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Stellingen

. Oligosacchariden worden niet selectief door bifidobacterién gefermenteerd (dit
proefschrift).

. Het beschikken over goed gekarakteriseerde substraten leidt tot de ontdekking van
nieuwe enzymen (dit proefschrift).

. OD en pH-metingen geven, in tegenstelling tot HPAEC-analyses, geen informatie
over de mate van afbraak en afbraak route van oligosacchariden door darmbacterién
(dit proefschrift).

. De toepassingsmogelijkheden van nieuwe structureel verschiliende oligosacchariden
zullen afhangen van adequate ir vitro bio-essays.

Fysiologisch gezien zouden alle niet-verteerbare oligosacchariden als voedingsvezel
beschouwd moeten worden. Prosky L (1999). Inulin and oligofructose are part of the dietary fiber
complex. J ACAC Int. 82: 223-226

. Bij het ontwikkelen van gezondheidsbevorderende voeding dient meer aandacht
besteed te worden aan de activiteit van de darmflora i.p.v. de samenstelling ervan.

De kwaliteit van het leven gaat hoestend en proestend achteruit.

. Computergebruik leidt naast RSI (Repetitive Strain Injuries) ook tot RSE (Repetitive
Spelling Errors).

. Als de Nederlandse PTT-telecompetitie representatief is voor het EK 2000, dan is
Belgié, evenals de door een Belg getrainde Nederlandse Kampioen PSV, de absolute
favoriet.

Stellingen behorende bij het proefschrift
Degradation of structurally different nen-digestible oligosaccharides
by intestinal bacteria:
Glycosylhydrolases of Bi. adolescentis
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VOORWOORD

Yes, ‘tis af en ik die dacht dat er nooit een einde aan zou komen. Maar het is nu zover en ik
kijk met heel veel plezier terug op de tijd die ik bij de vakgroep levensmiddelenchemie
gewerkt heb. Ik kan best zeggen dat ik tijdens die periode heel veel geleerd en beleefd heb.
Dankzij mijn stage, cok bij LMC, was ik al een beetje gewoon aan de Nederlandse mentaliteit
en heb dan ook makkelijk mijn draai gevonden. Dat was natuurlijk niet mogelijk geweest
zonder alle mensen die op welke manier dan ook een bijdrage hebben geleverd aan mijn
promotieonderzoek. Tk wil dan ook van de gelegenheid gebruik maken om een aantal van
mensen extra in de bloemetjes te zetten.

Als eerste mijn promotor Fons, ik herinner inij nog goed dat je zei dat ik haar op mijn tanden
moest krijgen om hier mijn vrouwtje te kunnen staan. Ik heb veel van je geleerd en niet alleen
op wetenschappelijk gebied. Je openheid en enthousiasme stimuleerde mij geweldig tijdens
de loop van dit onderzoek. Je was een grote hulp bij het schrijven van de verschillende
manuscripten en ik kon altijd bij je terecht. Verder natuurlijk mijn directe begeleiders, Gerrit
Beldman op enzym-gebied, Henk Schols als koolhydraat-man en Tjakko Abee op
microbiologisch vlak. Jullie vulden elkaar prima aan en dankzij jullie had ik de mogelijkheid
om toch heel divers bezig te zijn en jullie kennis te combineren, Gerrit, vanaf het begin was je
volop betrokken bij mijn onderzoek. Jij hebt duidelijk een grote invloed gehad op de richting
die ik koos en het is dan ook niet voor niets dat enzymen centraal staan in bijna al mijn
hoofdstukken. Henk, ook jij was heel nauw bij het onderzoek betrokken. Dankzij jou kreeg ik
meer inzicht in de structuren van planten celwand polysacchariden. Daarnaast stond je altijd
klaar voor peptalk en heb je met name aan het einde diverse van mijnmanuscripten
gecorrigeerd. Tjakko, jij wees mij op de vele interacties die er zijn, tussen chemie en
microbiologie. Bedankt voor al je inspanningen die je geleverd hebt om mij een beetje
wegwijs te maken in de microbiologie. Ik vond het altijd enorm inspirerend om met jou te
overleggen en uiteindelijk is ons artikel toch af geraakt hé.

Naast mijn directe begeleiders denk ik dat op een of andere manier iedereen bij de vakgroep
wel een steentje heeft bijgedragen aan dit proefschrift, maar toch wil ik er nog enkelen
bedanken. Margaret, als analist bij het project was je heel nauw met mijn onderzoek
betrokken. We hebben altijd goed met elkaar kunnen samenwerken op het lab en dankzij jou
kon ik dingen vaak in een ander perspectief plaatsen. Je stond aitijd klaar als ik weer eens een
probleem had. Bedankt voor jouw inspanningen en gezelligheid. Ben, door het feit dat je mijn
stage-begeleider was, ben je altijd een beetje mijn begeleider gebleven. Ik kwam naar je toe
met praktische vragen, maar je was ook een klankbord voor als ik weer eens een gek idee had.
Ik vond het een plezier om jouw kamergenoot te zijn. Stuart Pitson, Cor Dijkema en Carel
Fransen, bedankt voor het nitvoeren van de NMR-analyses. Met jullie hulp kregen we inzicht
in de chemische structuur van verschillende oligosacchariden.Toos, jij hebt ook een tijdje aan
het project gewerkt. Bedankt voor jouw inspanningen om AXH-d3 te zuiveren. Jolanda en



Gerda, bedankt dat jullie altijd klaar stonden om te helpen. Boudewijn, bedankt voor je hulp
bij het ontwerpen van de voorpagina.

Margien, jij was mijn echte vriendin op de vakgroep. Wat hebben wij een lol gehad. Ik denk
dat ik de pericde van mijn eerste zwangerschapsverlof nooit meer vergeet. We hebben nogal
wat afgefilosofeerd tijdens onze lange lunches, Helaas, blijkt de afstand tussen Rotterdam en
Wageningen toch wel groter dan gedacht. Margien, ik ben heel blij dat je maandag 5 juni aan
mijn zijde staat.

Andere collega’s van de vakgroep: allemaal heel erg bedankt voor de gezellige tijd! De
vriendschappelijke sfeer op de vakgroep bracht voor mij veel extra werkplezier. Dankzij jullie
hou ik hele mooie herinneringen over aan mijn tijd bij LMC.

Een flink aantal mensen heeft als student levensmiddelenchemie vol enthousiasme aan mijn
onderzoek gewerki: Anna Glyszczynska, Coen Sander, Henry Uitslag, Marjolein van der
Spiegel, Edo Hendriksen en. Chantal Voragen. Allen hartelijk dank voor jullie bijdrage en
veel succes in de toekomst!

Dit proefschrift maakt deel wit van een multidisciplinair onderzocksprogramma aan de
Landbouwuniversiteit naar de rol van niet-verteerbare oligosacchariden in voedsel en voeder.
Er waren vier vakgroepen betrokken bij het onderzoek: Humane Voeding en Epidemiologie,
Veevoeding, Levensmiddelenchemie en Levensmiddelenmicrobiologie. Ik wil alle leden van
het NDO-project bedanken voor hun bijdrage aan mijn proefschrift. Met name wil ik de
mede-AlQ’s en de postdocs in het project bedanken: Martine Alles, Jos Houdijk, Ralf
Hartemink, Geke Naaktgeboren-Stoffels en Johan van de Vlag.

Jos, die varkensdarmen en jouw nuchtere opmerkingen, zal ik niet snel vergeten.

Ralf, we hadden als snel door dat door de combinatie van chemie en microbiologie leuke
dingen konden gedaan worden. Bedankt voor je vele tips en hulp op microbiologisch vlak
Martine, 's morgen voor het werk of ’s avond bij het naar huis gaan sprong ik vaak eens bij
jou binnen om een babbeltje te slaan of om iets te bespreken. We vulden elkaar mooi aan en
zochten de samenwerking ondanks de toch wel verschillende vakgebieden. Jouw
organisatorische capaciteiten, blijven me ook nu nog steeds verbazen en ik ben blij dat je ook
op 5 juni naast mij staat,

Hinke en Tjeerd, met plezier denk ik terug aan de vele gezellige avonden en vakantietjes. We
hebben al veel samen meegemaakt en ik verheug me al, als we straks met ons achten zijn.
Mijn familie en schoonfamilie wil ik bedanken voor de betrokkenheid die zi) de afgelopen
jaren voor mijn werk getoond hebben. Frank, je was altijd benieuwd hoe mijn boekje er zou
komen uit te zien. Je kunt er wel niet meer bij zijn, maar toch weet ik dat je er bent. Mama en
Papa, jullie geven mij zelfvertrouwen en helpen nog altijd bij belangrijke beslissingen in mijn
leven. Bedankt voor jullie stimulerende belangstelling voor mijn werk en leven!

Mijn mannen thuis, Patrick, David en Arnaud, bij jullie voel ik me goed en ik ben blij dat we
vanaf nu nog meer dingen samen kunnen beleven.



ABSTRACT
PhD thesis by KM.J. Van Laere, Wageningen University, Wageningen, the Netherlands, 2000

Key words: non-digestible oligosaccharides, prebiotics, plant polysaccharide derived
oligosaccharides,  transglycosylation, intestinal  degradation, Bi.  adolescentis,
glycosylhydrolases

Non-digestible oligosaccharides (NDOs) are oligosaccharides, which resist digestion in the
upper gastrointestinal tract, and which are fermented in the colon by intestinal bacteria. Some
NDQs are considered bifidogenic, meaning that they selectively stimulate the growth of
bifidobacteria in the colon microbiota. The degradative fermentation of structurally different
oligosaccharides by intestinal bacteria was studied in this thesis, in order to establish the
potentially bifidogenic effects of wvarious types of NDOs. Structurally different
oligosaccharides were produced using different routes. Arabino-, (arabino-)galacto-, (arabino-
)xylo-, galacturono-, and rhamnogalacturono- oligosaccharides were derived by enzymatic
hydrolysis of plant polysaccharides. By transglycosylation reactions using glycosidases,
transgatactooligosaccharides of the o- and B-glycosyl linkage type were obtained.

The chemical structure of the oligosaccharides clearly influenced their fermentation
behaviour. It was concluded that species belonging to different groups, and not only
bifidobacteria, have the capability of hydrolysing these oligosaccharides. Bi. adolescentis,
being a major bifidobacterial species of the adult intestinal microflora, was able to utilise a
wide range of oligosaccharides showing its wide range of glycosidases. Two novel
arabinoxylan degrading enzymes were purified from Bi. adolescentis. These enzymes in
combination with a B-xylosidase are involved in the complete degradation of
arabinoxylooligosaccharides. For the utilisation of a-galactooligosaccharides Bi. adolescentis
produced an o-galactosidase. This a-galactosidase was characterised as a retaining
glycosidase and was used for the production of new types of w-galactooligosaccharides.
These «-1—6 linked-galactooligosaccharides could be utilised by various strains belonging to
bifidobacteria  and  lactobacilli. Upon growth of Bi. adolescentis  on
transgalactooligosaccharides (TOS) a novel (-galactosidase was produced, involved in the
degradation of TOS. It was speculated that this enzyme was membrane or cell wall
associated. After growth of Bi. adolescentis on TOS or on hydrolysed arabinogalactan the B-
galactosidase production of Bi. adolescentis increased compared to growth on galactose. This
increased B-galactosidase activity could be linked to increased activity towards both
polymeric and oligomeric galactan. /n vive dietary intervention with TOS also resulied in
increased levels of B-galactosidase activity in feces. Although the nature and specificity of the
B-galactosidase is not yet known it can be concluded that glycosidase activity of the intestinal
bacteria might be a useful biomarker of the colonic metabolic activity.
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Chapter 1

INTRODUCTION

Now a days much attention is paid to the possible physiological effects of oligosaccharides in
the gastrointestinal tract. The human gastrointestinal tract constitutes a complex microbial
ecosystem comprising several hundred different species of bacteria. The colon in particular is
densely populated with in excess of 10!' bacteria per gram of contents. The human host is not
inert to these organisins and their metabolic activities and both can have positive and negative
impacts on health. Within the intestinal microflora some bacteria are believed to be beneficial
to the host while others are potentially pathogenic, The balance of this ecosystem is dynamic
and the maintenance of a community of bacteria, which contains a predotninance of beneficial
species, is believed to be important in maintaining health. To increase the number of health
promoting bacteria in the Gl-tract, two separate approaches exist. The first is the oral
administration of live beneficial microbes, termed probiotics (1,2). The second strategy is to
increase the number of beneficial bacteria already present by supplying them with selective
carbon and energy sources that provide them with a competitive advantage over other bacteria
in the colon. These selective dietary components were named prebiotics. Increasingly,
probiotics and prebiotics are used in combination and this is called synbiotics (3).

A range of non-digestible oligosaccharides (NDOs) has been developed which seem to have
the potential to increase bifidobacteria in the colon. It is claimed that a high number of
bifidobacteria is beneficial for the host's health, A large amount of bifidobacteria may prevent
colonisation of pathogens, and may have positive effects on intestinal peristalsis, the immune
system, cancer prevention, cholesterol metabolism and carbohydrate metabolism in the colon
(4). Bifidogenic effects of lactulose (5); fructooligosaccharides (6,7); galactooligosaccharides
(8,9); raffinose (10); lactosucrose (11,12); isomaltooligosaccharides (13) and
xylooligosaccharides (14) have been reported in healthy volunteers and patients. Because
these oligosaccharides are non-digestible food ingredients and may potentially benefit the
host’s health by selectively stimulating the growth and/cr activity of one or a limited number
of bacteria in the colon, they are defined as prebiotics.

Carbohydrates are wsuvally classified according to their molecular size into supgars,
oligosaccharides, and polysaccharides. Such a chemical classification, however, needs to be
modified to include physiological effects (15). An important classification from the point of
view physiology is digestibility in the small intestine. Various types of carbohydrates are
undigestible in the human small intestine: non-starch polysaccharides, resistant starch and
non-digestible oligosaccharides (NDOs).

NDOs are defined as those carbohydrates with a low degree of polymerisation (ranging from
approximately 2-20 monosaccharide units) which are not digested by the host digestive
system. The chemical structures of oligosaccharides may vary widely and are determined by
the identity of the monomeric sugar units, the degree of polymerisation, the type of linkage
between the monomeric units, the complexity of the molecule (branched or linear) and
possible linkage to non-carbohydrates. The physiological effects of carbohydrates have
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received little attention. Due to the extraordinary complexity of their structure and
subsequently their analysis, interest in oligosaccharides and carbohydrates has been generally
limited. In addition, until the late 1960s, carbohydrates were thought to serve only as energy
sources and as structural materials.

The ability to function as a prebiotic has become a marketing edge for these products and has
promoted research into the ability of oligosaccharides to induce beneficial changes in the
composition and metabelism of colonic microflora. This is mainly of importance when the
ecological balance of intestinal bacteria is disturbed. Several factors such as stress, the diet
and antibiotic treatment can cause such a disturbance, which may result in several acute or
chronic diseases. Supplementation with oligosaccharides is a promising tool for prevention of
disturbances of the ecological balance.

OCCURRENCE IN FOOD

Oligosaccharides are present in various natural food products (tabie 1). They may also occur
as glycoconjugates as part of glycoproteins or glycolipids. Fructooligosaccharides are present
in various plants belonging to the Compositae and Amaryllidadeae families (16). «-
Galactooligosaccharides are mainly present in legumes and vary in their distribution among
leguminous species (17). Their quantities can differ among varieties of a given legume
species. The a-galactooligosaccharide content in Lupinus species ranges from just below 10%
up to 23% of dry matter (18). Many structurally different oligosaccharides have been
identified in honey and their composition depended on the type of honey (19). Also, human
milk contains significant amounts of various oligosaccharides (20). Non-digestible
oligosaccharides may also be formed during food processing due to fydrolysis of
polysaccharides. Different types of oligosaccharides can be formed in this way during beer
brewing (21), the production of wine (22) and bread making (23} and in fruit juices. They may
also be formed in the large bowel by intestinal bacteria during fermentation of non-starch
polysaccharides. Examples of the chemical structure of some naturally occurring
oligosaccharides are given in table 1.

Table 1. Examples of oligosaccharides which occur naturally in food and feed

Name Structure Qrigin
Fructooligosaccharides (B-D-Fryf~2—1)),-B-D-Fruf~(2€>1)-a-D-Glep Compositae  and
{B-D-Fruy/~(2— 1)) -D-Fruf’ Amaryllidadeae

a-Galactooligosaccharides {0-D-Galp-(1—=6)).-0.-D-Glep(1¢»2)-B-D-Fruf Legumes
il;hreanderose a-D-Glep-(1-36)-a-D-Glep(1452)-8-D-Fruf’ Honey

anose a-D-Glep-(1—6)-D-a-Glep-(1-54)-D-Glep
Isomaltooligosaccharides (&t-D-Glep-(1=6)),-D-Glep Beer
Sialiated oligosaccharides e.g. n-D-Neu5Ac(2—3)-8-D-Galp-(1—4)-D-Glep Human milk
Fucosylated oligosaccharides | e.g. «-Fuc-(1—3)-8-D-Galp-(1-—+4)-D-Glep Human milk
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PRODUCTION METHODS

Oligosaccharides are produced commercially using enzymatic processes involving either the
hydrolysis of polysaccharides or synthesis starting from smaller carbohydrates using a
transglycosylation reaction. Chemical methods may also be used for the synthesis of
oligosaccharides. However, carbohydrates contain muitiple hydroxyl groups having similar
reactivity and the many protection and deprotection steps that are necessary for regioselective
gynthesis makes such methods very complicated. Currently there are nine different types of
NDO's commerciaily produced, predominantly in Japan and Europe (24).

Extraction

Since oligosaccharides are naturally occurring substances, they can be extracted from
different sources. One example is soybean oligosaccharides (raffinose and stachyose) which
are being commercially produced by direct extraction from soy flour. These oligosaccharides
are generally considered food-grade and can be added to different food products. Bovine milk
contains low levels of the oligosaccharide 3' siallyllactose, which can be extracted from the
milk. Since the yield is low, the price of the product is high. New methods are being
developed to enrich bovine milk with human milk oligosaccharides. One potential approach is
the use of transgenic animals, more particularly transgenic cows that express genes or cONA
encoding enzymes which catalyse the formation of human milk oligosaccharides, These
oligosaccharides can then be extracted from the enriched bovine milk (25).

Transferase reactions

For the preparation of oligosaccharides two types of enzymes have been used: the
glycosyltransferases (EC 2.4) and the glycosidases (EC 3.2). For glycosidases this acceptor is
water, the result being hydrolysis. For transferases this acceptor is typically an alcohol
functionality from another sugar, but it could be from a lipid, aryl moiety, or a range of other
components of glycoconjugates. The term glycosyltransferases is generally reserved for
enzymes catalysing glycosyl transfer to an acceptor other than water (26). They are classified
according to the sugar transferred from donor 1o acceptor and by the acceptor specificity. The
regio- and stereospecificity for the acceptor molecule and the high yields that can be achieved
are attractive features of these catalysts.

Glycosidases can be separated into two distinct mechanistic classes: those hydrolysing the
glycosidic bond with net inversion of anomeric configuration, and those doing so with net
retention (27). The two mechanisms differ in that inverting glycosidases operate via a direct
displacement of the leaving group by water, whereas retaining glycosidases utilise a double-
displacement mechanism involving a glycosyl-enzyme intermediate. The retaining
glycosidases can transfer the glycosyl moiety of a substrate to acceptors other than water and
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hydrolysis represents merely a special case in which water serves as an acceptor.
Glycosidases show a less pronounced selectivity than the giycosyltransferases for the acceptor
molecule, This means that a given glycosidase can be used for the synthesis of a number of
glycosides from a given glycosyl donor by employing different acceptors. The less
pronounced regioselectivity can result in mixtures of oligosaccharides having different
linkages. However, formation of one predominant linkage usually occurs and different
linkages may be obtained by using enzymes from different sources (27). The glycosidases
occur widely in nature and readily available substrates can be used for the production of
oligosaccharides. Generally it can be said that glycosidases are suitable for the synthesis of
shorter oligosaccharides while glycosyltransferases are necessary for the synthesis of higher
and complex oligosaccharides.

Fructooligosaccharides can be prepared from sucrose though the transfructosylation action of
two enzymes, namely B-fructofuranosidase (3.2.1.26) and B-D-fructosyltransferase (EC
2.4.1.9) (28) (Fig 1). The oligosaccharides formed are structurally similar to several naturally
occurring oligosaccharides (e.g. from onion) (29).
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Figure 1. Production of FOS by transfructosylation of sucrose using a B-D-fructosyltranferase (FT-
ase)

Transgalactooligosaccharides are made by transgalactosylation of lactose using a B-
galactosidase (30, 31, 32, 33, 34, 35). Some of these oligosaccharides are found in human
milk (36} and are present in lactose hydrolysates (37). The amount and nature of the
oligosaccharides formed depends upon several factors including the enzyme source,
concentration and nature of the substrate, the degree of conversion of the substrate and the
reaction conditions. Also lactosucrose, a-glucooligosaccharides and gentiooligosaccharides
(38) are produced by transglycosylation reaction. In table 2 examples of commercial available
oligosaccharides produced by transglycosylation reactions are given
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Polysaccharides as source for oligosaccharides

Plant polysaccharides are a source of carbohydrates containing a variety of different sugar
building blocks, linkages and branches and can be used for the production of
oligosaccharides. Directed enzymatic hydrolyses can lead to a partial degradation of the plant
polysaccharides resulting in oligomers of various degrees of polymerisation and branching.
Inulinooligosaccharides (fructooligosaccharides) (39, 40, 41, 42) and xylooligosaccharides
(43, 44) are already commercially produced by enzymatic hydrolysis of respectively inulin
and xylan. In table 3 the chemical structure of some oligosaccharides produced by hydrolysis
of polysaccharides is given.

Table 3. Commercially available oligosaccharides produced by hydralysis of polysaccharides

Name Structure Source Enzyme

Fructootigosaccharides (B-D-Fruf(2—1)),-8-D-Fruf (2> 1)--D-Glep | Inulin Inulinase
(B-D-Frufs(2->1)),-D-Fruf

Xylooligosaccharides [B-D-Xylp-(1>4)] -D-Xylp Xylan Xylanase

Cellodextrins [B-D-Glep-(1—6)],-D-Glep Cellulose | Cellulase

In the same way, other polysaccharides might be valuable sources for the production of (non-
digestible) oligosaccharides. Using specific endo-glycanases and glycosidases, various
(soluble) fibres can be degraded to a selected degree resulting in a directed production of
oligosaccharides (45). The six main pelysaccharides commonly found in plant cell walls
which are (potential) sources for the production of oligosaccharides are shown in Table 4.

Table 4. Polysaccharides commonly found in primary cell walls of higher plants (46)

Polysaccharide Structure
Cellulose B-D-(1—>4)-glcp backbone
Xyloglucan B-D-(1-—>4)-glcp backbone
with xylose, galactose, arabinose or fucose containing side-chains
Arabinoxylan B-D-(1—>4)-xylp backbone

with arabinose, xylose, or glucuronic acid side-groups

Rhamnogalacturonan [

—2)-a-L-rha-(1 »4)-a-D-galAp-(I—
type I arabinogalactan
type 1l arabinogalactan

arabinan, galactan side chains

Rhamnogalacturonan 11

complex low molecular weight (4.8 kDa) segment of pectc polysaccharides
(may contain up to 11 different sugars with more than 20

different linkages)

Homogalacturonan

o-D-galAp-{1—4) backbone
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Combination of hydrolysis and transferase reactions

Polysaccharides can also be hydrolysed more extensively using endo-glycanases resulting in
the formation of di- and trimeric material which can be used as substrates for further transfer
reactions. Isomaltooligosaccharides are glucosyl saccharides with a-(1—96)-glucosidic
linkages such as isomaltose, panose and isomaltotriose. Isomaltooligosaccharides are
produced from starch via two enzymatic steps. The first step is the hydrolysis of starch by a-
amylase, pullulanase and B-amylase to vyield maltose. The second step is the
transglucosylation of the glucose moiety of maltose by a-D-glucosidase to produce a-(1—6)-
oligosaccharides (47, 48).

ANALYSIS AND IDENTIFICATION OF CHEMICAL STRUCTURE QOF
OLIGOSACCHARIDES

Dietary fibre (49) - polysaccharides and lignin included -are not hydrolysed by the
endogenous secretion of the human digestive tract (50). Dietary fibre is mainly composed of
plant cell wall polysaccharides (cellulose, hemicellulose, pectic substances) and other non-
digestible polysaccharides such as intracellular storage polysaccharides (e.g., galactomannans,
inulin) and resistant starch. Oligosaccharides are usually excluded in the analysis of dietary
fibre and non-starch polysaccharides, since they are soluble in the 80 % ethanol used to
precipitate the dietary fibre. However, non-digestible oligosaccharides may reach the large
bowel where they can be fermented by the intestinal microflora. Therefore, most professionals
in the field recognise NDQs as dietary fibre (51) even though (except for
fructooligosaccharides (52)) oligosaccharides are not determined in official AOAC-analysis
of total dietary fibre (53).

Analysis

The analysis of non-digestible oligosaccharides is rather complicated and not straightforward
since monosaccharides, dimers like sucrose, maltose, lactose and also maltooligosaccharides
should not be included in the analysis,

Various methods have been deseribed for the analysis of oligosaccharides and they are mainly
based on separation of the oligosaccharides by HPLC or by GLC after derivatisation (54}, The
first major breakthrough for the HPLC-analysis of carbohydrates involved the separation of
oligosaccharides on an amino-bonded silica column using acetonitrile and water mixtures as
eluent. Although this type of column is still quite popular for the analysis of sugars in food
products, high-performance anion-exchange chromatography (HPAEC) is also a useful
method for the separation of monomeric and oligomeric sugars using high-pH eluents in
combination with pulsed amperometric detection. HPAEC permits good separation of
structurally closely related oligosaccharides, The monomeric composition, size and linkage
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type of oligosaccharides clearly influences the elution behaviour of the oligosaccharides (55,
56, 57, 58), although not always in a predictable way. The high resolution obtained by
HPAEC for the separation of complex mixtures of oligosaccharides is accompanied by a high
degree of flexibility of the system, which enables adjustment of the gradient for specific
applications.

A disadvantage of the system is the lack in uniform response of the PAD detector to the same
functional group of carbohydrates. Combining HPAEC-PAD and HPAEC-permanganate
post-column detection could selve this problem (59) as it would give similar signals for equal
amounts of oligosaccharides and allow quantification of the oligosaccharides. However, this
method seems to have some disadvantages because permanganate has the ability to oxidise a
wide range of organic compounds. In addition, the permanganate detector is not compatible
with several of the commonly used buffers.

A possible alternative might be the initial degradation of the digestible material using a
combination of lipases, proteases, amylases and brush-border enzymes, followed by a
separation of the oligosaccharides which are obtained vsing a gelfiltration or amino-bonded
silica column in combination with refractive index-detection. RI-measurements are linear
over a wide range of carbohydrate concentrations and can be universally applied to all
carbohydrates. A serious drawback is the fact that RI-detection is non-specific and non-
carbohydrate compounds may therefore co-elute with carbohydrates, causing inaccurate
results. However, this combination is probably the best one available because it permits
quantification of various types of non-digestible oligosaccharides in contrast to the adapted
AOAC-method, which only allows detection of fructooligosaccharides. At the end of the
research project, a new detector, which avoids these problems, became avatlable.

Identification of the chemical structure of oligosaccharides

Not only the quantification of oligosaccharides is important. Determination of their exact
structure is essential for establishing their structure-function relationships. To obtain more
information on the structure of isolated oligosaccharides or oligosaccharides present in a
mixfure, one can use various methods and combine the results to determine the corresponding
structures.

HPAEC seems to be a versatile method in a growing number of applications, but the
identification of unknown compounds using this system is still impossible because of the
unpredictable behaviour in the system. An important step forward in the characterisation of
unknown components eluting under HPAEC conditions is the on-line combination with mass
spectrometry using a thermospray interface (60). Using multiple-ion detection, information on
the sugar composition of the oligosaccharides can be obtained. The use of specific enzymes is
also an important tool in gaining information on the oligosaccharide structure (61). In
addition, NMR-spectrometry may be used to identify unknown oligosaccharides.
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EFFECT OF OLIGOSACCHARIDES ON MICROBIAL BALANCE

Composition of the intestinal microflora

The colon contains an extremely complex ecosystem in which individual bacteria exist in a
multiplicity of different microhabitats and metabolic niches. The microbiota consists of
several hundred different bacterial species, subspecies and biotypes. Some organisms occur in
higher numbers than others, and about 40 species make up approximately 99% of all isclates
(62). The majority of bacterial species in the colon is saccharolytic and can contribute to
carbohydrate fermentation. The dominant saccharolytic organisms belong to the genera
Bacteroides, Ruminococcus, Bifidobacterium, Eubacterium and Clostridium. The principle
role of the intestinal microflora is to salvage energy from carbohydrates not digested in the
upper gut. The major substrates for fermentation are dietary carbohydrates that have escaped
digestion in the upper gastrointestinal tract. These include resistant starch as well as non-
starch polysaccharides such as cellulose, hemiceliulose, pectins and gums. Other carbohydrate
sources available for fermentation are mucins, non-digestible oligosaccharides and various
sugars and sugar alcohols. Total carbohydrate availability in the human adult colon is 20-60 g
carbohydrate/day (63). Significant regional differences occur in bacterial activily in the colon.
The right (proxiinal) colon is characterised by high substrate availability, low pH and rapid
transit. The left, or distal, colon has a lower concentration of available substrate, the pH is
approximately neutral and bacteria grow more slowly. The proximal colon tends to be a more
saccharolytic environment than the distal gut, the latter having higher bacterial proteolysis.
Bacterial growth is stimulated by fermentation. The major fermentation products of
carbohydrates are the short-chain fatty acids (SCFA) (primarily acetate, propionate and
butyrate), CO2, H2 and CH4. Fermentation of prebiotics to SCFAs is central to many of the
proposed mechanisms for health effects provided by prebiotics. Prebiotics have generally
been observed to increase lactate and acetate concentrations, suggesting fermentation by lactic
acid bacteria and bifidobacteria (8). However, propionate and butyrate are also produced
during prebiotic fermentation, indicating that other members of the microflora also utilise
these substrates. In investigations directly comparing SCFA production from various
prebiotics, differences in the SCFA-profiles have been observed (64). Thus, different
prebiotics are metabolised by the colonic microflora to different combinations of end products
with possibly varying effects on human health.

Effect of oligosaccharides on bacterial composition

A long-held belief, originating probably with Metchinikoff at the turn of the century, is that
some gut bacteria are beneficial to health, whilst others may be harmful. Potentially health
promoting bacteria are thought to include principally the bifidobacteria and lactobacilli.

10
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Different approaches are currently used to obtain a bacterial composition with high numbers
of these beneficial bacteria. Probiotics have been variously defined, but for purposes of
human nutrition probiotics can be defined as 'a living microbial food ingredient that is
beneficial to health. By definition, prebiotics are non-digestible food ingredients which
beneficially affect the host by selectively stimulating the growth and/or activity of one or a
limited number of bacteria in the colon, and thus improve health (4). Another approach is the
use of synbiotics. A synbiotic has been defined as a mixture of probiotics and prebiotics that
beneficially affect the host by improving the survival of implantations of live microbial
dietary supplements in the gastrointestinal tract by selectively stimulating the growth and/or
activating the metabolism of one or a limited number of health-promoting bacteria, and thus
improving host welfare (4).

In attempts to assess the ability of oligosaccharides to selectively stimulate the proliferation of
beneficial organisms in the colon, a range of in vitro models are being employed. Various
commercially available oligosaccharides have been fermented by pure cultures in simple
static/batch cultures. Most of the data have been obtained using differing procedures which
may produce differing results. To determine the ability of a certain strain to ferment a
carbohydrate, two methods are generally used. In the first method, only the pH shift in the
medium is measured and these values are compared to a carbohydrate-free medivm and a
medium with glucose as a negative and positive control, respectively. Growth measurements
are very useful. However, one must be sure that the oligosaccharide-mixtures used do not
contain contaminating digestible material. Final proof for oligosaccharide fermentation can be
obtained by following the fermentative degradation of the oligosaccharides with HPLC-
techniques. Because the colon is a complex ecosystern where several interactions between the
bacteria might occur, the bifidogenic properties of oligosaccharides have not only been
studied in pure cultures but have been evaluated in more sophisticated, multistage intestinal
models (66). However, ultimate proof of selective stimulation of beneficial bacteria in
humans is required. Bifidogenic effect of lactulose (5); fructooligosaccharides (6, 7);
galactooligosaccharides (8, 9); raffinose(10); lactosucrose (11, 12); isomaltooligosaccharides
(13) and xylooligosaccharides (66) have been reported in healthy volunteers or patients.

Effect of oligosaccharides on bacterial metabolism

In addition to the selective stimulation of growth of beneficial bacteria in the colon by
prebiotics, these may also stimulate carbohydrate metabolism. The utilisation of
oligosaccharides must be mediated by the hydrolysing enzymes they produce. For the
metabolism of oligosaccharides, the bacterial species have to produce glycosidases in order to
degrade the oligosaccharides into mono- or disaccharides which can be transported into the
cell where they can further be metabolised towards SCFA. Rarely bacterial uptake systems
are being reported for sugars with a degree of polymerisation > 2 (67). Many strains of

11
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bifidobacteria produce glycolytic enzymes which hydrolyse a wide variety of substrates. In
addition, other intestinal bacteria possess glycolytic enzymes (see table 5).

Table 5. Characterised glycosidases and glycanases of colonic bacteria.

Dietary carbohydrates Enzymes Bacterial species
NeuAc(o2-3)Gal(B31-4)Glc Neuramidase Bifidobacteria
B-Glucooligosaccharides B-glucosidase Bifidobacteria (68), Bacteroides
{69, 70)
a-Glucooligosaccharides o-glucosidase Bifidobacteria (71), Bacteroides
(70)
Fructooligosaccharides B-fructofuranosidase/ Bifidobacteria (72, 73, 74)
fructanase Clostridia (75) Bacteroides (76)
«a-Galactooligosaccharides o-galactosidase Bifidobacteria (77, 78, 79)
Lactobacilli (80) Bacteroides (81)
[-Galactooligosaccharides B-galactosidase Bifidobacteria (82)
(Arabino)xylan Endo-xylanase, Bacteroides {83)
o-arabinofuranosidase,
B-xylosidase
Arabinogalactan type II Arabinogalactanase, Bifidobacteria (82}
w-arabinofuranosidase,
B-galactosidase

The conditions in the large intestine and the regulation mechanisms of the bacteria will
determine which bacteria will be able to utilise a specific substrate.

AIM AND OUTLINE OF THE THESIS

The research described in this thesis was part of a multi-disciplinary research program at the
Wageningen Agricultural University on the role of non-digestible oligosaccharides in human
and animal nuirition. Four research groups were involved in the project: Human Nutrition and
Epidemiology, Animal Nutrition, Food Microbiology and Food Chemisiry. The main
objective of the research done at the Food Chemistry group was to establish the relation
between the chemical structure of non-digestible oligosaccharides and their fermentability by
intestinal bacteria. Therefore, several structurally different series of oligosaccharides needed
to be produced and fractionated and their structure elucidated in order to obtain well-defined
oligosaccharides. Secondly, the fermentation of the oligosaccharides by different intestinal
bacteria had to be evaluated in order to obtain information on their capability to degrade
and/or ferment oligosaccharides. Thirdly, some of the oligosaccharide degrading enzymes of

12
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bacteria which are capable of fermenting oligosaccharides had to be purified and
characterised to obtain more information on the activity, specificity and regulation of these
enzymes. The acquired knowledge can then be used to design procedures for the tailor-made
production of oligosaccharides.

Chapter 2 describes the production of structurally different oligosaccharides from plant
polysaccharides and their fermentation by various intestinal bacteria in comparison to the
fermentation of the parent polysaccharide.

In chapter 3 and 4, two different arabinofuranohydrolases from Bi. adolescentis -- which
enable this species to be one of the few bacteria to utilise arabinoxylooligosaccharides
completely -- were studied in more detail and were found to be new types of enzymes.

The fermentation of stachyose, an a-galactooligosaccharide utilised by Bi. adolescentis, and
purification of the a-galactosidase involved in the degradation of this substrate is described in
chapter 5. This purified a-galactosidase was used for the production of new types of a-
galactosides that may function as prebiotics. Chapter 6 gives the results of our studies on the
effect of transgalactooligosaccharides on the growth and enzyme-regulation of Bi
adolescentis and a study of the enzymes involved in the degradation of these
transgalactooligsoaccharides.

In chapter 7, the effect of transgalactooligsoaccharides and a hydrolysate of soy
arabinogalactans -containing both oligomeric and polymeric material- on the growth of
bacteria in faecal slurry and their effect on the formation of oligosaccharide degrading
enzymes was studied.

Chapter 8 reports on the effect of transgalactooligosaccharides and fructooligosaccharides on
glycosidase levels in faeces of healthy volunteers and investigates whether glycosidase levels
are markers for prebiotic effects.

Finally, in chapter 9, the main findings are summarised and discussed, and perspectives for
the future are given.
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Fermentation of plant cell wall derived
polysaccharides and their corresponding

oligosaccharides by intestinal bacteria

Van Laere KMJ, Hartemink R, Bosveld M, Schols HA, Voragen AGJ Fermentation of plant cell
wall derived polysaccharides and their corresponding oligosaccharides by intestinal bacteria.
Joumnal of Agricultural and Food Science: In Press

New types of non-digestible oligosaccharides were produced from plant cell
wall polysaccharides, and the fermentation of these oligosaccharides and
their parental polysaccharides by relevant individual intestinal species of
bacteria was studied. Oligosaccharides were produced from soy
arabinogalactan, sugar beet arabinan, wheat flour arabinoxylan,
polygalacturonan, and a rhamnogalacturonan fraction from apple. All of the
tested substrates were fermented to some extent by one or more of the
individual species of bacteria tested. The tested Bacteroides spp. were able to
utilise plant cell wall derived oligosaccharides besides their reported activity
toward plant polysaccharides. The tested Bifidobacterium spp. were also
able to utilise the rather complex plant cell wall derived oligosaccharides in
addition to the bifidogenic fructooligosaccharides. Strains belonging to
Clostridium spp., Klebsiella spp., and Escherichia coli fermented some of
the selected substrates ir vitro. These studies do not allow prediction of the
fermentation in wvive but give valuable information on the fermentative
capability of the tested intestinal strains.



Chapter 2

INTRODUCTION

Non-digestible oligosaccharides (NDOQs) are oligosaccharides, which escape digestion in the
upper gastrointestinal tract. According to the IUB-IUPAC nomenclature, oligosaccharides are
defined as saccharides containing between 3 and 10 sugar moicties (Voragen, 1998). The
oligosaccharides, fructooligosaccharides, and transgalactooligosaccharides belong to the
group of prebiotics meaning that they are non-digestible food ingredients, that beneficiaily
affect the host by selectively stimulating the growth and/or activity of one or a limited number
of bacteria in the colon and thus improve health (Gibson and Roberfroid, 1995). Mixtures of
oligosaccharides which combine the effect of stimulating the body’s own bacteria and those
added (probiotics) are considered as synbiotics (Knorr, 1998).

Some NDOs occur naturally in various plants (Campbell et al, 1997), processed foods and in
human breast milk (Thurl et al, 1996). Non-digestible oligosaccharides, as well as non-starch-
polysaccharides (NSP), resistant starch and mucin can all be regarded as substrate for the
intestinal species of bacteria (Vercellotti et al, 1977). NDOs are commercially produced by
extraction, chemical condensation (Dendene et al, 1994), transglycosylation reactions (Smart,
1993; Barthomeuf and Pourrat, 1995) or controlled hydrolysis of polysaccharides
{Coussement, 1995; Yun et al, 1997). The various types of dietary carbohydrates might
influence the growth of specific bacteria species, their metabolic activity, short chain fatty
acid (SCFA), production and rate of fermentation in different ways dependent on their
structures.

Species often involved in the breakdown of carbohydrates belong to the genera Bacteroides,
Bifidobacterium, Ruminococcus, Eubacterium, Lactobacillus, and Clostridium. Some species
{mainly Bactercides) are regarded as utilising mainly NSP while others grow by crossfeeding
on smaller fragments (often oligosaccharides) produced by primary NSP degraders
{Macfarlane and Cummings, 1991). Bifidobacteria have been reported to be mainly
oligosaccharide utilisers, although some of them are also able to ferment polysaccharides
{Crociani et al, 1994).

Products formed during fermentation in the colon from NSP have been the subject of many
studies, whereas almost no data are available on the fermentation of oligosaccharides derived
from NSP. Most of the research has focused on the influence of fructooligosaccharides and
galactooligosaccharides on the intestinal flora (Ito et al, 1993; Alles et al, 1996; Buddington et
al, 1996; Garleb et al, 1996). However plant cell wall polysaccharides are also an interesting
potential source for the production of oligosaccharides covering a wide range of different
structures. Plant cell wall polysaccharides are present in large amounts as fibre-rich by-
products, e.g., cereal bran, fruit pomace, sugar beet pulp, potato fibre, and press cake of
oleaginous seeds. If required specific extractions can results in polysaccharides which can be
hydrolysed towards oligosaccharides. Little attention is paid to the possible use of plant cell
wall derived oligosaccharides as prebiotic substrate. As these types of oligosaccharides can be
formed during production and/or processing of food (e.g., formation of
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arabinoxylooligosaccharides during bread making in case endo-xylanases are added as bread-
improvers, in fruit juices, purees and nectars if enzymes are used, isomaltooligosaccharides in
beer) they might be an important prebiotic substrate. Also adding these types of
oligosaccharides to the diet might have interesting effects on the composition and/ or activity
of the bacterial flora. Fermentation of complex carbohydrates is assumed to be a result of a
combined action of several bacteria: however, knowledge on how individual intestinal species
of bacteria utilise complex poly- and oligosaccharides is important to better understand their
fermentation in the colon,

The aim of this study was to produce various structurally different oligosaccharides from
plant cell wall polysaccharides and to study the influence of the chemical structure of these
oligosaccharides on the fermentation behaviour by various intestinal bacteria. Further, this
behaviour was compared to the fermentation behaviour of parental polysaccharides and
commercially available oligosaccharides. To obtain more information on the fermentation
capabilities of various intestinal strains, this study was performed with pure cultures and well-
defined substrates.

MATERIALS AND METHODS

Materials

Wheat flour arabinoxylan was obtained from Megazyme (Intemational Ireland Ltd, Wicklow,
Ireiand). Sorghum arabinoxylan was obtained as described by Verbruggen et al, (1995). A
thamnogalacturonan-enriched fraction was isolated from apple liquefaction juice and was
subsequently saponified according to the method of Schols et al (1990). Soy arabinogalactan
was obtained on a small scale as described by Huisman et al (1998), and a large amount of
soy arabinogalactan was a gift from Novo Nordisk Ferment AG (Diftingen, Switzerland).
Sugar beet arabinan was a gift from British Sugar (Peterborough, UK). Polygalacturonic acid
was obtained from ICN (Costa Mesa, CA). Xylooligosaccharides were a gift from Suntory
Ltd. (Yapan). Fructooligosaccharides obtained from inulin by controlied hydrolysis (Raftilose
P95) were kindly provided by ORAFTI (Tienen, Belgium).

Enzymes

Polygalacturonase was purified from Khiyveromyces fragilis (Versteeg, 1979).
Rhamnogalacturonan hydrolase was purified from the commercial preparation Ultra Sp
produced with Aspergillus aculeatus (Novo Nordisk A/S, Bagsvaerd, Denmark). An endo-
xylanase was purified from Aspergillus rubigensis (Graaf et al, 1994). Endo-galactanase and
endo-arabinanase were cloned from A. aculeatus and were kindly provided by Novo Nordisk
A/S (Bagsvaerd, Denmark). The cloned enzymes may not be completely pure since the host
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