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Abstract

The physiological effects of dietary fiber (DFs) depend on several factors including
structural features of the DFs, composition and activity of colonic microbiota, and products
formed during fermentation. In this thesis, the influence of pectin supplementation to feed
fermentation characteristics in rats and pigs was studied. The non-starch polysaccharides
(NSP) present in the selected feed ingredient oats were characterized. Distinct populations
of arabinoxylans (AXs) were observed in oats, compared to those reported for other cereals
like wheat and barley. The fate of cereal AXs and soybean pectin during fermentation and
the consequent effects on appetite regulation and fat accumulation were studied in rats as a
model. Oat AXs were fermented less rapidly than wheat AXs in the caecum of rats. Soy
pectin was fermented more early and efficiently than cereal AXs. A significant inverse
correlation between rat retroperitoneal fat-pad weight and concentration and relative SCFA
proportion of butyrate was observed. In a following in vivo rat experiment, commercial soy
pectin together with three other soluble pectins originating from citrus and sugar beet and
differing in their methyl esterification were individually supplemented to the diets. Their
effects on the utilization of the different DFs present in the feed and the consequent effect
on the microbial community in the colon of rats was studied. All pectins were fermented
rapidly and consequently shifted fermentation of other consumed DFs (e.g. cereal AXs) to
more distal part of colon, although low-methyl esterified pectin was more efficiently
fermented by the microbiota than high-methyl esterified pectin. Results suggested that
pectins can confer beneficial health effects through modulation of the gut microbiota. In a
last in vivo experiment, citrus pectins together with a hydrothermal treated soybean meal
were supplemented to pig diets to study their effect on the digestion and fermentation of
carbohydrates in both the small and large intestine. Pectins, and more particularly low-
methyl esterified pectin, decreased the ileal digestibility of digestible starch resulting in
more starch to be fermentated in the proximal colon of pigs. Consequently, also the
fermentation patterns of DFs and the microbiota composition was affected. All pectins
tested shaped the colonic microbiota from a Lactobacillus-dominated microbiota to a
Prevotella-dominated community, with potential health-promoting effects.
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CHAPTER 1

The project

There is a fast growing pressure on the livestock sector to meet the growing demand for
high-value meat, due to population growth and rising incomes. Despite the debate on meat
consumption, livestock products remain a desired food for the majority of people in the
world, particularly in developing countries. Improvement of feed efficiency is mandatory to
ensure the worldwide demand for animal products. To achieve this goal, the world depends
on new technologies in animal production systems that ensure a more efficient way of meat
production than current systems. In addition to the improvement of production systems,
meat quality is becoming increasingly important for human health. The rising incidence of
obesity among populations in industrialized areas has fueled the demand for a different
feeding pattern to produce e.g. meat with a lower fat content.

The feed efficiency and meat quality are highly dependent on the health of livestock. Using
carbohydrates to influence feeding behaviour, fat deposition and/or microbiota composition
in livestock will be an important tool to improve animal health and to tackle the obesity
problems in the human population.

The aim of the project was to identify specific carbohydrates that are involved in regulation
of animal’s satiety mechanisms and have at the same time beneficial effects on the health of
the animals. As part of the larger project, this thesis focuses on monitoring the fate and
interaction of different dietary fibers (DFs) in the digestive tract, and studying the
consequent modulation on microbiota composition in rats and pigs. The DFs present in
oats, wheat and soybean meal based diets, and isolated DFs (pectins) supplemented to the
diets were characterized.

Dietary fiber

In Europe, DFs are currently defined to consist of carbohydrate polymers with three or
more monomeric units, which are neither digested nor absorbed in the human small
intestine. These polymers belong to the following categories: 1) edible carbohydrate
polymers naturally occurring in the food as consumed; 2) edible carbohydrate polymers,
which have been obtained from food raw material by physical, enzymatic, or chemical
means and which have a beneficial physiological effect demonstrated by generally accepted
scientific evidence; 3) edible synthetic carbohydrate polymers, which have a beneficial
physiological effect demonstrated by generally accepted scientific evidence.

DFs escaped from digestion and absorption in the small intestine are fermented in the large
intestine. Consumed DFs contribute to the improvement of the nutritional status and to the
maintenance of metabolic homeostasis associated with energy balance (Palou et al., 2009).
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They can influence blood glucose and insulin levels, lipid metabolism and, through
fermentation, exert a major control on colonic function. The latter includes bowel habit,
transit, the metabolism and balance of the commensal microbiota and large bowel epithelial
cell health (Cummings et al., 2007). Although these health benefits of DFs were mainly
reported for humans, DFs have also been applied for promoting animal health (Bach
Knudsen, 2001; Lindberg, 2014).

Classification of carbohydrates

Carbohydrates are diverse molecules that can be chemically classified according to their
molecular size (degree of polymerization, DP), as sugars (DP 1-2), oligosaccharides (DP
3-9), and polysaccharides (DP >10) (Bach Knudsen et al., 2012). Carbohydrates within
each group are further categorized on the basis of constituent monosaccharides and the type
of linkage (e.g. alpha and non-alpha) they contain (Cummings et al., 2007). Based on
current knowledge of mechanisms by which dietary carbohydrates exert their influences on
physiology and health, nutritional properties can be incorporated to further classify the
carbohydrates (Englyst et al., 2007). Bioavailability in the small intestine is one of the most
important characteristics of carbohydrates. Digestible carbohydrates represent the
carbohydrates that can be digested by the endogenous enzymes and absorbed in the small
intestine (starch and small sugars). Non-digestible carbohydrates represent the
carbohydrates that escape digestion by endogenous enzymes and potentially are degraded
by microbial fermentation (non-starch polysaccharides and non-digestible oligosaccharides)
(Figure 1.1).

| Carbohydrates |
[ Monosaccharides
%| Disaccharides ! |
> , Dietary fiber
08), Oligosaccharides (DP3-9)
© Maltodextrines Non-a-glucan
O (a-glucans) oligosaccharides
Polysaccharides (DP £10)
Starch ! Non-starch polysaccharides (NSPs)
Rapidly Slowly PrecfeEnt Pectins (e.g. Homogalacturonan; Rhamonogalacturonan 1);
digestible digestible Hemicelluloses (e.g. B-Glucan; Arabinoxylan); Cellulose
Digestible Non-digestible

Figure 1.1 Classfication of dietary carbohydrates with respect to their digestibility in the small
intestine. The gray box indicates the carbohydrates considered as dietary fibers (DFs). Adapted from
Jonathan (2013) and Bach Knudsen et al. (2012).
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Non-starch polysaccharides

Non-starch polysaccharides (NSP) present in the plant cell wall are major components of
DFs in the diet of animals. The main NSP are pectins, hemicelluloses and cellulose.

For plants, the cell wall is an important structure that determines cell shape, glues cells
together, provides essential mechanical strength and rigidity, and acts as a critical barrier
against pathogens (Cosgrove, 2000). In general, there are two types of walls (Figure 1.2).
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Figure 1.2 Schematic representation of the type | and Il cell walls present in plants (Carpita et al.,
2008).

Type | cell walls (Figure 1.2A) are found in all dicotyledons (e.g. soybean) and about in
half of the monocotyledonous plants. Cellulose microfibrils are coated with cross-linked
xyloglucans, and to a lesser extent, also with glucuronoarabinoxylans (GAXs) and
glucomannans, to construct the framework of type | cell walls. This framework is
embedded in a pectin matrix of homogalacturonans and rhamnogalacturonan | (Carpita et
al., 2008). Type Il cell walls (Figure 1.2B) are present in the poales (e.g. oats and wheat)
and related commelinoid monocotyledons. The cellulose network is coated and tethered by
GAXs and mixed-linkage (1-3),(1-4)-p-D-glucans in an acidic polysaccharide network of
highly-substituted GAXs and some pectins. A network of acidic phenylpropanoids and
lignin is also present in some type Il cell walls (Carpita et al., 2008). The individual types
of polysaccharides present in the plant cell wall are discussed in more detail.



General introduction

Pectins

Pectin covers an extremely complex family of polysaccharides present in all plant primary
cell walls. Pectin molecules are mainly composed of: homogalacturonan (HG),
rhamnogalacturonan I and Il (RG-lI and RG-II, respectively), xylogalacturonan (XGA),
arabinan, arabinogalactan type | and type Il (AG-I, AG-II) (Figure 1.3).

HG is a polymer that consists of a backbone of a-(1-4)-linked galacturonic acid (GalA)
residues. The GalA residues can be esterified with methanol at C-6 and/or acetylated at the
0-2 and/or O-3 position (Gee et al., 1959; Ralet et al., 2008). In general, the degrees of
methyl esterification (DM) of HG isolated from cell wall matrix (e.g. citrus peel) are high.
The high-methyl esterified pectin can be chemically and enzymatically modified to produce
series of citrus pectins with different DM. The DM has an impact on gelation properties
(Ralet et al., 2001), fermentation patterns and bioactivities of pectins (Dongowski et al.,
2002; Hino et al., 2013).

HG can be substituted at O-3 by xylose (xylogalacturonan) in apple (Schols et al., 1995),
pea (Le Goff et al., 2001) and soybean (Huisman et al., 1999; Nakamura et al., 2002). In
some aquatic monocotyledons, apiose has been described as an HG substituent
(apiogalacturonan) (Gloaguen et al., 2010). Part of the HG backbone also can carry clusters
of four different side chains in a defined pattern, constituting rhamnogalacturonan Il (RG-
I1), which is a minor substructure, but well conserved (Darvill et al., 1978; O'Neill et al.,
2004). The side chains of RG-11 contain peculiar sugar residues, such as apiose, aceric acid,
2-keto-3-deoxy-D-lyxo-heptulosaric acid (Dha), and 2-keto-3-deoxy-D-manno-octulosonic
acid (Kdo) (Figure 1.3).

RG-I has a backbone composed of the repeating disaccharide [-2)-a-L-Rhap-(1-4)-a-D-
GalpA-(1-]. RG-I is commonly found in legumes, fruits and vegetables. Depending on the
plant sources, 20-80% of the rhamnose residues are substituted at O-4 with arabinan,
galactan and/or arabinogalactan (types | and Il) (Voragen et al., 2009). The RG-I backbone
may be highly O-acetyl esterified at the O-2 and/or O-3 position of GalA residues (Carpita
etal., 1993; Schols et al., 1994).

Arabinogalactan | (type I) is composed of a f-(1-4)-linked Galp backbone with a-L-Araf
residues (single and multiple) attached to O-3 of the Galp residues. Arabinogalactan |1
(type 1) is composed of a -(1-3)-linked Galp backbone, containing short side chains of a-
L-Araf-(1-6)-[-D-Galp-(1-6)]n (n=1, 2, or 3) (Voragen et al., 2009). The relative
proportions and chain lengths of those substructures are strongly dependent on plant origin.
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(Hemi)celluloses
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Figure 1.3 Schematic representation of NSP structures (Hilz, 2007).

Hemicelluloses

Hemicelluloses are a heterogeneous class of polymers, defined as the alkali extractable
material from plant cell wall after removal of the pectic substances (Spiridon et al., 2008).
Hemicelluloses can be divided into four general classes of structurally different cell-wall
polysaccharide types, i.e., xylans, f-glucans with mixed linkages, mannans and xyloglucans
(Figure 1.3) (Ebringerova et al., 2005). Xylans and mixed linkage (1-3),(1-4)-5-D-glucans
are the most abundant hemicelluloses in cereals.
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Xylans ara composed of a main chain of S-(1-4)-Xylp units, which can be substituted with
a-L-Araf residues (AXs), (4-O-methylated) glucuronic acid (glucuronoxylans), or both
(GAXs) (lzydorczyk et al., 1995). Xylans can be esterified with acetic acid at the O-2
and/or O-3 position and can be feruloylated and p-coumaroylated at the Araf residues (Ishii
et al., 1990). The frequency of Araf substitution which depends on the species of cereals are
generally characterized by the ratio of Ara/Xyl (Izydorczyk et al., 1995). For example, the
AXs from endosperm of rice and sorghum seem to consist of more highly branced xylan
backbones than those from endosperm of wheat, rye and barley, as indicated by the higher
Ara/Xyl ratio. The Ara/Xyl ratio for AXs from wheat bran is usually higher than that for
wheat endosperm (Izydorczyk et al., 1995).

Mixed linkage (1-3),(1-4)-p-D-glucans are mainly composed of two major building blocks:
cellotriose (DP3) and cellotetraose (DP4) units that are linked by $-(1-3) linkages to form
the polymer (Roland et al., 1995). The conformation of mixed linkage f-glucans is more
extended and less ordered than that of cellulose, which causes the polymers to be soluble in
water. The ratio of DP3 to DP4 (DP3/DP4) characterizes the different types of cereal mixed
liked g-glucans (Tosh, 2004). The DP3/DP4 ratio is 2.8-3.3 for g-glucan of barley, while it
is only 2.1-2.4 for oat S-glucan (Lazaridou et al., 2004).

Cellulose

Cellulose is a linear homopolymer of $-(1-4) linked glucose units and is the most abundant
molecule in nature (Moon et al., 2011). The chains can stack together to form larger
microfibrils which make cellulose insoluble in water. Cellulose microfibrils associate with
other cell wall polysaccharides, such as the (1-3,1-4)-$-D-glucans, heteroxylans (AXs) and
glucomannans to form the framework of plant cells (McCann et al., 1991).

Starch

Besides NSP, starch is also a potential source of DFs for production animals. Starch is the
most abundant storage polysaccharide in plants and is the major component of diets.
Chemically, starches are composed of a number of glucose residues linked together with a-
D-(1-4) and/or a-D-(1-6) linkages. Starch consists of two main structural components:
amylose and amylopectin. Amylose is essentially a linear polymer in which glucose
residues are a-D-(1-4) linked, typically constituting 15% to 20% of the starch. Amylopectin
is a large branched molecule with a-D-(1-4) and «-D-(1-6) linkages and is a major
component of starch (Sajilata et al., 2006). Based on the action of enzymes and the rate and
extent of digestion in the small intestine, starch is typically classified into three groups:
rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch (RS)
(Berry, 1986; Sajilata et al., 2006).
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On the basis of factors that cause starch to be resistant to digestion, RS is divided into five
subtypes (Englyst et al., 1992; Raigond et al., 2015): RS1, starch which is physically
inaccessible to digestion due to the entrapment; RS2, starch present in starch granules
which are protected from digestion by their conformation or structure; RS3, starch which is
physically modified (mainly retrograded); RS4, starch which is chemically modified; RS5,
starch which is present in amylose-lipid complexes.

Selected dietary fiber sources

DFs present in the diets have an important role in constituting animal health and
maintaining normal physiological function in the digestive tract of animals (Lindberg,
2014). Cereal grains (e.g. oats) and legumes (e.g. soybean) are generally excellent sources
of carbohydrate, protein and DFs. In addition, they are good sources of many B-group
vitamins, vitamin E, and a number of minerals, especially iron, zinc, magnesium and
phosphorus (Williams et al., 2008). Cereal grains, legumes and their processing by-
products are the major ingredients of animal diets (Bach Knudsen, 1997; Singh et al.,
1992).

Oats (Avena sativa), like other cereal grains, are used as starch source (starch content, 47%,
w/w) in animal feeds (Bach Knudsen, 1997). The protein and fat contents of ground oat
grains are 13% (w/w) and 9% (w/w), respectively (Virkki et al., 2005). The main nutritional
and health interests of oats have been the well-documented effects on cholesterol
metabolism in animals. This is brought about by the mixed-linkage (1-3),(1-4)-5-D-glucans
in oats, which reduces the reabsorption of bile acids in the small intestine and thereby
drains the cholesterol (Braaten et al., 1994). The concentration of DFs in hulled oats is
about 30% (w/w), which includes 3% mixed linkage p-glucans, 11%
(glucurono)arabinoxylans, 8% cellulose and 7% lignin (Bach Knudsen, 1997). Mixed
linkage fS-glucan is a major (41%) component of the water-soluble DFs of oats, and the
ratio of DP3 to DP4 (DP3/DP4) is 2.1-2.4 (Lazaridou et al., 2004; Wood et al., 1994).

Defatted soybean (Glycine max), by-product from the vegetable oil industry, has typically a
high content of protein (48%, w/w) and is widely used in animal feeds (Choct et al., 2010).
The carbohydrate content in soybean meal is 35% (w/w) on a dry matter basis. The
carbohydrates consist of 30% DFs and 5% sucrose on a dry matter basis, while almost no
starch is present. The DFs consist of 57% pectic polysaccharide, 27% cellulose, 13%
stachyose and 3% raffinose (Choct et al., 2010). Twenty percent of DFs in soybean meal is
water soluble (Bach Knudsen, 1997). The pectic polysaccharides in cell wall of soybean
meal are mainly rhamnogalacturonans, xylogalacturonans and arabinogalactan type |
(Huisman et al., 1999).
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Pectins are extracted from suitable agro-by-products, like citrus peel and apple pomace, and
are used in the food industry as natural ingredients for their gelling, thickening, and
stabilizing properties (Voragen et al., 2009). These pectins, varing in molecular weight,
degree of methyl esterification and neutral sugar side chains, are typically extracted under
acidic conditions (pH 1.5-2) at higher temperatures (60-90 °C) (Wicker et al., 2014). Some
isolated pectins, such as citrus pectin (Dongowski et al., 2002), soy pectin (Levrat et al.,
1991), sugar beet pectin (Wicker et al., 2014), have gained interest for their health
modulating activities in animals (Lindberg, 2014).

Health benefits of dietary fiber

DFs have an important role in animal diets and a minimum level of DFs has to be included
to maintain normal physiological function in the digestive tract (Wenk, 2001). In the
stomach and small intestine, the effects of DFs are associated with their physical
characteristics (e.g. viscosity, water holding capacity and ion exchange capacity), which are
the main contributors to glucose and lipid metabolism (Kay et al., 1977). In the large
intestine, DFs are major carbon sources enabling the growth of microbiota. The
fermentation of DFs modulates the composition of microbiota and generates various
bioactive polymer/oligosaccharides and metabolites, such as short chain fatty acids
(SCFAs). The latter can influence the health status of host (den Besten et al., 2013; Flint et
al., 2012b; Simpson et al., 2015). The SCFAs produced in rats, pigs and humans provide
5%, 25% and up to 10% of energy requirement of the host, respectively (Bergman, 1990).
DFs can stimulate responses of a wide variety of gastrointestinal hormones to increase the
satiety, regulate eating behavior and overall improve animal wellbeing (Anderson et al.,
2009; Juvonen et al., 2009), although the obvious need for DFs in the animal diet is not
mentioned in the nutrient requirement tables. A major concern when including DFs in diets
for mono-gastric animals is that a high DF content is associated with a decreased nutrient
utilization and low net energy values (Noblet et al., 2001). Nevertheless, the negative
impact of DFs on nutrient utilization and net energy value will be determined by the DF
properties and may differ considerably between DF sources.

Utilization of dietary fiber in animals

Pigs
Pork is the most commonly consumed meat worldwide (FAO, 2014). The feed efficiency
and health of pigs is of large importance to support a sustainable production. The feed

consumed directly enters the stomach, where gastric juices are produced to start digestion.
A schematic gastrointestinal tract of a pig is shown in Figure 1.4. Pigs mainly absorb the
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nutrients that are enzymatically produced from the macromolecules (starch, proteins and
lipids) in the small intestine. The degradation of DFs that are resistant to the endogenous
enzymes starts in the small intestine (Bach Knudsen et al., 1991). It has been reported that
DFs can be partly fermented in the ileum of pigs (Gdala et al., 1997). A higher extent of
digestion of DFs in the small intestine of pig than that of man has been reported (Mathers,
1991). The DFs are mainly fermented in the large intestine of pigs by gut microbiota,
yielding SCFAs, lactate and gases. The SCFAs produced are absorbed in the intestine and
thereby serve as energy source for the pigs (Bergman, 1990). Although the degradation of
DFs in the gastrointestinal tract of pig can be studied by cannulation or by sacrificing the
animal, monitoring of DF fermentation in vivo using pigs is still costly.

Pig Rat
stonlach stomach

@'.: -J'.E?ﬁi'»
g -uvg.

AS
SRR

small intestine

small intestine
r 1
0 c©m 20

Figure 1.4 Gastrointestinal tract of rat and pig (Stevens et al., 1998).

The rat model

Rats are useful animal models with regard to study the digestibility of DFs in pigs (Wisker
et al., 2003). The great value of the rat model lies in the economic factors associated with
small feed intake, facilities and time, which allows the use of large numbers of animals and
a rapid collection of data during testing (Wisker et al., 2003). The use of inbred strains can
greatly reduce experimental variability (Graham et al., 1987). A schematic gastrointestinal
tract of rat is also shown in Figure 1.4. The gastrointestinal tract of rats is much shorter than

10
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that of pigs, which results in a shorter transit time in rats than in pigs. Nonetheless, the fecal
digestibility of DFs in rats is only slightly lower (=5%) than that in pigs (Wisker et al.,
2003). Rat has a relative larger caecum than pigs when the body weights are taken into
account, which suggests that a higher proportion of fermentable DFs can be utilized in the
caecum of rats than pigs.

The starch, protein and lipid are digested into simpler elements (e.g. glucose, amino acid
and fatty acids) by the endogenous enzymes in the stomach and small intestine. These
elements pass through the mucous membrane of the small intestine into the blood and
lymph. The digestibility values for protein, energy and fat have in general been reported to
be very similar for the rats and pigs (Bach Knudsen et al., 1994). Due to the size of the rats,
the amount of sample material collected from the rat intestine may not always be sufficient
for various analyses, which is obvious less than that of samples obtained from pigs.

Apparent digestibility of dietary fiber

Fermentation of DFs is more variable than digestion starch, fat and protein (Bach Knudsen
et al., 2008; Wisker et al., 2003). The variation in fermentability of DFs is mainly due to the
physico-chemical properties of DFs (e.g. chemical composition, solubility and viscosity),
animal, animal age, fermentation site, transit time, DF-nutrients interactions and DF-DF
interactions. An average of 21% of ingested NSP is fermented during passage of the small
intestine of pigs fed with cereal grains based diets (Bach Knudsen et al., 2008). The average
fecal digestibility of NSP in the diets based on wheat and oats are 77% and 84% in rats and
pigs, respectively (Wisker et al., 2003). Pectins, f-glucans and soluble AXs are rapidly
fermented by the microbiota in the caecum and proximal colon of rats (Dongowski et al.,
2002; Nyman et al., 1986) and pigs (Bach Knudsen et al., 1993; Drochner et al., 2004) or in
the colon of humans (Cummings et al., 1979). In contrast, insoluble DFs (e.g. insoluble
AXs, cellulose) are degraded slowly at more distal parts of the colon in pigs (Bach Knudsen
et al., 1993; Glitso et al., 1998) and rats (Damen et al., 2011). The apparent digestibility of
crude fiber increased with age of pigs fed a cereal-soybean non-antibiotic diet (Niu et al.,
2015).

Interactions between dietary fiber and microbiota

The intestinal microbiota of adult pigs comprises more than 375 different phylotypes,
mainly from the Firmicutes and Bacteroidetes phyla (Hill et al., 2002; Leser et al., 2002).
The stomach and small intestine of pigs are predominantly colonized by Lactobacillus
strains, but also by Bifidobacterium, Streptococcus, Clostridium and enteropathogenic
bacteria (Henriksson et al., 1995; Hill et al., 2005; Jensen, 2001). The major bacterial
groups in the gastrointestinal tract of pigs include species in genera Bacteroides,

11
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Butyrivibrio, Clostridium, Escherichia, Eubacterium, Fusobacterium, Lactobacillus,
Peptostreptococcus, Prevotella, Ruminococcus, Selenomonas and Streptococcus (Aumiller
et al., 2015; Gaskins, 2000; Leser et al., 2002).

Bacterial phyla described in the gut microbiota of rats are mainly Firmicutes, Bacteroidetes
and to a lesser extent phyla Proteobacteria and Actinobacteria. The phyla present in the gut
of rats are similar to those present in the intestines of humans and mouse (Manichanh et al.,
2010; Tomas et al., 2012). Lactobacillus species represent a high proportion of the
microbiota in the duodenum (31%) and ileum (54%) of rats (Wirth et al., 2014).
Lactobacillus is one of the predominant bacteria in the colon of rats (Delroisse et al., 2008;
Wirth et al., 2014; Zhu et al., 2015). Other genera like Clostridium, Eubacteria,
Ruminococcus, Bacteroides, Prevotella and Alistipes are also present in rats (Brooks et al.,
2003). In contrast, Bifidobacterium was scarcely detected in rats (Brooks et al., 2003; Wirth
etal., 2014).

The microbial community and consequent microbial metabolites produced in the
gastrointestinal tract of animals can be potentially affected by the fermentable DFs
available (Simpson et al., 2015). However, the effects of DFs on microbial community vary
between DFs, because of the diversity in their chemical structures (Hamaker et al., 2014;
Kumar et al., 2012) and accessibility for microbial enzymes (Gilbert, 2010). None of the
Bifidobacterium and Lactobacillus strains could degrade unbranched rhamno-
oligogalacturonides, rhamno-oligogalacturonides carrying galactosyl branches, or
oligogalacturonides with DP of 3 to 9, while Clostridium and Bacteroides could do so (Van
Laere et al., 2000). A strong bifidogenic effect was obtained with inulin, arabinan,
arabinooligosaccharides, galactan, and galactooligosaccharides (Onumpai et al., 2011).
Highly branched xylans from wheat flour and sorghum could be fermentable by
Bacteroides, but not by Clostridium (Van Laere et al., 2000). Microbiota have different
abilities to cleave the linkages in these DFs to obtain monosaccharides by the microbial
enzymes secreted. In return, the DFs can stimulate certain microbiota strains due to their
specific structures (Table 1.1).
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CHAPTER 1

Interactions between microbiota/metabolites and host

Fermentation of DFs in the large intestine results in the production of SCFAsS, lactate and
succinate, along with gases, like H,, CO, and CH, (Williams et al., 2001). SCFAs have
been reported to be correlated with health benefits. Butyrate is the preferred energy
substrate of colonocytes, propionate is a substrate for hepatic gluconeogenesis, whereas
acetate is a preferred substrate for lipogenesis (Wong et al., 2006). SCFAs have also been
found to be involved in cholesterol reduction in both humans and animals (den Besten et
al., 2013). Microbial SCFAs play a role in appetite regulation and energy homeostasis as
signalling molecules for receptors, such as G protein-coupled receptors (GPCR), which
may contribute to regulation of nutrient uptake and fat deposition (Byrne et al., 2015; den
Besten et al., 2013; Kimura et al., 2013). The activation of GPCR41 and GPCR43 may
increase gut hormones, such as glucagon-like peptide-1 (GLP-1) and peptide YY (PYY),
which increase satiety (Kimura et al., 2013). A detailed description of food intake
behaviour has been given by overall meal parameters, such as meal size, meal number,
meal duration and meal speed (Bassil et al., 2007).

Both microbiota constituents (e.g. microbiota-derived lipopolysaccharide, LPS) and
bacterial metabolites (e.g. SCFASs) have been linked to the regulation of immunity and
inflammation (Belkaid et al., 2014). The microbiota plays a vital role in training and
function of the host immune system. LPS is a class of powerful pro-inflammatory molecules
from the cell wall of microbiota (Everard et al., 2013), which conditions gut epithelial cells
to become hypo-responsive to subsequent Toll-like receptor (TLR) stimulation (Lotz et al.,
2006). A bacterial cell surface-associated exopolysaccharide (EPS) showed anti-
inflammatory activities in the host (Fanning et al., 2012). SCFAs, particularly butyrate,
exert broad anti-inflammatory activities by affecting immune cell migration, adhesion,
cytokine expression as well as affecting cellular processes, such as proliferation, activation,
and apoptosis (Meijer et al., 2010). Moreover, the oligosaccharides and modified polymers
from the degradation of DFs by microbiota may directly interact with the receptors in the
immune cell and consequently stimulate the immune response. It has been reported that
pectin derived acidic oligosaccharides (AOS), galacto-oligosaccharides (GOS) and fructo-
oligosaccharides (FOS) can modulate the immune system in mice (Vos et al., 2007).

Based on the information provided above in the sections, understanding of the role of DFs
in host physiology requires the integration of the structure of DFs, the fate of DFs in the
intestine, the SCFA pattern (levels and proportions), the microbial community and the
locations of DFs fermentation and SCFA production. The potential mechanisms of dietary
fiber on modulating the health status in a mono-gastric animal, such as pigs, were
summarized in a diagram (Figure 1.5), on the basis of the previous studies (Bassil et al.,
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2007; den Besten et al., 2013; Flint et al., 2012a; Kimura et al., 2013; Sekirov et al., 2010;
Ye et al., 2013). The microbial SCFAs can be absorbed and metabolized as an energy
source, and are involved in regulation of fatty acid, glucose and cholesterol metabolisms
(den Besten et al., 2013). A significant body of evidence from animals suggests that SCFAs
have a beneficial role in appetite and energy homeostasis (Byrne et al., 2015). In addition,
DFs have been reported to interact directly or indirectly with the immune system, triggering
several cellular/molecular events, leading to immune system activation (Leung et al., 2006).
In general, the energy balance and SCFAs mediated hormone release control the eating
behaviour of animals. For these reasons, there is a complex interaction network between
host, diet and the gut microbiota (Figure 1.5).
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Figure 1.5 Interactions between dietary fiber, gut microbiota and host response with implications for
health.
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CHAPTER 1

Thesis outline

As described above, feed DFs regulate the fermentation patterns and may consequently
influence the health of animals. The overall aim of the work presented in this thesis is to
understand the interactions between gut microbiota and the DFs mostly present in animal
feeds. The degradation of pectins and other DFs (mainly cereal AXs), and consequently the
change in microbiota composition is monitored in gastrointestinal tract of rats and pigs.

As whole grain oat is widely used as human food and animal feed, Chapter 2 describes the
characterization of NSP in oats. Cell wall polysaccharides present in oats were sequentially
extracted using different solvents and analyzed for their structural characteristics using
enzymatic fingerprinting. In Chapter 3, the fate of oat NSP and previously characterized
soy pectin in the large intestine of rats is described. SCFAs produced during the in vivo
fermentation, SCFA-associated food intake, body weight and visceral fat mass were
compared between oats-enriched diet-fed rats, soybean meal-enriched diet-fed rats and the
controls. Soluble DFs are usually considered to be more fermentable than insoluble ones.
Hence, different types of soluble pectin were introduced and supplemented to the diets to
study their effects on the utilization of total DFs consumed and the consequent effect on the
microbial community in the colon of rats (Chapter 4) and pigs (Chapter 5). Hydrothermal
treatment (autoclaving) was used to solubilize pectin from the soybean meal, and the
consequent effects on fermentation pattern and microbiota composition were studied in pigs
(Chapter 5).

Chapter 6, as the final chapter of this thesis, provides a summary of the results presented in
this thesis. The impact of these studies and new insights obtained are discussed. We aim to
expand the knowledge on interactions between the dietary carbohydrate, microbiota and
host. It could contribute to how dietary fiber composition can be formulated to obtain
desired changes in microbiota composition for improved health.
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Chapter 2

Characterization of (glucurono)arabinoxylans
from oats using enzymatic fingerprinting

Abstract

Cell wall material from whole oat grains was sequentially extracted to study the structural
characteristics of individual arabinoxylan (AX) populations. Arabinofuranose (Araf) was
singly substituted at both O-3 (mainly) and O-2 positions of xylopyranose (Xylp), and no
disubstitution of Xylp with Araf residues was found in oat AXs. Both highly substituted
and sparsely substituted segments were found in AXs in Ba(OH), extracts, whereas AXs in
1 and 6 M NaOH extracts were rarely branched and easily aggregated. Both O-2-linked
GIcA and 4-O-MeGIcA residues were present in oat AXs. A series of AX oligomers with
galactose as a substituent was detected for the first time in oats. The present study
suggested that the distribution of Araf was contiguous in oat AXs, different from the
homogeneous distribution of Araf in wheat and barley AXs, which might result in different
fermentation patterns in humans and animals.

Published as:

Tian, L., Gruppen, H., & Schols, H. A., Characterization of (Glucurono)arabinoxylans from Oats
Using Enzymatic Fingerprinting. Journal of Agricultural and Food Chemistry 2015, 63, 10822-10830.
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Introduction

In recent years, human and animal experiments have clearly shown that the consumption of
cereals rich in nonstarch polysaccharides (NSP) is associated with a reduced risk of obesity,
type 2 diabetes, cardiovascular diseases, and some forms of cancer (Borneo et al., 2012;
Salonen et al., 2014). The health benefits are partly ascribed to fermentation of NSP by the
microbiota in the gastrointestinal tract. Microbial degradation of NSP, however, is subject
to restrictions due to their complexity and lack of accessibility by bacterial enzymes
(Wisker et al., 2007). In addition, NSP limits accessibility of starch. Due to the limited
degradation of the complex structure of NSP, the starch can be poorly accessed by enzymes
in the gastrointestinal tract (Kim et al., 2005).

Whole grain oat (Avena sativa), widely used as human food and animal feed, contains up to
23% (w/w) of NSP (Bach Knudsen, 1997; Borneo et al., 2012), mainly composed of mixed
linkage (1-3),(1-4)-p-D-glucans (B-glucan) and arabinoxylans (AXs) besides cellulose
(Bach Knudsen, 1997). To understand the mechanism of their biological functions and to
improve the fermentability, detailed studies on the chemical structure, physicochemical
properties and enzymatic degradation of NSP are needed (Ramasamy et al., 2014; Roland et
al., 1995).

The mixed-linked glucans are mainly composed of two major building blocks: cellotriose
(DP3) and cellotetraose (DP4) units linked by $-(1—3) linkages to form the polymer (Wood,
2010). The ratio of DP3 to DP4 (DP3/DP4) is used to characterize different types of cereal
p-glucans (Tosh, 2004). Oat p-glucan, constituted of 70% 4-O-linked and 30% 3-O-linked
S-D-Glup units, has been extensively characterized (Tosh, 2004; Tosh et al., 2010; Wood,
2010). In contrast, relatively little is known about oat AXs.

Oat AXs are composed of a main chain of S-(1-4)-Xylp units, which can be mono-
substituted by a-L-Araf residues at the O-2 or O-3 position and/or disubstituted at O-2 and
0-3 (Westerlund et al., 1993). Cell walls of oats have been sequentially extracted to study
details of AXs present (Virkki et al., 2005). AXs with different ratios of arabinose to xylose
(A/X) were found in different extracts. However, the A/X ratio is not fully indicative of the
precise structure of AXs, especially in relation to the distribution of substituents over the
main chain (Viétor et al., 1992). Specific enzymes could be used to reveal such a
distribution of substituents, as previously done for barley and wheat (Gruppen et al., 1993;
Viétor et al., 1994). The distribution of the substituents over the xylan backbone may differ
for individual AX populations but also depends on the source of AXs (lzydorczyk et al.,
1995).

Besides a-L-Araf substitution, also the presence of uronic acids attached through O-2 Xylp
has been reported for oats (Bach Knudsen, 1997; Kormelink et al., 1993c). However,
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glucuronic acid (GIcA) and its 4-O-methylated derivative (4-O-MeGIcA) containing
oligosaccharides are scarcely identified in oat (glucurono)arabinoxylan enzyme
hydrolysates (Pastell et al., 2009).

In the present study, whole-grain oats were used to obtain NSP, which were fractionated
using sequential extraction. The NSP fractions were characterized by their constituent
monosaccharide composition and molecular weight distribution. Oligosaccharides obtained
after enzymatic degradation of oat AXs were identified and quantified to understand the
substitution patterns of the AXs.

Materials and methods

Materials

Oat (Avena sativa) grains were harvested in Poland (2011) and supplied by Agrifirm
(Apeldoorn, The Netherlands). Wheat arabinoxylan (medium viscosity), a-L-
arabinofuranohydrolase-D3 (AXH-d3, GH family 43) from Bifidobacterium adolescentis
(van den Broek et al., 2005) and endo-1,3(4)-f-D-glucanase (lichenase, GH 16) from
Bacillus subtilis were purchased from Megazyme (Bray, Ireland). Endo-(1,4)-5-D-xylanase
I (Endo I, GH 10) was purified from Aspergillus awamori CMI 142717 (Kormelink et al.,
1993b). Endo-(1,4)-p-D-xylanase 111 (Endo 11, GH 11) was purified from Aspergillus niger
Al16 DSM 5082M1. a-Glucuronidase was purified from Trichoderma viride, and contained
traces of S-xylosidase activity (Kroef et al., 1992). Xylose was purchased from Sigma-
Aldrich (Steinheim, Germany). Xylobiose, xylotriose, and xylotetraose were purchased
from Megazyme (Bray, Ireland).

Preparation of alcohol-insoluble solids and sequential extraction

The whole oat grains with hulls were milled using a centrifugal mill (ZM 200, Retsch,
Haan, Germany) to a particle size of <0.5 mm. The resulting flour was defatted using
petroleum ether in a Soxhlet apparatus and air-dried. Defatted sample (100 g) was
suspended in 900 mL of NaOAc buffer (50 mM, pH 5.2) containing 5 mM CaCl,. Starch
was gelatinized by heating the suspension at 85 °C for 1 h. After cooling to 30 °C, 10 mg of
a-amylase (0.548 U/g, from Bacillus licheniformis, Sigma-Aldrich, Schnelldorf, Germany)
and 300 mg of amyloglucosidase (11.6 U/mg, from Rhizopus mold, Sigma-Aldrich) were
added to hydrolyze the starch. After 20 h of incubation, ethanol was added to 80% (v/v) and
the suspension was centrifuged (20 min, 30000 x g, 20°C). The degradation of starch and
the precipitation step was repeated for the residue obtained. The final residue was washed
three times with 95% (v/v) aqueous ethanol, freeze-dried, and denoted alcohol-insoluble
solids (AIS).
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AIS were sequentially extracted on the basis of a method described before (Gruppen et al.,
1992) with minor modifications. Briefly, saturated Ba(OH), solution containing 0.26 M
NaBH, was used to extract AXs (BE1). After centrifugation, the residue was extracted with
Milli-Q water (BE2). Next, the leftover from water extraction was further extracted with 1
M NaOH containing 0.26 M NaBH, (dilute alkali-soluble solids, 1 MASS) two times and
with 6 M NaOH containing 0.26 M NaBH, (concentrated alkali soluble solids, 6 MASS)
two times.

Chemical composition analysis

Dry matter content and ash content

Dry matter and ash contents were determined in duplicate by drying overnight at 103°C in
an oven, and by incineration at 550 °C to a constant weight, respectively.

Protein content

Protein content was determined using the combustion method (DUMAS) on a Thermo
Quest NA 2100 nitrogen analyzer (Interscience, Troy, NJ, USA). D-Methionine was used
for calibration. Protein content was calculated as nitrogen content x5.5 (Tkachuk, 1969).
Starch and mixed-linkage f-glucan contents

Total starch content was analyzed using the starch kit from Megazyme. Glucose and
maltodextrins were regarded as starch degradation products and were included in the starch
content analysis. Mixed-linked fS-glucan content was determined using a mixed-linkage -
glucan content kit (Megazyme).

Constituent monosaccharide content and composition

Samples were prehydrolysed with 72% (w/w) H,SO, for 1 h at 30 °C followed by
hydrolysis with 1 M H,SO, for 3 h at 100 °C. The monosaccharides released were
derivatized into their alditol acetates and determined by gas—liquid chromatography
(Englyst et al., 1984) (Focus-GC, Thermo Scientific, Tewksbury, MA, USA) using inositol
as an internal standard. Uronic acid content was determined as anhydrouronic acid content
using an automated colorimetric m-hydroxydiphenyl assay (Thibault, 1979), including
0.3% (w/w) Na,B,;0-10H,0 in the concentrated H,SO,.

Acetic acid content

The acetic acid released from oat AIS (30 mg) after saponification was determined in
duplicate using HPLC as described before (Van Dongen et al., 2011).

Enzymatic hydrolysis

Fractions (5 mg of carbohydrate) from oat AIS were dissolved in 1.0 mL of NaOAc buffer
(10 mM, pH 5.0) and incubated at 37 °C for 24 h with Endo I, Endo I1l, AXH-d3, and a-
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glucuronidase individually and in combination. Following incubation, the enzymes were
inactivated at 100 °C for 5 min, and the digests were centrifuged (10000 x g, 10 min, 20
°C) before further analysis.

Molecular weight distribution

Oat extracts and their enzymatic digests were analyzed for molecular weight distribution
using high-performance size exclusion liquid chromatography (HPSEC) as described
before (Ramasamy et al., 2014). A Super AW-L guard column (4.6 mm i.d. x 35 mm,
Tosoh Bioscience, Tokyo, Japan) and three TSK-gel columns (6 mm i.d. x 150 mm)
connected in series (4000, 3000, and 2500 SuperAW; Tosoh Bioscience, Tokyo, Japan)
were used for analysis. The molecular mass of polysaccharides was calculated using a
calibration curve using pullulan standards (Sigma, St. Louis, MO, USA).

Characterization and quantification of monomers and oligomers using HPAEC

The enzymatically released monosaccharides and oligosaccharides were analyzed by high-
performance anion exchange chromatography (HPAEC) using an ICS 5000 system
(Thermo Scientific, Sunnyvale, CA, USA) equipped with a CarboPac PA-1 column (2 mm
i.d. x 250 mm) in combination with a CarboPac guard column (2 mm i.d. x 50 mm) and
pulsed amperometric detection (PAD) (Van Gool et al., 2011). Quantification of
monosaccharide and oligosaccharides was based on the response factor of xylose to
xylotetraose and was expressed as percentage (w/w%) of the particular monosaccharide or
of oligosaccharide relative to the total amount of AXs present in the sample (Van Gool et
al., 2011, 2012).

The A/X ratio for the undegradable residue (Rs) was calculated using the equation

_ A1/(A1+X1)-YxA2/(A2+X2) _ R1/(R1+1)-YXR2/(R2+1)
e X1/(A1+X1)-YxX2/(A2+X2)  1/(R1+1)-Y/(R2+1)

R,

in which Al and X1 are the amounts of arabinose and xylose in the AXs used for enzyme
incubation, R1 (=Al1/X1) is the A/X ratio calculated on the basis of sugar composition
analysis, A2 and X2 are the weights of arabinose and xylose in the quantified
monosaccharide and oligosaccharides (<DP 9) in the enzyme diegest, R2 (=A2/X2) is the
A/X ratio calculated of quantified monosaccharide and oligosaccharides in the enzyme
digest, and Y is the total percentage (w/w%) of enzymatically released monosaccharide and
oligosaccharides from the AXs in oat fractions.

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS)

MALDI-TOF MS was performed to analyze enzyme digests using an Ultraflextreme
workstation (Bruker Daltonics, Bremen, Germany). Mass spectra were obtained in positive
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mode using a nitrogen laser of 337 nm. After a delayed extraction of 200 ns, ions were
accelerated to a kinetic energy of 12 kV and detected using the reflector mode. Samples
were desalted using AG 50W-X4 resin, and 1 pL of the desalted sample was added to 1 uL
of 10 mg/mL 2,5-dihydroxybenzoic acid (Bruker Daltonics) in 50% (v/v) acetonitrile on the
MALDI plate. The sample mix was dried under a stream of warm air before analysis. A
mixture of potato starch maltodextrins MD20 (AVEBE, Veendam, The Netherlands) was
used to calibrate the apparatus.

Results and discussion

General composition of whole oat grain

The hulled oat grain used in this study was analyzed for its proximate composition (Table
2.1). Protein (10.6%, w/w), starch (34.8%, w/w), and ash (2.4%, w/w) contents of the oat
sample were similar to data published previously (Thacker et al., 2009; Virkki et al., 2005).
The amount of NSP in oats was 20.2% (w/w), which is within the range (16.6—26.1%)
found before (Bindelle et al., 2010), but is higher than that reported for oat groats (Bindelle
et al., 2010; Virkki et al., 2005). The contents of mixed-linkage S-glucans and AXs in oats
were 3.4 and 11.6% (w/w, Table 2.1), which accounted for approximately 15 and 55% of
total NSP, respectively. These results are in accordance with previous data (Bindelle et al.,
2010; Westerlund et al., 1993).

AIS composition

AIS obtained after fat and starch removal of oat grain was composed of 50% (w/w)
carbohydrates, mainly xylose (53 mol%), glucose (31 mol%), arabinose (10 mol%), and
uronic acid (3 mol%) (Table 2.2). The arabinose/xylose (A/X) ratio for AIS was 0.20,
which was consistent with previously published data (A/X = 0.22) for NSP in hulled oats
(Bach Knudsen, 1997). The A/X ratio for AIS indicated an on average sparse Araf
substitution of the xylan backbone. Some of the other Xylp residues might be acetyl
esterified at the O-2 and/or O-3 position. The molar ratio of acetyl groups to Xylp in oat
AIS was 0.21. The protein content in oat AIS was 17% (w/w). No attempts were made to
remove protein, because it has been reported that a large part of protein present in oats
could not be removed after enzymatic digestion with pepsin (Virkki et al., 2005). Although
the carbohydrate and protein contents determined accounted for only 66% of AIS,
remaining ash and lignin could mostly explain the rest. Because ash (2.4%, Table 2.1) and
Klason lignin (6.6%) (Bach Knudsen, 1997) in the whole oat grain are concentrated after
removal of fat and starch, the total content of ash and lignin could be calculated to be
around 22% (w/w) in AlS.
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Table 2.1 Overall composition of whole oat grain.

component content (% wi/w)
moisture 11.8
ash 24
protein 10.6
lipid 6.1
starch 34.8
acetyl group 0.7
total non-starch polysaccharides (NSP) 20.2
S-glucans 3.4
soluble® 2.1
insoluble? 1.3
arabinoxylans? 11.6
soluble® 0.9
insoluble® 10.7

“Calculated as the sum of arabinose and xylose from the sugar composition analysis of total and insoluble NSP
respectively; "Calculated as the difference of total and insoluble -glucans/arabinoxylans.

Analysis of oat NSP fractions

After sequential extraction of the AIS to obtain individual populations of the hemicelluloses
present, fractions were characterized (Table 2.2). Most of the carbohydrates (92%, w/w)
were recovered after fractionation. In total, 47% of the carbohydrates in AlS were extracted
using saturated Ba(OH),, 1 M NaOH, and 6 M NaOH. The unextractable residue (RES)
was mainly composed of cellulose, as indicated by the dominant presence of glucose (76
mol%). The low recovery of protein (46%) might be partly explained by the nitrogen loss
due to deamidation rather than depolymerisation of the protein (Ma et al., 1990).

Since Ba(OH), was applied for selective extraction of AXs (Gruppen et al., 1991), the
carbohydrates in BE1 fraction were mainly composed of arabinose (27 mol%) and xylose
(63 mol%) as expected. Nineteen percent of all of the AXs (arabinose+xylose+uronic acid)
from the AIS was obtained in this fraction, and only 1% of the glucose. Also, the 1 MASS
fraction contained solely AXs as indicated by the presence of 98 mol% of
arabinose+xylose+uronic acid. The 1 MASS fraction represents 30% of all AXs from the
AIS. BE2 and 6 MASS as minor fractions represent only 6 and 12% of all AXs from the
AIS, respectively. In contrast, during the sequential extraction of cell wall polysacchairdes
of dehulled oats in a previous study, BE1 recovered the highest proportion of AXs (Virkki
etal., 2005).

Not only the distribution of AXs over the various fractions but also the A/X ratios in the
extracts varied. The A/X ratios in the fractions BE1, BE2, 1 MASS and 6 MASS were 0.43,
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0.61, 0.14 and 0.11, respectively. The high A/X ratio (0.61) for fraction BE2 is comparable
to that for BE2 of wheat flour (A/X~0.67) (Gruppen et al., 1992) and barley (A/X~0.70)
(Virkki et al., 2005), both having the almost complete absence of uronic acid in common.
These A/X values were lower than those for BE2 extracts found in maize (A/X~0.79) and
sorghum (A/X~1.27), which also contain considerable amounts of uronic acid (Huisman et
al., 2000). Because the lower A/X ratios reflected a low level of substitution of the xylan
backbone, the degree of substitution of AXs in the oat fractions can be ranked as follows:
BE2 > BE1 > 1 MASS > 6 MASS. The complexities of AXs, nevertheless, are not only
affected by the degree of substitution but also by the distribution of substituents (Viétor et
al., 1992).

Table 2.2 Yield and chemical composition of oat AIS and its fractions, and recovery (w/w%) of the
components present in AIS over the individual (in parentheses) and sum of all fractions.

fractions yield sugar composition (mol%)* b content (w/w%)

(%) Ara Xyl Gal Glc UA total carbohydrate  protein
AlS 100 10 54 2 31 3 0.20 50 16.7
BEL gy a9 ey o g OO ) a
BE2 S owm owm e ® o o
IMASS 20 o @y g0 @) o O ) @)
BMASS 8 o ay @) @ (o O © o
RES Ny a9 @ @ ap OF s) G
recovery 76% 93% 80% 66% 106% 61% -- 92% 45%

3Ara: arabinose, Xyl: xylose, Gal: galactose, Glc: glucose, UA: uronic acids; "A/X: ratio of arabinose
to xylose.

In addition to arabinose and xylose, both BE2 and 6 MASS contained substantial amounts
of glucose that could arise from mixed-linked g-glucan, representing 19 and 10% of the
monosaccharides (mol%) in the two fractions. Enzymatic degradation using the
(1-3),(1-4)-p-D-glucan specific enzyme lichenase showed that (1-4)-linked cello-
oligosaccharides with one (1-3)-linked glucose residue as reducing end were released from
BE2 (DP3/DP4 = 2.1), but not from 6 MASS (data not shown). The inaccessibility of 6
MASS for lichenase may be explained by the low solubility of oat f-glucan in 6 MASS as a
result of the presence of short cellulose-like sequences (Tosh et al., 2004).

The protein contents in BE1 (19% w/w) and 1 MASS (19% w/w) were found to be much
higher than those in BE2 (4% w/w) and 6 MASS (3% w/w). The sum of carbohydrate and
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protein contents in the fractions ranged from only 58% (w/w, 6 MASS) to 90% (w/w, BE2)
(Table 2.2). This could be partly explained by the insufficient removal of buffer salts by
dialysis and the presence of lignin (Pustjens et al., 2013).

Molecular weight distribution of oat NSP fractions

The molecular weight (Mw) distribution of the different fractions from oat AIS was
analyzed by HPSEC (Figure 2.1). The patterns indicated that different polysaccharide
populations were present. BE1 contained multiple AX populations with Mw ranging from 6
to 2000 kDa, calculated using pullulan standards. Because Ba(OH), was used as first
extractant of oat AIS, water soluble AXs present in AIS will be solubilized in saturated
Ba(OH), adding up to the multiple populations present in this fraction. Given the water
extract would be composed of a mixture of AXs and f-glucans, water extraction was not
included to undermine the use of Ba(OH),. A large proportion of mixed-linked S-glucans
insoluble in saturated Ba(OH), was recovered in BE2. BE2 and 1 MASS fractions from oats
consisted of AXs with an average Mw of approximately 100 kDa. AXs with the same Mw
range were also found in fraction 6 MASS. However, at similar carbohydrate contents for
the three fractions, 6 MASS showed a much lower RI response than BE2 and 1 MASS,
indicating the lower solubility of 6 MASS. The relatively poor solubility of AXs in 6
MASS was ascribed to self-aggregation of AXs with a low degree of substitution (A/X =
0.11, Table 2.2) in buffer and eluent (Andrewartha et al., 1979).

Enzymatic fingerprinting of oat NSP fractions
Changes of molecular weight distribution after endoxylanase incubation

The backbone of AXs in all fractions was degraded by Endo | (GH-family 10) and Endo I11
(GH-family 11). The different modes of action of the two enzymes on AXs have been
described by Kormelink et al. (1993a). Endo 1 is able to split the glycosidic linkage at the
nonreducing side of a single- or double-substituted Xylp residue. Endo Il requires at least
one unsubstituted Xylp residue at the nonreducing side of an Araf substituted Xylp residue.
To be able to split the glycosidic linkage at the reducing side of a Xylp residue substituted
with an Araf unit, Endo | needs at least one, and Endo IlI at least two, unsubstituted Xylp
units toward the reducing end. To display the effects of the hydrolysis, Mw distributions of
the digests are shown in Figure 2.1 together with Mw distributions of parental fractions as
discussed above.
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Figure 2.1 HPSEC elution patterns of oat extracts (A, BE1; B, BE2; C, 1 MASS; D, 6 MASS) before
(solid line) and after hydrolysis by Endo-xylanase | (dashed line) and Endo-xylanase Il (long dashed
line).

For BE1 and 1 MASS, at the end point approximately 50% (w/w) of the AXs were
degraded by both Endo | and Endo 111 as calculated on the basis of the area under the curve
(retention time, tg: 7-12 min) in HPSEC patterns (Figure 2.1 A and C). The populations
were mostly degraded into fragments with a Mw between 6 and 200 kDa by Endo | and
were degraded less by Endo Ill. Given the mode of action of the endoxylanases used, at
least three contiguous unsubstituted Xylp residues must be present in AXs for Endo |11 to
be able to act (Kormelink et al., 1993a). The observed difference in degradation indicates
that the AX backbones in BE1 and 1 MASS contain considerable amounts of unsubstituted
Xylp residues present within regions with only one or two contiguous units being
inaccessible for Endo 111 (Kormelink et al., 1993a). For BE2 (Figure 2.1B), the AXs were
much less degraded by both Endo | and Endo Il1, resulting in fragments of Mw between 6
and 500 kDa. The high proportion (=60%) of undegradable material in BE2, as shown by
HPSEC, might be due to the presence of s-glucan and relatively highly substituted xylans
(A/X = 0.61) that are not degradable by the endoxylanases used. For 6 MASS (Figure
2.1D), the polysaccharides present were mostly degradable by both Endo | and Endo IlI,
indicating the presence of contiguous unsubstituted Xylp units (n > 3) that are enzyme
accessible.
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Oligosaccharide populations released from fractions treated with endo-xylanases

Oligosaccharides released from oat AXs by endoxylanases were monitored using HPAEC
and MALDI-TOF MS. HPAEC elution patterns are presented in Figure 2.2.

The digestion of oat AXs with Endo | mainly generated xylose (X), xylobiose (X,),
xylotriose (X3) and a series of AX oligosaccharides (A*XX, XA¥X, A*X, XA3A®*X and
A3A®X, Figure 2.2A) identified using known reference compounds (Kormelink et al.,
1993a). The AX oligosaccharides were annotated using a series of single letters,
superscripted number and superscripted lowercase letter to describe an oligosaccharide,

X
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Figure 2.2 High performance anion exchange chromatography (HPAEC) patterns of Endo-xylanase |
(A) and Endo-xylanase 11l (B) incubated oat extracts BE1(1), BE2(2), 1 MASS(3) and 6 MASS(4)
and wheat arabinoxylan (5).
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linkage position and non-glycosidic group, respectively (Fauré et al., 2009). Because Endo
Il is hindered more by Araf than Endo |, the larger oligomers released by Endo IlI
provided additional information on the intact structure oat AXs. The generated AX
oligosaccharides include AZXX, XA3XX, XXA¥XX, XAA’XX, XXAA’XX, and
XXA3XA3XX, in addition to unsubstituted xylan oligomers (Figure 2.2B). The total AXs
hydrolyzing capacity by Endo | and Endo Il after 24 h for oat fractions is displayed in
Table 2.3, and is defined as the sum of arabinose and xylose present as monomer and
oligomers relative to that present in the parental AXs. It shows that BE1 was most degraded
(53%) by Endo I, followed by 1 MASS (51%), BE2 (35%) and 6 MASS (23%). Compared
to Endo I, Endo 11l was less efficient towards fractions BE1 (49%) and BE2 (28%), but
slightly more efficient towards fractions 1 MASS and 6 MASS mainly ascribed to the
release of unsubstituted xylan oligomers (Table 2.3). This might be explained by the
degradation of unsubstituted polymer segments in the insoluble parts of 1 MASS and 6
MASS by Endo Il as has been revealed for GH 11 xylanases from Myceliophthora
thermophila C1 (Van Gool et al., 2013).

Substitution patterns of AXs

Structural information of the parental polymer can be obtained from the structures and
relative amounts of those released fragments. The proportion of released xylose present in
the monomer and oligomers from BE1, BE2, 1 MASS and 6 MASS after Endo | and Il
digestion are displayed in Figure 2.3. The proportion of total xylose released present in X,
X, and Xz increased (black rectangle, Figure 2.3) with the decrease of A/X ratio in the
digests of both enzymes (Table 2.3). The similar mole percentages of released monomer
and oligomers by Endo | for BE1 and BE2 revealed that the relative abundance of
substituted units in the degradable AXs were similar (Figure 2.3A). For Endo Il1, the mole
percentage of released monomer and oligomers for BE1 and BE2 were different (Figure
2.3B). This reflects a different distribution of substituents in AXs in the BE1 and BE2. The
percentage of xylose present as unsubstituted oligosaccharide Xz was much higher in BE2
digests (17%) than in BE1 digests (0%) (Figure 2.3B). Given the mode of action of Endo
111, unsubstituted regions (n>6) of xylan backbone are absent in BE1, but are frequently
present in BE2. The presence of three contiguous unsubstituted Xylp residues is less
frequent in BE2 than BE1, as indicated by the lower percentage of released xylose present
in oligosaccharide XA3XX (Figure 2.3B) for Endo I11. Following the same reasoning, three
contiguous unsubstituted Xylp residues are less frequently present in 6 MASS than 1
MASS.

36



Characterization of oat (glucurono)arabinoxylans

Table 2.3 Release (w/w%) of total mono-/oligosaccharides from the arabinoxylan in oat fractions by
Endo-xylanase | and Endo-xylanase Il after 24 h of incubation, and A/X ratios for mono-
/oligosaccharides and larger fragments of AXs in oat fractions.

fraction endo-xylanase | endo-xylanase I11

total® AIXP Rres” total® AIXP Rres”
BE1 53.0 0.15 0.97 49.0 0.12 0.95
BE2 35.2 0.15 1.06 284 0.11 0.96
1 MASS 50.7 0.11 0.17 57.2 0.09 0.21
6 MASS 23.2 0.08 0.12 25.2 0.05 0.13

“Based on HPAEC results; total = ((Z(Ara + Xyl)mono+oligo released)/(Z(Ara + Xyl)parental material));
Ara, arabinose; Xyl, xylose. "A/X: ratio of arabinose to xylose, calculated on the basis of the amount of
enzymatically released oligosaccharides. “Ryes: the A/X ratio for the undegradable residue.

To compare the substitution pattern of oat AXs with that of other cereal AXs, previous
results of AXs in wheat flour (Gruppen et al., 1993) and barley (Viétor et al., 1994) were
used. The variety of main AX oligosaccharides from endo-xylanase digested oat fractions
was much lower than that from wheat and barley (Figure 2.3C). The proportion of total
released xylose present in X, X, and X5 from wheat BE1-U30 (22%) (Gruppen et al., 1993)
and barley BE-20 (45%) (Viétor et al., 1994) after Endo | digestion are much lower than
that for oat BE1 (60%) (Figure 2.3C), although the A/X ratio for AXs in wheat BE1-U30
(0.46) (Gruppen et al., 1993) and barley BE-20 (0.43) (Viétor et al., 1992) is comparable to
that for oat BE1 (0.43). The different proportions indicated that the distribution of Araf was
random in wheat AXs (Figure 2.4A), but was slightly clustered in barley AXs (Figure
2.4B). In oat AXs, Araf substituents were present as clusters on the xylan backbone
forming contiguously substituted regions (Figure 2.4C).

A/X ratio for undegraded residues reflects the solubility of AXs

The degradable AXs regions of AXs in the oat fractions were lowly substituted, which was
reflected by the low overall A/X ratio for the oligosaccharides released (<0.15, Table 2.3).
In BE1 and BE2, the actions for both Endo | and Endo 111 were presumably hindered by the
high degree of substitution as indicated by the calculated high A/X ratio for resistant
segments (R.s, Table 2.3). The R, values were close to 1. Since di-substituted Xylp
residues were absent (see discussion below), this indicates that the substitutions were
contiguous in the xylan backbone of these resistant segments. The highly substituted
fragments might be oligosaccharides, which were too large to be analyzed by HPAEC.
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Figure 2.3 Proportion (%) of xylose present in the released monomer and oligomers from oat extracts
BE1, BE2, 1 MASS and 6 MASS after Endo-xylanase | digestion (A) and Endo-xylanase I11 digestion
(B), and from selected extracts of oats (BE1, A/X = 0.43), barley (BE-20, A/X = 0.43) (Viétor et al.,
1992) and wheat (BE1-U30, A/X = 0.46) (Gruppen et al., 1993) after Endo-xylanase | digestion (C).
It is displayed as weight percentage of the total amount of released xylose. The percentage of xyloses
in the released monomer and unsubstited oligomers is indicated by black rectangle. A/X is the ratio of
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arabinose to xylose.

These segments are released from the AXs with unsubstituted Xylp residues frequently
present (Figure 2.4C). The segments might also be high Mw fragments released from AXs
with unsubstituted Xylp residues occasionally present in the middle of the molecules, but
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frequently present at the ends of the molecules (Figure 2.4D). Because of the high
substitution, the (high Mw and low Mw) fragments in the digests were presumably well
solubilized as shown by the high RI response of resistant residue after enzyme incubation
(Figures 2.1A and 2.1B). In contrast to BE1 and BE2, 1 MASS and 6 MASS showed much
lower R, for the undegraded residues. Consequently, this indicates the presence of rather
unbranched but enzyme resistant AXs. The resistant AXs might be partly oligomers and
polymers with contiguous substitution, since soluble fragments were detected after
incubation (Figure 2.1C and 1D). Given the low R, for the undegraded residues, the
resistant AXs in 1 MASS and 6 MASS partly are supposed to be aggregated (Andrewartha
et al., 1979). Consequently, in 1 MASS and 6 MASS, the presence of unsubstituted, lowly
substituted, and contiguously substituted regions might be combined in a single parental
AXs molecule (Figure 2.4E).

Diversity of substituents in released oligosaccharides
Araf mono-substituted Xylp unit

Araf O-3 mono-substituted Xylp (A% was the main unit present in the oligosaccharides
released. Most of the A®units (>90%) in Endo | degradable AXs were separated from each
other by at least one unsubstituted Xylp residue (Figure 2.3). Correspondingly, a low
abundance (<10%) of the A%as two adjacent residues (A*A%) was found. When compared to
wheat and barley fractions (Gruppen et al., 1993; Viétor et al., 1994), indeed relatively
lower proportions of A®A? were found in the oat fractions after enzyme treatment (Figure
2.3C).
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Figure 2.4 Schematic representation of the structure of AXs from wheat (A), barley (B) and oats (C,
D, E) with varying distribution of substituent. Araf side-chains are indicated as small branches to the
xylan backbone. Active sites for endo-xylanases are indicated as arrows.
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Araf O-2 mono-substituted Xylp unit (A% was also found in the different fractions. The
Endo | hydrolysis showed that 1.3% w/w of the total AXs was released as A2XX from both
BE1 and BE2, and 1.5% and 0.2% from 1 MASS and 6 MASS, respectively (Figure 2.3A).
These numbers were quite close to the ones found for Endo 11 digests (Figure 2.3B), which
indicated that at least three unsubstituted Xylp residues adjacent to O-2 mono-substituted
Xylp residue at the reducing site (Kormelink et al., 1993a). The presence of A’ was
previously reported in barley AX as well (Viétor et al., 1992).

Di-substituted Xylp unit (A%*%)

Absence of di-substituted oligosaccharides and multiple substituted oligosaccharides with
di-substituted Xylp units in digests (Figure 2.2) from the oat fractions greatly reflected a
low complexity of AXs. Although the possible presence of low abundance of di-substituted
Xylp (A%") was reported for oat AX fractions in previous studies (Kormelink et al., 1993c;
Pastell et al., 2009), no arabinose was released from BE1, BE2, 1 MASS and 6 MASS (data
not shown) after incubation with AXH-d3, which can release O-3-linked arabinose residues
from di-substituted Xylp residues (van den Broek et al., 2005). In oat fractions, the absence
of di-substituted Xylp residues could be partly explained by its low abundance in oats.
Another reason could be the poor accessibility by enzymes caused by limited solubility of
alkali extracted fractions in water.

GIcA (4-O-MeGIcA) or hexose substituted Xylp units

In addition to a-L-Araf substitution, substituents like GIcA and 4-O-MeGIcA may partly
differentiate the structures of the different AXs populations, although they are present in
low abundance. The presence of uronic acid has been reported previously in oats, but only
the acidic oligosaccharide U*™XX, has been identified in an oat spelt digest to be present
in minor amounts (Pastell et al., 2009). Our results obtained with MALDI-TOF MS
analysis of the digests showed that acidic oligosaccharides up to DP10 were present in the
Endo | degraded BE1 fraction (Figure 2.5A). Uronic acids were present as both GIcA and
4-O-MeGIcA. Endo I is able to split the xylose linkages at the non-reducing site of a GIcCA
or 4-O-MeGIcA substituted Xylp residue (Verbruggen et al., 1998). An a-glucuronidase
was used to verify the presence of acidic oligosaccharides. This enzyme specifically
releases O-2 linked GIcA and 4-O-MeGIcA from a terminal non-reducing Xylp (Kroef et
al., 1992). The main acidic oligosaccharides U*™XX (retention time, tg = 14.2 min) and
U?XX (tz 15.7 min) released from BE1 were indeed degraded by the a-glucuronidase
(Figure 2.6). Consequently, no peaks corresponding to PsU; (m/z 613, P = pentose) and
PsU;Me (m/z 627) could be detected after digestion (Figure 2.5B). The amounts of U*™XX
to U’XX were calculated based on HPAEC results. The overall ratio of U*™ to U? in all
digests was about 1:1. The total GIcA in the two main acidic oligomers only accounted for
12%, 8%, 16% and 4% of uronic acid in BE1, BE2, 1 MASS and 6 MASS, respectively. It
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can be speculated that the xylan backbone of resistant oligosaccharides and polysaccharides
should be substituted by both GIcA and Araf at random positions covering most of the
backbone, not allowing Endo | to split. Moreover, the peak intensities of P,sU; (m/z 745,
877, 1009) and P,¢U;Me (m/z 759, 891 1023) decreased to different extents, which
indicated that only part of the molecules with the same mass was degradable by a-
glucuronidase. This suggests that the degradability of acidic oligosaccharides by an a-
glucuronidase might be hindered by a-L-Araf substitution on an adjacent Xylp.

Additionally, P4i0H; (m/z 731, 863, 995, 1127, 1259, 1391, 1523, H = hexose) were
detected for all extracts in Endo | digests (Figure 2.5). This may be ascribed to the presence
of galactose (Table 2.2) as a substituent on Xylp or as a terminal residue in
oligosaccharides released (Kormelink et al., 1993c). Since the DP of pentose in oligomers
was up to 10 and Endo | only needs maximum two unsubstituted Xylp for cleavage
(Kormelink et al., 1993a), oligomeric side chains containing arabinose and xylose may be
present as well, as exemplified for 1-3-linked 2-O-$-D-Xylp-a-L-Araf from oat spelt AXs
(Pastell et al., 2009).
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Figure 2.5 Matrix assisted laser desorption/ionisation time-of-flight (MALDI-TOF) mass spectra of
the xylooligosaccharides from BE1 after incubation with Endo-xylanase | alone (A) and in
combination with a-glucuronidase (B). P=pentose, H=hexose, U=uronic acid.
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Figure 2.6 High performance anion exchange chromatography (HPAEC) patterns of BE1 incubated
with Endo-xylanase I alone(1) and in combination with a-glucuronidase (2).

Conclusion

(Glucurono)arabinoxylans with different degrees of substitution were found in the different
extracts of whole grain oats. The backbones of oat AXs were singly substituted with Araf
residues at O-3 (mainly) or O-2, and no di-substituted Xylp residues were detected. Minor
amounts of both O-2 linked GIcA and 4-O-MeGIcA were found in oat AXs. A series of AX
oligomers with galactose as a substituent or terminal residue was detected for the first time
in oats. The distribution of Araf in oat AXs was highly clustered forming contiguously
substituted regions, which is different from the more random distribution of Araf in wheat
AXs and barley AXs.
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Chapter 3

Fat accumulation in rats correlates with type
and fermentation behavior of dietary fiber

Abstract

Consumption of non-starch polysaccharides (NSP) is associated with reduced risk on
obesity and metabolic syndrome. Here, we compare the effects of cereals (oats) and
legumes (soybean), rich in different classes of NSP, on appetite regulation and fat
accumulation in rats. Male Wistar rats were fed with an oats enriched diet, a soybean
enriched diet, or a chow diet as control. Oat $-glucan and soy pectin were utilized mainly in
the caecum of rats. Caecal fermentation of soy pectin produced significantly higher
concentration of short chain fatty acids (SCFAs) compared to the basic diet.
Retroperitoneal (RP) fat-pad weight was significantly lower for rats fed with soybean meal
enriched diet than for controls. A statistically significant inverse correlation between rat RP
fat-pad weight and concentration (and proportion) of butyrate, and a significant positive
correlation between RP fat-pad weight and proportion of acetate were observed.
Consumption of soy pectin and oat -glucan enriched foods to produce targeted SCFAsS,
particularly butyrate, in vivo could be a potential strategy to lower fat mass accumulation
and a potential tool to manage obesity.
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Introduction

Cereals (e.g. oats) and legumes (e.g. soybean) are important sources of both human food
and animal feed products (Bach Knudsen, 1997; Singh et al., 1992). Like other grains, oats
are used as starch source (starch content ~35% w/w) (Tian et al., 2015) in animal diets.
Soybean (Glycine max) is attractive for its high protein content (=48% w/w) (Choct et al.,
2010). In addition to starch and protein, oats and soybean are sources of non-starch
polysaccharides (NSP). The content of NSP is 20% for oats (Tian et al., 2015) and 22% for
defatted soybean flour (Bach Knudsen, 1997). NSP of oats mainly consist of mixed linked
(1-3,1-4)-p-D-glucan (B-glucan), arabinoxylans (AXs) and cellulose (Bach Knudsen, 1997).
In soybean, pectic polysaccharides, xyloglucan and cellulose are the major NSP (Huisman
et al., 1999).

Human and animal studies consistently show that consumption of NSP can be associated
with reduced risk of metabolic syndrome and obesity, and other health-promoting effects
(Papathanasopoulos et al., 2010; Sahasrabudhe et al., 2015). NSP cannot be digested by
endogenous enzymes in the stomach and small intestine, and are potential substrates for
fermentation by the gut microbiota. In pigs, the fermentability of NSP from oats and
defatted soybean meal was found to be around 85% and 66%, respectively (Carre et al.,
1990; Wisker et al., 2003). Microbial fermentation of NSP in the large intestine leads to the
production of short-chain fatty acids (SCFAs), including acetate, propionate and butyrate
(Bach Knudsen, 2011). SCFA patterns and fermentability differs between NSP from
various origins and depend on the solubility and structure of the NSP (Jonathan et al., 2012;
Lange et al., 2015).

Numerous studies have demonstrated that SCFASs are associated with the enhanced release
of anorectic gut hormones, like glucagon-like peptide-1 (GLP-1) and peptide YY (PYY)
from colonic L cells (Tolhurst et al., 2012), and the regulation of body fat accumulation
(zhou et al., 2015) and food intake (Byrne et al., 2015; Kimura et al., 2013). Moreover,
SCFAs may contribute to changes in energy balance in animals (Byrne et al., 2015). SCFAs
are able to inhibit fat accumulation in adipose tissue of mice (Kimura et al., 2013) and
enhance fat oxidation in adipose and liver tissue of mice (den Besten et al., 2015). In most
of these studies the SCFAs were orally administered (Kimura et al., 2013; Tolhurst et al.,
2012). However, SCFAs are unpalatable and are rapidly absorbed in the small intestine,
where L cells are sparse. To overcome these disadvantages, isolated and specific NSP, with
the purpose to be fermented in the large intestine to generate SCFAs, have been
administered to potentially regulate the eating behaviour, body weight and body fat content
(Adam et al., 2014; Bach Knudsen, 2011). However, the effects of oats and soybean diets
rich in different populations of NSP on food intake behaviour and fat mass in mammals
have not been reported so far.
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The aim of the present study was to study the fermentation behavior of NSP fractions
present in oats and soybean, and to compare the patterns of SCFAs produced during
fermentation in the large intestine of rats. Food intake, body weight and visceral fat mass
are compared between the groups to evaluate the potential effects of differences in NSP
composition on SCFA patterns and energy homeostasis.

Materials and methods

Ingredients and diets

Oat (Avena sativa) grains and soybean meal were supplied by Agrifirm (Apeldoorn, The
Netherlands). Standard rat diet chow (RMH-B) was purchased from AB Diets (Woerden,
The Netherlands).

The fiber sources of RMH-B are whole wheat (42.3%), and small amounts of wheat
middlings (8.3%), whole oat (8.3%) and maize (minor amount, info: AB diets). The
soybean meal and whole oat grains with hulls were milled (0.5 mm) and individually mixed
with RMH-B to a weight percentage of 30% to reach approximately 6% (w/w) NSP. The
mixtures were transformed into pellets and named oats enriched diet (OATS) and soybean
meal enriched diet (SBM), respectively. Wheat based diet RMH-B was used as a control
diet (CHOW). The ingredients compositions of the diets are shown in Table 3.1. In
addition, the flour of oats and soybean meal were also individually mixed with ground
RMH-B to a weight percentage of 15% as Pre-Intervention diets, PI-OATS and PI-SBM,
respectively.

Animals and sampling

Male Wistar rats, weiging 323 + 3 g, were purchased from Harlan Laboratories (Horst, The
Netherlands). The rat was chosen as it is a suitable model, which has been widely used to
study the in vivo fermentation of NSPs (e.g. pectin and $-glucan) and the subsequent effects
on regulation of eating behaviour (Adam et al., 2014; Bach Knudsen, 2011). Animals were
housed solitary in the home designed cages. Temperature was 21 °C with a light/dark cycle
of 12h/12h. After habituation, animals were subdivided into 3 experimental groups of 8
rats. Food and water were fed ad libitum. Animals in all groups were fed with diet CHOW
for 3 weeks. Next, the diets of 2 groups were changed to PI-OATS or PI-SBM diets for 2
weeks, followed by a change to the respective diets OATS or SBM for 5 weeks. The third
group received CHOW throughout the complete experiment. Food intake and body weight
development were measured daily throughout the whole experiment. All experiments were
approved by the Animal Ethics Committee Groningen University (DEC 6375, Groningen,
The Netherlands).
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Animals were sacrificed after 7 weeks of diet treatment. After 3 hours of fasting following
the last meal ad libitum, animals were anesthetized using isoflurane and subsequently
decapitated. Caecal and colonic digesta were immediately frozen at -80 °C for preservation.
Liver, spleen, kidneys, adrenals, epididymal (EPI) and retroperitoneal (RP) fat pads were
removed and weighed.

Sample preparation

Pelleted diets were pre-milled passing a 2.0 mm sieve using a centrifugal mill (ZM200,
Retsch, Haan, Germany), defatted by acetone and air-dried. Frozen digesta from rats (n=7
or 8) were thawed for SCFA analysis. The amount of digesta obtained from some of the
rats was not sufficient for both SCFA and carbohydrate analysis. Those samples are not
included in the SCFA analyses. For other analyses, the defrosted digesta (=10 mg) of each
rat (n=8) from the same group were pooled and freeze-dried. Dried pooled digesta and
defatted diets were milled using ball-milling (MMZ2000, Retsch).

Preparation of destarched fractions from diets

In order to allow a proper NSP determination, fractions devoid of starch containing either
all NSP or water-insoluble NSP were obtained as described elsewhere (Jonathan et al.,
2013).

Isolation of water-solubles and water-insolubles from digesta

Freeze-dried digesta (2 g) were suspended in distilled water (40 mL) and the suspensions
were boiled for 5 min. Next, the suspensions were stirred for 30 min at room temperature.
After centrifugation (20 min, 30000 x g, 20 °C), the supernatants were collected. The
pellets were suspended in distilled water to repeat the solubilisation and centrifuging step.
The final water insoluble solids and combined supernatants were freezed-dried.

Chemical analysis
Moisture content and ash content

Moisture and ash contents were determined in duplicate by drying overnight at 103 °C in an
oven and by incineration at 550 °C to a constant weight, respectively.

Protein, fat, starch and g-glucan

Protein contents were determined according to the Dumas method on a Thermo Quest NA
2100 Nitrogen and Protein Analyzer (Interscience, Breda, The Netherlands). The nitrogen
to protein conversion factors of diets CHOW, OATS and SBM were 5.95, 5.82 and 5.87,
respectively, based on the provided protein composition of diet (AB diets) and published
factors of oats and soybean meal (Tkachuk, 1969). Fat content was determined by
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extraction with petroleum ether using the Soxhlet apparatus after hydrochloric acid
hydrolysis (AOAC 920.39). Starch and g-glucan contents were analyzed using the total
starch and fS-glucan kits from Megazyme (Bray, Ireland), respectively.

Short chain fatty acids

Short chain fatty acids were analyzed on the basis of a method described before (Ladirat et
al., 2014) with minor modifications. Duplicates of 250-300 mg samples in 1.5 mL distilled
water, or 1.5 mL standards (0.06 mg/mL to 0.6 mg/mL) were mixed with 1.5 mL of 0.3
mg/mL 2-ethylbutyric acid (internal standard) in 0.2 M HCI. After centrifugation (5 min,
30000 x g, 20 °C), 200 uL of the supernatant of either a sample or the standard was mixed
with 50 pL of 0.15 M oxalic acid. After 30 min, the mixture was centrifuged again and
supernatant was transferred into a vial for analysis.

A TRACE GC Ultra system coupled with a FID detector (Interscience, Breda, The
Netherlands) was used to quantify the SCFA levels. Samples (1 pL) were injected onto a
CP-FFAP CB column (25 m x 0.53 mm x 1.00 um, Agilent, Santa Clara, CA, USA).
Helium was supplied as carrier gas at a flow rate of 10 mL/min. The flow rates of air, H,
and N, as makeup gas were 260, 30 and 30 mL/min, respectively. The initial oven
temperature was 100 °C, increased to 160 °C at 5 °C/min, and held at this temperature for 4
min. Data were processed using the Xcalibur® software (Thermo Scientific, Waltham, MA,
USA).

Constituent monosaccharide composition

Neutral sugar composition of total NSP (t-NSP) and insoluble NSP was determined by gas
chromatography (FOCUS-GC, Thermo Scientific) after pre-hydrolysis of samples in 72%
(w/w) H,SO, at 30 °C for 1 h, followed by hydrolysis in 1 M H,SO, at 100 °C for 3 h, and
derivatization of monosaccharides to their alditol acetates with inositol as an internal
standard (Englyst et al., 1984). Uronic acid in the hydrolysate was determined using an
automated colorimetric m-hydroxydiphenyl assay (Thibault, 1979), including 0.3% (w/w)
Na,B40O,-10H,0 in the concentrated H,SO,. Soluble NSP content and composition were
calculated from the difference between t-NSP and insoluble NSP.

Oligosaccharide profiling

Oligosaccharide profiling was performed using high performance anion exchange
chromatography (HPAEC) system with pulsed amperometric detection (PAD) as described
before (Tian et al., 2015).

Statistical analysis

Normal distribution of the data was confirmed using the Kolmogorov-Smirnov test. Weekly
food intakes and weekly body weight data were analyzed by repeated measures ANOVA
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(General Linear Model with time, diet and diet x time interaction as factors). Group
comparisons for all other data were performed by ANOVA (one-way) followed by
Duncan’s multiple-range tests. Pearson correlation coefficients were used to determine
associations between RP fat-pad weight and SCFAs. These analyses were performed using
SPSS version 20.0 (SPSS Inc., Chicago, IL, USA). A value of p<0.05 was taken as the
criterion of significance.

Results

Characteristics of NSP present in diet CHOW, OATS and SBM

A higher content of t-NSP was found for OATS (15.1g/100g diet) and SBM (15.0g/100g
diet) compared to CHOW (12.3g/100g diet). The amount of soluble NSP was higher in
SBM than in OATS and CHOW, respectively (Table 3.1).

Table 3.1 Ingredient and chemical composition of the experimental diets.

CHOW OATS SBM
Ingredient (% w/w)
Chow 100 70 70
Oats 0 30 0
Soybean meal 0 0 30
Chemical composition (% w/w)
Moisture 5.7 5.3 55
Protein 235 19.6 32.0
Fat 5.7 5.8 4.8
Ash 5.3 4.5 5.7
Carbohydrate 52.2 55.0 46.8
Starch 37.8 39.0 26.9
NSP 12.3 15.1 15.0
Insoluble 11.0 13.2 11.9
Soluble 1.3 1.9 31
f-Glucan 0.6 13 0.5
ME(KJ/g) 13.7 134 134
GE (KJ/g) 18.0 17.9 17.5

Chow, a standard rat diet (RMH-B, AB diets, The Netherlands); ME, metabolisable energy calculated from
Atwater Fuel Energy of diet components; GE, gross energy determined using bomb calorimetry.

The main constituent monosaccharides of NSP in CHOW and OATS were arabinose,
xylose, glucose and uronic acid, which comprised more than 90% of the total carbohydrates
(Table 3.2). The molar proportion of glucose in t-NSP from OATS was higher than that in
the t-NSP from CHOW. Higher levels of galactose (13 mol%), uronic acid (10 mol%) and
mannose (5 mol%) were observed for t-NSP of SBM compared to the other two diets
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(Table 3.2). Arabinose to xylose (A/X) ratios for t-NSP from the three groups can be
ranked as: SBM>CHOW>OATS. The molar percentage of galactose in the soluble part of
t-NSP from SBM was higher than those from CHOW and OATS. A significantly higher
level of glucose was found in soluble part NSP from OATS (33 mol%) than in those of
CHOW (7 mol%) and SBM (9 mol%).

Table 3.2 Constituent monosaccharide composition, carbohydrate and starch content of diets and
digesta from different parts of rat intestine.

Sugar composition (mol%) Carbohydrate Starch

Group Sample Ara Xyl Man Gal Glc UA AX &3?\:;2; &3?\:;2;
Total 20 38 3 3 29 6 052 31 n.a.

Diet Insoluble 15 30 2 2 41 8 0.51 43 n.a.

Soluble 26 38 3 7 7 19 0.67 25 n.a.

Total 20 31 2 3 36 7 0.64 24 0.42

CHOW Cae Insoluble 21 34 2 2 34 7 0.61 29 0.12
Soluble 7 16 4 8 55 10 043 8 111

Total 20 31 3 3 37 6 067 25 0.31

Col  Insoluble 21 33 2 2 35 7 065 32 0.06
Soluble 10 21 5 10 41 12 046 9 1.13

Total 15 38 2 3 38 5 037 37 n.a.

Diet Insoluble 13 36 3 5 38 4 0.36 32 n.a.

Soluble 18 41 2 0 33 5 0.44 47 n.a.

Total 15 31 3 2 42 6 0.47 27 0.58

OATS Cae Insoluble 15 35 3 2 39 6 0.44 34 0.15
Soluble 7 12 5 8 57 11 057 9 157

Total 15 32 4 2 40 6 047 31 0.35

Col  Insoluble 16 35 3 2 37 6 045 34 0.09
Soluble 9 16 5 9 49 11 055 8 1.19

Total 18 26 5 13 28 10 0.68 24 n.a.

Diet Insoluble 16 23 5 11 37 8 0.69 25 n.a.

Soluble 22 34 3 17 9 14 0.67 19 n.a.

Total 17 27 3 3 42 7 0.65 23 0.73

SBM Cae Insoluble 17 30 2 2 41 8 0.56 29 0.21
Soluble 9 13 4 8 55 10 0.69 9 225

Total 18 27 3 3 40 7 065 23 0.48

Col  Insoluble 18 30 2 2 40 8 059 27 0.08
Soluble 9 15 6 12 46 11 0.64 9 1.50

Diet, de-starched fraction containing all non-starch polysaccharides; Cae, pooled caecal digesta from rats (n=8);
Col, pooled colonic digesta from rats (n=8); Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glc,
glucose; UA, uronic acid; n.a., not analyzed. All values are the mean value of duplicate assays.

Food intake, body weight and body composition

Rats were fed with CHOW, OATS and SBM containing different types and quantities of
NSP (Table 3.1). The food intake behaviour, body weight and body composition were
measured to compare the influence of the different diets. There was no difference between
weekly intake for CHOW, OATS and SBM groups at any time point during the Adaptation

53



CHAPTER 3

period with diet CHOW (data not shown) and the Pre-Intervention period with 15 %
oats/soy enriched diets (week 1-2, p>0.05, Figure 3.1A). The SBM group had a lower
weekly food intake (153 g) than the CHOW group (167 g) during the first days of
Intervention Period (p<0.05, week 3). This difference between the SBM and CHOW groups
became smaller at the end of this period (p>0.05, Figure 3.1A). In the last two weeks of the
Intervention Period the weekly food intake was consistently higher in the OATS group than
in the CHOW group. Significant effects of diet (p<0.05) and time (p<0.01) were observed
(Figure 3.1A). Despite the significant effect of diet x time interaction (p<0.05) for weekly
food intake, both the OATS and SBM groups do not show any significant difference of
cumulative intake (p>0.05) compared to the CHOW group (Table 3.3). A significant
(p<0.05) difference of weekly food intake between OATS and SBM groups was found.
Consequently, the cumulative food intake of diet OATS was significantly higher than that
of diet SBM (p<0.05, Table 3.3).

Table 3.3 Body weight gain, organ weights and fat-pad weights in rats fed with the experimental
diets.

CHOW OATS SBM

Cumulative food intake (kg) 1.11+0.022% 1.14+0.018° 1.07+0.015°
Body weight (g) 45846.1 469+10.0 456+7.1
Empty gut (g) 16.4+0.32 15.8+0.36 16.3+0.25
Kidneys (g) 3.1+0.11 3.0+0.07 3.2+0.06
Liver (g) 16.1+0.92 16.7+0.65 16.1+0.53
Spleen (g) 0.66+0.038 0.68+0.023 0.61+0.029
Adrenals (mg) 50.3+2.07 53.0+2.64 55.5+2.82
Epididymal fat (g) 9.3+0.59 9.4+0.48 9.0+0.19
Retroperitoneal fat (g) 7.1+0.65° 6.2+0.37% 5.620.32°

Values are means + SEM. Within rows, values without a common letter are significantly different (p<0.05), values
with a same letter or without any letters are not significantly different (p>0.05).

With respect to weekly body weight gain, data analysis revealed a significant difference of
time (p<0.01), but no difference of diets (p>0.05) and diet x time interaction (p>0.05)
between CHOW, OATS and SBM (Figure 3.1B). There were no significant differences in
body weight gain after 7 weeks between the three groups, neither in the weights of other
markers that might indicate signs of metabolic syndrome, such as an empty gut, enlarged
kidneys, liver, spleen and adrenals (Table 3.3). The EPI fat weight tended to be lower in
SBM (9.0 g) than in CHOW (9.3 g) and OATS (9.4 g) fed rats, although not significant. In
contrast, the weight of RP fat was significantly lower in SBM (5.6 g, p<0.05, Table 3.3)
compared to CHOW (7.1 g), while that of OATS tended to be lower (6.2 g, p = 0.184).
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Figure 3.1 Weekly food intake by rats (A) and body weight change of rats (B) fed with diet chow
(CHOW), oats enriched chow (OATS) and soybean meal enriched chow (SBM). Values are means +
SEM (n = 8/group). Data were analyzed by repeated measures ANOVA.

Characteristics of caecal and colonic digesta from rats

Just like for the diets, the main constituent monosaccharides of the NSP present in the
digesta from all groups were arabinose, xylose, glucose and uronic acid (Table 3.2). The
molar monosaccharide compositions of the corresponding NSP fractions were nearly the
same in caecum and colon. In CHOW and OATS, the A/X ratio for all fractions of digesta,
except for the soluble part from CHOW, were higher than that for the corresponding
fractions of the feed diets. In SBM, the A/X ratio for the insoluble fractions of digesta
tended to be lower than that for the corresponding fractions from diet (Table 3.2).
Interestingly, although the molar percentages of galactose and uronic acid are quite
different in the diets, no difference was found between the molar percentages of these two
monosaccharides present in the digesta of the different groups (Table 3.2). Small amounts
of S-glucan (0.05-0.1%, w/w) were present in the caecal digesta from all the three groups
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(no further data shown). Next to the NSP, only minor amounts (<0.73%, w/w) of starch and
its degradation products were detected in the digesta. To trace the utilization of
oligosaccharides produced by microbiota in the digesta, HPAEC was used to detect
oligomers present in the pooled sample per group (Figure 3.2). Maltodextrin were the main
oligosaccharides detected in water soluble fraction. Besides maltodextrin, cello-
oligosaccharides and xylo-oligosaccharides were present as well.
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Figure 3.2 HPAEC elution patterns of water soluble fractions from pooled caecal digesta (solid lines)
and pooled colonic digesta (dash lines) in CHOW (1 and 2), OATS (3 and 4) and SBM (5 and 6). X,
to Xg: xylobiose to xylohexaose, respectively; C, to Cg: cellobiose to cellohexaose, respectively; G, to
G-: maltobiose to maltoheptaose, respectively.

SCFA contents in digesta

For all groups, the contents of total and individual SCFAs were significantly higher in
caecum than in colon (p<0.05, Table 3.4). The content of total SCFAs in caecal digesta was
significantly higher (p<0.05) for the SBM group (563 pumol/g) than for the OATS (403
pmol/g) and CHOW (459 umol/g) groups (Table 3.4). Acetate was the major SCFA formed
in the caecum and colon for all rats, followed by butyrate and propionate. The acetate
content in the caecum of the SBM fed rats (291 umol/g) was significantly higher (p<0.05)
than that in the OATS fed rats (211 pmol/g), but was not different from that in CHOW fed
rats (257 pmol/g). The concentrations of propionate and butyrate in caecal digesta were
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significantly higher (p<0.05) for the SBM group than those for the OATS and CHOW
groups. In contrast, the total and individual SCFA contents in the colon did not significantly
differ between the three groups (Table 3.4). The SBM group had a significantly higher
(p<0.05) proportion of propionate (15 mol%) in caecal digesta compared to the other two
groups. The proportion of caecal butyrate tended to be increased by OATS and SBM diets,
although the improvement was insignificant (p<0.15). The OATS group had a significantly
(p<0.05) higher proportion of colonic butyrate (32 mol%) than that of the SBM group.

Table 3.4 Digesta SCFA concentrations and molar ratio in rats fed with the experimental diets.

Caecum Colon
CHOW OATS SBM CHOW  OATS SBM
(n=7) (n=7) (n=8) (n=7) (n=7) (n=8)
Concentration (umol/g dry contents)
Acetate 257+32%  211+16° 291+25°  132+14° 139+12°  140+12°
Propionate 608" 51+3P 82+6° 33+2° 34+2° 35+2°
Butyrate 130+14°  130+11° 178+25° 65+6° 82+6° 69+7°
Branched SCFAs 12412 11+12 12422 6+1° 6+1° 61"
Total SCFAs 459+49°  403+23° 563+53%  236+19° 260+19° 249+21°
Molar proportion (%)
Acetate 55+1.7 52+1.8  52+1.0 56+1.9  53+1.2  56+0.9
Propionate 13+0.8°  13+0.6° 15+0.7°  1440.4%® 13+0.6® 14+0.8®
Butyrate 29+2.0%  3242.3* 31+15%  28+2.0* 32+#1.0° 28+1.2°
Branched SCFAs 3+0.1 3+0.2 2+0.4 2+0.1 2+0.2 240.3

The legend is the same as for Table 3.3.

Discussion

NSP, abundantly present in cereals and legumes, have received widespread attention
because of health promoting effects (e.g. preventing obesity and provoking antifungal
immune responses) (Choct et al., 2010; Sahasrabudhe et al., 2015; Salonen et al., 2014). In
the present study, oats and soybean meal were separately added to a wheat based diet to
evaluate the effect of difference in NSP composition on food intake and fat accumulation in
rats. We found that pectin in soybean meal and of fS-glucan in oats and wheat were
extensively fermented as indicated by the disappearance of galactose and uronic acid for
SBM, and pg-glucan for OATS. Intake of soybean meal enriched diet correlated with an
increase of butyrate and a decrease of the RP fat weight in rats.

NSP that escaped from pre-caecal digestion are fermented in the large intestine resulting in
the formation of SCFAs. The microbial SCFA patterns depend on the type, structure,
concentration and fermentability of the NSP (Jonathan et al., 2012).
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Cereal p-glucan and arabinoxylans (AXs). Cereal f-glucan was highly fermentable in the
caecum of rats as indicated by the low levels of S-glucan (0.05-0.1%, w/w) present in
caecal digesta, which is in agreement with previous findings (Dongowski et al., 2002). The
branched-chain AXs represent the largest fraction of NSP in oats and wheat. These AXs are
less preferable for microbiota than linear $-glucan, as described previously (Bach Knudsen
et al., 1993; Jonathan et al., 2013). However, less caecal SCFAs were found in the caecal
sample of OATS group compared to that of CHOW group, despite the higher amounts of -
glucan present and fermented in OATS group compared to CHOW group. This suggests
that the oat AXs were fermented less than wheat AXs in the caecum of rats. The
fermentation of oat AXs in the present study might have shifted to the colon as indicated by
the trend of higher concentrations of colonic SCFAs in OATS group than in CHOW group
(Table 3.4). The results of the present study showed that the A/X ratio for cereal AXs
indeed increased after fermentation in caecum and colon, which is consistent with previous
results (Damen et al., 2011). This indicates that, in rats, the low substituted oat AXs were
preferably fermented over the high substituted AXs.

Soy pectin. Arabinan side chains of soy pectin were fermented as indicated by the decreased
A/X ratio for caecal digesta compared to that of the SBM diet (Table 3.2). Besides the
fermentation of arabinan side chains, the galactan side chains and the uronic acid based
backbone of soy pectin were also efficiently fermented in the rat caecum. This was
indicated by the significantly lower molar percentages of galactose and uronic acid in
caecal digesta compared to those in the SBM diet (Table 3.2). The higher concentration of
caecal SCFAs and higher proportions of butyrate for SBM group compared to CHOW
group is considered to be mainly due to the extensive fermentation of soy pectin. Consistent
with our observation for soy pectin, a dietary fiber concentrate from okara has been found
to enhance the total production of SCFAs, and in particular butyrate, in the caecum of rats
(Jiménez-Escrig et al., 2008). Nonetheless, lacking an indigestible marker in the diets to
calculate the digestibility, the fermented NSP could not be quantified.

High contents of SCFAs have been reported to stimulate anorectic hormones secretion and
inhibit orexigenic ghrelin secretion to reduce food intake and regulate energy homeostasis
(Tolhurst et al., 2012; Woods et al., 1998). Hence, the significantly higher contents of
caecal SCFAs (p<0.05, Table 3.4) found in SBM group compared to those of CHOW and
OAT groups might be associated with a higher circulating concentration of anorectic
hormones. This may result in reduced food intake in rats in SBM group (Figure 3.1A). In
contrast to SBM and following the same reasoning, the higher food intake for rats in OATS
group (Figure 3.1A) might be explained by the lower contents of caecal SCFAs (Table 3.4).

The soybean meal supplementation lowered weekly food intake for rats in the beginning of
Intervention Period. The normalization of the lower food intake later on might indicate gut
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endocrine adaptation to the pectic polysaccharides from SBM. Nonetheless, total energy
intake for SBM group was still much lower than for CHOW group due to the lower energy
content and food intake. Although the similar weight gain for SBM and CHOW may have
been influenced by differential energy expenditure, the similar weight gain might be
correlated with a more efficient food conversion for the SBM diet. Food intake for rats in
OATS group was not different from that in CHOW till week 5 in Intervention Period. This
might be partly explained by a quick adaptation of microbiota of rats to NSP in OATS. The
type (linkage, monosaccharide) of NSP present in oats and wheat (CHOW) is similar,
although the A/X ratio and distribution of the arabinose substituents over the xylan
backbone are different (Tian et al., 2015). The high food intake in the last two weeks of
Intervention Period may be due to the maintenance of energy homeostasis after being
accustomed to lower metabolisable energy (ME) diet (Woods et al., 1998). The differences
in eating behavior and energy homeostasis may be partly associated with viscosity. Viscous
fibers, such as pectin in SBM, may create gastric distention and delay gastric emptying,
consequently showing satiating effects (Schroeder et al., 2013).

EPI and RP fat-pad weights, both markers of abdominal fat mass, tended to be lower for
SBM group than for CHOW group, although only the difference in RP fat-pad weight was
significant. The lowered fat-pad weights in SBM could be a generic consequence of
inhibited fat accumulation rather than reduced energy intake as the cumulative food intake
and body weight of rats in SBM group were not different from those found for CHOW
group (Table 3.3). This indicates that consumption of SBM diet leads to a redistribution of
fat and to a decrease in the RP fat-pad weight. There are two main ways to achieve this
metabolic regulation in adipose tissue. One is to inhibit fat release from small intestine into
the circulation and fat deposition in adipose tissue, which is mediated or directly induced
by SCFAs (Heimann et al., 2014; Marcil et al., 2003) produced during fermentation of
dietary fibers. The other way to reduce adipose tissue in human and animals is to improve
fat oxidation. SCFAs have been reported to induce a peroxisome proliferator-activated
receptor (PPAR) y-dependent switch from lipid synthesis to lipid utilization (den Besten et
al., 2015). However, these previous studies that focused on the mechanism of regulation in
fat metabolism by SCFAs used either orally administered SCFAs or in vitro models (den
Besten et al., 2015; Kimura et al., 2013). In the present study, SCFAs were produced by
fermentation of NSP in vivo, thereby omitting the low efficiency of oral administration
(Chambers et al., 2015). Our results demonstrate that the RP fat weight inversely correlates
with the butyrate concentration in caecal digesta (Figure 3.3A). No correlation was found
between RP fat weight and the concentrations of acetate and propionate (data not shown).
These findings indicate the potential effects of butyrate on preventing the accumulation of
RP fat. Butyrate has been suggested to have an important role in metabolism by in vitro and
in vivo studies (den Besten et al. 2013; Marcil et al 2002 and 2003). A similar trend in
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regulating fat distribution in rats was found for OATS. Diets enriched in whole oats (Peng
et al., 2013) or oat S-glucan (Schroeder et al., 2013) have been reported to correlate with fat
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Figure 3.3 Correlations between caecal SCFAs and retroperitoneal fat. Relationships with
retroperitoneal fat for concentration of butyrate (A), proportion of butyrate (B) and proportion of
acetate (C). The line is the regression line for all the data shown in each figure.
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deposition in rats. However, in these studies SCFAs that mediated the modulating activity
of oats on fat metabolism, were not considered. Butyrate is the preferred energy substrate of
colonocytes, propionate is a substrate for hepatic gluconeogenesis, whereas acetate is a
substrate for lipogenesis (Wong et al., 2006). The present study shows that the RP fat
weight is negatively correlated with molar proportion of caecal butyrate, but positively
correlated with the molar proportion of acetate (Figures 3.3B and 3.3C). Acetate has been
reported to induce an anorectic neuropeptide expression profile and consequently decrease
body weight (Frost et al., 2014). Therefore, the effect of SCFAs on fat mass may be
associated with not only the content of butyrate, but also with the molar proportions of both
acetate and butyrate.

Conclusion

A significant negative correlation between rat RP fat-pad weight and caecal concentration
(and proportion) of butyrate, and a significant positive correlation between RP fat-pad
weight and proportion of acetate were reported here for the first time. Easy-fermentable
non-starch polysaccharides in oats (#-glucan) and soybean meal (soy pectin), which benefit
the butyrate-producing bacteria are associated with low fat-pad weight in rats. Hence,
consumption of specific NSP (e.g. soy pectin) enriched food to produce SCFAs particularly
butyrate in vivo could be a potential strategy for management of human obesity.
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Chapter 4

Effects of pectin supplementation on the
fermentation patterns of different structural
carbohydrates in rats

Abstract

The aim of this study was to investigate and compare the effects of four types of pectins on
the fiber fermentation, microbiota composition and short chain fatty acids (SCFA)
production throughout the large intestine in rats. Male Wistar rats were given diets
supplemented with or without 3% structurally different pectins for seven weeks. Although
fermentation of all types of pectins already started in the caecum, different fermentation
patterns of pectins and different location of fermentation of both pectin and diet
arabinoxylans (AXs) in the large intestine were observed. During caecal fermentation, only
sugar beet pectin stimulated Lactobacillus (p<0.01) and Lachnospiraceae (p<0.05), and the
other pectins showed a tendency to stimulate Lactobacillus and Lachnospiraceae. In the
caecum, low-methyl esterified citrus pectin and complex soy pectin significantly (p<0.05)
increased the production of total SCFA, propionate and butyrate, while high-methyl
esterified citrus pectin and sugar beet pectin did not. The fermentation patterns of cereal
AXs in the caecum were significantly different upon supplementation of different pectins.
These differences, however, became smaller in the colon due to an enhanced fermentation
of the remaining DFs. Dietary supplementation of pectin is a potential strategy to modulate
the location of fermentation of DFs, and consequently microbiota composition and SCFA
production for health-promoting effects.
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CHAPTER 4

Introduction

Obesity and related disorders, such as type 2 diabetes and cardiovascular diseases, are
nowadays prime public health concerns (Lobstein et al., 2015). Consumption of dietary
fibers (DFs) is believed to reduce the risk of such diseases through influencing the location
of DF fermentation in the digestive tract, and promoting growth and activity of beneficial
bacteria in the gut of the host (Anderson et al., 2009; Henningsson et al., 2001).

Pectin, on a dry matter basis highly present in fruits and vegetables, is one of the most
important DFs in human nutrition. Isolated pectins are widely used as emulsifier, stabiliser
and thickening agent by the food industry. These pectins are extracted from food by-
products, like citrus peel, sugar beet pulp and soybean meal, yielding pectins with different
galacturonic acid (GalA) contents and levels of esterification (Voragen et al., 2009). Pectins
are complex heteropolysaccharides, containing GalA residues in their backbones. GalA
residues are organized in ‘“smooth” homogalacturonan (HG) regions and ‘“hairy”
rhamnogalacturonan I (RG-1) regions. In the latter neutral sugars are present as side chains
(Schols et al., 1996; Voragen et al., 2009). HG are linear polymers of (1-4)-a-D-GalpA
residues, which are partially methyl esterified at the carboxyl group and O-acetyl esterified
on O-2 and/or O-3 (Voragen et al., 2009). RG-I are composed of the repeating disaccharide
[-2)-a-L-Rhap-(1-4)-a-D-GalpA-(1-] as the backbone. Depending on the plant source, 20-
80% of the rhamnose residues are substituted at O-4 with arabinan, galactan and/or
arabinogalactan side chains. The GalA residues in the RG-1 backbone may be O-acetyl
esterified at the O-2 and/or O-3 positions (Voragen et al., 2009). Thus, the source and
manner of processing can influence the chemical, functional and nutritional properties of
these fibers.

In human intestinal tract, pectins are fermentable by the resident microbiota in the caecum
and colon. Fermentation of pectins affects microbial composition and activity, and thereby
the production of SCFA by the microbes in the colon (Dongowski et al., 2002b; Onumpai
et al., 2011). The SCFA production as a result of pectin consumption provides the most
direct link between pectin intake and associated health benefits (Wong et al., 2006). During
in vitro fermentation using human fecal microbiota, pectin from sugar beet and soybean
significantly stimulated the growth and the activity of Bifidobacterium and Lactobacillus
strains (Onumpai et al., 2011). Both genera have shown the potential to protect enterocytes
from an acute inflammatory response (Candela et al., 2008). In rats, citrus pectins tended to
increase not only the total SCFA concentration, but also the proportions of propionate and
butyrate (Dongowski et al., 2002b). Propionate has the potential to reduce cholesterol
concentrations in blood (Hosseini et al., 2011), while butyrate is an important energy source
for intestinal epithelial cells and plays a role in the maintenance of colonic homeostasis
(Hamer et al., 2008).
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Most of the studies on fermentation of pectins were performed using in vitro and/or in vivo
rat models with pectin as the sole DF source (Dongowski et al., 2002b; Onumpai et al.,
2011). However, the intake of pectin is usually accompanied by the consumption of other
DFs. Up to now, no scientific study is available that describes the potential effects of pectin
on the degradation of other specific DFs. Consequently, modulation of the SCFA patterns
and microbiota composition by pectins in the presence of other DFs are unknown.

The aim of the present study was to monitor the fate of different types of pectin in the large
intestine of rats, and evaluate the effects of pectin supplementation on the fermentation
patterns of other DFs in the diets. To achieve this aim, high- and low-methyl esterified
citrus pectins and more complex (acetylated and branched) sugar beet pectin and soy pectin
were added as soluble fibers to the diets of rats.

Materials and methods

Materials and diets

Standard rat diet chow (RMH-B) was purchased from AB diets (Woerden, The
Netherlands). The four experimental diets based on the control diet RMH-B (CONT) are
LMP containing 3% (w/w) low-methyl esterified citrus pectin (Classic CU-L 020/13,
Herbstreith & Fox, Neuenbirg, Germany), HMP containing 3% (w/w) high-methyl
esterified citrus pectin (Classic CU-L 021/13, Herbstreith & Fox), SBP containing 3%
(w/w) sugar beet pectin (GENU® BETA pectin, CP Kelco, Grossenbrode, Germany), and
SSPS containing 3% (w/w) soy pectin (soyafibe, Fuji Oil, Osaka, Japan). 0.25% (w/w)
titanium dioxide (TiO,; Sigma-Aldrich, St. Louis, MO, USA), as an indigestible marker for
calculation of nutrient digestibility was added, to both control and experimental diets. All
diets were characterized (Table S4.1) with respect to chemical composition.

Animals and sampling

40 male Wistar rats, weight 300 + 10 g were purchased from Harlan Laboratories (Horst,
The Netherlands) and housed individually for the duration of this study. Temperature was
21 °C with a light/dark cycle of 12h/12h. After acclimatization to diet CONT for 1 week,
animals were divided into five experimental groups of eight rats each. The diets of four
groups were changed to pectin supplemented diets for seven weeks, while one group was
still fed with CONT. Food and water were available ad libitum. All experiments were
accepted by the Animal Ethics Committee of Groningen University (DEC 6375,
Groningen, The Netherlands)

Animals were sacrificed after 7 weeks of diet treatment as described before (Chapter 3).
Caecal and colonic digesta were collected separately. Approximately 200 mg of caecal or
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colonic content from animals belonging to the same treatment group were pooled and
freeze-dried. The rest of caecal and colonic digesta were frozen at -80 °C for SCFA and
microbiota analysis. Dry digesta and defatted diets were milled using a ball-milling
apparatus MM2000 (Retsch, Haan, Germany).

Extraction of non-starch polysaccharides

Gelatinization and enzymatic degradation of starch in diets, followed by ethanol
precipitation and washing of the non-starch polysaccharides (NSPs) were performed as
described previously (Jonathan et al., 2013).

DNA extraction and quality control

Microbial DNA was extracted from 250 mg of digesta using a Repeated Bead Beating
protocol (Salonen et al., 2010), followed by purification using QlAamp DNA Stool Mini
Kit columns (Qiagen, Hilden, Germany) according to the manufacturer's recommendations.
The purified DNA was subsequently quantified using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). DNA extracts were diluted to 20 ng/uL in
nuclease free water and used in PCR.

Analytical methods
Chemical analysis

Dry matter was determined by drying samples overnight in an oven at 103 °C. Crude ash
was measured by incineration at 550 °C (Tian et al., 2015). Titanium dioxide in the rat diets
and digesta was analyzed using a UV spectrophotometer at 410 nm following the method
described previously (Short et al., 1996). Protein content was determined according to the
Dumas method of the AOAC (AOAC, 1995) on a Thermo Quest NA 2100 Nitrogen and
Protein Analyzer (Troy, NY, USA). Starch and mixed linkage (1-3),(1-4)-4-D-glucan (-
glucan) contents were analyzed using the total starch and g-glucan kits from Megazyme
(Bray, Ireland), respectively. The constituent monosaccharide composition of the pectins
and of DF fraction present in the digesta was determined as described previously (Chapter
3). Content of cellulose was calculated from the difference between glucose present in NSP
and glucose present in S-glucan. The SCFA present in the digesta were analyzed by GC
with 2-ethylbutyric acid as internal standard (Chapter 3). Lactate was analyzed using HPLC
as described elsewhere (Jonathan et al., 2012).

16S rRNA gene amplification and MiSeq sequencing

For 16S rRNA gene-based microbial composition profiling, barcoded amplicons from the
V1-V2 region of 16S rRNA genes were generated by PCR using a two-step method (Berry
et al., 2011). In the first step, the forward 27F-DegS primer and an equimolar mix of two
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reverse primers (338R | and Il) were used (van den Bogert et al., 2011; van den Bogert et
al., 2013). The forward primer (UniTagl-27F-DegS) included a UniTagl (5°’-
GAGCCGTAGCCAGTCTGC-3’) at the 5’-end, and the reverse primers (UniTag2-338R-I
+ II) had the UniTag2 (5-GCCGTGACCGTGACATCG-3’) at the 5’-end. The UniTags
were selected with Primer-BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
to avoid a close match to all bacteria in the database (July 8th, 2014), and were analyzed
with IDTDNA Oligoanalyzer 3.1 (Integrated DNA Technologies) for the formation of
secondary structures. PCRs were performed using a SensoQuest Labcycler (Géttingen,
Germany). Twenty ng of template DNA was used in the first PCR, which included 10 pL of
5x HF buffer (Finnzymes, Vantaa, Finland), 1 pL. PCR Grade Nucleotide Mix (Roche
Diagnostics, Mannheim, Germany), 1U of Phusion® Hot Start Il High-Fidelity DNA
polymerase (2U/uL), 32.5 pL of nuclease free water, and 2.5uL of Primer UniTagl-27F-
DegS (10 uM) and 2.5uL of the equimolar mix of Primer UniTag2-338R-I +1I (10 uM).
The amplification program included an initial denaturation at 98 °C for 30 s; 25 cycles of
denaturation at 98 °C for 10 s, annealing at 56 °C for 20 s, and elongation at 72 °C for 20 s;
and a final extension at 72 °C for 10 min. The presence of PCR products was confirmed by
agarose gel electrophoresis containing 1x SYBR Safe (Invitrogen, Carlsbad, CA, USA). A
second PCR reaction was completed on the amplicons to add an 8 nucleotide sample
specific barcode to the 5’- and 3-end of initial PCR products (Ramiro Garcia et al., 2015).

Each PCR reaction solution with a final volume of 100 pL contained 5uL first PCR
products, SuL barcoded forward primer (10uM), SuL barcoded reverse primer (10puM), 2
uL PCR Grade Nucleotide Mix (Roche Diagnostics), 2 U of Phusion® Hot Start I High-
Fidelity DNA polymerase and 1xHF buffer (Finnzymes). The amplification program
consisted of an initial denaturation at 98 °C for 30 s; 5 cycles of denaturation at 98 °C for
10 s, annealing at 52 °C for 20 s, and elongation at 72 °C for 20 s; and a final extension at
72 °C for 10 min. The presence of PCR products was confirmed by gel electrophoresis and
the amplicons were then purified using HighPrep™ PCR kit (MagBio Genomics,
Gaithersburg, MD, USA) according to manufacturers’ instructions.

The barcoded samples were quantified using the Qubit® dsDNA BR Assay Kit (Life
Technologies, Carlsbad, CA, USA) following manufacturer’s protocol, and forty samples,
each labeled with an unique barcode, were pooled in an equimolar fashion to form a library.
Sequencing of the pooled libraries was performed at GATC Biotech AG (Constance,
Germany) using the Illumina Miseq technology.

Sequence analysis

Sequencing reads were demultiplexed using QIIME 1.8.0, and analyzed using QIIME based
pipeline as described before (van den Bogert et al., 2013). Operational taxonomic units
(OTUs) clustering was performed with an identity threshold of 97%.
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Statistical analysis

The results were analyzed using Graphpad Prism program (La Jolla, CA, USA). The
parametric distribution of data was confirmed using Kolmogorov-Smirnov test. Results are
expressed as mean £ SEM. Statistical comparisons were performed using paired t test for
parametrically distributed data. Where non-parametric distribution could be demonstrated,
we applied Mann-Whitney test. p<0.05 was considered as statistically significant.

Univariate testing of differences for individual microbial groups was processed by using a
Mann-Whitney test. The Benjamini-Hochberg method was used for adjustment after
multiple testing. To relate changes in total bacterial community composition to
environmental variables, redundancy analysis (RDA) was used as implemented in the
CANOCO 5 software package. Explanatory variables were considered to significantly
affect microbial composition at p<0.05.

Results

Characteristics of pectin substrates

The constituent monosaccharide compositions of the four pectins are shown in Table 4.1.
Both low-methyl esterified pectin and high-methyl esterified pectin were mainly composed
of uronic acid (>95 mol%). The degrees of methyl esterification (DM) of low- and high-
methyl esterified pectins were 29% and 53%, respectively. The degrees of acetyl
esterification (DA) of these two pectins were around 1%. Sugar beet pectin was mainly
composed of uronic acid (63 mol%), next to galactose (18 mol%) and arabinose (13 mol%).
The DM and DA of sugar beet pectin were 58% and 25%, respectively. Less uronic acid
(19 mol%) was present in soy pectin compared to sugar beet pectin. The main constituent

Table 4.1 Constituent monosaccharide composition (mol%) and carbohydrate content (w/w%) of
pectins.

Monosaccharides (mol%) Total DM DA
Pectin carbohydrate

Rha Fuc Ara Xyl Man Gal Glc UA (Wiwob) (%) (%)
Low methyl
esterified pectin 0 1 0 0 2 0 9 80 29 1
High methyl
esterified pectin 0 1 0 0 8 0 9 & 53 1
Sugar beet pectin 3 0 13 1 0 18 1 63 78 58 25
Soy pectin 2 3 24 6 1 42 4 19 71 4 17

Rha: rhamnose; Fuc: fucose; Ara: arabinose; Xyl: xylose; Man: mannose; Gal: galactose; Glc: glucose; UA: uronic
acid. DM: degree of methyl esterification, moles methanol per 100 moles of galacturonic acid residues. DA:
degree of acetylation, moles acetic acid per 100 moles of galacturonic acid residues.
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monosaccharide in soy pectin was galactose (42 mol%), followed by arabinose (24 mol%),
xylose (6 mol%), glucose (4 mol%), fucose (3 mol%) and rhamnose (2 mol%). The DM
and DA of soy pectin were 4% and 17%, respectively. The molecular weight (Mw)
distributions of the four pectins used in this study were quite similar (Figure S4.1), ranging
between 100-1000 kDa.

Characterization of diet non-starch polysaccharides (NSP) and digesta

To study the fermentation of pectin and the consequent effects of pectin on the fermentation
of other fibers present in the diets, the diet and digesta were characterized with respect to
constituent monosaccharide composition of NSP (Table 4.2). The main constituent
monosaccharides in the NSP fraction of CONT were xylose (40 mol%), glucose (27
mol%), arabinose (19 mol%) and uronic acid (8 mol%). As expected, higher proportions of
uronic acid were present in the NSP of experimental diets supplemented with pectins. The
molar percentage of galactose was higher for SBP (6 mol%) and SSPS (11 mol%) than for
CONT (3 mol%). Supplementation of citrus pectin did not change the arabinose to xylose

Table 4.2 Constituent monosaccharide composition (mol%) and carbohydrate content (w/w%) of
diet, caecal and colonic digesta.

Monosaccharides (mol%) Total
carbohydrate Ara/Xyl (Ara+Xyl)/UA

Group  Sample

>

Rha Ara Xyl Man Gal Glc U

(w/w %)
Diet 0 19 40 2 3 27 8 34 0.48 7.4
CONT Cae 1 17 31 2 3 36 9 29 0.54 5.2
Col 1 19 33 2 4 32 9 26 0.59 5.7
Diet 0 15 32 2 3 19 28 40 0.47 1.6
LMP Cae 2 15 30 3 3 31 16 30 0.49 2.8
Col 2 17 29 3 4 33 13 27 0.58 3.7
Diet 0 14 30 2 3 19 31 36 0.47 14
HMP  Cae 2 16 29 2 3 33 14 27 0.55 31
Col 2 17 28 3 4 32 14 27 0.61 3.2
Diet 1 17 33 2 6 23 18 38 0.51 29
SBP Cae 1 15 31 3 3 39 8 27 0.48 5.7
Col 2 17 31 3 4 34 9 27 0.55 5.4
Diet 1 19 34 2 11 23 12 39 0.56 44
SSPS  Cae 1 14 30 3 3 40 8 25 0.48 55
Col 1 15 30 3 4 38 8 27 0.50 5.6

Rha: rhamnose; Fuc: fucose; Ara: arabinose; Xyl: xylose; Man: mannose; Gal: galactose; Glc: glucose; UA: uronic
acid. diet: total non-starch polysaccharides segment of diet. Cae: caecal digesta; Col: colonic digesta. Ara/Xyl:
mole ratio of arabinose to xylose; (Ara+xyl)/UA: mole ratio of the sum of arabinose and xylose to uronic acid.
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(A/X) ratio compared to controls, while supplementation of soy pectin and sugar beet
pectin did. With respect to caecal and colonic digesta, slightly higher molar proportions of
uronic acid were found in LMP- and HMP-fed rats than in CONT-fed rats. A/X ratios for
caecal digesta from CONT- and HMP-fed rats were higher than those of related diets. In
contrast, A/X ratios for caecal digesta from SBP- and SSPS-fed rats were lower than those
of related diets. The ratio of the sum of arabinose and xylose to uronic acid
[(Ara+Xyl)/UA] for caecal digesta from CONT-fed rats was lower compared to that of the
CONT diet. The (Ara+Xyl)/UA ratio was much higher for caecal digesta from pectin
supplemented groups than for their corresponding diets. A/X ratios of colonic digesta from
all groups were slightly higher than those of the corresponding caecal digesta. Overall, the
molar composition of monosaccharides in colonic digesta were rather similar to those in
caecal digesta (Table 4.2).

Digestibility of carbohydrate and protein in caecum and colon

Due to the low amount of digesta in rats, the caecal digesta and the colonic digesta from the
animals in the same treatment group were pooled to attenuate the individual variation for
the TiO, analysis. Consequently, the digestibility values are indicative rather than
statistically justified (Table 4.3).

In the caecum, similar digestibilities of NSP (=56%) were observed for LMP-, SBP- and
SSPS-fed rats, which levels were higher than those in CONT- (36%) and HMP-fed rats
(39%). Slightly lower digestibilities of protein (63%) and starch (98%) were found in
HMP-fed rats than for CONT-fed rats. In the colon, the apparent digestibility of NSP in
pectin supplemented diet-fed rats was lower than that in CONT-fed rats (69%).

Next to the digestibility of total NSP, the fermentation of individual constituent
monosaccharides of NSP was analyzed as well (Table 4.3). Caecal digestibilities of
arabinose and xylose were lower in HMP-fed rats, and higher in LMP-, SBP- and SSPS-fed
rats than in CONT-fed rats. Colonic digestibilities of arabinose, xylose and glucose were
lower in rats fed with pectin supplemented diets than in CONT-fed rats. Higher caecal and
colonic fermentabilities of uronic acid were found in rats fed with pectin supplemented
diets than in controls. Caecal digestibilities of added pectin were calculated to be 91%,
82%, 96% and 101% in LMP-, HMP-, SBP- and SSPS-fed rats, respectively. Both citrus
pectins showed approximately 92% digestion at the end of the colon. Colonic digestibility
of cellulose was lowered after supplementing pectin to the diets. The digestibility of g-
glucan in rats fed with pectin supplements was comparable to that in CONT-fed rats
(=98%, w/w).
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Table 4.3 Apparent digestibility (%) of protein, starch and carbohydrates in the caecum and colon of
rats fed with diets basal diet chow and pectin added diets.

CONT LMP HMP SBP SSPS

Cae Col Cae Col Cae Col Cae Col Cae Col

Protein 66.3 784 69.8 72.6 63.4 69.0 695 741 69.3 734
Starch 98.7 994 98.8 99.1 98.3 99.1 98.7 99.2 989 99.1
NSP 36.3 68.8 55.7 65.0 388 564 559 64.9 545 62.8
Glc 11.2 65.0 279 39.7 43 345 19.4 425 132 3338
p-glucan® 96.2 98.1 974 98.1 96.3 97.0 98.6 98.1 96.6 98.0

Cellulose -4.4 589 133 274 -15.0 213 47 322 -1.9 222

Ara 48.1 698 55.8 60.6 26.3 447 62.8 66.4 68.2 719
Xyl 56.0 76.3 58.6 68.5 376 575 625 704 63.1 68.6
Ara+Xyl® 535 743 57.7 66.0 340 534 626 69.1 649 69.8

UA 29.3 60.2 732 820 66.5 819 799 821 69.0 74.6
Pectin® - - 90.8 927 823 915 96.1 111.6 1005 984

NSP: non-starch polysaccharides; Ara: arabinose; Xyl: xylose; UA: uronic acid, sum of glucuronic acid and
galacturonic acid; Cae: caecal digesta; Col: colonic digesta.

@ Mixed linage (1-3),(1-4)-g-D-glucan; ® Sum of arabinose and xylose; in CONT, LMP and HMP, it stands for the
amount of arabinoxylans; ¢ The digestibility of galacturonic acid present in the backbone of pectins; it is calculated
from the digestibility of uronic acid with the assumption that supplementation of pectin did not affect the
digestibility of glucuronic acid.

Formation of organic acids in caecum and colon

The main fermentation products detected in the digesta were SCFA including acetate,
propionate, butyrate, and lower amount of lactate, iso-butyrate and iso-valerate (Figure
4.1). Lactate concentrations were low in both caecum and colon and not significantly
(p>0.05) different between groups. Total SCFA concentrations in caecum were higher in
LMP- and SSPS-fed rats fed with pectin supplemented diets than in CONT-fed rats. The
increase of total SCFA concentration was significant only in LMP- and SSPS-fed rats. The
concentrations of acetate, propionate, butyrate and branched SCFA (iso-butyrate and iso-
valerate) were significantly higher (p<0.05) in LMP-fed rats than in CONT-fed rats. Also
significant increases (p<0.05) were found for the analyzed individual SCFA (except
acetate) in SSPS-fed rats compared to CONT-fed rats. In contrast, fermentation of HMP
and SBP resulted in lower concentrations (Figure 4.1) and proportion (Table S4.2) of
butyrate relative to CONT, LMP and SSPS, although differences were not significant. In
the colon samples, the concentrations of acetate, propionate, butyrate and branched SCFA
in any of the pectin-fed rats did not significantly differ from those in CONT-fed rats
(Figure 4.1).
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Figure 4.1 Lactate (A), Total SCFA (B), acetate (C), propionate (D), butyrate (E) and branched SCFA
(F) concentrations in caecal and colonic digesta of rates fed the different diets for 7 weeks. Values are
meant SEM, n=6-8 rats per treatment. Within samples from caecum, values without a common letter
are significantly different (p<0.05), values with a same letter are not significantly different (p>0.05).
# samples from caecum and colon differ within the same treatment, p<0.05.

Microbiota composition in caecum and colon

The most prevalent phyla in all samples were Firmicutes and Bacteroidetes, with
Verrucomicrobia, Actinobacteria and Candidate_division_TM7 contributing smaller
proportions of the sequencing reads (Figure S4.2). In general, the levels of Firmicutes in
both caecal and colonic digesta were higher in rats fed with pectin supplemented diets than
in CONT-fed rats. In contrast, Bacteroidetes generally decreased in relative abundance in
rats fed with the pectin added diets.

At genus level (Figure 4.2), most of the genera in the caecum and colon of rats were
influenced by pectin supplemented diets. Generally, the effects were more pronounced in
caecum than in colon. Members of the genus Lactobacillus were stimulated by pectin in
SBP (p<0.01) and LMP (p=0.01, without correction) during caecal fermentation in rats
(Table 4.4). Unidentified microbes in the family Lachnospiraceae were significantly
(p<0.01) increased in the caecal digesta of SBP-fed rats. Incertae_Sedis in the family
Lachnospiraceae were significantly higher in caecal digesta from SBP- (p<0.05) and SSPS-
fed rats (p<0.01) than in digesta from CONT-fed rats. Unclassified microbes in the family
S24-7 (order Bacteroidales) were significantly decreased in caecum of HMP- (p<0.05) and
SBP-fed rats (p<0.01). In the caecum, the proportion of an unclassified genus in the family

74



Effects of pectin on fermentation patterns in rats

Peptostreptococcaceae was significantly lower in SBP- (p=0.01) and SSPS-fed rats
(p=0.037, without correction) than in CONT-fed rats. Significant decreases (p<0.01) of
Akkermansia relative abundance were found in SBP- and SSPS-fed rats, but not in the
citrus pectins-fed rats. For colonic digesta, the shifts of microbiota composition induced by
pectins showed a similar trend, although the differences were mostly not significant (Table
4.4).
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Figure 4.2 Bacterial community at the genus level in the caecum and the colon of rats fed with
control diet chow (CONT), low methyl esterified pectin enriched diet (LMP), high methyl esterified
pectin enriched diet (HMP), sugar beet pectin enriched diet (SBP), or soy pectin enriched diet (SSPS).
Un: unclassified; 1S: Incertae_Sedis.
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Effects of pectin on fermentation patterns in rats

To relate changes in microbiota composition to the different diets and the main metabolites
of microbial fermentation, i.e. different SCFAs, relative abundance of in total 35 genus-
level phylogenetic groups were subjected to redundancy analysis (RDA). The RDA
included the proportions of lactate, acetate, propionate, butyrate, branched SCFA and the
diets as explanatory variables. RDA data showed a treatment effect on the microbiota in
both caecum and colon. Both caecal and colonic samples in LMP-, HMP-, SBP- and SSPS-
fed rats clustered separately from those in CONT-fed rats (Figure 4.3), although individual
SCFAs as explanatory variables did not have a significant contribution (Monte Carlo
Permutation test, p>0.05). Caecal samples from SBP-fed rats clustered separately from
those from SSPS-fed rats. Samples in the two groups were clearly separated from those in
LMP- and HMP-fed rats. Colonic samples from LMP-, HMP- and SSPS-fed rats clustered
together.

Discussion

Fermentation pattern of NSP present in the basic diet

The NSP of the diets that mainly originates from ingredients wheat and oats in CONT were
not completely fermented after passing the Gl tract of rats. The fecal digestibility of total
NSP in CONT diet were comparable to those reported for diets (Wisker et al., 2003) based
on wheat and oats. Fermentation of cereal NSP present in CONT led to a SCFA pattern
with a high proportion of butyrate, which could be attributed to the stimulating effect of
AXs on the production of butyrate, as reported before (Damen et al., 2011; Knudsen et al.,
1993). With respect to the microbiota composition, we found that members of the genus
Lactobacillus, an unclassified genus from family S24-7 (order Bacteroidales) and members
of the family Peptostreptococcaceae were predominant in caecum and colon of rats fed with
CONT diet. Previous findings on AXs and g-glucan from barley also demonstrated their
selectivity of Lactobacillus for these polysaccharides (Dongowski et al., 2002a).

The fermentation pattern of citrus pectin-enriched diets is DM-dependent

Supplemented pectins, which are structurally different from the DFs present in cereal,
resulted in changes in fermentation characteristics. We found that both citrus pectins
showed excellent fermentability in the large intestine of rats. Nonetheless, the high-methyl
esterified pectin was fermented less efficiently than low-methyl esterified pectin in the
caecum, which is in agreement with a previous study (Dongowski et al., 2002b). In that
study, it was suggested that degradation of pectins was due to pectate lyase and pectin
methyl esterase (Dongowski et al., 2002b). We found that low-methyl esterified pectin
showed a better stimulation on the growth of lactobacilli than high-methyl esterified pectin.
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Figure 4.3 Differential modulation of caecal (A) and colonic (B) microbiota composition by pectins.
Correlation triplots based on a redundancy analysis (RDA) depicting the relationship between caecal
and colonic microbiota composition and the differences induced by pectins. Proportions of lactate,
acetate, propionate, butyrate, branched SCFA and the different diets were included as explanatory
variables. These variables explain 29.4% of total variation, and 59.1% of that variation was explained
by the first two canonical axes (A). These variables explain 35.4% of total variation, and 49.9% of

that variation was explained by the first two canonical axes (B).
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Effects of pectin on fermentation patterns in rats

Lactobacilli have displayed higher growth rates on low-methyl esterified pectin than on
high-methyl esterified pectin as a carbon source (Olano-Martin et al., 2002).

In the present study, the location of fermentation of the NSP and its polymeric constituents,
AXs and cellulose, was shifted from the caecum to the colon of rats by the presence of the
high-methyl esterified pectin, but not by the low-methyl esterified pectin. The variance of
caecal digestibility of the two citrus pectins (10%, Table 4.3) does not seem to fit the
significant (p<0.05) difference of caecal SCFA levels (Figure 4.1). The shift of
fermentation site of DFs in the large intestine is interesting and explainable. The
fermentation of pectin might have started in the ileum of rats due to presence of pectin
degrading microbiota (e.g. lactobacilli) (Wirth et al., 2014). Because the low-methyl
esterified pectin was more efficiently or more early degraded by the microbiota than the
high-methyl esterified pectin, lower amounts of low-methyl esterified pectin were available
and full-filling the fiber-needs of microbiota to maintain glycosidic fermentation in the
caecum of LMP-fed rats. Although the supplemented pectin accounts for 20% of the DFs
present in the pectin-enriched diets, still 80% of the DFs is similar to those in CONT. The
caecal microbiota already adapted to the AXs in LMP-fed rats as indicated by the
comparable fermentability (Table 4.3) and SCFA proportion (Table S4.2) to controls,
where AXs were the main substrate for microbiota. In contrast, a higher amount of high-
methy| esterified pectin might have been present for microbiota in caecum of HMP-fed rats.
Consequently, the fermentation of AXs present in HMP was shifted from the caecum to the
colon. The caecal fermentability of AXs (Table 4.3) and production of caecal SCFA (Figure
4.1) were much lower in HMP-fed rats than in LMP-fed rats. Because citrus pectins have
been suggested to be a good source for acetate production (Berggren et al., 1993; Jonathan
et al., 2012), the increased ratio of fermented pectin to cereal NSP in the caecum of HMP-
fed rats resulted in higher proportion of acetate and lower proportion of butyrate. The
carbohydrate availability in the large intestine also shaped the microbial community by
impacting the fibrolytic communities, as reported before (Koropatkin et al., 2012). A
significant increase of Bacteroides by citrus pectins that has been reported before
(Dongowski et al., 2002b; Onumpai et al., 2011) was not observed in the present study. Our
results showed the increased relative abundance of Lactobacillus as previously reported
(Dongowski et al., 2002b). This could be due to the changes in proportions of different
fermented DFs as a result of the shifted fermentation site in the large intestine. The increase
of Lactobacillus for LMP and HMP in the present study was not accompanied by a higher
concentration of lactate in the digesta. This might be explained by the lactate utilization by
butyrate-producing Lachnospiraceae, Ruminococcaceae, and Bacteroidaceae via cross-
feeding with Lactobacillus (Belenguer et al., 2006).

79



CHAPTER 4

Influence of branched pectins on fermentation pattern

We also included sugar beet pectin and soy pectin in our investigation. The HG in soy
pectin has been reported to be 4-10 residues in length (Nakamura et al., 2002), which is
quite short compared to HG from the sugar beet pectin (+ 100 residues) (Thibault et al.,
1993). Despite higher levels of side chains and acetylation than citrus pectin, the HG length
of sugar beet pectin is more close to those of the two citrus pectins (114-138 residues
(Thibault et al., 1993)) than soy pectin.

In the present study, the total caecal SCFA concentration in SSPS-fed rats was significantly
higher than that in CONT-fed rats, which is due to the high fermentability of soy pectin and
constant caecal fermentability of other DFs in SSPS-fed rats. In contrast, the total caecal
SCFA concentration in SBP-fed rats was not different from that in CONT-fed rats, which
may be attributed to the shifted fermentation of other DFs by sugar beet pectin. It is similar
to that for high-methyl esterified pectin as discussed above, which could be due to the
similarity in HG length and degree of methyl esterification between the two pectins. Rapid
fermentation of the two branched pectins tended to differentiate from each other with
respect to the proportion of individual SCFA in the caecum of rats. Our results are in
accordance with previous data that fermentation of sugar beet pectin preferably stimulated
the production of acetate, while fermentation of soy pectin relatively enhanced the
production of propionate (Min et al., 2015).

Sugar beet pectin and soy pectin branched with arabinan and galactan showed different
effects on the microbiota than what was observed for citrus pectins. A strong bifidogenic
effect was obtained with arabinan and galactan previously (Onumpai et al., 2011), but
bifidobacteria poorly utilize polygalacturonic acid, methyl esterified citrus pectin and
rhamnogalacturonan oligosaccharides (Onumpai et al., 2011). We did not detect any
Bifidobacterium in digesta from SBP- and SSPS-fed rats, which is similar to what has been
reported before (Strube et al., 2015). Supplementation of sugar beet pectin and soy pectin
resulted in a significant increase of Firmicutes in the large intestine of rats, which was also
reported before for citrus pectins (Min et al., 2015). The relative abundance of Akkermansia
was significantly lower in the large intestine of SBP- and SSPS-fed rats than in the CONT,
which indicates lower levels of mucin degradation (Van den Abbeele et al., 2011). Sugar
beet pectin and soy pectin supplementation increased the abundance of Lachnospiraceae,
Ruminococcaceae and Bacteroidaceae, several members of which are known for their
abilities to produce butyrate for health promotion (Wong et al., 2006).

Compared to LMP- and HMP-fed rats, a broader variety of microbial enzymes including
arabinanases, galactanase, etc., could be present in the caecum of SBP- and SSPS-fed rats,
as suggested by the high caecal fermentability of the two complex heteroglycans. Although
sugar beet pectin and soy pectin were fermented as quick as the citrus pectins, the SCFA
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pattern and microbiota community were clearly different between the groups. The
fermentation of less easily fermentable AXs was also impaired in the large intestine of rats
by more easily fermentable pectins. Preferred utilisation of one DFs over the other by
microbiota in the large intestine of pigs was previously described for resistant starch over
AXs (Jonathan et al., 2013). The competitive fermentation could take place within multi-
substrates utilizing microbial species, or between different species that each have specific
substrate preferences in a complex microbial food-web (Duncan et al., 2003). In the present
study, the fermentation patterns of DFs in the caecum of rats were significantly influenced
by the supplementation of different pectins (Figure 4.3A). In contrast, the differences of
microbiota composition and SCFA concentration between the rats fed different diets were
small in the colon of rats (Figure 4.3B). This could be explained by the extensive
fermentation of the pectins in caecum, resulting in the situation that in the colon the DFs
available for the colonic microbiota were mainly cereal AXs and cellulose as for controls.
We suggest that the available substrates present in the colon quickly affect the microbiota
community and consequently varied SCFA induced by pectins to a similar pattern to that
for controls.

Conclusion

Pectin supplementation shapes location of fermentation of DFs by microbiota in the large
intestine, which is attributed to the rapid fermentation of pectins and consequently shifted
fermentation of other consumed DFs (e.g. cereal AXs). Our results suggested that pectins
can confer beneficial health effects through gut microbiota modulation. Such modulation by
pectins may potentially associate with eating behaviour and fat deposition mediated by
SCFA. It remains to be elucidated whether these effects are valid in other mammals (e.g.
humans and pigs) for health-promoting properties.

Acknowledgements

We thank Ana Rovalino Cordova for her contribution to the research within her Master
thesis project at the Laboratory of Food Chemistry (Wageningen University, Wageningen,
The Netherlands).

This project is jointly financed by the European Union, European Regional Development
Fund and The Ministry of Economic Affairs, Agriculture and Innovation, Peaks in the
Delta, the Municipality of Groningen, the Provinces of Groningen, Fryslan and Drenthe as
well as the Dutch Carbohydrate Competence Center (CCC WP24), supported by Agrifirm,
Nutrition Sciences, DSM, The University Medical Center Groningen (UMCG), University
of Groningen (RUG) and Wageningen University (WU).

81



CHAPTER 4

References

Anderson, J. W., Baird, P., Davis, R. H., Jr., Ferreri, S., Knudtson, M., Koraym, A., Waters, V., &
Williams, C. L., Health benefits of dietary fiber. Nutrition Reviews 2009, 67, 188-205.

AOAC, Official methods of analysis of AOAC International. AOAC Arlington DC, USA, 1995.

Belenguer, A., Duncan, S. H., Calder, A. G., Holtrop, G., Louis, P., Lobley, G. E., & Flint, H. J., Two
routes of metabolic cross-feeding between Bifidobacterium adolescentis and butyrate-producing
anaerobes from the human gut. Applied and Environmental Microbiology 2006, 72, 3593-3599.

Berggren, A. M., Bjorck, I. M. E., Nyman, E. M. G. L., & Eggum, B. O., Short-chain fatty acid
content and pH in caecum of rats given various sources of carbohydrates. Journal of the Science of
Food and Agriculture 1993, 63, 397-406.

Berry, D., Ben Mahfoudh, K., Wagner, M., & Loy, A., Barcoded primers used in multiplex amplicon
pyrosequencing bias amplification. Applied and Environmental Microbiology 2011, 77, 7846-7849.

Candela, M., Perna, F., Carnevali, P., Vitali, B., Ciati, R., Gionchetti, P., Rizzello, F., Campieri, M.,
& Brigidi, P., Interaction of probiotic Lactobacillus and Bifidobacterium strains with human intestinal
epithelial cells: Adhesion properties, competition against enteropathogens and modulation of IL-8
production. International Journal of Food Microbiology 2008, 125, 286-292.

Damen, B., Verspreet, J., Pollet, A., Broekaert, W. F., Delcour, J. A., & Courtin, C. M., Prebiotic
effects and intestinal fermentation of cereal arabinoxylans and arabinoxylan oligosaccharides in rats
depend strongly on their structural properties and joint presence. Molecular Nutrition and Food
Research 2011, 55, 1862-1874.

Dongowski, G., Huth, M., Gebhardt, E., & Flamme, W., Dietary fiber-rich barley products
beneficially affect the intestinal tract of rats. Journal of Nutrition 2002a, 132, 3704-3714.

Dongowski, G., Lorenz, A., & Proll, A., The degree of methylation influences the degradation of
pectin in the intestinal tract of rats and in vitro. Journal of Nutrition 2002b, 132, 1935-1944.

Duncan, S. H., Scott, K. P., Ramsay, A. G., Harmsen, H. J. M., Welling, G. W., Stewart, C. S., &
Flint, H. J., Effects of alternative dietary substrates on competition between human colonic bacteria in
an anaerobic fermentor system. Applied and Environmental Microbiology 2003, 69, 1136-1142.

Hamer, H. M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F. J., & Brummer, R. J., Review
article: the role of butyrate on colonic function. Alimentary Pharmacology & Therapeutics 2008, 27,
104-119.

Henningsson, A, Bjorck, 1., & Nyman, M., Short-chain fatty acid formation at fermentation of
indigestible carbohydrates. Scandinavian Journal of Nutrition/Naringsforskning 2001, 45, 165-168.
Hosseini, E., Grootaert, C., Verstraete, W., & Van de Wiele, T., Propionate as a health-promoting
microbial metabolite in the human gut. Nutrition Reviews 2011, 69, 245-258.

Jonathan, M. C., Haenen, D., da Silva, C. S., Bosch, G., Schols, H. A., & Gruppen, H., Influence of a
diet rich in resistant starch on the degradation of non-starch polysaccharides in the large intestine of
pigs. Carbohydrate Polymers 2013, 93, 232-239.

Jonathan, M. C., van den Borne, J. J. G. C., van Wiechen, P., da Silva, C. S., Schols, H. A., &
Gruppen, H., In vitro fermentation of 12 dietary fibres by faecal inoculum from pigs and humans.
Food Chemistry 2012, 133, 889-897.

Knudsen, K. E. B., Jensen, B. B., & Hansen, |., Oat bran but not a S-glucan-enriched oat fraction

enhances butyrate production in the large-intestine of pigs. Journal of Nutrition 1993, 123, 1235-
1247.

Koropatkin, N. M., Cameron, E. A., & Martens, E. C., How glycan metabolism shapes the human gut
microbiota. Nature Reviews Microbiology 2012, 10, 323-335.

82



Effects of pectin on fermentation patterns in rats

Lobstein, T., Jackson-Leach, R., Moodie, M. L., Hall, K. D., Gortmaker, S. L., Swinburn, B. A.,
James, W. P. T., Wang, Y., & McPherson, K., Child and adolescent obesity: part of a bigger picture.
Lancet 2015, 385, 2510-2520.
Min, B., Kyung Koo, O., Park, S. H., Jarvis, N., Ricke, S. C., Crandall, P. G., & Lee, S.-0O.,
Fermentation patterns of various pectin sources by human fecal microbiota. Food and Nutrition
Sciences 2015, 06, 1103-1114.

Nakamura, A., Furuta, H., Maeda, H., Takao, T., & Nagamatsu, Y., Structural studies by stepwise
enzymatic degradation of the main backbone of soybean soluble polysaccharides consisting of
galacturonan and rhamnogalacturonan. Bioscience Biotechnology and Biochemistry 2002, 66, 1301-
1313.

Olano-Martin, E., Gibson, G. R., & Rastall, R. A., Comparison of the in vitro bifidogenic properties
of pectins and pectic-oligosaccharides. Journal of Applied Microbiology 2002, 93, 505-511.

Onumpai, C., Kolida, S., Bonnin, E., & Rastall, R. A., Microbial utilization and selectivity of pectin
fractions with various structures. Applied and Environmental Microbiology 2011, 77, 5747-5754.

Ramiro Garcia, J., Hermes, G., Giatsis, C., Sipkema, D., Zoetendal, E. G., Schaap, P. J., & Smidt, H.,
NG-Tax, a highly accurate and validated pipeline for analysis of 16S rRNA amplicons from complex
biomes. submitted for publication 2015.

Salonen, A., Nikkila, J., Jalanka-Tuovinen, J., Immonen, O., Rajilic-Stojanovic, M., Kekkonen, R. A.,
Palva, A., & de Vos, W. M., Comparative analysis of fecal DNA extraction methods with
phylogenetic microarray: Effective recovery of bacterial and archaeal DNA using mechanical cell
lysis. Journal of Microbiological Methods 2010, 81, 127-134.

Schols, H. A., & Voragen, A. G. J., Complex Pectins: Structure elucidation using enzymes. in: Visser,
J., Voragen, A. G. J. (Eds.), Pectins and Pectinases, Elsevier Science, Amsterdam, The Netherlands,
1996, pp. 3-19.

Short, F. J., Gorton, P., Wiseman, J., & Boorman, K. N., Determination of titanium dioxide added as
an inert marker in chicken digestibility studies. Animal Feed Science and Technology 1996, 59, 215-
221.

Strube, M. L., Ravn, H. C., Ingerslev, H. C., Meyer, A. S., & Boye, M., In situ prebiotics for weaning
piglets: In vitro production and fermentation of potato galacto-rhamnogalacturonan. Applied and
Environmental Microbiology 2015, 81, 1668-1678.

Thibault, J. F., Renard, C., Axelos, M. A. V., Roger, P., & Crepeau, M. J., Studies of the length of
homogalacturonic regions in pectins by acid-hydrolysis. Carbohydrate Research 1993, 238, 271-286.
Tian, L., Gruppen, H., & Schols, H. A., Characterization of (glucurono)arabinoxylans from oats using
enzymatic fingerprinting. Journal of Agricultural and Food Chemistry 2015, 63, 10822-10830.

Van den Abbeele, P., Gerard, P., Rabot, S., Bruneau, A., El Aidy, S., Derrien, M., Kleerebezem, M.,
Zoetendal, E. G., Smidt, H., Verstraete, W., Van de Wiele, T., & Possemiers, S., Arabinoxylans and
inulin differentially modulate the mucosal and luminal gut microbiota and mucin-degradation in
humanized rats. Environmental Microbiology 2011, 13, 2667-2680.

van den Bogert, B., de Vos, W. M., Zoetendal, E. G., & Kleerebezem, M., Microarray analysis and
barcoded pyrosequencing provide consistent microbial profiles depending on the source of human
intestinal samples. Applied and Environmental Microbiology 2011, 77, 2071-2080.

van den Bogert, B., Erkus, O., Boekhorst, J., de Goffau, M., Smid, E. J., Zoetendal, E. G., &
Kleerebezem, M., Diversity of human small intestinal Streptococcus and Veillonella populations.
Fems Microbiology Ecology 2013, 85, 376-388.

Voragen, A. G. J,, Coenen, G. J., Verhoef, R. P., & Schols, H. A., Pectin, a versatile polysaccharide
present in plant cell walls. Structural Chemistry 2009, 20, 263-275.

83



CHAPTER 4

Wirth, R., Bodi, N., Maroti, G., Bagyanszki, M., Talapka, P., Fekete, E., Bagi, Z., & Kovacs, K. L.,
Regionally distinct alterations in the composition of the gut microbiota in rats with streptozotocin-
induced diabetes. PLoS One 2014, 9, e110440.

Wisker, E., & Knudsen, K. E. B., The rat as a model for pigs: comparative values for the digestibility
of NSP and other macronutrients. British Journal of Nutrition 2003, 90, 373-383.

Wong, J. M. W, de Souza, R., Kendall, C. W. C., Emam, A., & Jenkins, D. J. A., Colonic health:
Fermentation and short chain fatty acids. Journal of Clinical Gastroenterology 2006, 40, 235-243.

84



Effects of pectin on fermentation patterns in rats

Supplementary information

Supplementary Table 4.1 Ingredient and chemical composition of control and pectin-enriched diets
(%, DM basis).

CONT LMP HMP SBP SSPS
Ingredient (% w/w)
Diet chow 100 97 97 97 97
Low methyl esterified pectin 0 3 0 0 0
High methyl esterified pectin 0 0 3 0 0
Sugar beet pectin 0 0 0 3 0
Soy pectin 0 0 0 0 3
Chemical composition (% w/w)
Moisture 5.8 6.1 6.2 6.3 5.8
Ash 53 4.9 5.1 53 5.1
Fat 5.1 5.1 4.9 5.0 5.2
Protein 26.1 256 25.1 254 24.3
Starch 40.1 375 38.5 389 38.1
Total NSP 11.6 14.3 14.0 13.7 14.0

CONT: the control diet RMH-B (AB diets, Woerden, The Netherlands); LMP: low-methyl esterified pectin
enriched diet; HMP: high-methyl esterified pectin enriched diet; SBP: sugar beet pectin enriched diet; SSPS: soy
pectin enrich diet; NSP: non-starch polysaccharide present in diet.
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Supplementary Figure 4.1 HPSEC elution patterns of pectins used in the experimental rat diets. Low
methyl esterified pectin (1); high methyl esterified citrus pectin (2); sugar beet pectin (3); soy pectin

(4).
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Supplementary Table 4.2 The proportions (% of total SCFA) of acetate, propionate, butyrate and

branched SCFAs (iso-butyric acid and iso-valeric acid) in the caecum and colon of rats.

Caecum

Colon

Lactate Acetate PropionateButyrateBranched ~ Lactate Acetate Propionate Butyrate Branched

CONT 240 57+3® 9+1 20+2% 310 240 53+2 1241  27+3 6+l
LMP  2+0 56+4® 10£0° 29+4® 440 240 62+2  13+1  18+2  5%0
HMP 240 63+2% 9+1° 23+2° 310 240  60+2 1241  21+3 6+l
SBP 240  62+3* 111> 2243 30 240 55+4  13+1  25+3  6+2
SSPS  1#0 5043 13+0*° 32+3* 440 140 5246  14+0  27+4 6%l
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Supplementary Figure 4.2 Bacterial community at the phylum level level in the caecum and the
colon of rats fed with control diet chow (CONT), low methyl esterified pectin enriched diet (LMP),
high methyl esterified pectin enriched diet (HMP), sugar beet pectin enriched diet (SBP), or soy

pectin enriched diet (SSPS).
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Chapter 5

Effects of pectin on fermentation
characteristics, carbohydrate utilization and
microbial community composition in the
gastrointestinal tract of weaning pigs

Abstract

The aim of this study was to investigate the effects of three different soluble pectins on the
digestion of other carbohydrates consumed, and the consequent alterations of microbiota
composition and SCFA levels in the intestine of pigs. Piglets were fed a low-methyl
esterified pectin enriched diet (LMP), a high-methy! esterified pectin enriched diet (HMP),
a hydrothermal treated soybean meal enriched diet (aSBM) or a control diet (CONT). LMP
significantly decreased the ileal digestibility of starch resulting in more starch fermentation
in the proximal colon (30% of total carbohydrate fermented). In the ileum, low-methyl
esterified pectin present was more efficiently fermented by the microbiota than high-methyl
esterified pectin present which was mainly fermented by the microbiota in the proximal
colon. Treated soybean meal was mainly fermented in the proximal colon and shifted the
fermentation of cereal dietary fiber to more distal parts, resulting in high SCFA levels in the
mid colon. LMP, HMP and aSBM decreased the relative abundance of the genus
Lactobacillus and increased that of Prevotella in the colon. The LMP, HMP and aSBM,
differently affected the digestion processes compared to the control diet and shaped the
colonic microbiota from a Lactobacillus-dominating microbiota to a Prevotella-dominating
community, with potential health-promoting effects.

Submitted for publication:
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P., Smidt, H., Schols, H. A., & Gruppen, H., Effects of pectin on fermentation characteristics,
carbohydrate utilization and microbial community composition in the gastrointestinal tract of weaning

pigs.



CHAPTER 5

Introduction

Dietary fibers (DFs) are reported to reduce the risk for obesity, type 2 diabetes mellitus,
cardiovascular disease, colon cancer, and to improve immunity by modulating the gut
microbiota composition (Kaczmarczyk et al., 2012). Understanding the correlations
between DFs, intestinal microbiota and bacterial metabolites could lead to an improved
control of microbiota composition by DFs intake targeted at health improvement and
disease prevention (Hamaker et al., 2014).

Pectins are important water-soluble DFs present in the cell walls of fruits, vegetables and
legumes. In addition, they are used as ingredients in composite foods. The most familiar
and predominant structural element in pectin is formed by the “smooth” homogalacturonan
(HG) regions, composed predominantly of a homopolymer of partially methyl esterified (1-
4)-linked a-D-galacturonic acid (GalA) units (Voragen et al., 2009). A second well-
characterized element of pectin is “hairy” rhamnogalacturonan I (RG-I). It is composed of
the repeating disaccharide [-2)-a-L-Rhap-(1-4)-a-D-GalpA-(1-] as backbone and is
decorated with side chains of arabinan, galactan and arabinogalactan at the O-4 position of
the rhamnose residues (Voragen et al., 2009). Health effects of pectin are dependent on the
variations in the chemical composition (VVoragen et al., 2009).

Pectins are fermented in the intestine by the gut microbiota. Pectins are benefitial for
certain microbiota (e.g. Bacteroides) and contribute to the production of microbial short
chain fatty acids (SCFASs) acetate, propionate and butyrate in the intestine (Henningsson et
al., 2002), which are assumed to contribute to the health benefits. The effects of pectins on
the colonic microbiota is, however, dependent on the structure of the pectins (Dongowski et
al., 2002; Onumpai et al., 2011). Citrus pectins with low degree of methyl esterification
(DM) are fermented faster in the large intestine of rats and consequently result in a higher
production of SCFAs than high DM pectins (Chapter 4). Both low and high DM citrus
pectins, good fiber substrates for acetate production (Jonathan et al., 2012), increased the
abundance of Bacteroides, but showed no bifidogenic effect during both in vivo
(Dongowski et al., 2002) and in vitro fermentation (Onumpai et al., 2011). In contrast, soy
pectin with both HG and high arabinogalactan containing RG-l regions had strong
bifidogenic and lactogenic effects which are not observed with citrus pectins (Onumpai et
al., 2011; Van Laere et al., 2000). Fermentation of soy pectin in vitro results in a relatively
high proportion of propionate (Jonathan et al., 2012) instead of acetate as observed with
citrus pectins.

Next to the HG and RG-I composition and DM, the solubility of pectins may play a role in
their health effects. Soluble DFs are usually considered to be more fermentable than
insoluble ones, and high levels of soluble DFs programmed microbiota in vitro to ferment
soluble DFs effectively (Ramasamy et al., 2014). Introducing soluble DFs, such as inulin,
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into the diet was associated with changes in microbiota composition and SCFA production,
resulting in protection of mice against increased adiposity (Chassaing et al., 2015). Soluble
pectic fibers represent only 27% of the total DFs in soybean meal (Knudsen, 1997), which
have been reported to correlate with visceral fat mass reduction and production of SCFAsS,
particularly butyrate, in rats (Chapter 3). Previous studies revealed that hydrothermal
treatment can solubilize DFs from maize (De Vries et al., 2013) and sugar beet pulp
(Oosterveld et al., 1996). The intake of soluble pectins is usually accompanied by the
consumption of other DFs present in the diets. We observed that citrus and soy pectin shift
the fermentation site of DFs throughout the colon and consequently change microbiota
composition and SCFA pattern in rats (Chapter 4).

In the present study, we studied the effect of different pectin compositions on food intake,
body weight development and microbiota composition in weaning pigs. Weaning pigs are
relevant models for infant development of intestinal and metabolic health (Patterson et al.,
2008). We hypothesized that (i) supplementation of pectin affects not only the fermentation
of other DFs in the large intestine, but also the utilization of starch and protein in the small
intestine; (ii) the effects of pectin supplementation on utilization patterns of DFs present in
the diets are structure-dependent. To prove these hypotheses, high- and low-methyl
esterified pectins, and a more complex pectin, solubilized from soybean meal by
autoclaving, were added to piglet diets. The food intake and body weight were recorded
daily. Also, the degradation of pectins and other DFs in the ileum and different parts of the
large intestine of weaning piglets was monitored. Next, the consequent effects on
microbiota composition and SCFAs were evaluated.

Materials and methods

Animals and diets

A basic diet, termed CONT was formulated as shown in Table S1. Low-methyl esterified
citrus pectin (Classic CU-L 020/13, Herbstreith & Fox, Neuenbiirg, Germany) and high-
methyl esterified citrus pectin (Classic CU-L 021/13, Herbstreith & Fox) were kindly
supplied by Prof. Hans-Ulrich Endress and were used to replace 3% (w/w) of the basic diet,
respectively. The low-methyl esterified pectin enriched diet and high-methyl esterified
pectin enriched diet were denoted LMP and HMP, respectively. Autoclaved SBM (120 °C,
60 min, material : water = 30 : 70; DSM biotechnology center, Delft, The Netherlands) was
used to replace 7% (w/w) untreated soybean meal present in the diet and the diet was
named aSBM. TiO, was added to the diets as a marker, to a concentration of 0.25% (w/w).

The protocol of animal use was reviewed and approved by Animal Ethics Committee of
Ghent University (no. 522008). Sixteen piglets (Dutch Landrace x Large White) with
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similar body weight (mean + SEM, 6.1 + 0.02 kg) at weaning (age of 3 weeks) were
randomly allotted to the four diets with four piglets per diet for 28 days. Piglets were
housed ad libitum in metabolic cages. Cages were placed in an environmentally controlled
room with ambient temperature maintained at 22°C. Feed intake and body weight of the
piglets fed with different diets were measured daily.

Sample collection and preparation

Diets and fecal samples from each piglet were collected at days 14 (d14) and 28 (d28). At
d28 two piglets were randomly selected from each group, anesthetized and euthanized after
collection of feces (Figure 5.1). Digesta were collected from distal ileum, proximal colon
(pCol), mid colon (mCol) and distal colon (dCol) and immediately stored at -80 °C.

Organic acids and microbiota composition were measured in thawed feces and digesta. For
all other analyses, samples were freeze-dried and milled using a ball-milling apparatus
(MM2000, Retsch, Haan, Germany). Total non-starch polysaccharides (NSP) in milled
diets were analyzed as described elsewhere (Jonathan et al., 2013). The digestibility of
nutrients in the feces and digesta was calculated using the TiO, concentration of feed,
digesta and feces.

Day 0 Day 14 Day 28
Random selection
- ‘Il ‘I& I | | | I N N N . 1 . 5 Ll 1 1 %
Body weight Feces Feces Digesta
+ (4 pigs x 4 groups) (4 pigs * 4 groups) (2 pigs x 4 groups)
Food intake I ] I
(4 pigs * 4 groups) v

| Chemical analysis |

v
[ DNA Sequencing |

Figure 5.1 Scheme of sample and date collection for pig experiment.

Chemical analysis

Feces and digesta were analyzed for dry matter (DM) by drying to a constant weight at 103
°C (Tian et al., 2015). Protein content (Nx6.25) was determined using a Thermo Quest NA
2100 Nitrogen analyzer (Interscience, Breda, The Netherlands). Constituent
monosaccharide composition of feces, digesta and diets were measured after acid
hydrolysis as described elsewhere (Tian et al., 2015). Low molecular weight (LMW)
sugars, including fructose, sucrose, raffinose and stachyose, were analyzed using high
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performance anion exchange chromatography (HPAEC) (Huisman et al., 1998). Total
starch content was analyzed using the starch kit from Megazyme (Bray, Ireland). SCFAs
were analyzed using gas chromatography (GC) with 2-ethylbutyric acid as the internal
standard (Chapter 4). Lactate and succinate were analyzed using high performance liquid
chromatography (HPLC) (Chapter 4). TiO, contents in feeds, feces and digesta were
analyzed as described elsewhere (Short et al., 1996).

DNA extraction, MiSeq sequencing and data processing

Total bacterial DNA was extracted from 250 mg of digesta (d28) and feces (d14) of piglets
as previously described (Chapter 4). For 16S ribosomal RNA (rRNA) gene-based microbial
composition profiling, barcoded amplicons from the V1-V2 region of 16S rRNA genes
were generated by a 2-step PCR protocol, and sequencing of the amplicons was performed
on the Illumina MiSeq platform as described before (Chapter 4). Raw Illumina fastq files
were demultiplexed, quality filtered, and analyzed using QIIME 1.8.0, as described
previously (Caporaso et al., 2010).

Statistical analysis

The results were analyzed using the Graphpad Prism program (La Jolla, CA, USA). The
parametric distribution of data was confirmed using the Kolmogorov-Smirnov test. Results
are expressed as mean + SEM. Statistical comparisons were performed using paired t test
for parametrically distributed data. Where non-parametric distribution could be
demonstrated, we applied Mann-Whitney test. p<0.05 was considered as statistically
significant (*p<0.05, **p<0.01).

The microbial community was analyzed by subjecting genus-level data to non-metric
multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity between samples. To
relate changes in total bacterial community composition to environmental variables,
redundancy analysis (RDA) was used as implemented in the CANOCO 5 software package
(Biometris, Plant Research International, The Netherlands). Environmental variables were
considered to significantly affect microbial composition with values p<0.05.

Results

Characteristics of diets

All piglets used in this study were healthy throughout the duration of the experiment. The
basic diet CONT was mainly composed of starch (44.5%, w/w), protein (17.6%, w/w), NSP
(13.8%, w/w), 5.3% (w/w) of fat and 1.8% (w/w) of LMW-sugars (Table 5.1). The starch
was mainly derived from cereals present in the diets, while the NSP originated from cereals
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and soybean, which constituted 69% (w/w) and 17% (w/w) in the diet, respectively (Table
S5.1). The constituent monosaccharides in the NSP of CONT were glucose (33 mol%),
xylose (29 mol%), arabinose (17 mol%), galactose (9 mol%), uronic acid (7 mol%) and
mannose (5 mol%) (Table 5.1). Compared to CONT, higher molar proportions of uronic
acid were detected in LMP (19 mol%) and HMP (20 mol%) (Table 5.1), since 3% (w/w) of
commercial citrus pectins have been added to the diets. Although the molar proportions of
constituent monosaccharides were similar between aSBM and CONT, more soluble soy
pectin was present in aSBM due to the solubilization of pectin from SBM during
hydrothermal treatment (Figure S5.1).

Table 5.1 Constituent monosaccharide composition of total non-starch polysaccharides (NSP),
protein and starch contents in the experimental diets (/100 g dry weight).

CONT LMP HMP aSBM
Fat 5.3 5.2 5.3 5.5
Protein 17.6 16.7 16.8 18.4
Starch 445 42.8 41.9 44.0
LMW-sugars 1.80 1.82 1.78 1.67
Fructose 0.12 0.15 0.16 0.28
Sucrose 0.68 0.64 0.65 0.52
Raffinose 0.25 0.27 0.24 0.20
Stachyose 0.75 0.76 0.73 0.67
NSP 13.8 16.3 16.2 14.0
Molar proportion (mol%)
Glucose 33 28 28 31
Xylose 29 27 26 29
Arabinose 17 15 15 18
Galactose 9 8 8 10
Mannose 5 3 3 4
Rhamnose 0 0 0 0
Uronic acid 7 19 20 8
Arabinose/Xylose 0.57 0.56 0.58 0.60

CONT: control diet; LMP: low methyl-esterified pectin enriched diet, HMP: high methyl-esterified pectin
enriched diet, aSBM: autoclaved soybean meal enriched diet. LMW: low molecular weight; NSP: non-starch
polysaccharides.

Feed intake and weight gain

The daily weight gain, daily feed intake and feed conversion ratio (FCR) tended to show
differences between the groups, albeit not reaching significance throughout the experiment
(Table 5.2). In the first 14 days, the daily feed intake tended to be higher for HMP-fed
piglets, and lower for aSBM-fed pigs, compared to controls. Both HMP and aSBM diets
resulted in lower weight gain of piglets in the first 14 days, compared to controls. During
the second 14 days of the experiments, the weight gain tended to be higher for aSBM-fed
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piglets than for controls, and the feed intake for piglets in pectin supplemented groups
tended to be lower than that for CONT-fed piglets.

Table 5.2 Food intake, average daily weight gain and feed conversion ratio (FCR) in piglets (n=4)
given different pectin- enriched diets for 28 days.

Daily food intake (g) Daily weight gain (g) FCR
CONT 3171 179.8 1.76
LMP 320.2 184.0 1.74

Day 0-14
ay HMP 3417 170.8 2.00
aSBM 260.6 167.7 1.55
CONT 757.8 458.0 1.65
LMP 7253 4372 1.66
Day14-28  Lvp 746.3 402.3 1.86
aSBM 713.0 47538 1.50
CONT 553.2 328.8 1.68
LMP 537.2 3196 1.68
Day0-28 e 558.5 204.8 1.89
aSBM 502.9 332.8 151

CONT: control diet; LMP: low methyl-esterified pectin enriched diet; HMP: high methyl-esterified pectin
enriched diet; aSBM: autoclaved soybean meal enriched diet. LMW: low molecular weight; NSP: non-starch
polysaccharides.

Characteristics of feces and digesta

The dried digesta and fecal samples were mainly composed of NSP and protein. The main
constituent monosaccharides of the NSP present in the feces and digesta from all the groups
were glucose, xylose, arabinose, uronic acid and galactose (Table 5.3 and Table S5.2). The
molar proportions of arabinose and xylose in the fecal NSP were not significantly affected
by the intervention time nor the diet. However, the ratios of arabinose to xylose (A/X) for
fecal NSP were significantly different (p<0.05) among the diets.

The protein content in the remaining digesta generally increased from ileum to distal colon
(dCol) for all groups (Table 5.3). In terms of the digesta collected from the same part of the
intestine for the different groups, lower contents of protein were found for pectin
supplemented groups compared to controls. The starch content in the digesta sampled from
ileum were higher for LMP- and aSBM-fed pigs than for CONT- and HMP-fed pigs. In
both mid colon (mCol) and dCol, the starch contents were higher for all three pectin-fed
pigs than for CONT-fed pigs. LMW-sugars (<1.0%, w/w) were detected in the ileum, and
only trace amounts (<0.1%, w/w) of LMW-sugars were found in the large intestine of pigs
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for all groups. The NSP contents in mCol and dCol increased due to pectin addition to the pig
diets. A higher molar proportion of uronic acid and lower molar proportions of xylose and
arabinose were present in the ileum for LMP and HMP compared to CONT. The A/X ratio
decreased along the large intestine from ileum to dCol for all diets.

Organic acid contents in feces and digesta

Supplementation of soluble pectins increased the lactate content in the feces at d14 (Table
S5.3). In contrast, the concentration of lactate in feces at d28 was decreased for LMP- and
HMP-fed pigs compared to CONT-fed pigs. The lactate content in the feces was
significantly higher for aSBM-fed pigs than for CONT-fed pigs at d14 and d28. Overall, the
SCFA patterns (concentrations and proportions) in the pig feces were not significantly
affected by the diet and intervention time.

In digesta, the highest contents of lactate and lowest contents of total SCFAs were found in
the ileum for all groups (Table 5.4). The content of lactate was lower in the digesta for
LMP- and HMP-fed pigs than for CONT-fed pigs at all four sites of the intestine. The
aSBM diet decreased lactate concentration in the ileum, but increased lactate concentration
along the entire colon (pCol, mCol and dCol). Lower contents of total SCFAs, acetate and
butyrate in the ileum were observed for LMP- and HMP-fed pigs than for CONT-fed pigs.
The concentrations of total SCFAs, acetate and butyrate in the digesta from all sites of the
large intestine were higher for LMP-fed pigs than for CONT-fed pigs. Compared to CONT,
HMP resulted in lower concentrations of all individual SCFAs in pCol, but higher
concentrations of acetate, propionate and butyrate in mCol. In contrast, aSBM resulted in
higher levels of total SCFAs and acetate compared to controls in the colon. Lower contents
of branched chain fatty acids (iso-butyrate and iso-valerate) were observed in the large
intestine of LMP-, HMP- and aSBM-fed pigs than of CONT-fed pigs.

lleal, colonic and fecal digestibility of carbohydrates

The apparent digestibilities of DM, nutrients and selected NSP monosaccharides in
intestinal digesta are shown in Figure 5.2. DM, protein and starch were digested to a lower
degree in all feces at d14 and d28 from pigs fed with pectin supplemented diets compared
to controls. Although the diet did not significantly influence the digestibility of NSP, the
diet significantly (p<0.01) affected the digestibility of three constituent monosaccharides of
NSP, being glucose, uronic acid and galactose.

The protein digestibility was lower for LMP- and HMP-fed pigs than for CONT-fed pigs
throughout the ileum and large intestine, whereas it was higher for aSBM-fed pigs than for
CONT-fed pigs. The digestibility of starch in the ileum was much lower for LMP-fed pigs
(89.0%) than for CONT-fed pigs (95.2%), while this difference became smaller in the large
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intestine. The ileal digestibility of NSP was 21.4% for CONT-fed pigs, and it was 9.6%,
17.5% and 12.6% for LMP-fed pigs, HMP-fed pigs and aSBM-fed pigs, respectively
(Figure 5.2). In the large intestine, lowest digestibility of NSP was observed for aSBM-fed
pigs, followed by those for LMP- and HMP-fed pigs. The ileal digestibility of glucose
present in NSP was lower for LMP-fed pigs than for pigs fed with the other three diets. The
colonic utilization of glucose, xylose, arabinose and galactose present in NSP was
comparable for pigs fed with different pectin supplemented diets, while it was lower than
that for CONT-fed pigs. Notably, the colonic and fecal digestibility of uronic acid was
higher for LMP- and HMP-fed pigs than for CONT-fed pigs. In contrast, the colonic
digestibility of uronic acid was lower for aSBM-fed pigs compared to CONT-fed pigs.
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Figure 5.2 Apparent digestibility of nutrients in feces and digesta from pigs fed the experimental
diets with and without addition of pectin sources. CONT: control diet; LMP: low methyl-esterified
pectin enriched diet; HMP: high methyl-esterified pectin enriched diet; aSBM: autoclaved soybean
meal enriched diet. pCol: proximal colon; mCol: mid colon; dCol: distal colon. NSP: non-starch
polysaccharides.
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Microbiota composition

Simpson/Shannon diversity analyses showed that pectin supplementation tended to increase
alpha diversity of intestinal microbiota (Figure S5.2), although the effects were not
significant. To assess the impact of different pectins on the microbiota composition, we
performed non-parametric multidimensional scaling (NMDS) based on Bray-Curtis
distances calculated from genus-level (Figure S5.3). The fecal samples from LMP-fed pigs
at d14 clustered distinctly from those in CONT-, HMP- and aSBM-fed pigs. No segregation
between fecal samples from HMP-, aSBM- and CONT-fed pigs was observed. For the
digesta samples collected at d28, all ileal samples significantly clustered separately from
colonic digesta. The colonic samples from LMP- and HMP-fed pigs were separated from
those from CONT- and aSBM-fed pigs. The ileal samples from aSBM-fed pigs clustered
separately from those of LMP-, HMP- and CONT-fed pigs.

OTU assignment of all sequences retained after quality filtering showed that 10 phyla were
detected across all treatment groups. In the CONT groups, the most abundant phylum
detected in feces, ileal and colonic digesta was Firmicutes, followed by Bacteroidetes,
phyla Verrucomicrobia and Proteobacteria. The pectin supplemented diets led to a higher
relative abundance of Bacteroidetes, whereas that of Firmicutes was lower in the colon and
feces, but not in the ileum (Figure S5.4).

Data analysis on genus level showed a total of 47 genera were detected. This humber was
higher in soluble pectin enriched diet-fed pigs than in CONT-fed pigs. In the fecal samples
collected at d14, pectin enriched diets exhibited a decrease in the relative abundance of the
genus Lactobacillus and an increase in the relative abundance of Prevotella and an
unclassified genus assigned to the family Ruminococcaceae (Figure 5.3A). With respect to
these predominant taxa, the biggest change was observed for LMP-fed pigs. The relative
abundance of unclassified microbes in the family S24-7 decreased in the feces of pigs fed
with pectin supplemented diets for two weeks. The relative abundance of Megasphaera
(p<0.05) increased when animals received HMP and aSBM for 14 days. The LMP- and
HMP-fed pigs had a higher relative abundance of unclassified microbes within the family
Lachnospiraceae in their feces, while the aSBM tended to lead to a decreased relative
abundance of this group.

We measured the relative abundance of different genera in different parts of the intestine at
d28. Pectin supplementation made only a small impact on the microbiota composition in
ileal digesta for LMP- and HMP-fed pigs, but had a strong effect on the ileal microbiota
composition for aSBM-fed pigs, as compared to the CONT group (Figure 5.3B). LMP and
HMP decreased the relative abundance of the genus Lactobacillus and increased that of
Prevotella in the colon of pigs. Similar changes in Lactobacillus and Prevotella were
observed for aSBM-fed pigs, although the changes were not as big as in the LMP- and
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HMP-fed pigs. The increase in the relative abundance of genus Dialister in the colonic
digesta was specific for the LMP-fed pigs, but was not observed for the HMP- and aSBM-
fed pigs. The increase in relative abundance of unclassified microbes within the family
Prevotellaceae occurred in the colon of the LMP- and HMP-fed pigs, but not for the aSBM
group.
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Figure 5.3 Differential modulation of microbiota composition by pectins. Bacterial community at the
genus level in feces at day 14 (A) and in digesta at day 28 (B). Correlation triplots based on a
redundancy analysis (RDA) depicting the relationship between microbiota composition in feces at day
14 and colonic digesta at day 28 and the differences induced by pectins (C); These variables explain
55.5% of total variation, and 67.8% of that variation was explained by the first two canonical axes.
pCol: proximal colon, mCol: mid colon, dCol: distal colon.
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Discussion

Effects of soluble pectins on digestion processes in small intestine

The ileal digestibility of starch was significantly decreased by the presence of low-methyl
esterified pectin in LMP. The soluble DFs, particularly pectin could have increased the
viscosity of digesta in the upper part of small intestine and thereby hinder the access of
digestive enzymes to protein and starch (Owusu-Asiedu et al., 2006). Starch and protein
escaping from digestion due to the presence of the soluble DFs end up in the ileum and
large intestine, together with DFs.

A partial utilization of soluble pectins was found in the ileum of pigs. In agreement to our
data, fermentation of DFs has been reported in the ileum of pigs fed with diets based on
cereals and soybean meal (Gdala et al., 1997). Low-methy! esterified pectin was fermented
more efficiently than high-methyl esterified pectin in the ileum of pigs. Similar results were
observed in the caecum of rats fed with the citrus pectin enriched diets (Chapter 4).
Although the supplementation of pectin in the diets was only 3% (w/w), this addition
represented a 20% increase in NSP content. After passing through the small intestine, the
major part of starch and protein are digested and absorbed. The presence of supplemented
pectins involved in fermentation slightly modulated the microbiota towards a more pectin
fermentation in the ileum. The changes of microbial community resulted in lower
concentrations of SCFAs and lactate in the ileum of LMP- and HMP-fed pigs compared to
CONT-fed pigs. In contrast, the microbiota composition in the ileum of aSBM-fed pigs was
influenced more profoundly. This could be attributed to the heterogeneous structure of
soluble soy pectin available for different populations within microbiota.

Effects of soluble pectins on fermentation patterns in the large intestine

Pectin delayed the digestion of DFs to more distal parts of the intestine as illustrated by the
fact that the total DFs in pectin supplemented groups were fermented more slowly, and the
fermentation site of DFs was shifted to more distal regions of colon where fermentation
was increased compared to DFs of the control. This competitive response could take place
within microbial populations being able to use multiple substrates, or between different
species that can only utilize certain types of DFs, present within a DF mixture (Duncan et
al., 2003).

In the proximal colon of LMP-fed pigs, on average 6% of the starch ingested was
fermented, which is much higher than that for CONT-fed pigs (2%) and accounted for 30%
of the total carbohydrates fermented in this section of the large intestine (Figure 5.4). The
proximal colonic microbiota adapted to the starch enriched substrates and consequently
delayed the fermentation of cereal DFs (e.g. arabinoxylans) in LMP-fed pigs (Figure 5.2).
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Resistant starch has been reported to be preferably utilized above other cereal DFs by the
microbiota in the large intestine of pigs (Jonathan et al., 2013). Although the fermentation
of cereal DFs in the proximal colon of LMP-fed pigs was delayed, the fermentation of
starch contributed to higher levels of SCFAs. Because the high-methyl esterified pectin was
less efficiently fermented by the microbiota than the low-methyl esterified pectin in the
ileum of pigs, higher amounts of high-methyl esterified pectin were available for microbial
fermentation in the proximal colon of HMP-fed pigs. The microbiota in the proximal colon
of HMP-fed pigs adapted to the high-methyl esterified pectin enriched substrate. As a
result, the fermentation of cereal DFs present in HMP was shifted from the proximal colon
to more distal regions, and the microbially-produced SCFA levels were lower in the
proximal colon of HMP-fed pigs compared to CONT-fed pigs. Similar effects of pectin on
the fermentation site of cereal arabinoxylan have been found in the large intestine of rats
(Chapter 4). Although low-methyl esterified pectin is reported to be more easily degradable
than high-methyl esterified pectin by the microbial enzymes (Dongowski et al., 2002), the
net digestibility of low-methyl esterified pectin was lower than that of high-methyl
esterified pectin in the proximal colon (Figure 5.4). This could be explained by the
utilization of a high amount of starch in the proximal colon of pigs, which delayed the
fermentation of low-methyl esterified pectin and soy pectin. For the same reasoning, the
fermentation of soluble soy pectin in aSBM was also shifted to more distal parts of the
colon by the resistant starch. Due to the higher levels of DFs in the distal parts of colon
(Figure 5.4), the microbiota composition was modulated to favor the degradation of DFs
rather than protein. Consequently, branched chain fatty acids (iso-butyrate and isovalerate)
levels were lower in the groups with pectin supplementation than in the control group,
which has been suggested to benefit colon health (Ou et al., 2013).

Microbial composition

In the present study, Bacteroidetes and Firmicutes were the predominant phyla, regardless
of the sample origin and diet provided, representing approximately 95% of the total
sequences (Figure S5.2). The predominance of Bacteroidetes and Firmicutes has been
previously reported in rats (Chapter 4), pigs (Lu et al., 2014) and humans (Eckburg et al.,
2005). We found that supplementation of pectins resulted in a higher relative abundance of
member of the Bacteroidetes in colonic digesta and feces. This effect may be of particular
interest, as a previous study has shown that a Bacteroidetes-rich microbiota correlated with
a reduced risk of obesity in humans (Ley et al., 2006).

The relative abundances of genera Prevotella and Dialister in the large intestine were
significantly increased after supplementation of low-methyl esterified pectin. This increase
in relative abundance of these two genera had been previously reported in pigs fed with
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high resistant starch diets (Haenen et al., 2013). In the same study it was shown that the
relative abundance of the genus Lactobacillus being predominant in controls, was
significantly decreased by the presence of resistant starch (Haenen et al., 2013). We
observed a similar shift in relative abundance of genera Lactobacillus to Prevotella in the
large intestine of HMP- and aSBM-fed pigs, although the amount of utilized starch by
microbiota was much lower for HMP- and aSBM-fed pigs than for LMP-fed pigs. The
relative abundance of Megasphaera, which has been reported to feed on organic acids
particularly lactate (Marounek et al., 1987), was significantly increased by HMP and aSBM.
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Figure 5.4 The proportions and contents (g/kg diet intake) of digested carbohydrates in different parts
of the intestine of pigs fed the experimental diets with and without addition of pectin sources.
Supplemented citrus pectins were not included in the NSP. pCol: proximal colon, mCol: mid colon,

dCol: distal colon.
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In addition, high-methyl esterified pectin, and arabinan and galactan present in soy pectin
could also significantly increase Prevotella species as reported before (Onumpai et al.,
2011). Nonetheless, Prevotella is still one of the predominant genera in the more distal
parts of the large intestine where most of the resistant starch and pectin have already
disappeared, thereby leaving cereal DFs as the main substrate for the microbiota. Cereal
xylans and cellulose have been suggested to be the substrates for Prevotella growth in
humans and ruminants (Dodd et al., 2011). In contrast, in the large intestine of CONT-fed
pigs, where arabinoxylans were the main substrates for microbiota, the relative abundance
of Prevotella was quite low, suggesting that Prevotella preferably utilizes pectin and/or
resistant starch.

Link between microbiota composition, SCFAs and fiber digestibility

To relate changes in microbiota composition to the different diets, the SCFAs and the
digestibility of carbohydrates, the relative abundance of colonic microbiota at genus level
was subjected to multivariate redundancy analysis (RDA) (Figure 5.3C). Fecal samples
collected at d14 were clearly clustered separately from colonic digesta collected at d28 for
LMP-, HMP- and aSBM-fed pigs. In addition, the two weeks pectin intervention altered the
fermentation patterns in fecal samples, although the RDA analysis did not show very clear
separation between the four groups at d14. The supplemented soluble pectins have quick
influence on the microbiota metabolism of DFs rather than changing the microbial
community rapidly. Nonetheless, after longer-time intervention (d28), colonic digesta from
LMP- and HMP- and aSBM-fed pigs clustered separately from the samples obtained from
CONT-fed pigs. This might be explained by the molar proportion of butyrate and
digestibility of carbohydrates, which showed to have a significant impact (Monte Carlo
Permutation test, p<0.05) on the observed variation in microbiota composition in the three
groups with soluble pectin supplementation. In the plot, Prevotella, Dialister and
unclassified microbes in the family Ruminococcaceae correlated with the LMP diet. In
contrast, the CONT diet strongly correlated with the relative abundance of the genus
Lactobacillus and the proportion of acetate. Prevotella in the colonic digesta of LMP- and
HMP-fed pigs correlated with the production of butyrate and propionate. The digestibilities
of NSP and the individual neutral monosaccharides correlated with the production of
acetate and the relative abundance of the genus Lactobacillus. In contrast, the digestibility
of uronic acid correlated with the production of butyrate and genera Prevotella, Dialister
and unclassified microbes in the family Ruminococcaceae. Our findings support the
hypothesis that the consumption of citrus pectin and soluble soy pectin could shape the
microbiota community to a healthier pattern. As a result, it could play a role in health, feed
conversion efficiency of farm animals and improved body weight management in humans.
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Conclusion

We have demonstrated that the supplementation of citrus pectins and the heat-treated,
soluble soy pectin shifted the fermentation site of the DFs to more distal parts of the pig
large intestine. These soluble pectins shape the colonic microbiota from a Lactobacillus
dominated microbiota to Prevotella-dominating communities, depending on the actual
pectin structure and origin. This study provides strong supports for future human studies
using pectin supplementation to counteract the consequences of a typical unhealthy
Western diet.
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Supplementary information

Supplementary Table 5.1 Composition of the experimental diets (g/100g).

. Diets

Ingredients =
CONT LMP HMP aSBM

DM 33 pectin 3.0
DM 55 pectin 3.0
Autoclaved SBM 7.0
Titanium dioxide 0.25 0.25 0.25 0.25
Barley 335 325 325 335
Wheat 16.5 16.0 16.0 16.5
Corn heat treated 15.0 14.6 14.6 15.0
Full fat soybean 8.0 7.8 7.8 8.0
Soybean meal 47 7.0 6.8 6.8 0.0
Oat meal 4.0 3.9 3.9 4.0
Whey powder sweet 4.0 3.9 3.9 4.0
Soybean protein 2.2 2.1 2.1 2.2
Potato protein 2.0 1.9 1.9 2.0
Soybean flour 1.8 1.8 1.8 1.8
Lactose powder 1.0 1.0 1.0 1.0
Soybean oil 1.0 1.0 1.0 1.0
Premix (vitamins, trace, 40 39 3.9 40

minerals, amino acids)

LMP: low methyl-esterified pectin enriched diet, HMP: high methyl-esterified pectin enriched diet, aSBM:
autoclaved soybean meal enriched diet, DM 33: 33%-methyl esterified pectin, DM 55: 55%-methyl esterified
pectin.

2 Standard pig diet provided by Nutrition Sciences N.V. (Ghent, Belgium), and the other experimental diets were
prepared by mixing certain ingredients with the control diet.
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Total carbohydrate and constituent monosaccharides present in soluble part of of autoclaved
and untreated soybean meal (g/kg dry soybean meal)
Constituent monosaccharides Total sugar
Rha Fuc Ara Xyl Man Gal Glc Uronic acid 9
Untreated 09 0.1 15 0.2 48 332 482 6.2 95.1
Autoclaved 1.7 1.7 157 47 96 711 692 16.7 190.5
HPSEC patterns of soluble parts of autoclaved and untreated soybean meal
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Supplementary Figure 5.1 Improved solubilisation of carbohydrates from soybean meal using
hydrothermal treatment. Rha: rhamnose, Fuc: fucose, Ara: arabinose, Xyl: xylose, Man: mannose,
Gal: galactose, Glc: glucose, UA: uronic acid.
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Effects of pectin on fermentation characteristics in pigs
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Supplementary Figure 5.2 Comparison of Simpson diversity (A) and Shannon diversity (B) in the
fecal microbiota of the pigs fed with diet CONT, LMP, HMP and aSBM at day 14. CONT: control
diet; LMP: low methyl-esterified pectin enriched diet; HMP: high methyl-esterified pectin enriched
diet; aSBM: autoclaved soybean meal enriched diet.
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Supplementary Figure 5.3 Two dimensional non-metric multidimensional scaling (NMDS) plot of
normalized bacterial communities at the genus level using Bray-Curtis distance. Feces collected at
day 14 (A), and digesta collected at day 28 (B). CONT: control diet; LMP: low methyl-esterified
pectin enriched diet; HMP: high methyl-esterified pectin enriched diet; aSBM: autoclaved soybean
meal enriched diet.
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Supplementary Figure 5.4 Distribution of the main phyla of the microbiota in the samples from pigs
fed with diet CONT, LMP, HMP and aSBM. Feces collected at day 14 (A), and digesta collected at
day 28 (B). CONT: control diet; LMP: low methyl-esterified pectin enriched diet; HMP: high methyl-
esterified pectin enriched diet; aSBM: autoclaved soybean meal enriched diet.
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CHAPTER 6

Motivation of the research

The research described in this thesis was part of a joint project entitled “The effect of
specific carbohydrates on the mechanism of nutrient absorption in the intestinal tract of
production animals”. The project aimed at understanding the control of satiety by bioactive
carbohydrates and the role of carbohydrates in facilitating a healthy commensal bacterial
ecology and mucosal immunity.

As a part of the project, the research described in this thesis aimed to investigate the
influences of different dietary fibers (DFs) on the fermentation characteristics in the
gastrointestinal tract. The cell wall polysaccharides of oats and wheat were characterized
and their fate was compared with that of DF present in soybean meal-enriched cereal-based
diets using a rat model. Also, soluble pectins were supplemented to the cereal-based diets to
change the DF composition. The fate of supplemented pectins and the other DF present in
the diet was studied in vivo in rats and pigs. The consequent effects of soluble pectins on
the fermentation characteristics, like microbiota composition and short chain fatty acids
(SCFAS), in the two animal models were assessed.

Characterization of oats cell wall polysaccharides

Oat (Avena sativa) is one of the most important cereals, which is widely used in animal
feeds. Cereals are rich in DF, which cannot be degraded by the endogenous enzymes of
animals. The types of main cell wall polysaccharides present in cereals are quite similar,
including mixed linkage (1-3),(1-4)-p-D-glucans (f-glucans), arabinoxylans (AXs) and
cellulose (lzydorczyk et al., 1995). The molecular-structural features of cereal g-glucans of
different botanical origins have been intensively studied and compared (Lazaridou et al.,
2007). However, the tentative models presented for cereal AXs so far only represented the
enzymatically degradable regions rather than the complete molecules. We used enzymatic
fingerprinting to characterize oat cell wall polysaccharides and described the distribution of
Araf substituents over the xylan backbone of oat AXs for the first time (Tian et al., 2015,
Chapter 2). From oats, distinct AX populations were obtained, and Araf substituents were
shown to be present in clusters on the xylan backbone, forming contiguously substituted
regions (Tian et al., 2015, Chapter 2). The distribution of Araf is random in wheat AXs,
while it is slightly clustered in barley AXs as calculated from previous data (Gruppen et al.,
1993; Viétor et al., 1994) (Tian et al., 2015, Chapter 2). With the developed method
described in Chapter 2, we could provide a detailed picture of the variation of cereal AX
features. The described method can be used to evaluate purified enzymes
(arabinofuranosidases and endo-xylanases) for their activities on clustered regions of AXs.
Following the same reasoning, the fate of AXs in the gastrointestinal tract of animals could
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be monitored in great detail by highlighting the fermentation of the Araf ‘clusters’ on the
AX backbone.

Fate of arabinoxylans present in oats and wheat in vivo

The structure of oat AXs is different from that of wheat AXs. To study the fate of oat and
wheat AXs during fermentation, an oats enriched diet and wheat enriched diet were used to
feed rats (Chapter 3). Remaining DF in the caecal and colonic digesta from rats were
analysed. The ratio of arabinose to xylose (A/X) for AXs from oats and wheat increased
after fermentation in caecum and colon (Chapters 3 and 4), indicating that the low
substituted AXs were preferentially fermented. Most of the studied microbial xylanases
preferably act on unsubstituted regions of xylan backbone, as the presence of substituents
hinder the accessibility of AXs for these xylanases (Pollet et al., 2010). Oat AXs fermented
slower than wheat AXs. This could be partly due to the specific characteristics of oat AXs
(Tian et al., 2015, Chapter 2) indicating both Araf contiguous substituted xylan segments
and long unsubstituted regions were present. The microbiota in rats need to produce
enzymes to remove the Araf substituents present in the clustered regions, providing sites for
the endo-xylanase to cleave the AX backbone. Because intermolecular associations of
unsubstituted regions of oat AXs could result in aggregates that are not water soluble,
enzymes containing special carbohydrate binding modules (CBMs) are needed for the
microbiota to utilize the aggregates. The slower fermentation of oat complex AXs than
wheat AXs suggests that they persist for a longer time when passing through the large
intestine. As a result, more fermentable oat AXs could be available for the microbial
fermentation in the more distal parts of the colon to suppress protein fermentation. This
may also explain the higher concentration and proportion of butyrate in the colon of oats-
enriched diet-fed rats compared to the control diet-fed rats (Chapter 3), since AXs has been
reported to be a substrate for the production of microbial butyrate (Damen et al., 2011).
Butyrate inhibits the growth of colorectal cancer cell (Wollowski et al., 2001).

Quick fermentation of soluble pectins affects fate of arabinoxylans in
rats

The fate of DF in the gastrointestinal of animals depends on the chemical structure and the
solubility of DF. We aimed to link the fermentation patterns of different DF populations to
the performance, behaviour and health status of animals. The degradation of DF in vivo was
monitored in different ways during the thesis research. Although in chapter 3 the
indigestible marker TiO, was not added to the diets, a first comparison of fermentation rate
was made. This showed that pectic polysaccharides present in soybean meal were
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fermented more efficiently than AXs present in cereal cell walls (Chapter 3). The
fermentation of soy pectic polysaccharides was found to correlate with a low fat mass
accumulation in rats, which was correlated with the level and proportion of individual
SCFAs produced by microbial fermentation of soy pectins. Soluble DF are usually
considered to be more fermentable than insoluble ones (Ramasamy et al., 2014a,b).
Subsequently (Chapter 4), soluble industrially produced pectins (citrus pectins, sugar beet
pectin and soy pectin) were supplemented to the diets of rats to study their fermentation
pattern in the gastrointestinal tract. In this experiment, indigestible marker TiO, was added
into the diets for the calculation of apparent digestibilities of different types of DFs.

We observed that both citrus pectins (low- and high-methyl esterified pectin) and branched
pectins (soy pectin and sugar beet pectin) were quickly fermented in the caecum of rats
(Chapter 4). The fermentation of high-methyl esterified pectin was slightly less efficient
than low-methyl esterified pectin in rats. It has been suggested that degradation of citrus
pectins was due to pectate lyase and pectin methyl esterase (Dongowski et al., 2002). The
soy pectin and sugar beet pectin were fermented as quickly as the citrus pectins. The
arabinan and galactan segments, as branch chains of soy pectin and sugar beet pectin were
utilized rapidly in rats. This is due to the presence of a broader variety of microbial
enzymes, including arabinanases, galactanase, etc. in the caecum of sugar beet pectin or soy
pectin enriched diet-fed rats. The pectins in the caecum of rats resulted in the adaptation of
microbiota towards the fermentation of pectin. Consequently, the presence of pectin,
particularly high-methyl esterified pectin, shifted the location of fermentation of other DF
(mainly cereal AXs and cellulose) from the caecum to the distal part of the colon of rats
(Chapter 4). Nonetheless, the apparent fecal digestibility of DFs present in the diets was not
differed by supplementation of pectins. Cereal S-glucans were also quickly fermented in
rats (Chapters 3 and 4). The fermentability of the polysaccharides present in the DF mixture
can be ranked as: f-glucans = pectins (low-methyl esterified pectin > high-methyl esterified
pectin) > AXs > cellulose. The complex pectins would assist in later discussion. We did not
find substantial amounts of starch in the caecal digesta of rats. Also almost no difference in
starch digestibility was observed between the groups (Chapter 4). A previous study has
shown that supplementation of soluble apple pectin to the diet caused dietary starch to
escape digestion in the small intestine and enter the large intestine in rats (Harris et al.,
2000). This difference with our study could be due to the lower amount of added pectin
(3%) in the present study compared to the amount used in the previous study (10%).

Solubilization of pectins from soybean meal by pre-treatments

In our study, soluble DFs including complex pectin were easily fermented in the large
intestine and changed the fermentation patterns of the other DF present in the diets
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(Chapters 2 and 3). Moreover, soluble DFs, AXs (Sahasrabudhe et al., 2015), S-glucans
(Sahasrabudhe et al., 2016) and pectins (Sahasrabudhe et al., unpublished data), have been
reported to stimulate immune response through direct interaction of the DF with so-called
pattern recognition receptors on immune cells. Soybean (Glycine max) is the most prevalent
ingredient of animal diets and contains a high content of pectic polysaccharides (Huisman
et al., 1999; Nakamura et al., 2002). The pectic fibers present in soybean meal are poorly
soluble (Bach Knudsen, 1997), which is only 27% of the cell wall polysaccharides. In our
study, hydrothermal treatment was introduced to solubilize soy pectin from soybean meal
to improve its accessibility for microbial enzymes, aiming to shape the microbial
community.

In a preliminary experiment prior to the animal experiments, different temperatures,
processing times and dry matter contents for the treatments were tested for the
solubilisation of carbohydrates from soybean meal. The solubilisation of carbohydrates was
greatly increased (>100%) by autoclaving at 130 °C (Figure 6.1A, unpublished data) and at
a low dry matter content (10%) (Figure 6.1B, unpublished data). Because we aimed to
apply this pre-treatment to prepare pig feeds on a large scale, considering the feasibility and
safety, the autoclaving temperature for scaling-up the treatment to 1000 kg was set at 120
°C. A high water content for autoclaving soy flour is a challenge for drying at such a large
scale.
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Figure 6.1 Solubilisation of carbohydrates from soybean meal by different treatments, compared to
the concentration of water-soluble carbohydrates from untreated soybean meal at a room temperature.
(A) Dry matter is 10%, and processing time is 30 min; (B) Temperature is 120 °C, and processing
time is 30 min. When obtaining the water-soluble fractions, all treated samples were diluted to 10%
dry mater. Total carbohydrates in the samples were analysed using the method described by Tian et al.
(2015, Chapter 2).
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Figure 6.2 HPSEC patterns of water-soluble part of soybean meal autoclaved at different dry matter
at 120°C for 30 min. Molecular masses of pullulan standards (in kDa) are indicated.

However, a low water content for autoclaving soy flour significantly impaired
solubilization (Figure 6.2, unpublished data). While a high water content led to an
improved solubilization of soy pectin. Hence, the final condition that was chosen for the
hydrothermal treatment on a large scale was 120 °C, 60 min, material : water = 30 : 70 (dry
matter ~ 25%). At this condition, the amount of soluble carbohydrate doubled after
autoclaving (191 g/kg soybean meal) compared to that in untreated samples (95 g/kg
soybean meal) (Chapter 5).

Soluble pectins in the gastrointestinal tract of pigs

Pectins impair digestion of starch in small intestine

Pectin is resistant to the degradation by endogenous enzymes in monogastric animals.
Nonetheless, pectin exhibits effects in the small intestine, which are mainly attributed to its
physical properties (e.g. viscosity and hydration properties) (Wanders et al., 2014). The
soluble pectin has been considered to reduce the absorption of nutrients in the small
intestine (Bach Knudsen, 2001). Both citrus pectin and autoclaving-solubilized soy pectin
impaired the digestion of starch in the small intestine of pigs (Chapter 5). Subsequently, the
starch was delivered to the large intestine as one of the substrates for the microbiota. The
presence of starch changed the fermentable DF composition and consequently modulated
the microbiota composition and SCFA levels in pigs. Similar decreased digestion of starch
might have been observed in the ileum of rats fed with pectin-enriched diets. The soluble
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pectin has been reported to increase the viscosity of digesta in the upper part of small
intestine and thereby hinder the access of digestive enzymes to protein and starch (Owusu-
Asiedu et al., 2006).

The fermentation of pectins starts in the small intestine of pigs. The ileal digestibility of
pectin in pigs is influenced by the type of pectin. The low methyl-esterified citrus pectin
was preferably fermented (40% of total pectin) in the pig ileum compared to the high
methyl-esterified citrus pectin (5%) (Figure 6.3). The fermentation of NSP excluding pectin
in the ileum of LMP-fed pigs was significantly impaired (16%) by the low methyl-
esterified citrus pectin. Interestingly, the fermentability of NSP excluding pectin in the
ileum of HMP-fed pigs is comparable to that of the control (21%) (Figure 6.3). The lower
digestibility of starch in the ileum of pigs could be partly attributed to its lower
fermentability as a result of the preferable fermentation of pectins in the ileum.

mjleum m pCol = mCol mdCol

HMP
LMP

aSBM
HMP
LMP
CONT
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HMP
LMP
CONT
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NSP
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0 20 40 60 80 100
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Figure 6.3 The percentage (w/w) of digested starch, pectin and NSP in different sections of
gastrointestinal tract of pigs. Values are calculated from the respective digestibilities shown in
Chapter 5. NSP present in this figure exclude pectin. CONT: control diet; LMP: low methyl-esterified
pectin enriched diet; HMP: high methyl-esterified pectin enriched diet; aSBM: autoclaved soybean
meal enriched diet. pCol: proximal colon, mCol: mid colon, dCol: distal colon.

Pectins influence fermentation site of other DF in Large intestine

Pectins were rapidly and extensively fermented after passing the large intestine of rats and
pigs (Chapters 3, 4 and 5). Nonetheless, the fermentation patterns differ at intermediate
sites of the intestine depending on the chemical structure of pectins. Particularly, the
fermentation patterns of citrus pectins highly depend on the degree of methyl-esterification
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of pectins. In general, the high-methyl esterified pectin was fermented less efficiently than
the low-methyl esterified pectin in both rats and pigs, which is in agreement with a previous
study in rats (Dongowski et al., 2002). However, more direct evidence was obtained using
the digestibility of pectins in our study rather than using SCFA level in the previous study
(Dongowski et al., 2002).

The supplementation of soluble pectins, in particular low-methyl esterified pectin, to diet
caused starch to escape digestion in the small intestine of pigs (Figure 6.3). Subsequently,
the presence of remaining starch changed the composition of the DF mixture available for
the microbiota in the large intestine. This portion of starch could be referred to as resistant
starch (RS), although it was not resistant to the a-amylase degradation in the small intestine
in the controls. The observation on pectin delaying starch digestion makes the definition of
RS1 flexible and depending on the composition/environment of the food product. So, a
given source of starch could yield more RS1 in the one feed recipe compared to another
recipe.

The presence of RS1 influenced the possible competition between pectin and AXs. Because
low-methyl esterified pectin is fermented much easier than high-methyl esterified pctin as
discussed above, it is supposed that the low-methyl esterified pectin should be fermented
quickly in the proximal colon of pigs. However, the low-methyl esterified citrus pectin was
gradually utilized by the bacteria in the large intestine of pigs (Chapter 5). Hence, the
fermentation of remaining pectins in the large intestine was delayed by the RS1. The
fermentability of DF mixture in colon can be ranked: RS > g-glucans = pectins (low-methyl
esterified pectin > high-methyl esterified pectin) > AXs > cellulose. The competition for
DF in fermentation could take place within multi-substrate utilizing microbial species, or
between different species with different the substrate preference (Duncan et al., 2003).
Consequently, the microbial community could be shaped as mentioned before (Haenen et
al., 2013). The expression of enzymes could possibly be modulated for the same microbial
community by the availability of certain type of carbohydrates. For example, the activities
of bacterial operons (e.g. lac operon) that control the expression of DF-degrading enzymes
could be inhibited by the presence of glucose. Although glucose is the preferred carbon
source for bacteria, this preference is not applicable to all microbiota. We observed that the
fermentation of the glucose source (starch) was accompanied by the fermentation of other
DF (Chapter 5). A similar inhibition of DF fermentation by other sugars possibly exists. For
example, galacturonic acid (from pectin) might inhibit the expression of AXs-degrading
enzymes.

For these reasons, the available DF at different locations of the gastrointestinal tract of
animals is influenced by the combination of different DF having different fermentability
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and the preference of the microbiota. Soluble pectins could potentially be fibers to direct
fermentable DF reaching the distal colon.

Supplementation of pectin shapes microbial community

The gut microbiota plays a critical role in the fermentation of DF in animals (Simpson et
al., 2015), as well as in the regulation and development of the host immune system (Kaplan
et al., 2011). In turn, the change of DF population by supplementing pectin is expected to
modulate the microbiota composition. Firmicutes and Bacteroidetes are the predominant
phyla in both rats and pigs (Chapters 4 and 5), as reported before (Heinritz et al., 2013;
Tomas et al., 2012). Soluble pectin supplementation increased the abundance of Firmicutes
and decreased the abundance of Bacteroidetes in rats (Chapter 4). The impact of soluble
pectin supplementation on the two phyla in pigs (Chapter 5) was contrary to those observed
in rats, where abundance of Firmicutes decreased and the abundance of Bacteroidetes
increased. This is due to the different native microbial community in the two animals,
which have different behaviour on pectin-enriched DF mixture. At genus level,
Lactobacillus was increased in the caecum (Figure 6.4) and colon of rats fed with pectin
enriched diets (Chapter 4). With limited ability of Lactobacillus to degrade and utilize
pectins (Karam et al., 1995) and AXs (Jaskari et al., 1998; Van Laere et al., 2000), it is
likely that supplemented pectin stimulated the growth of unidentified strains in family
Lachnospiraceae and genus Bacteroides (Figure 6.4), which are versatile carbohydrate-
degrading bacteria (Dworkin et al., 2006). These microbiota strains might degrade both
pectin and cereal AXs and/or produce metabolites to cross-feed the Lactobacillus, and
consequently increase the relative abundance of Lactobacillus.

In the large intestine of control diet-fed pigs, the main genera are Lactobacillus and
unclassified strains from family Ruminococcaceae and Lachnospiraceae (Figure 6.4). The
rapid fermentation of pectins occurs in both caecum of rats and proximal colon of pigs,
where the influence on microbiota composition is intensive. In contrast to the observation
in rats, Lactobacillus was almost absent in the large intestine of citrus pectin-enriched diet-
fed pigs (Figure 6.4). Soluble soy pectin also significantly decreased the relative abundance
of Lactobacillus in the pigs (Chapter 5). Supplemented soluble pectin and, consequently,
the remaining starch could have been greatly involved in stimulating the growth of
Prevotella and Ruminococcaceae strains, as the stimulation of Prevotella and
Ruminococcaceae by pectin and RS has been reported before (Flint et al., 2012; Haenen et
al., 2013; Nograsek et al., 2015; Onumpai et al., 2011). The production of small
carbohydrate molecules and metabolites by Prevotella and Ruminococcaceae could not
help to significantly stimulate the growth of Lactobaccilus in pigs by cross-feeding. In
contrast, Prevotella and Ruminococcaceae species may even compete with Lactobaccilus
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Figure 6.4 Relative abundance of microbiota at the genus level in the caecum of rats and the proximal
colon of pigs where intensive fermentation of supplemented soluble pectin happens. LMP, low-
methyl esterified pectin enriched diet; HMP, high-methyl esterified pectin enriched diet; SBP, sugar
beet pectin enriched diet; SSPS, soy pectin enriched diet for rats; aSBM, autoclaved soybean meal
enriched diet for pigs. Only taxa with relative abundances higher than 1% are listed in the pie chart,
whereas rare taxa are combined and shown as “others”. U, unidentified; IS, Incertae_Sedis.

for nutrients in pigs. Prevotella is a well-studied swine commensal microbiota and has been
recognized as one of the most abundant genera in the pig intestine (Lamendella et al., 2011,
Leser et al., 2002). Prevotella species are able to degrade xylan by producing xylan
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degrading enzymes in the large intestine (Leser et al., 2002). It appears that supplemented
soluble pectins can significantly interact with specific commensal microbiota in the
gastrointestinal tract of animals. However, the modulatory effects on microbiota
composition depend on the structure of soluble pectins and DF populations present in the
diets. These effects are also influenced by the native microbial community in the
gastrointestinal tract of different animals (Chapters 4 and 5).

Supplementation of pectin influences SCFA formation

The supplementation of soluble pectin modulated the microbial community in the
gastrointestine of animals and, consequently, influenced the production of fermentation
end-products (e.g. SCFAS). Pectins are, in general, fermented more efficiently than AXs. In
the upper part of the large intestine, a higher level and proportion of acetate is due to the
rapid fermentation of pectins. When the digesta reach the distal part of the large intestine, it
is likely that butyrate is produced by microbial fermentation of AXs. The SCFA pattern
provides potentially an important link between DF population and microbial community.
Pectins have been described to be good substrates to produce monomer and oligomer for
acetate production in vitro (Gulfi et al., 2005; Stark et al., 1993) and in vivo (Stark et al.,
1993). The AXs-rich diets could result in a higher concentration and proportion of butyrate
(Molist et al., 2009). Our results suggest that the DF composition at different sections of the
intestine, together with the consequently changed microbial community discussed above,
could shape the production of SCFAs (Chapters 3, 4 and 5). The SCFAs produced would be
beneficial for appetite regulation, fat distribution and energy homeostasis.

Supplementation of soluble pectin to the diets: A double-edged sword?

Pectin supplementation reduced nutrient (starch and protein) digestibility in the small
intestine (Chapters 4 and 5), which might be due to reduced substrate accessibility for
digestive enzymes and/or reduced retention time (Bach Knudsen et al., 1993; Owusu-
Asiedu et al., 2006). Although the indigestible starch in the small intestine is readily
fermented in the large intestine, the fermented starch or glucose is only 70-75% as
energetically efficient as starch or glucose that is digested and absorbed in the small
intestine (Harmon et al., 2001). The reduced energy absorption in the gastrointestinal tract
of rats and pigs contributed, at least in part, to the limited body weight gain. An increased
intake of DF has been reported to reduce nutrient digestibility in the small intestine and to
result in an increased proportion of energy sources being digested in the large intestine
(Bach Knudsen, 2001; Jorgensen et al., 1996; Owusu-Asiedu et al., 2006). In monogastric
animals, a major part of starch is degraded by the endogenous enzymes and absorbed in the
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small intestine to provide energy. The resistant starch and other DF can be partly fermented
by microbiota to produce SCFAs as an energy source for the host (Dierick et al., 1989).

The lower feed efficiency obtained in production animals after supplementing soluble
pectin to the diets would not be favoured by the farmers and the feed companies in the near
future. Nonetheless, potential health promoting effects of soluble pectin supplementation
should be taken into account not only for animals, but also for humans. Pectin
supplementation changed the fermentation site of DF, and modulated the microbial
community and SCFA production towards a more “health-promoting profile” (Chapters 3,
4 and 5). Although the structure and metabolism of pectins are different, the soluble
complex pectins (sugar beet pectin and soy pectin) were found to be as good as citrus
pectins for modulating fementation pattern in rats (Chapter 4). Moreover, solubilized soy
pectin by pre-treatment showed an increase on relative abundance of genus Prevotella,
which is comparable to that of the citrus pectins (Chapter 5). Soluble soy pectins are much
better towards microbiota modulation in pigs than insoluble soy pectin present in the intact
cell wall (Chapter 5). Hence, supplementing soluble pectins to the diets or solubilize pectin
from diet ingredients may improve the health status of animals. The soluble pectins can
modulate the microbial community (Chapter 4 and 5) and/or directly react with the
receptors in the large intestine to stimulate the immune response as discussed above
(Sahasrabudhe et al., unpublished date). These health promoting effects of pectin
supplementation on production animals could decrease the number of less healthy animals
and consequently compensate the low feed efficiency. Furthermore, the pectins could be
supplemented to human food to influence the microbiota composition and improve the
immune system through direct interaction of pectin with immune cells in the intestine.

Future perspectives

Pectin enriched food to produce targeted SCFAs over the colon, particularly butyrate, could
be a potential strategy to lower visceral fat mass accumulation and ultimately to prevent
obesity. The different fermentation patterns in the gastrointestinal tract of humans,
consequently could show differences in health promotion. The SCFA levels in the digesta
are often used to indicate the fermentation of DF. More than 95% of the SCFAs produced
are rapidly absorbed from the intestinal lumen and metabolised by the host (Bergmann et
al., 2005). SCFA production could be more precisely estimated if the luminal SCFA pool
was coupled to the quantitative measurements of SCFAs in portal blood. To the best of my
knowledge, the stimulated production of SCFAs by DF supplementation rather than the
location where the SCFAs are produced and absorbed in the large intestine were widely
reported. The physiology of the proximal and distal colon differs in several respects that
have an effect on SCFA absorption at different locations (Rechkemmer et al., 1988). The
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SCFAs absorbed in the distal colon could avoid first pass metabolism in the liver
(Washington, et al. 2001), showing stronger effects on the fatty acid oxidation in muscle
and brown adipose tissue (den Besten et al., 2013). In this thesis, we show that the
modulation of fermentation site of DF in the intestine of animals is feasible. To provide a
direct link of modulated DF fermentation to health benefits, the effects of the SCFA-
releasing site in the intestine should be studied in more detail locally.

Next to the pectic polymers, the specific oligomers produced by microbial degradation of
pectins could also potentially stimulate immune response by direct interacting with
receptors on immune cells (\Vos et al., 2007). The formation, identification and the time of
existence in the colon before being further fermented should be studied in detail. Targeted
degradation and modification of pectic polymers in vitro using commercial/cloned enzymes
could be a strategy to screen for fractions with stimulating effects on immune system.
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SUMMARY

Summary

The use of carbohydrates to influence feeding behaviour, fat deposition and/or microbiota
composition in livestock is thought to be an important tool to improve animal health and to
tackle the obesity problems in the human population. The study aimed to monitor the fate
and interaction of different dietary fibers (DFs) during utilization, and to study the
consequent modulation on microbiota composition in rats and pigs.

The major components of DFs, in both monocotyledons and dicotyledons, are introduced in
Chapter 1. DFs present in cereals (e.g. oats) and legumes (e.g. soybean), and industrially
isolated pectins as an important group of water-soluble fibres from fruits, vegetables and
legumes are described. The digestive tracts of rats and pigs are discussed, followed by a
description of DF fermentation and microbiota involved in the fermentation of DFs in vivo.

Cell wall material from whole grain oat (Avena sativa), which is widely used as a main
ingredient for human food and animal feeds, was sequentially extracted to study the
structural characteristics of individual arabinoxylan (AX) populations (Chapter 2).
Arabinofuranose (Araf) was singly attached at both O-3 (mainly) and O-2 positions of
xylopyranose (Xylp), and no disubstitution of Xylp with Araf residues was found in oat
AXs. Both highly substituted and sparsely substituted segments were found in AXs in
Ba(OH), extracts, whereas AXs in 1 and 6 M NaOH extracts were rarely branched and
showed to aggregate rather easily. Both O-2-linked GIcA and 4-O-MeGIcA residues were
present in oat AXs. Oat AXs were characterized through enzymatic fingerprinting and a
series of AX oligomers with galactose as a substituent was detected for the first time in oat
AXs. The distribution of Araf is contiguous in oat AXs, which is different from the
homogeneous distribution of Araf in wheat and barley AXs. The different cereal AXs might
result in different fermentation characteristics in humans and animals.

The fermentation characteristics of oat DFs are compared with those of wheat DFs in rats in
Chapter 3. Moreover, also the effects of soybean meal DF, rich in complex, insoluble
pectin, on fermentation behaviour, appetite regulation and fat accumulation in rats were
investigated. Oat g-glucan and soy pectin were utilized mainly in the caecum. Oat AXs
were fermented slower than wheat AXs in the large intestine of rats. Caecal fermentation of
soy pectin produced a significantly higher concentration of short chain fatty acids (SCFAS)
compared to the basic diet. Retroperitoneal (RP) fat-pad weight was significantly lower for
rats fed with the soybean meal enriched diet than for control diet-fed rats. An inverse
correlation between rat RP fat-pad weight and the concentration and relative proportion of
butyrate, and a significant positive correlation between RP fat-pad weight and relative
proportion of acetate were observed. Consumption of soluble soy pectin and oat S-glucan
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enriched foods to produce targeted SCFAs, such as butyrate, in vivo was suggested as a
potential strategy to manage fat mass accumulation and obesity.

In Chapter 4, the effects of four types of soluble pectins on the fermentation of various
fibres present in the feed, microbiota composition and SCFAs produced throughout the
large intestine in rats are compared. Male Wistar rats were given diets with or without 3%
supplements of structurally different pectins for seven weeks. Although fermentation of all
types of pectins already started in the caecum, different fermentation patterns of pectins and
different location of fermentation of both pectin and diet AXs in the large intestine were
observed. Microbiota analysis showed that in the large intestine only low-methy! esterified
pectin enriched diet (LMP) and sugar beet pectin enriched diet (SBP) significantly
stimulated Lactobacillus, while only SBP significantly increased the relative abundance of
Lachnospiraceae. In the caecum, LMP and a complex soy pectin enriched diet (SSPS)
significantly increased the production of total SCFA, propionate and butyrate, while high-
methyl esterified pectin enriched diet (HMP) and SBP did not. The fermentation patterns of
cereal AXs in the caecum were significantly different upon supplementation of different
pectins. These differences in fermentation efficiency, however, became smaller when
measured over the entire colon due to an enhanced fermentation of the remaining DFs in
the more distal parts. Hence, dietary supplementation of pectin is a potential strategy to
modulate the location of fermentation of added fibres and fibers already present in the diet
components, and in the same time also the microbiota composition and SCFA production,
for health-promoting effects.

The diets LMP and HMP, together with a hydrothermal treated soybean meal enriched diet
(aSBM) were fed to piglets as well (Chapter 5). Pectic polysaccharides were solubilized
from soybean meal at 120 °C, 25% dry matter content for 60 min. Subsequently, the effects
of these three different soluble pectins on the digestion of other carbohydrates consumed,
and the consequent alterations of microbiota composition and SCFA levels in the intestinal
tract of piglets were compared. LMP significantly decreased the ileal digestibility of starch
resulting in more starch fermentation in the proximal colon (30% of total carbohydrate
fermented at this site). In the ileum, low-methyl esterified pectin present was more
efficiently fermented by the microbiota than high-methyl esterified pectin present. The
latter was mainly fermented in the proximal colon. Solubilised soybean pectin by thermal
treatment was mainly fermented in the proximal colon as well and shifted the fermentation
of cereal DFs to more distal parts, resulting in high SCFA levels in the mid colon. LMP,
HMP and aSBM decreased the relative abundance of the genus Lactobacillus and increased
the relative abundance of Prevotella throughout the colon. The LMP, HMP and aSBM
differently affected the digestion processes compared to the control diet and shaped the
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colonic microbiota from a Lactobacillus-dominating microbiota to a Prevotella-dominating
community, with potential health-promoting effects.

In Chapter 6, the achievements of the different studies are summarized and discussed. In
rats and pigs, the fermentabilities of the polysaccharides present in the DF mixture were
compared. The interactions between different DFs and microbiota are discussed and the
ranking of DF fermentability is addressed. The behavior of digestible starch as present in
the CONT diet shown to become undigestible, but fermentable, in the LMP and HMP diets.
The influences of pectins on the microbiota composition in rats and pigs are compared. The
feasibility of targeted modulation of fermentation site of DFs in the intestine of animals is
suggested.
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