyme selection and process
engineering to incre the yield of GO$Ganzle, 2012; Gosling et al., 201,0jhe development
of lactose derivative§Ganzle, 2012) and prebiotic properties @&OS (Macfarlane, Steed, &
Macfarlane, 2008) The structure of mostompounds in commercial or experimental GOS
preparations, however, has been elucidated only reqaattyLeeuwen, Kuipers, Dijkhuizen, &
Kamerling, 2014; van Leeuwen et al., 2016)ese recent data allow a novel perspective on
structurefunction relationships of GOS. Moreover, current discussions on the definition of
prebiotics necessitate a revision of the prebiotic activity of GBISdels, Delzenne, Cani, &
Walter, 2015) The increasing number o$tudies related to the production of hetero
oligosaccharides from lactog®dz -Municio, Herrero, et al., 20143lso allows to produce
structural and functional analogues of HMO. This review aims to summarize recent development
and concepts on composition and functional properties ofodactand lactosderived
oligosaccharides.

2.2.GOS-intolerance or GOS as prebiotics?

Lactose digestion in humans relies on the brush border lactase, which is is specific for the
b(1Y4) l inked | actose and c el {gadsteidasesthasaaisd t hus
hydrolyze other GO@Hooton, Lentle, Monro, Wickham, & Simpron, 2015; Mantei et al., 1988;
Schwab & Ganzle, 201 Lactaseactivity decreases with age and approximately 70% of human
adults do not digest lactose; lactase activity and the ability to digest lactose persists in 30% of

human adultdCorgneau et al., 2015Undigested GOS and lactose are fermented by large



intestinal microbiota(Venema, 2012)vigorous fermentation of GOS and lactose results in
formation of gas and microbial metabolites that cause intestinal discomfort, bloating and
flatulence, and osmotic diarrhe@/enema, 2012) Adverse effects are obsexd after
consumption of more than 10 15 g of lactose or GOS per d{¢orgneau et al., 2015;
Macfarlane et al., 2008; Venema, 2012plerance of lactose and G@8rresponds well to the
maximum tolerated dose of other Rdigestible oligosaccharides, which was reported as 0.3 g /
kg body weight(Oku & Nakamura2009) Tolerance of lactose and GOS can be increased by
gradual adaptation of the intestinal microbiof@®rgneau et al., 2015; Davis, Martiez, Walter,
& Hutkins, 2010) Theeffects of lactose and GOS fermentation are considered beneficial to host
health if diarrhea is avoidg@€orgneau et al., 2015; Macfarlane et al., 2008; Veneni&)20

GOS and lactose were described as (conditional) prebiotics that exert health benefits through
selective stimulation of intestinal bifidobacteria and lactoba¢Miacfarlane et al.,, 2008;
Szilagyi, 2004; Venema, 2012) Pr evi ous definitions of the t
recently questioned or modifie@indels et al.,, 2015;Louis, Flint, & Michel, 2018.
Comprehensive analysis of intestinalcrobiota through higithroughput sequencing of 16S
rRNA gene fragments demonstrated that GOS consumption increased the intestinal abundance
not only of Bifidobacteriumbut also of otheFirmicutesand Fusobacteriumthis effect varies
strongly amongndividuals(Davis, Martiez, Walter, Goin, & Hutkins, 2011; Louis et al., 2016;
MonteagudeMera et al., 2016)Moreover, pebiotic health benefits relate to the function rather
than the composition of intestinal microbiotadependent of selective stimulation of specific
members of intestinal microbiota, lactose and GOS are metabolized to short chain fatty acids
(Bruno-Barcena & Azcarat®eril, 2015; Venema, 2012)which are major mediators of

physiological benefits of dietary fibre and Rdigestible oligosaccharidg8runo-Barcena &



AzcaratePeril, 2015; Mudgil & Barak2013) Acid production in the large intestine modulates

the composition of gut microbiota by decreasing the intestinal pH, and may protect against
intestinal pathogeng~ukuda et al.,, 2011)Moreover, short chain fatty acids and particularly

butyrate are a main energy source for the colonic mucosa, and hawdlammatory properties

(Bindels et al., 2015; BrunBarcena & Azcarat®eril, 2015; Venema, 2012; Vinolo et al., 2011)
Accordingly, the new definition of prebiotic
bacterial tas but emphasizes that health benefits are derived through microbial metabolism
(Bindels et al., 2015; Louis et al., 2016) Thi s def i ni ti on n-Guctanenl y i
but generally includes nodigestible oligosaccharides and dietary fifBendels et al., 2015)

It is noteworthy that GO&re not included in the definition of dietary fibre in the U.S., and
that health claims for prebiotic carbohydrates including GOS are not approved in the U.S,,
Canada, or the European Union (Anonymous, 2016; EFSA Panel on Dietetic Products, Nutrition
andAllergies, 2011 and 2014). The discussion related to prebiotic GOS, lactose intolerance, and
intestinal health is further confounded by the suggestion that diets low in fermentable
oligosaccharides, disaccharides, monosaccharides and polyols (FODMA&g sginptoms of
the irritable bowel syndrom@ibson & Shepherd, 20050S are included in the FODMAPs
although the effect of GOS on the irritable bowel syndrome and intestinal barrier properties may
be opposite to the effect ascribed to FODMARKkbari et al., 2015, 2016; Alizadeh et al., 2016;
Gibson & Shepherd, @5). A reduction of the FODMAP intake over the long term also
decreases gut bifidobacteli@taudacher et al., 20123 low FODMAP diet might be a shert
term strategy to relief the symptoms but is not recommended as -#elomgreatment option

(Barrett, 2013Halmos et al., 2015; Tuck, Muir, Barrett, &lSon, 2014)
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Adverse and healtpromoting properties of dietary carbohydrates that are described with the
t er ms Adi et ary fibreo, Aprebioticso, Al act oc¢
overlapping concepts and mechanisms. The recognition ofssdeffects of lactose and GOS or
the adjusted definition of the term prebiotic do not challenge the evidences for beneficial health
effects of GOS and other naligestible oligosaccharides. However, further application
development of GOS and other lactaterivatives requires detailed functionality description
based on structure identification of GOS or novel hetdignsaccharides.

23.Composition of GOS synthesized by bGal

Mi crobi al bGal are found in the glycoside hy
GH42(Génzle, 2012; Goslingetal.,20)0 Commer ci all GOS production
Kluyveromyces lactiBacillus circulangVivinal GOS),Bifidobacterium bifidun{Bimuno),

Aspergillus oryza@andStreptococcus thermophilgsligomate55)Torres, Gon@lves, Teixeira,

& Rodrigues, 2010)Table 1 summai zes t he composition of GOS pr
preparations and three experimental and purif
specificity and the corresponding spectrum of
preparations contame v er a l isoforms of bGal di ffering 1in
i nst anc e Bc. @GrGmahsand hifidobacteria (Arreola et al., 2014; Goulas, Goulas,

Tzortzis, & Gibson, 2009; Warmerdam, Paudel, Jia, Boom, & Janssen, 2013). Inrctahme

GOS, oligosaccharides including lactose with DP2 to DP4 constitute >90% of the total solids

(van Leeuwen et al., 201.@8c. circulansh G a | preparation g-th¥#d4ptes pi
linked GOS with a high DP whil. lacisand GH2 LaclLModyope -(icva@d) p b
linked GOSwithDP24 ( Table 1). The GH2 LacZlY@peamdal

b(1Y3) | inked AGdySaeh GOS ift dIedea YB) (aln¥dd )b | i nked
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GOS (Table 1). The ratio of GOS with different DP an#éldme types also depends on the

reaction conditions. For example, dal( 1 YGhBD ( 1 YGic)was convertedto Gal ( 1 ¥ 3)

Gatb (1 Y&U)c during conversi ohorypdg Carce wisle .avti t &l .b,G
Similarly, the main product Gd&l ( 1 YGHb ( 1 YGic)was decreased after 70 h while the
concentrat i o4Gatb ( 1 ¥Gc)Indr&asedRodrigugzColinas, Poveda, Jimenez

Barbero, Ballesteros, & Plou, 2012)
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a,

buffer solution(Urrutia et al., 2013pr in UFskimmed milk permeate at 4Q (Frenzel, Zerge,
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Clawin-Rdalecker, & Lorenzen, 2015550S mixture yield of these two reactions was combined

by authors of this review and presented in a range.

b, GOS ar e synt hegalactosidhse froA. acudeatsveth 400 gl lactbse in

UF-skimmed milk permeate at 8Q (Frenzel et al., 2015)

c, GOS are synt hegalacwsddse brod. lactismith d00 g/LL lactose
buffer solution(RodriguezColinas et al., 20119r in UF-skimmed milk permeate at 4G
(Frenzel et al., 201550S mixture yield of these two reactions was combined by authors of this

review and presented in a range.

d, GOS are synthesized by commercigélactosidase fromB. circulanswith 400 g/L lactose in

UF-skimmed milk permeate at 4Q (Frenzel et al., 2015)

e, GOS are synthesized by heterologous expressett y p-galadiosidases frof. salivarius
subspthermophiludDSM 20259(Geiger et al.in pres3 or L. delbrueckiisubspbulgaricus
DSM 20081(Nguyen et al., 2012)ith 205 g/L lactose in buffer solution at 3D or 37°C. GOS
mi xtur e vyi elgdlacmsidasgedwascembined by afithors of this review and

presented in a range.

f, GOS are synthesized hacLMt y p-galadiosidases froin sakeiLb790(Igbal et al., 2011)

or L. plantarumWCFS1(lgbal, Nguyen, Nguyen, Mschberger, & Haltrich, 201@y L. reuteri
L103(Splechtna et al., 200&)ith 205 g/L or 215 g/L lactose in diluted whey permeate or buffer
solution at 30°C or 37°C. GOS mixture yield of thes t h-galaatosidases was combined by

authors of this review and presented in a range.
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g, GOS are synt hesi z e djaldetgsidésestireBifidobactgriaonulsevee x pr e s
DSM 20213(Arreola et al., 2014yith 200 g/L lactose in buffer solution at 3D. GOS mixture

yiel d o fgaldctestdasbs was combined by authors of this review and presented in a range.

"No separated glucose and ggalhctosidasefeh rgutee| d dat a
L103 The glucose and galactose yialds combined as 42% of totlgar that displayed in the

original publication(Splechtna et al., 2006)

*No separated glucose and ggalbctosidase §@8b. splivaeilsd dat a
subspthermophiludDSM 20259. The glucose and galactose wedd combined as 40% of total

sugar hat displayed in the original publicati¢Geiger et al., n.d.)

The number in bold font represented for the main GOS with a yield amount more than 10% of
total GOS
24. Hetero-oligosaccharides synthesized by glycoside hydrolases

HMO represent 2% (w/v) of total human milk and play a crucial role in the development of
infants(Bode, 2012; Smilowitz, Lebrilla, Ms, German, & Freeman, 2014Most HMO contain
lactose at the reducing end and are elongated with galactose-acetyglucosamine units to
form linear or branched oligosaccharides (Smilowitz et al., 2014). HMO can be further
fucosyl at-edYQewi¥d3h / (ULY4) l inkages -@n¥3)o/r( 2si649 |
linkages (Bode, 2012) Variation of monomer composition, linkage type and degree of
polymerization generates more than 1000 structures of HMMDO structure, particularly the
structures of fucosylated HMO, varies among individuals and is related to the Lewis blood type
of mothergVenema, 2012)The most prevalent HMO structures are summarizedae (2012)

and Kunz, Rudloff, Baier, Klein, & Strobel (2000).

15



HMO are specifically metabolized Wifidobacterium longunssp.infantis however, their
benefit to infant health is not limited to their bifidogenic effect. HMO prevent the attachment of
pathogens to thenfestinal mucosa, stimulate the immune system, and provide sialic acid as an
essential nutrient for infants (Bode, 2012). Because structure and function of HMO differ
substantially from GOS, recent efforts to synthesize HIM® structures involve
transglycosylation with lactose as donor or acceptor as outlined below.
241. Hetercol i gosaccharides synthesize-dondhy bGal wit
Transgal act ealactbsalasésofrom lacyose fio other acceptor sugars such as
fructose, glucoseN-acetylglucosamine, chitosan, sucrose and sucralose yields a variety of
hetereoligosaccharides (Table 2). Lactulose @®al 1 YF4u) is produced by chemical
isomerization or enzymatic synthesis, and is applied in treatment of hepatic encephalopathy and
as prebiotic(Panesar & Kumari, 2011) actulose production by transgalactosylation of fructose
wi t h b G adratesdlldlaotulogee(Ghl ( 1 YFBu) and GOSShen et al., 2013Table 2).
The vyield of lactulose &pends on the ratio of lactose:fruct¢&rierrero, Vera, Plou, & lllanes,
2011) Lactulose and allolactulose also act as galactasyéptors to yield fructosybOS
(Guerrero, Vera, Conejeros, & lllanes, 20159. circulansb G a | only synthesized
fructosytGOS (Guerrero et al., 2015)the mixture contained oligosaccharides up to DP 4,
including Gaib ( 1 Yd&&thlose and Gab ( 1 ¥aktulose (CorzoMartiez, Copovi Olano,
Moreno, & Montilla, 2013) b G a K. lactis andK. marxianuspredominantly synthesized
trisaccharides(CardelleCobas, Corzo, MartiezVillaluenga, Olano, & Villamiel, 2011;
Guerrero et al., 2015) Gatb ( 1 Vidktulose and Géb ( 1 Ydctulose were the main

tri sacchari des Krlactisandke mharximyud@uaerb et al.r 2018)
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Lactosucrose (Géb ( 1 Ysdcjose), a nereducing trisacclride produced from
transgalactosylation of sucrose or transfructosylation of lactose (described in section 3.2), is
commercially available as a lewal ori e sweetener and prebi oti
Bc. circulansgenerates lactosucrose and severgbioglucts from lactose and sucrose (Table 2).
Lactosucrose is hydrolyzed during the reaction, or elongated to produce
Galb ( 1 Yattpsucrose. The lactosucrose analoguebG@all Ys8cjose, however, increased
over time. Reaction time is thus important to conthe yield of lactosucrose. A yield of 146 g
transgal actosyl ated pr odu 8¢ sircularisaftar 4 s of edctioa i n e d
and a molar lactose to sucrose ratio of(Lilet al., 2009)

The core structures of HMO including lacth-biose (Galb ( 1 Y&cNAc) or
N-acetyllactosamine (Gdl ( 1 YGIcNAc, LacNAc) (Bode, 2012)were synthesized by
transgal actosyl ati on o f(ArrédlaceN@.c 2018;i Baym, Qoités, r o b i a
Berenguer, & Herndz, 2013; Black et al., 2012; Bridiau & Maugard, 2011; Schwab, Lee,
Saensen, & Ganzle, 2011pr by trans(Nacetyl)glucosaminylatiorfdescribed in Section 4.2).
LacNAc is the main product of t r aBo.scigcllane osy | a
(Table 2); The LacNAc homologues from DP2 to DP4 are produced @sobdycts. The
glycosidic bonds formed bgc. circulansb G a | aratdepenhtde enzyme conc
at 140 U mL* preferably synthesized LacNAc (15 &)Las the main product but higher levels of
bGal directed the r eacilacNAt (Btidaw& Maugard,f20l)mat i on
Unl i-ke2Y4) | inked-(L¥8NAELI-N-bidsais fotacoanmonly synthesized
as main product .ur Mif or onitlavicén b @dnl dffoarv o\fedly 4 ) | |
etal, 2016) however, r -8 roond cirnukamsformbla&mNI-biose as the main

product(Baya et al., 2013)
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Chitin-oligosaccharides [(GIcNAg)or (GIcN),] are also suitable acceptor carbohydrates for
mi crobi al bGal t o f ear @BlcNgogbsacchardaeBlackaet &.,d201EG1 ¢ NAcC
Biosynthesis of lactdN-neotetraose (Gdl ( 1 YGIcNAc-b ( 1 YG&bb ( 1)¥YGic) was
achieved with a denzyme system using chitinbiose and lactose as substrates. GicNAc Y 3 )
Gakb ( 1 ¥YGIc) generated by transferring a GIcNAc moiety to lactose by
b MNacetylhexosaminidase, was further galactosylated Bwy circulans b G a (Zeuner,
Nyffenegger, Mikkelsen, & Meyer, 2016)lternative chemanzymatic routes for production of
lacto-N-biose do not employ lactose as substfdteet al., 2010Li & Kim, 2014).

b G adtalysed transgalactosylation of other acceptor sugars including mannose,
galactosamine, fucose and sialic acid also generates fodiggwsaccharides (Table RArreola et
al., 2016; Schwab et al., 20113ucralose, an artificial sweetener derived from sucrose with
several hydroxyl group substitutedy c hl or i ne, i's also transgal ac
generated 41% Gd#l ( 1 Ysfcyalose(Lu et al., 2012) This new prodet may combine
properties of a sweetener and a prebidtic et al., 2012) UDP-activated sugars with a DP
ranging from 2 to 4 wereysthesized byBc. circulansb G a | a fyldcosd,MPRGIcNAC or
UDP-GalNAc as acceptor sugar@Kamerke, Pattky, Huhn, & Elling, 2012, 2013All
transgalactosylation reactions with lactose as donor accumulate glucose in the reaction mixture.
Isomerization after transgalactosylation effectively converts gluersk GOS to fructose,
tagatose, lactulose and a variety of lactulose derived oligosacch@CiaketelleCobas, Corzo,
Villamiel, & Olano, 2008; Padilla et al., 2015)

Optimization of transgalactosylation of acceptor sugars is comparable to GOS optimization;
reaction temperature, time, pH, substrate concentration and water activity influence the product

yield and compositioffGuerrero et al., @L5). An additional parameter for synthesizing hetero

18



oligosaccharides and minimizing GOS formation is the ratio of galaetos\dr toi acceptor. A
maximum yield of lactulose, 0.28 g lactulose / g lactose, was obtained with a molar lactose to
fructoseratio of 1:8(Guerrero et al., 2011ut the highest yield of galactosylated GICNAc was
obtained when the ratio of GIcNAc to lactose was (Glierrero et al., 2015)The affinity of

di fferent micr obi elalsobnuarces the yield afhetesligosaccharidest g a
bGal lfactobamillus and Bifidobacterium prefer glucose and GIcNAc over lactose as
galactosylacceptorsGalNAc and fucose are weak accepti@sgeola et al., 2016) b GaK. f r om
lactis, A. aculeatusA. niger, A. oryzaepreferentially galactosylatactulose over lactose while

bGal Bcr arculans prefers lactose as galactosygdceptor(Guerrero et al., 2015)In
conclusion, the molar ratio of galactosdceptor tadonor and the choice of acceptor sugar and

enzymeinfluence the yield heteroligosaccharides.
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Table 2.2 Hetero-GOS synthesized using B-galactosidases and lactose or lactulose as donor sugar

Enzyme source

B-galactosidase

A. orvzae, K. lactis,
. 1
P. furiosus

A. oryzae, A. niger.,
A. aculeatus,
B. circulans®
K. lactis™?
K. marxianus’

4
B. circulans

L. plantarum’

K. lactis, B. circulans®
L. bulgaricus, B. breve’

. 8
B. circulans

L. bulgaricus’

B-galactosidase + isomerization

10,11

K. lactis
K. marxianus"'

6

a 1 8

3 &
glucose

donor acceptor HOS structure
lactose fructose
lactose
lactulose
lactulose
UDP- - upp
glucose
lactose
UDP- — UDP
glucosamine NHAC
chitinbiose
NHAc NHAc
lactose
chitintriose
NHAc NHAc NHAc
lactose GlcNAc
NHAC NHAC
lactose Sucrose
lactose sucralose . o Sucrose aor ..
cl
lactose
&
a 1 &

1

3 4
fructose galactose tagatose

= upp
NHAC

NHAc

— alinkage

1, (H. Wang, Yang, Hua, Zhao, & Zhang, 2013): 2. (Guerrero, Vera, Conejeros, & Illanes, 2015); 3, (Padilla et al., 2012);
4, (Kamerke, Pattky, Huhn, & Elling, 2012); 5, (Black ct al., 2014); 6, (Bridiau & Maugard, 2011); 7. (Arrcola ct al.,
2016). 8, (Wei Liet al., 2009). 9, (Lu et al., 2012); 10, (Cardelle-Cobas. Corzo, Villamiel, & Olano, 2008: Padilla et al.,
2015); 11, (Padilla et al., 2015).

" proposed structure based on literature content.
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24.2. Heterooligosaccharides synthesized with lactose as acceptor

Lactose is a suitable acceptor carbohydrate for various glycoside hydrolases, allowing the
synthesis of heteroligosaccharides biyansglycosylation with lactose acceptor. An overview of
the diversity of oligosaccharides produced by this enzymatic route is provided in Table 3.

Acidic HMO are sialylated with Mcet yl neur ami ni c acid (Neub5A:
oligosaccharidegten Bruggencate, BoveBudenhoven, Feitsma, van Hoffen, & Schoterman,
2014) Sialic acid is a group of neuraminic acid with & O-substitutions. Sialic acid substrates
i ncl ude t-dassindbrived glycemaaopeptide which contains mainly Neufwang
et al., 2015; Wilbrink et al., 2014¢lycoproteins from bovine blood plasma (45% Neu5Ac, 55%
Neu5Gc)(Wilbrink et al., 2015)and fetal calf serum fein (Lee, Shin, & Kim, 2002)Neu5Ac is
more suitable for food applications than Neu5Gc as the latter has been linked to immune
problems in human@adlerKaravani et al., 2008)Sialidase and trarsalidasetransfer sialic
acid from donor carbohydrates to lactose or GOS. Tsaislase is homologous to sialidase but
exhibits increased transferase acti(iBaris et al., 2005)Transsialidases @& mostly found in
Trypanosomaspp., the transialidase fromTrypanosoma cruzbelongs to GH33. Neu5Ac or
Neu5Gc are t-favd3flkeirnked asmorlomers to terminal
GOS (Wilbrink et al., 2014, 2015)or to internal galactosyl units of Ghl( 1 ¥Vi&tpse
(Wilbrink et al., 2014) Disialylation of GOS is also catalyzéilbrink et al., 2015) Shorter
GOS are betteacceptors than longer GGBolck et al., 2014)Transsialidase produced 40 mg
3 Bialylactose / g lactose with a high transfer efficiency from the donor glycoside when lactose
was present in large excdstolck et al., 2014; Wilbrink et al., 2014)

Transfructosylation of | act o s-FEructbfyrandsidasecof a n s u c

Microbacterium saccharophilunk-lI belongs to GH68 and is homologous to levansucrases
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(Tonozuka et al., 2012 his enzyme acted as hydrolase when sucrodeeisole substrate but
synthesize lactosucrose when lactose is pre€Bmozuka et al., 2012)Levansucrase and
i nul osucrase are al so -(@H%668) -(edni¥zlyfmelsi naknadg epsr, 0 druec
Microbial levansucrases also produce lactosucwaisie lactose as acceptor; a yield of 224 g
lactosucrose £ was obtained with levansucrase bf mesenteroideqLi et al., 2015)
Inulosucraseprefers lactosucrose over lactose as acceptor and transfructosylates lactosucrose to
yied@vyYn) | i n¥lgaruclosidegDiz sMunicio et al., 2015)

Glucansucrases belong to GH70; enzymes were characterized in the generaostoc
Lactobacillus Streptococcusand Weissella Dextransucrases froineuconostoand Weissella
synt he(sliYzee) Ui nked polymers from s osachargle ; t he
synthesis in presence of suitable acceptor sugars. Transglucosylation of lactose by
dextransucrase yields Gli¢ ( 1 Yi&tpse as main produ(@&z -Municio et al., 2012; Shi et al.,
2016) Glc-U ( 1 Yiatpsewas applied for kojibiose syntheg@#z -Municio, Montilla, Moreno,
& Herrero, 2014) t he U(1Y2) | i nkage i s tinaldract(Ghiddg e st ed
Cayuela et al., 2014)n order to decrease dextran production and increase the yield of acceptor
products, high concentration of lactose and sucrose (ratio at 1) were gpgsiedlunicio et al.,
2012)

The backbone of HMO is(L¥2@lY®)-foukkeoPyl ankdg:
a n d-fuddyllactose (Fut) ( 1 Yi&tpse)s the main fucosylated sugar in HMOs. Fucosylated
HMO analogues are s yfucoshlasssi Transfucosyiatiorh of @dtbgedor U
LacNAc from para-nitrophenyfucose (pNFF u ¢ ) -fugsosidagk fronThermotoga maritime
yiel deld/ 24,1 YB) -(lor6 ) U f ucosyl at e §OsanidM@ al.a 2087) ogu e s

Alcaligeness p .-fucosidase synthesized Flc( 1 Yi&fpse or Fud) ( 1 YLACNAcC with
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lactose or LaNAc as acceptor sugar in reactions with a high acceptor to donor ratio (around 33:1)
(Murata, Morimoto, Zeng, Watanabe, & Usui, 1999milar reactions catalyzed by porcine liver

Uf ucosidas€ 1Y2X)1dd®®dg @nh¥6)U | i n Kaetase dndi tucosyly |

LacNAc (Murata et al., 1999) Se v e r aficosidases wére identified in a sdirived

met agenomic | i br ar y-fueosyllactase feonh pNfFac asdylactosl ezgki z e 2 0
et al., 2016)pNPRPFuc is a preferred fucosgonor but transfucosylation from this donor releases

the toxic para-nitrophenol. A natural fucoseontaining xyloglucan was used as alternative
fucosyl d o n o rfucdsylactesg with b yweddiofaugto 268ezyk et al., 2016)

Bacterial Nacetylglucosaminidases belong to glycosyide hydrolase family GH20 are found in
Aspergillus oryzaeNocardia orientalisandsome soil bacteriaNyffeneggeet al., 2015; Matsuo
et al., 2003; Murata, Tashiro, Itoh, & Usui, 199K-acetylglucosaminidases transfer GICNAc
residues onto lactose and usually synthe§iteNAc-b ( 1 ¥YLAC) and GIcNAeb ( 1 YL&C)
from pNRGIcNAc with low yield Matsuo et al., 203). The NacetylglucosaminidasdsEX1
and HEX2 originated from soil-derived metagenomic library, however, use chitin
oligosaccharides with DP2 to synthesizeGIcNAc-b ( 1 YLac) (Nyffeneggeret al., 2015).
Moreover,the N-acetylglucosaminidasddEX1 and HEX2 also use glucose, galactose, sucrose
and maltose as acceptor sugiNgffeneggeret al., 201%.

Sialidases, g | u c a n s-fucosidasseseasty-acetylglucostnaindaseser a s e s ,
retaining glycoside hydrolases with transglycosylatativity to transfer corresponding sugar
moieties to acceptor sugars such as lactose, to generate a large variety afligetesocharides,
which include several core structures of HMO, HM@alogues. However, most of these
glycoside hydrolases with wiedransferase activities hindered a lasgaled synthesis of hetero

oligosaccharides. SHdirected engineering of trarsgalidase fromTrypanosoma rangeland
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Ufucosidase fronThermotoga maritiméncreased the efficiency of transglycosylation by these
glycoside hydrolase@Osanjo et al., @)7; Saumonneau et al., 20&uner, Luo, Nyffenegger,
Aumala, Mikkelsen, & Meyer, 2034 This provides a strategy to increase transferase activities

of other glycoside hydrolases by mutating the amino acids located at hydrelgsesl subsites.
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Table 2.3 Hetero-GOS synthesized glycosyl hydrolases and lactose or GOS as acceptor sugar

Enzyme source donor acceptor HOS structure
trans-sialidase
cGMP lactose ./
3’Gal-lactose .
Trypanosoma cruzi cGMP 4°Gal-lactose ./
(TeTS)">?
6°Gal-lactose ., ./
GOs!
¢GMP/BPG" GOS Gos @
|4 " % W
Pasteurella m
multocida’ oGMP lactose ./
glucansucrase
Leuconostoc lactose/cheese 1
mesenteroides® sucrose whey /
Weissella. confitsa’ permeate
fructansucrase
L. mesenteroides™*:
B. methylotrophicus'"
sucrose lactose
B. subtilis +
L. gasseri"
n=1-5
fucosidase
lactose
Alcaligenes sp.'* fucose-pNP” '
lacNAc .,
NHAc
[ [
— alinkage

6 1
4 1
4

3
glucose  fructose

93
[}
2
» e .
3 3
galactose sialicacid fucose

B(1->1/3/4/6) linkage

"¢GMP, Bovine k-casein-derived glycomacropeptide; BPG, Bovine blood plasma glycoprotein

“fucose-pNP, p-nitrophenyl a-L-fucopyranoside

1, (Holck et al., 2014); 2, (Wilbrink et al., 2014); 3, (Wilbrink et al., 2015); 4, (Guo et al., 2014); 3, (Wang et al., 2015); 6,
(Dicz-Municio et al., 2012; Shi et al., 2016); 7, (Shi et al., 2016); 8, (Dicz-Municio et al., 2012); 9, (Liet al., 2015; Wu,
Zhang, Mu, Miao, & Jiang, 2015); 10, (Wu et al., 2015); 11, (Diez-Municio et al., 2015); 12, (Murata, Morimoto, Zeng,

Watanabe, & Usui, 1999)
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2.5.Immune modulation by GOS and hetereoligosaccharides

The immunomodulation effects of GOS are indirect and mediated by shifting the composition
of gut microbiota and their metabolit¢®ozeer et al., 2013)pr are mediated through direct
interaction  of oligosaccharides with the gassociated immune system. Evidence for
immunological effects of GOS was provided by a single report of GOS triggeretddiated
anaphylaxis in Asian atopic patier(tShiang et al., 2012)The direct effect of GOS on the gut
immune system and the intestinal barrier function, howewere mostly determined vitro.

GOS are TLR4 ligands of immune cells such as intestinal epithelial cells, macrophages and
dendritic cells(Lehmann et al., 2015; Ortegzonzdez et al, 2014; Searle et al., 201230S
activate the TLRNFa B pat hway, which also responds to
pro-inflammatory cytokines. Stimulation of the TLRIFa B by GOS produces a
patterns of cytokines but is less efficighéin stimulation by LPS, which may contribute to gut
homeostasis rather than an inflammatory resp@@stegaGonzdez et al., 2014)Activation of
the TLRANFa B by GOS i s l' i kely to induce napve T
(Lehmann et al.2015; Verheijden et al., 201650S increase immune tolerance in a dose and
DP dependent mannébehmann et al., 2015; Searle et al., 2012; Vendrig, Coffeng, &- Fink
Gremmels, 2013)In vitro experiments indicated GOS that higher than DP 3 were the grimar
stimulants to murine macrophagdSearle et al.,, 2012)Similar to GOS, the hetero
oligosaccharides may also stimulate the immune system dire¢dnd(ig et al., 2013).

3 -Bialyllactose modulated the immune response by activating PGIyRP3 receptor el €ico
(nonTLR4 cell) (Zenhom et al., 2011)
GOS strengthen the integrity of the intestinal barrier. GOS increased the expression of mucin

and enterocyt@associated sucrase in the small intestireforestier et al., 2009 Administration
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of GOS was also effective in preventing deoxynivalenol induocgzhirment of the epithelial
barrier (Akbari et al., 2015, 2016 Modulation of intestinal barrier junction by GOS could be
partially due to a direct stimulation of goblet cglBhatia et al., 2015however, the mechanism

is not welldefined.
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Table 2.4 In vivo studies of identified therapeutic oligosaccharides that prevent or reduce

pathogen adherence by the adhasiteptorinteraction

host/
Toxin/fimbriae experimental Receptor Inhibitory Glycans Source
host
E. coli
Heatstable , Human
toxina (STa) Human/infants Guanyl cyclase € 2 ducosyllactos® milk
K99 Fimbriae  Pig, cattle/calve  Mucin glycopeptides glycoprotein glycarfs ISIC;\Q;Z
sialoglycoproteins
o o (IMTGP-1/2); Intestinal Casein .
K88 Fimbriae Pig/piglet transferrin (GP74); glycomacropeptid@ Milk
neolactotetraosylceramid
Shigalike toxin : Globotriaosylceramide GatU ( 1 YGhD :
(Stx2, Stx2d) Human/Mice (Ghy)' b (1 VG Synthetic
Campylobacter jejuni
Human/mice
Fibronectin- and ex vivo fucosylated human milk  Human
binding protein human Fibronecti ol?/ osaccharide Milk
(CadF, FIpA) intestinal 9
mucosal cells
Vibrio cholerae
Human/ex vivo . Human
Cholera toxin  rabbit intestinal Ganglioside G/ 3 {Sialyllactosé milk
loop
Clostridium botulinum
Neurotoxin A Human/mice Glycoprotein 2 IPTG, Lactulos& Synthetic
Salmonella enterica
A variety of
Type 1 fimbriae mammals such _ Slglylol|_gosacchar|_des, Chicken
: as humans, Glycoproteini asialeoligosaccharides,
FimH : . egg yolk
cattle, sialylglycopeptidé&
poultry/mice
Listeria monocytogenes
Listeria Human, Stress response protein  Xylooligosaccharides, enzymatic
adhesion proteir rabbit/Guinea P @ P yloolig o ' yh ;
(LAP) pig Hsp6 GO synthesis

"IPTG, isopopyl-b-D-thiogalactepyranoside

a, Giannella & Mann, 2003, Morrow, RuizPalacios, Jiang, & Newburg, 200%8)(Lindahl &

Carlstedt, 1990)d (Mouricout, Petit, Carias, & Julien, 199@(Moonens et al., 2015)
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(Karmali, 2004) g (Mulvey et al., 2003)h (Flanagan, NeaMcKinney, Dhillon, Miller, &
Konkel, 2009)i (Ruiz-Palacios, Cervantes, Ramos, Chavemguia, & Newburg, 2003) (Pan
& Charych, 1997)k (Idota, Kawakami, Murakami, & Sugawara, 1995Matsumura et al.,
2015) m(Lee et al., 2013, 20150 ( Gr zy maj § o; oEtgitakdnishiet &.,2003)p

(Burkholder & Bhunia, 2010)q (Ebersbach et al., 2010)

2.6. Prevention of pathogen adhesion by GOS and lactederivatives

Intoxication or infection by intestinal pathogens is generally initiated by binding of toxins or
pathogens to specificarbohydrate signatures on the surface of the intestinal mucosa-(Shoaf
Sweeney & Hutkins, 2009; Kulkarni, Weiss, & lyer, 2010). Glycan recognition by pathogens or
toxins is highly specific for specific pathogens, and also mediates specificity for thephows.
For example, due to the specific interaction of bacterial glycan binding proteins and host
receptors, enterotoxigeni€scherichia coliare host specific and infect different hosts with
different fimbriae (Grange, Mouricout, Levery, Francis, & Esian, 2002; Li, Poole, Rasulova,
McVeigh, Savarino, & Xia, 2007). Likewise, the speeciaad tissue specificity of the Shiga
toxins is determined by the recognition of globotriaosylceramide on the cellular surface
(Johannes & Ramer, 2010). Shigaxin Stx2 also recognises globotetraosylceramide and is the
only toxin variant known to cause disease in swine (Johannes & Rdmer, 2010). Human milk
oligosaccharides are structurally similar to glycan receptors that mediate pathogen adhesion;
competitive inhibition of bacterial glycan binding proteins by HMO or analogous
oligosaccharides prevents infection or intoxication (Ma8osa, Martin & Hueso, 2002; Sheaf
Sweeney & Hutkins, 2009, Hickey, 2012). The constant dietary intake of oligosaccharides
prevents the eablishment of infection or colonization; the large diversity of oligosaccharides

structure provides protection against a broad range of pathogens and toxins (HickeyT2912).
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use of dietary glycans as receptor analogues may also prevent bacteriabnafektiarge
diversity of natural or synthetic oligosaccharides including GOS were evaluated with respect to
their ability to prevent pathogen adhesinrvitro (ShoatSweeney & Hutkins, 2009; Jin & Zhao,
2000; Sinclair, de Slegte, Gibson, & Rastall, 200Bpwever, only few studies provide
confirmation of a protective effea vivo. Because the recognition of host glycans by bacterial
pathogens is typically specific for the host species, the use of animal models for validation of
glycans for human therapis inherently challenging. Moreover, some pathogens express
multiple alternative adhesins. For examptgalmonella entericaadheres with fimbria¢ype,
pilli-type, autetransporter adhesingWagner & Hensel, 2011pnd the use of a single
oligosaccharide may not suféico prevent adhesion to the intestinal mucosa.

Severaln vivo studies nevertheless provide proof of concept that dietary oligosaccharides can
be effective tools to prevent infection or intoxication (Table 4). A majority of the successful
studies employ@ human milk oligosaccharides or lactatexived oligosaccharides (Table 4).
However, many of thein vivo studies that reported prevention of infection by dietary
oligosaccharides did not confirm the mechanism of action. Therefore, protective effect of
oligosaccharides may result from binding to glybamding domains of bacterial adhesins or
toxins, from modulation of intestinal microbiota, or from immunomodulating effect of
oligosaccharidegLaparra, Hernandeldernandez, Moreno, & Sanz, 201¥gg yolk derived
sialyloligosaccharides inhibited the bindingSentericabut did not infuence the production of
TNF-U by ma c (SugpaKanighe st al., 2002) Convincing evidence for the use of
oligosaccharides as receptor decoys with high specificities was provided for the use of lactulose
or IPTG to prevent intoxication with th&lostridium botulinumneurotoxins(Lee et al., 2013,

2015) The host and tissue specificity of botulinum neurotoxins is mediated by gHexim
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interactions. The botulinum neurotoxin is secreted in a complex with heme agglutinins and non
hemenontoxic proteins. The first step in toxin activity is binding of the heme agglutinins to the
intestinal mucosa via glycan recognition; this bindingp stentributes to the specificity of the
individual toxin types for the host species (Fujinaga, Sugawara, & Matsumura, 2013). Lactulose
binds to the glycaibinding domain of the heme agglutinin complex and prevents toxin binding
and internalizatiomn vitro andin vivo(Lee et al., 2013, 2015)

2.7. Conclusion

GOS synthesized from transgal actosyl ation of
glucose, galactose, lactose, and GOS. GOS produced by different enzymes differ in their
composition. Enzymati synthesis of oligosaccharides yields structurally diverse hetero
oligosaccharides by transferring galactose from lactose to suitable acceptor carbohydrates such
as fucose and GIcNAc, or by transferring sialglucosyt, fructosyt, or fucosylunits tolactose.
Heterooligosaccharides produced by transglycosylation include components of human milk
oligosaccharides. The characterization of commercial and experimental GOS and other lactose
derived oligosaccharides increasingly allows the elucidation oftstie function relationships,
and the development of new applications.

Application development of GOS, lactulose and lactosucrose has focused on prebiotic effects.
However, prebiotic effects do not differentiate GOS from otherdigestible oligosacchales.
Moreover, a majority of humans is lactose intolerant; in these individuals, lactose exerts
comparable prebiotic effects. GOS and other laetleseved oligosaccharides also exhibit potent
biological activities that are highly specific to the oligadaride structure. These activities
include the binding to glycahinding proteins of pathogens or glyelaimding domains or toxins,

and direct immunomodulation. These activities were not only demonstrated for analogues of
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human milk oligosaccharides, fusdlactose and sialyllactose, but also for other laetizssered

oligosaccharides.
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3. Exopolysaccharides synthesised blyactobacillus reuteriprotect against enterotoxigenic

Escherichiacoli in piglets
3.1.Introduction

EnterotoxigenicE. coli (ETEC)infects humars andanimals.ETEC infectionis a major caues of

t r av ehdenfard sliarrhea(DuPont, 1995; Qadri, Svennerholm, Faruque, & Sack, 2005)
ETEC also infects young farm animals such asalves and piglets(Foster & Smith, 2009)
leadng to economic losses due to mortality, morbidity, decreased growth aatk,cost of
medication (Fairbrother, Nadeau, & Gyles, 200 TEC colonizes the small intestirgy
fimbriaethat attacho intestinalepithelialglycoprotein receptor&ulkarni, Weiss, & lyer, 2010)
The subsequensecretionof heatstable antbr heat labileenterdoxins leads toa disruption of
electrolyte balanceand diarrhea (Dubreuil, 2012; Ondraaka, Alexa, Matiasovic, Volf, &
Faldyna, 2012; Zhou, Liu, Jiang, Yu, & Zhang, 2012¥hesion tomucosal tissue is host
specific. Himan ETEC strains adhere with fimbriae termed colonizatidorfantigen | and coli
surface antigens 1 to(&evine, Giron, & Noriega, 1994orcire grainsof ETEC adhere with
K88 (F4) andF18fimbriae strains expressing K88 and F18 fimbraezount for93% of ETEC

infections inpiglets(Frydendahl, 2002; Grange, Parrish, & Erickson, 2006)

Antimicrobial growth promoers or therapeuticantibioticsare widely used to prevemnt treat
diarrhea offarm animals(Docic & Bilkei, 2003) The use ofantibiotics however, supports the
development o&ntibioticresistage (Docic & Bilkei, 2003) This resistance leado moresevere
postweaningyndromegCasewell, Friis, Marco, McMullin, & Phillips, 200&ndcontribues to
the transfer of antibiotic resistance to human pathog€asewell et al., 2003)Therefore,
alternatives are neededo control ETEC in swine The multitude of colonization factors

expressed by ETEC complicatesaccine development (Nataro & Kaper, 1998) Feed
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supplemerdtion with egg yolk antibodies from chickens immunized w88 or F18 adhesins,
dietaryorganic acidsphage therapy, dhe useprobioticsmay allowthe control of ETEC in pig
production (Joerger, 2003) The irhibition of bacterial adherence via receptor analofs
epithelial glycoproteins a promising method to prevent ETE@ection (ShoatSweeney &
Hutkins, 2008)Inulin and fructeoligosaccharideseducedhe adherence of enteropathogekic
coli to Cace2 and Hep tissue culture cdl(ShoatSweeney, Mulvey, Armstrong, & Hutkins,
2006) PolysaccharideBom natural fermergd green olive brinesedu@dtheadhesion of ETEC
expressing<88 fimbriae (ETEC K88)to IPEGJ2 celtlines (Gonzédez-Ortiz, Hemes, Jiméez
Daz, Péez, & Marti -Or(e, 2013) Reuteran and levaoroduced by actobacillus reuterstrains
TMW1.656 andLTH5794 preventedhemagglutinationby ETEC K88 (Wang, Ganzle, &
Schwab, 2010)However, onlya few in vivo studiesindicatedthat selectedjlycansdecrease
illness incidewe in piglets. For example dietary mannarmligosaccharidepromotedthe growth

of nursery piglets in threarms (Rozeboom et al., 2005and chitooligosacharideincreased
growth of weaning piglets andecreasetheincidenceof diarrhealLiu et al., 2008) The limited
number ofanimal studies, however, hampers practical application of dietary glycans to prevent
pathogen adhesion. Moreovprevention ofpathogen adhesidmas not been demonstrated as the

mechanism thavasresponsible fothe beneficial effect®bservedn vivo.

It was therefore the aim of this study to determine whether reuteran and levan,
exopolysaccharideEPSs)that preventec&dhesion of ETEC to porcine erythrocy(®gang et

al., 2010) also reduceathogen adhesion aX ECGinduced diarrhea in swineh€& piglet small
intestinalsegment perfusion (SISP)odel was used to quantify adhesion of ETEC as well as
ETEC induced fluid accumulatiofhe SISPmodel has been developeddoantify the fluid

and electrolyte loss caused by infection wdthrrhealpathoges (Kuller et al., 2007; Nabuurs,
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Hoogendoorn, Van Zijderveld, & Van der Klis, 1993; Van der Meulen & Jansman,.Zl}®)

model may also be suitable for investigation of the potential role of dietary glycan in the
prevention of pathogen adhesionvivo. The SISP model maintains the blood supply of the
intestinal segments and allows sampling over time, and each animal can be used as its own
control. To confirm thatthe antidiarrheal effects are attributable to the prevention of pathogen
adhesion, microbiota in the intestinal segments were characterized by quantitative PCR (qPCR),

high-resolution melting curve gPCR (HRNPCR), and fluorescent situ hybridization (FISH).
3.2. Materials and methods
3.2.1 Strains and culture conditions

Two ETEC strainscarryingthe K88 antigen were obtained from tscherichia colLaboratory
at the University of Montrél.E. coli ECL13795 (0149, virotype STh:LT:EAST1:F4) and
ECL13998 (0149, votype STa:STbh:LT:EAST1:F4:Paa) wemltivated on Minca agar
(Guiné, Veldkamp, & Jansen, 197@) 37 € overnight.Strain identity wasonfirmed by PCR
targeting the genes for K88 fimbriaeheatlabile (LT) and heatstable (ST) toxins. Cell
suspensions from Minca agar were cltderized with respect to thetacal density at 60Gim
(ODgog) and cell countgo establish that a®Dggp of 1.2 correspondso a cell count of10’
CFUmL for both strains Exopolysaccharide producing. reuteri strains TMW1.656 and
LTH5794 were cultivatedvernightat 37C on modified DeManRogosaSharpe (mMMRSagar
containing 10@/L sucrose as the sole carl&ource Single colones were subcultured b0 mL

sucrosemMRS brothfor inoculation of 1 LsucrosemMRS brothand incubatiorovernight

3.2.2Purification of exopolysaccharides

53



Reuteran produckby L. reuteri TMW1.656 and levan produced ky reuteri LTH5794 were
harvestd via ethanol precipitatiorand purified by dialysis andhot phenol extraction as
describedoreviously(Wang et al., 2010)in brief, the culture supernataritom 1 L of cultures
grown overnightin sucrosenMRS was obtainedoy centrifugation and 2 volumes of chilled
ethanol were added to the supernatant. Exopolysaccharides were precipitated overnight at 4
harvested by centrifugation, addhlyzed by using membranabingwith amolecularweight cut
off of 12,000 to 14,000Spectra/Por 2Znembrane tubingSpectrumLaboratories Inc., Rancho
Dominguez,CA, USA) at 4C for 3 days. The retentate was freeze eftiredissolved in MillkQ
water to a concentration of 2§/L, and mixed with an equal volume bfitraPure buffer
saturatedphenol (Invitrogen, BurlingtonON, Canada). Thenixture wasincubated in avater
bath at 70C for 70 min, cooled on ice foat least30 min, andcentrifuged aB,000x g for 20
min at 4€C. The aqueous layewas collected and dialyzeas describe@dbovefor 4 days to
remove phenol. Samplesere freezadried and kept at20 € . Dextran from Leuconostoc
mesenteroidesand inulin from chicory were obtained from Sigmaldrich (Oakville, ON,

Canada
3.2.3Hemagglutination

Cultures ofE. coli ECL13795 and ECL13998rown overnight on Minca agdGuiné et al.,
1977) were washeavith 1.5 mL of phosphatéuffered salineRBS pH 7.2). Hemagglutination
tests wee conductecsdescribedpreviously(Wang et al., 2010)Twenty-five microliter ETEC
suspensionsvere diluted 2fold in V-bottom 96-well polystyrene microtiteplates (Corning).
The ame volumeof PBSor PBS containing EP& concentration of 16/L was addedandthe
suspensions weracubated for 5 minwith gente shaking Erythrocytes were harvested by

washing prcine whole blood (Innovative Researddovi, USA) three times in PBS and
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suspended in PBS at 58ol/vol). Twenty-five microlitersof the 5% erythrocytesuspensionvas
appliedto eachwell. Microtiter plates weranixed gentlyand visuallyinspectedafter 2 h of

incubation at £ . Triplicateindependenteplicates were conducted
3.2.4Animals and argical procedure

All animal proceduresvere conductedin accordance with the guidelines of the Canadian
Council on Animal Careandwere approved by the Animal Care ddose Committee:Livestock

of the University of AlbertaSix crossbred weanling gilts (Duroc x Large White/Landrace F1,
aged 5 6 wk, 10.2+ 0.7 kg BW)with nohistory of gastrointestinal disturbancgsre randomly
selected for use in the SISP mo@&abuurs et al., 1993igs weregrouphoused and provided

with free access to a commercial starter diet until 16 h before surgery, when pigs were isolated

and fasted overnight.

Prior tothe surgical procedure, pigs were tranquilliz@dcea sufficient depth of anesthesia was
reached, pigs we intubated and remained under general anesthesia (4% v/v isoflurane; Abbott
Animal Health, Abbott Park, ILU.S.A) and oxygen (5 10 ml/kg/min L O, per min) for the
duration of the experiment. The surgical site was cleaaexdline incision was creat, andthe
underlying mesentery was removed to expose the integtimencision was madacrossthe
intestine without cutting the mesentggy second incision was ma@® cm distal to the first
incision, again keeping the mesentery intact. Thisc@0sectionof intestine served as the first
segment nine additional 26cm segmentsvere createdlong the median 50%f the jejunum.
Between each pair of odthd even segment, acth segment was created for later measurement
of intestinal circumferencenflow tubesand outflow tubesvere attachedo each intesnal
segment Inflow tubeswere connected to 100L syringes containinghe assigned treatments,

andoutflow tubeswere connected to drainage bottlesdoliection of net fluid losses.
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3.2.5.Experimental design and sample collection

Standardized cebuspensios of E. coli ECL13795were obtained by washing culturggown
overnighton Minca plates with PBS; the OB, of cell suspensions was adjusted1t@. Five
milliliter of the ETEC cell suspensiowasintroduced into the lumen of odd segments amdL
PBS were introduced into even segmeiats pair-matching segmentg-ifteen minutes after
injection, perfuen into segmentsvas conductedvith 64 mL PBS (pH = 6.6) contaiimg
reuteran, levan, dextraat inulin at 10 g/L eachor saline (control) for 8 Hzlycanswere allotted
to 4 pairs feuteran, levan, dextraor inulin) of ETEGinfected and contradegments in a-By-4
Latin square to ensure each glyocaas rotatedin different segmenfairs amongfour piglets.
Nonabsorbed fluid from each segment was collected tiwodrainage bottle At the end of
experiment, the pig waslled, segments were opened longitudinaldndtissue samples were
collected for analysis of morphology and ETEC counts. Morphological samvfilesin area of
0.51 cnf weretransferred inta chilled Carnoy solution (ethanaicetic aciechloroform,6: 6:
1) immediately andstored at 4 Cfor later asesssmentMucosal scrapirgsamplesfor DNA
extractionwereobtainedby scraping the surface area of intestinal segméntsq by4to 5 cm)
with a glass slide.Scrapingssampleswere flash froze in liquid nitrogenimmediately after
collection andstored at-80 °C. Prior to DNA extraction, samples were thawed, weighted, and

suspended in 1 mL TN150 buffé@utflow fluid samples were stored-20C .
3.2.6.Genomic DNA extraction and quantitative PCR analysi®f intestinal bacteria

Bacterial DNA wasxtracted fronmucosal scraping and outflow fluid samphgsusinga DNA
Stool Mini Kit and a DNeasy Blood & TissueKit (Qiagen, Inc.,Valencig CA, USA),
respectively DNA concentration and quality were checked on a NanoDrop-20{D

spectrophotometer syste(frisher Scientific Wilmington, DE, USA). Quantitative PCR was
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performed oma 7500 Fasteattime PCR System (Applied Biosystems, Foster Gip, USA)
with primers targeting theubacteriall6S rRNA genes, orgenes codingfor K88 fimbriae and
LT (Table3.1). To generate standard curves for quantification of genesepectivegenes
were amplified from genomic DNA oOE. coli with the same primer paipurified, and the
concentration was detmined by UVspectroscopy. Tdald serial dilutions of themplicons
were usedto generate standard curves fabsolute quantification Standard curvesfor
guantification of eubacteria aril coli were generatedvith amplicons thatvere obtained from
mucosal and outflow fluidNA. DNA isolated from mucosal and outflovarapleswasdiluted
to a concentration of 50 giL and analyzd in duplicate in MicroAmp Fast Optic&l6-well
reactionplates capped with MicroAmp Optical Adhesive Film (ApplRidsystems)The gPCR
mixtures contained 2.5 L QuantiFast SYBR Greemixture (Qiager), 0.4 mM primer,2 pL of
template DNA and sterile MilQ water to final volumeof 25 puL. The cycling programme
includedaninitial denaturatiorstepat 95°C for 5 min followed by 4@ycles of denaturation at
95°C for 15 sprimer annealing aiptimal temperatures (TabBl) for 30 or 45 s, and extension
at 72°C for 30 s. Melting curves wembtained after 40 cycles. Melting curvasd agarose gel

separation of ampliconsereusedto verify the specific amplification darget geng
3.2.7DNA sequencing

PCR amplicons obtained with primers LTf and LTr were purified fragarosegels and
sequenced b$anger sequenciniylacrogen Rockville, MD). Sequences wemmmpared teach
other with  the  Align Sequences tool of the NCBI blastn  suite

(http://blast.ncbi.nim.nih.gov/Blast.qggi

3.2.8.Qualitative analysis of intestinal microbiota by highresolution melting curve analysis

(HRM -gPCR)

57


http://blast.ncbi.nlm.nih.gov/Blast.cgi

High resolution melting curve analysis were performed on a Fadéore Q instrumen(Qiagen)
by using Typeit HRM PCR master mix(Qiagen) containing EvaGreéff fluorescent
intercalating dye. Two pairs of $6rRNA universal primers were used on DNA samples
extracted from mucosal scraping and outflow fllsdmplesto detect dhering and luminal
microbiota. e reaction mixtures containéd [L Type-it HRM PCR master mix, 0.7 mM
primer,1 pL of template DNAdiluted to10 mg/L, and sterile MilltQ water toafinal volume of
10 uL. Reaction conditions included an activation step & 986r 5 min, followed by 45 cycles
of 95€ for 10 s, primerannealing (Tabl&.1) for 30 sec, andlongation a72 € for 10 s. HRM
analysiswas carried out over themperaturegange from 70C to 95 €, increasingat 0.1€C
each step withvaiting for 90 sunderpremelt conditios on the first step and 2 -s hold at each
increment. Datanalysiswas performedy using the RoteGene Q Software version 2.0&hd

figures were ttedwith Sigmafot 11.0 (Systat Software, Inc., Chicadjo, USA).

3.2.9.Quantification of adhering enterotoxigenicE. coli by fluorescentin situ hybridisation

(FISH)

Intestine biopsies (0-5% cnf) were fixed in @rnoy solution at £C for at leasttwo days
followed by washingf biopsy in fresh Girnoy solution for Th at 4°C; 70% ethanol for 1 lat

room temperature, ari0% ethanol for h at room temperatu@ndtwo washesn xylenefor 1

h at room temperature. The fixed intestine biopspercmenswereembeddedn paraffin Fisher
Scientific Ottawa, Canadalpy using Thermoscientific hkktostar embedding machin&igher
Scientific), sectioned at 4.0um by using aleica RM 2135sliding mcrotome (Leica
Microsystems,Concord Canada and mounted orSuperfrost Plus Positively Charged slides
(Fisher Scientifiz. The sections were deparaffinized by passing through xylene (Leica

Microsystems) (three times, 4 min each) and 100% ethanol (three times, 4 minfabigd
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by drying inan oven for 10 min. Lysozyme (Sigm#&ldrich) was applied to the tissua an
additional permeation stdp facilitate detection of granpositive bacteria. DNA probes (Table
3.1) were synthesised by Integrat@etlA TechnologiegIDT, Coralville, USA) with fluorescent
probeslinked tot h e end dioligonucleotidesProbes(50 (L of 0.1 nM probe hybridization
buffer) were added to each slidendslides werecovered with coverslip. After hybridizatidor
50 min at 55C , ProLong Gold Antifade Reagent with 0-dignidion2-phenylindole (DAPI)
(Invitrogen) was added to the tissue after removal of the coverisiipwashing slides with
autoclaved MilltQ water. The sections were examined withAxio Imager M1mmicroscope
(Cal Zeiss Inc., Thornwood, USA) and images were captatea X40magnification withan
AxioCam M1m cameraand AxioVision version 4.8.2.0 (Carl Zeiss Inc.). Enumeration was
conducted on six fields per sectitwy persons blind to sample coding. Bacterialscalere
counted when a signal was obserweith Cy5 (LT) andAlexa Fluor 546 (Alexa546) (total

bacteria)out notwith 6-carboxyfluorescein (6FAM(jnonsense probgTable.3.1).

3.2.10. Statistical analysis

Differencesin bacterial population quantified by qPCR and&ETEC enumeration by FISH
between treatments of same anirfra= 5 or 6) were analyzed using PROC MIXED SAS
Version 9.2 §AS Institute Inc., CaryNC, USA). The nodel included the fixed effects of
segment, ETEC treatment, glycaeatment, andhe interaction oETEC with glycan treatment
as well as the random effect of pig. Mesaparation waperformedby using LSMEANSIin SAS
Version 9.2 §AS Institute Inc.)Results arexpresse@ds meas + standard erroof the meas.
Significant differences are reported with a 5% probability of erRx0(05), and trends are

reported with a 10% probability of errd? € 0.10.

3.2.11.Nucleaide sequence accession numbers
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The GenBank accession numers for the sequences reporteddtedd 16139 and KJ412974

Table 3.1.Primers and probes used in this study

) e A Product
Target gene Oligonucl eotiidé) sec size (bp) Tm (€ ) Reference
BACTf: AGAGTTTGATCMTGGCTCAG
919 58 a
BACTr: CCGTCAATTCATTTGAGTTT
Total bacteria DomainBf: CGGYCCAGACTCCTACGGG
(Total B) 200 63 b
DomainBr: TTACCGCGGCTGCTGGCAC
Eub338: Alex546GCTGCCTCCCGTAGGAGT 55 c
Escherichia coli UspAf: CCGATACGCTGCCAATCAGT sas o ;
(E. coli) UspAr: ACGCAGACCGTAGGCCAGAT
K88f: GCACATGCCTGGATGACTGGTG
ETEC K88 K88r: CGTCCGCAGAAGTAACCCCACCT 439 03 ©
fimbriae (K88) '
Cy3-GCACATGCCTGGATGACTGGTG 55
LTf: CCGTGCTGACTCTAGACCCCCA
Heat labile LTr: CCTGCTAATCTGTAACCATCCTCTGC 480 05 f
toxin (LT) '
Cy5 CCGTGCTGACTCTAGACCCCCA 55
Nog;nsdpiﬁ;'f'c Non338: 6FAMACTCCTACGGGAGGCAGC 55 g

a, (Weisburg, Barns, Pelletier, & Lane, 199)(Lee, Zo, & Kim, 1996)c, (Amann et al., 19900,
(Chen & Griffiths, 1998)e, (Setia, Bhandari, House, Nyachoti, & Krapu2609) f, (Kotlowski,
Bernstein, Sepehri, & Krause, 200d@) (Wallner, Amann, & Beisker, 1993)

3.3. Results

3.3.1.Anti-adhesive properties of reuteran and levam vitro

The ati-adhesive property of exopolysaccharides fotm reuteri were validate by a
hemaglutination assayWang et al., 2010)Dextranand inulin were used foicomparison to
reuteran and levan, respectivebecausehey have the same monosaccharide composition as

reuteran and levan respectively, but differ in their linkage .tyfpmmagglutination of porcine
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erythrocytes by both EHC strains was prevented by reuteran tm@ lessr extentby levan
(Table3.2). Dextran and inulirdid not dfect hemagglutinationEquivalent results were obtained

with the two ETEC K88 strains strain ECL13795was selected for subsequeint vivo

Table 3.2.Inhibition of erythrocyte agglutinatiorby two ETEC K88 strainsvith bacterial
exopolysaccharideandstructurally related polysaccharides at a concentrati@m3af/L.

EPSs and their sources Agglutination?
L. reuteriTMW1.656 Reuteran ++
L. reuteriLTH5794 Levan +
Commercial Dextran -
Commercial Inulin -

++, strongagglutination observed; +, agglutination observedgglutination not observed

& stronger antadhesive activity leads to agglutination of erythrocyte at higher ETEC
concentrationE. coliECL13795 (0149, virotype STh:LT:EAST1:F4) and ECL13998 (0149,
virotype STa:STh:LT:EAST1:F4:Paajkere used for detection

experimentation.
3.3.2.Reduction of net fluid absorption

Anti-adhesive properties afeuteran and levan witlthe controls dextran and inulin were
evaluatedin vivo in the SISP model The net fluid losswas used ashe primary outcome to
document the ardiarrheal effect of glycang he reductionof net fluid absorptionis plotted as
the differencebetween eacimfected segment and its pairetbn-infected segmen(Figure 3.1).
All glycars decraased(P < 0.05)the net fluidioss caused by ETEC infecti@ompared to saline

(Figure 31).
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Figure 3.1. Reduction of net fluid absorption iglet jejunal segments challenged with ETEC
K88 or PBS, and perfused with saline (contratyteran, dextran, levaor inulin (10 g/L) for 8
hours. Each bar represesd the mean difference of thenet fluid loss ETECin challenged
segmerd and the net fluid loss of the pair@&BS perfusedsegmentn = 6. Mean values with

unlike lettersaresignificantly different, P<0.05.
3.3.3.Quantification of bacteria in jejunal outflow fluid by g PCR

To determine whethethe ETEC strairwas infective inthe SISPmode| rRNA from elbacteria
andE. coliand genes coding fé€¢88 fimbriaeand LTin outflow fluid were quantifiedby g°PCR
(Figure3.2). Gene copy numbers for eubacteridlind from infected segmentsinged from 19

to 10 gene cojes permL. Copy numbers oE. coli rRNA andgenes coding foK88 fimbriae
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and LT were not differentfrom copy numbers for the total bacteriaRNA. In noninfected
segments, total bacteria ranged fronf t01C gene copieper mL. E. coli accounted for 1 to
10% of the total bacterignd ETEC K88 accounted for-10% of E. coli cells (Figure 3.2).
Levels ofeubacteriatfRNA genesn infectedsegments werat least 1€fold higherthan those in
the paired noimfected segment#dicatingthatETEC K88accounted for90% of bacterial cell
countsin infected segments§lycan infusion did not significantly influee the number of ETEC

bacteria in the outflow fluid.

10
a
a
= 97
<
2
()
= 8-
-
3]
=
—
.@ 7 -
N
0
Q
o _
o 6
o
)
o
> 9
o
—
g
— 4 H
3 -
@) ) O ) O %) O ")
| m i m w faa] w m
— o [ o [ o = o
|.u i L |.u
Saline Reuteran Dextran Inulin

Figure 3.2. Quantitative PCR analysis of bacterial populationgutflow fluid samples collected
from piglet jejunal segments challenged with ETEC K88 or PBS, mertlised with saline
(control), reuteran, dextran, levam inulin (10 g/L) for 8 hours.Black bars represent total
bacterial numbers, grey bars repredentoli, white barsrepresent gene copy numbers for K88
fimbriae; hatched bars represent gene copybars for LT. Data are shown asant standard
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error of the mean, n = 5. Mean values obtained with the same primer pairs with unlike letters

were significantly different, P<0.0888 = K88 fimbriae, LT = heat labile toxiof ETEC.
3.3.4.Analysis of jejunal luminal microbiota by HRM -gPCR

Thepredominance oETEC in the lumen of infected segmenias assessdiy a seond method,
HRM-qPCR, with primers targeting eubacterial rDNADomainB primer paij. In infected
segments, only onmelting peak was observe(Figure 3.3A), and he melting temperaturef
this peak matched the melting temperatoir&. coli ECL13795,confirming the predominance
of ETEC in infected segmeat For noninfected segments, several pealese observed (Figure
3.3B). HRM-pPCRanalysis with theBact primer pairprovided equivalent resul{seeFigure
S3.1in the supplemental materjaHRM-gPCR analysis of piglets 2, 4, &d6 with the same
primer pairsalsogave comparable resulfdata not shown Glycan infusion did not significantly

influence the composition of the intestinal microbiota in the outflow fluid of infected segments.
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Figure 3.3. Pig 3 uminal microbiota melt peak profiles determined by primer pair DomainB for
ETEC K88 challengedA) and norRETEC K88 challenged (B) piglet jejunal segments after 8
hours glycans or saline perfusi@imilar profiles were obtained for d&lanimals analysed (data

not shown).
3.3.5.Quantification of bacterial populations in mucosal scraping by gPCR

ETEC infection is initia#dd byattachmento mucosafollowed by the production oftoxins that
causeelectrolyteimbalance and fluid los3.herefore bacteria in mucosal scraping samphese
analysed by gPCR to quantify attached ETEC KBBEC was detectein mucosal scraping
samples form noninfected segmenEg(re 34), indicating the presence of autochthonous
ETEC K88 in the piglets used for experimeritee number of ETEC K88 cells in noninfected
segments accounted for 1 to 10% of the number of ETEE€ io infected segments. In outflow

fluid, the number oETEC bacteria in noninfected segments was <0.1% of the number of ETEC
bacteria in infected segments, suggesting that the autochthonous ETEC bacteria were mucosa

associated. HRM|PCR analysis of LTamplcons demonstrated that different strains of ETEC
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were present in infected segments (melting temperature of 81.6 €) and noninfected segments
(melting temperature of 85.4 €). LT amplicons were purified from agarose gels and sequenced,
The sequences &fTs from ETEC K88 strain ECL 13795 and the LT amplicon obtaimewh f

noninfected segments of piglets were 99% identical over 481bp.

A trend toward a reduced number of adhering ETEC K88 bacteria was observed for segments
infused with ETEC and reuteraP & 0.06) (Figure3.4). Inulin tended to reduce gene copy
numbers for K88 fimbriaeR = 0.07) but not gene copy numbers for LT in ETiB@ised

segments (Figre3.4).
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Figure 34. Quantitative PCR analysis of gene codiogK88 (y) and LT(I ) in mucosal
scraping samples collected from piglet jejunal segmentsvratchallenged with ETEC K88 or

PBS and perfused with saline (controButeran, dextran, leva inulin (10g/L) for 8 hours.
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Data are shown asears + standard error of the mean, n = 5. Mean values (obtained with the
same primer pairs) with unlike letters were significantly differBrf).05. (K88 = K88 fimbriae,

LT = heat labile toxin)

3.3.6Analysis of jejunal mucosal microbiota by HRM-gPCR

Mucosal microbiotavereanalysedy HRM-qPCRwith the same primersmployed for analysis
of luminal microbiota. The predominance Bf coliin ETEC K88challenged segments was
confirmed by profiles of DomainB ampliconsegFigure S3.2A in the supplementahateria).
HRM-gPCR of noimfected segments indicated the presenckaateriaother thank. coli, as a
different melting temperaturéom the temperature oE. coli was observed to be the main

melting peak in noiinfected segmentséeFigure S3.2B in the supplemental materjal
3.3.7.Fluorescentin situ hybridization

DNA isolated from mcosal scrapirgysampleswas likely contaminated byuminal, non
adhering ETEC K88, thus obscuring reduced pathogen adhesion in presence of glycans.
Evaluation of biopsy samples by FISHiminated the contamination by luminal bacteria and
visually revealed the colonization of ETEC K88 to epithelialsc&liells were countedvhen

their DNA hybridised to th&T and total bacterlgprobesbut not to thenon-sense probe N&38
(Figure 35). FISH analysisconfirmed that ETEC K88 attached tiwe porcinemucosa(Figure

3.6). FISH analysis also confirmed colonization with autbohbus ETEC K88. Thaumbe of
adhering ETEC cells in narfected segments was gaally > 30% of the number dETECs in
infected segments (Figur8.6). Autochthonous ETEC K88 was thus primarily mucosa
associated. Reuteran produced by L. reuteri TMW1.656 significantly reduced ETEC

colonizationof epithelial cels compared to saline. Lan from L. reuteriLTH5794 as well as
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inulin and dextran did noeduceadhesiorof ETEC. Intheinulin perfusion group, no difference
was olserved between infected and mdacted segments bigoth segments had a relatively

high number ofETEC cells ofaround 1400/mf

Figure 3.5. Fluorescentin situ hybridization localization of attached ETEC K88 and total
bacteriaofcarnoy i xed and paraffin embedldled( rSd B)P, | ha &K
Eub338 (yel |l ow\on338ngteen) indicatedxhe aunber and location of ETEC

(A), all bacteria (B) and nespecific binding (C) respectively. DAPI stained nuclei and

fluorescent from three probes were merged (D).
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