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1. Introduction

Carbohydrates in the diet and the gut

Together with proteins and fats, carbohydrates are one of the 
macronutrients in the human diet. Digestible carbohydrates 
such as starch, starch-based products, sucrose, lactose, 
glucose and some sugar alcohols and unusual (and fairly 
rare) α-linked glucans, directly provide us with energy 
while other carbohydrates including high molecular weight 
polysaccharides, mainly from plant cell walls, provide us 
with dietary fibre. Some oligo- and polysaccharides, many 

of which are also dietary fibres, are resistant to digestion 
in the small intestines and enter the colon where they 
provide substrates for the complex bacterial ecosystem that 
resides there. This review will focus on these non-digestible 
carbohydrates (NDC) and examine their impact on the gut 
microbiota and their physiological impact. Of particular 
focus will be the potential of non-digestible carbohydrates 
to act as prebiotics, but the review will also evaluate direct 
effects of NDC on human cells and systems. The aim of the 
review is to attempt to uncover the relationships between 
structure and functional properties in nondigestible, soluble 
and insoluble fibres. Inevitably the available literature does 
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Abstract

Together with proteins and fats, carbohydrates are one of the macronutrients in the human diet. Digestible 
carbohydrates, such as starch, starch-based products, sucrose, lactose, glucose and some sugar alcohols and 
unusual (and fairly rare) α-linked glucans, directly provide us with energy while other carbohydrates including high 
molecular weight polysaccharides, mainly from plant cell walls, provide us with dietary fibre. Carbohydrates which 
are efficiently digested in the small intestine are not available in appreciable quantities to act as substrates for gut 
bacteria. Some oligo- and polysaccharides, many of which are also dietary fibres, are resistant to digestion in the 
small intestines and enter the colon where they provide substrates for the complex bacterial ecosystem that resides 
there. This review will focus on these non-digestible carbohydrates (NDC) and examine their impact on the gut 
microbiota and their physiological impact. Of particular focus will be the potential of non-digestible carbohydrates 
to act as prebiotics, but the review will also evaluate direct effects of NDC on human cells and systems.
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not provide even coverage of all dietary fibre components 
and some fibres have been investigated in greater depth than 
others. In this review the authors have focussed on literature 
that illuminates structure-function relationships rather than 
attempting to provide a comprehensive review of all of the 
literature in the area. This means that the discussion tends 
to be driven by structural complexity of the fibre rather 
than its importance as a prebiotic.

The colon of an adult human contains roughly 500 g of 
content, of which most is bacteria (Hill, 1995); the daily 
faecal output is about 100 g. Food takes about 16 h to transit 
the large intestine. Water and other remaining absorbable 
nutrients are removed from the food before the indigestible 
matter arrives in the rectum. In Europe the average dietary 
fibre (DF) intake is 20.5 g/d, 15-25 g/d for males and 
14-21 g/d for females (Stephen et al., 2017). The major 
components of DFs are non-starch polysaccharides (NSP) 
and these relate to 20-45% of the dry matter supplied to the 
colon. Monosaccharides and oligosaccharides represent 
each an additional 10%, while starch represents less than 
8% of the dry matter. Some sugar alcohols are minor 
dietary substrates for the colonic microbiota (Langkilde 
et al., 1994), as well as some unusually linked α-glucans 
(e.g. isomaltooligosaccharides, resistant maltodextrins, 
reuteran). Both lipids and protein from dietary origins 
can pass through the intestinal system into the proximal 
colon if consumption levels are high, and proteins may 
be fermented while lipids are generally not. In addition, 
catechins, lignin, polyphenols, tannins and micronutrients 
may also be available for the colonic microbes. About 2,000 
species of bacteria, as well as fungi, protozoa and archaea, 
have been detected in the large intestine and the diversity 
of species varies by geography and diet (Almeida et al., 
2019). Therefore, the competition for substrates occurring 
between the colonic microbes has a significant influence on 
the metabolites generated. Bacterial growth and metabolic 
activity are greatest in the proximal colon (Topping and 
Clifton, 2001). The pH increases as stool moves from the 
proximal to distal colon (from about 5.5 to 7.0). The total 
amount of short chain fatty acids (SCFAs) is highest in 
the proximal colon and their production usually declines 
toward the distal colon. Of the total SCFA produced in 
the colon, ≥90% is absorbed by the epithelium. The major 
SCFAs, acetate, propionate and butyrate account for ≥95% 
of the total SCFAs (molar ratios approximating 60:20:20 
(Cook and Sellin, 1998; Hijova and Chmelarova, 2007)). 
The total concentration of SCFAs increases, depending on 
the diet from 70 to 140 mM in the proximal colon, to 20 to 
70 mM in the distal colon (Topping and Clifton, 2001). In 
vivo studies have been hindered by a lack of methodology 
to measure SCFA production directly, since observations 
in humans largely rely on the measurement of SCFA in 
stool, excluding the detection of absorbed/systemically 
relevant SCFAs (Morrison and Preston, 2016). SCFAs can 
be measured in plasma, but this also is not a good indicator 

of colonic production as much of the absorbed butyrate is 
metabolised in the colonic epithelium and the propionate is 
targeted to the liver where it is metabolised. Nevertheless, 
there is evidence that diet-driven changes in microbiota 
lead to variations in the stool SCFA profile. The amount 
and relative abundance of SCFA may be considered as 
biomarkers of a healthy status (Ríos-Covián et al., 2016).

Evolution of the concept of prebiotics

The concept of prebiotics and also of synbiotics was 
first proposed by Gibson and Roberfroid (1995) who 
defined prebiotics as ‘A non-digestible food ingredient 
that beneficially affects the host by selectively stimulating 
the growth and/or activity of one or a limited number of 
bacteria in the colon, and thus improves host health’ and 
a synbiotic as ‘a mixture of probiotics and prebiotics that 
beneficially affects the host by improving the survival and 
implantation of live microbial dietary supplements in the 
gastrointestinal tract, by selectively stimulating the growth 
and/or by activating the metabolism of one or a limited 
number of health-promoting bacteria, and thus improving 
host welfare’.

The earliest recognition of a dietary factor that influences 
the gut microbiome, however, is probably the ‘Bifidus factor’ 
identified by Györgi in a series of publications in 1954 
(Gauhe et al., 1954; Gyorgy et al., 1954a,b,c; Rose et al., 
1954). The Bifidus factor was present in human milk but not 
bovine milk and was essential for growth of ‘Lactobacillus 
bifidus’, now reclassified as Bifidobacterium. This factor 
was dialysable, stable to autoclaving, did not reside in the 
fat, protein or salt fraction and hydrolysed to acetic acid, 
D-glucosamine, L-fucose, D-glucose, and D-galactose. 
It is now clear that this is a human milk oligosaccharide, 
probably lacto-N-biose I (Kitaoka et al., 2005).

The role of the gut microbiota in health, and the position 
that diet plays in regulating this relationship, was first 
described in detail by the pioneering Japanese microbiologist 
Tomotari Mitsuoka. He noted in 1969 that diet influences 
the bacteria in the gut, which, in turn, influences health 
(Figure 1, adapted from Mitsuoka, 2013) citing a Japanese 
article from 1969. The ideas put forward by Mitsuoka are 
still largely valid today.

The initial definition of a prebiotic referred to ‘one or 
a limited number of bacteria in the colon’ and reading 
this today, the reader needs to bear in mind the state of 
knowledge of the human gut in 1995. Figure 2 is adapted 
from Gibson and Roberfroid (1995) and reveals the 
understanding that prevailed at that time.

As we have acquired increased knowledge of the 
microorganisms that inhabit the gut and of the functioning 
of their complex ecosystem, our understanding of what is 
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Figure 1. An early functional view of the gut microbiome and its potential impact on health. Modified from Mitsuoka (2013).
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Figure 2. An early concept of prebiotics. Adapted from Gibson and Roberfroid (1995).
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meant by a prebiotic has necessarily evolved. The latest 
definition that was derived by a scientific consensus of 
experts in the field under the auspices of the International 
Scientific Association for Probiotics and Prebiotics (ISAPP) 
is rather more nuanced ‘a substrate that is selectively utilised 
by host microorganisms conferring a health benefit’ (Gibson 
et al., 2017). The commentary published to accompany 
this definition goes on to clarify what could or could not 
be considered as a prebiotic (Figure 3).

Although all of the currently recognised prebiotics are 
carbohydrates (hence the focus of this monograph), it 
must be made clear that none of the definitions over the 
years (Gibson et al., 2017) have ever specified the chemical 
composition of a prebiotic and there is clear potential for 
other nutrients that enter the large intestine in appreciable 
quantities to also be considered as prebiotics, notably 
dietary polyphenols (Del Rio et al., 2013; Dueñas et al., 
2015; Gibson et al., 2017; Plamada and Vodnar, 2021; 
Rodríguez-Daza et al., 2021).

Structure-function relationships of carbohydrates 
fermented by the gut microbiota

A very large diversity of molecular structures of 
carbohydrates exists in our diets, that provide food to an 
equally diverse gut microbial community. There is good 
evidence that different bacteria and bacterial groups are 
favoured by different oligo- and polysaccharide structures, 
and therein lies the potential to create positive shifts in 
the human gut microbiota through an understanding of 
their requirements and ability to compete for different 
substrate structures.

Uncovering the relationship between the structure of 
non-digestible dietary oligo- and polysaccharides (NDC) 
and function in the gut microbiota is key to using diet 
effectively to improve gut health and the numerous chronic 
diseases associated with dysbiosis. While research linking 
NDC structure to function in the gut is perhaps still in 
its infancy, certain relationships are becoming evident 
and show promise towards identifying fibre structures for 
predictable microbiota shifts to improve health.

Implicit in the idea of shaping the gut microbiota with 
NDCs is an understanding of:
1. The carbohydrate requirements of different bacterial 

groups and, in some cases, even of individual species.
2. How bacteria compete and cooperate in the metabolism 

of carbohydrates and which one’s thrive.
3. How fibres respond in different gut bacterial 

communities and whether strategies can be developed 
to gain predictive responses in individuals differing in 
their gut microbiota.

4. The different roles of chemical and physical fibre 
structures in support of different bacterial groups.

5. How fibres can be ‘matched’ with beneficial ‘probiotic’ 
bacteria to support their growth.

Additionally, in vitro systems to analyse carbohydrate 
fermentation in the gut, which are necessary to use to 
understand such structure-function relationships, must 
be relevant and predictive to the human gut microbiome.

Dietary fibres come in a large variety of structures, and 
gut bacteria likewise have a range of abilities to utilise 
them, as well as specificities towards variations in structure. 

Selective utilisation by microorganisms Substances that affect the microbiome

Prebiotic

Proteins 
and fats Probiotics

Antibiotics Vitamins

HMO

Oligosaccharides:
GOS, FOS, etc.

Phenolics and
Phytochemicals

Readily
Fermentable 

Less
Fermentable

Dietary fibre

Not prebiotic

CLA and
PUFAs

Figure 3. Current thinking on prebiotics and candidate prebiotics. Adapted from Gibson et al. (2017). CLA = conjugated linoleic 
acid; PUFA = polyunsaturated fatty acids; HMO = human milk oligosaccharides; GOS = galacto-oligosaccharides; FOS = fructo-
oligosaccharides. Dietary fibres may be considered as prebiotics if they are readily fermentable. Less fermentable fibres are 
unlikely to mee the definition of a prebiotic.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 



 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 99

Generally, a structure-function relationship infers that 
the carbohydrate is preferentially fermented by certain 
bacteria and, in turn, they and often other members are 
supported in the community ecosystem. Non-fermentable 
carbohydrates are generally attributed to providing bulk 
and facilitating laxation, though they too may have other 
roles in terms of microbiota structure and gut health. 
In our discussions, the term ‘structure’ refers most 
often to carbohydrate chemical structure, which refers 
to the sugar or monosaccharide composition and the 
linkages that attach the sugars into oligosaccharides and 
polysaccharides. Size is also a factor affecting bacterial 
utilisation and competition of carbohydrates. In the smaller 
oligosaccharide range, studies have clearly shown that size 
differences of homoglycans support different bacteria 
(Falony et al., 2009a,b; Kaplan and Hutkins, 2003; Rivière 
et al., 2018). In larger polysaccharides, the role of size is 
not as clear. Another type of ‘structure’ important to our 
discussion is the physical structure of fibres, which is related 
to their soluble or insoluble form, with the latter being a 
fermentable insoluble matrix fibre. Some bacterial groups 
have particular affinity and ability to utilise fermentable 
insoluble fibres (Hamaker and Tuncil, 2014).

Non-digestible carbohydrate utilisation by gut bacteria

To understand how NDC, fibres or prebiotics shift gut 
bacterial communities and generate desirable metabolites, 
it is useful to first understand some basic aspects of how 
gut bacteria access carbohydrates as food, and how 
they compete for them. The gut bacteria receive dietary 
carbohydrates and break them down to monosaccharides, 
or sugars, for energy. Generally, nearly all dietary fibres, 
whether soluble or insoluble, have the potential to be 
fermented in the gut (Hamaker and Tuncil, 2014). Soluble 
fibres, because they are easily accessed by bacteria, are 
usually quickly fermented, though this depends on the 
complexity of their chemical structure (Hamaker and 
Tuncil, 2014). Insoluble fibres, such as those in cereal brans 
and various vegetables and fruits are mostly cell wall matrix-
bound fibres. Even though some insoluble fibres may not 
be fermentable, most are to some degree utilised by gut 
bacteria that have the encoded genes and machinery to 
access and degrade them (Luis and Martens, 2018). An 
example of a difficult-to-ferment fibre is cellulose, which 
is often wrapped inside other fibre polymers and further 
is in a semi-crystalline form that makes it hard to access 
by bacterial enzymes. Yet, there are gut bacteria that are 
adept at degrading cellulose, and at least a portion of dietary 
cellulose is likely always to be fermented (Flint et al., 2008).

A healthy gut microbiota contains genes to degrade and 
utilise most of wide array of dietary fibre structures found 
in foods and it is important to realise that a mix of fibres 
is needed to satisfy the food needs of any diverse gut 
microbiota community. Many bacterial groups can utilise 

one fibre type. Still, even then, there are differences in 
specificity to structure that make bacteria more or less 
competitive to utilising a particular fibre.

Broadly speaking, the Gram-negative bacteria of the 
Bacteriodetes phylum access fibre polymers through 
assemblies on their outer membrane that physically bind 
to the carbohydrate, digest it to a small oligosaccharide size, 
and transport those digested fragments to its periplasmic 
layer (between the inner and out membranes). Then, other 
enzymes digest the oligosaccharides to monosaccharides 
that are transported into the cytoplasm for metabolic 
processing (Figure 4).

Within the genome of each bacterial strain are encoded 
polysaccharide-utilisation loci (PUL) that are gene clusters 
containing all the genetic information to synthesise and 
construct the outer membrane SUS-like (SUS = starch 
utilisation system) assemblies (Cockburn and Koropatkin, 
2016). Common Gram-negative bacteria include Bacteroides 
and Prevotella species that live in the lumen of the gut.

The two other major phyla in the gut, Firmicutes and 
Actinobacteria, have a variety of other mechanisms to access 
and utilise dietary carbohydrates. For instance, the families 
comprising the Clostridium cluster bacteria, which reside 
more prominently in the mucosal area of the large intestine, 
have cellulosomes to bind and digest carbohydrates (Artzi 
et al., 2017; Ben David et al., 2015). Cellulosomes are 
appendages that are directed outward from the bacterial 
membrane, which can be interchanged with different 
carbohydrate-degrading enzymes and binding proteins and 
presumably can be directed into insoluble fibre matrices for 
their degradation and fermentation. The Firmicutes contain 
other members that employ different mechanisms to access 
dietary carbohydrates (e.g. assemblies analogous to SUS 
of Gram-negative bacteria, and secretion of extracellular 
enzymes (Martens et al., 2014)). Actinobacteria, another 
Gram-positive phylum contains Bifidobacterium species, 
which are generally adept at utilising oligosaccharides 
brought in through membrane transporters (Figure 5). 
Hence, they are often promoted when provided prebiotic 
oligosaccharides such as galacto-oligosaccharides (GOS) 
and fructo-oligosaccharides (FOS).

This preference is exemplified by the metabolism of 
FOS by bifidobacteria and lactobacilli. The small fructan 
oligosaccharides, kestoses or kesto-n-oses, are trimeric 
or oligomeric fructans containing one glucose and two 
or more fructose linked by β(2-1) and/or β(2-6) linkages 
(Verspreet et al., 2015). Bifidobacteria have an observed 
preference for shorter chain fructans which could partly 
be explained by their sucrose (GF) transporter that is 
also able to transport GF2 and GF3 molecules into the 
bacterial cell for further usage (Ryan et al., 2005). Indeed, 
the β-fructofuranosidase activity is predicted to be 
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intracellular. This is even truer in lactobacilli that mainly 
have intracellular metabolic enzymes for oligosaccharides 
and for which transport is the most limiting factor; with 
poor ability to transport polysaccharides, while tri- and 
tetrasaccharides are transported and metabolised by 
pathways available for disaccharides (Gänzle and Follador, 
2012). In Lacticaseibacillus paracasei for example (Kaplan 
and Hutkins, 2003) the FOS transport system has greater 
affinity for chains with lower degree of polymerisation 

(DP) than for longer ones, DP3 and DP4 are absorbed 
more rapidly than DP5. A similar situation has been 
observed with Lactiplantibacillus plantarum (Saulnier et 
al., 2007). In comparison to sucrose, the relative activity of 
β-fructofuranosidase in the presence of fructans is higher 
for shorter (DP<10) than longer chain fructans and the 
presence of a glucose at terminal position also seems to 
increase the activity (Ryan et al., 2005). In some bacteria, 
that show a prolonged lag period before growth in vitro, 

Cellobiose
Gentiobiose

Maltose
IsomaltoseLactose Sucrose

Glucose

FOS

Galactose

MelibioseRaffinose

N-Acetylglucosamine

Xylose

Arabinose RiboseMannose

Figure 5. Some known transport systems identified in Bifidobacterium spp. Modified from Lee and O’Sullivan (2010).

Polysaccharide
binding 

Polysaccharide backbone cleavageOligosaccharide
transport 

Oligosaccharide hydrolysis to
monosaccharides 

Monosaccharide
transport 

Oligosaccharide sensing and regulation of glycosidase expression

Figure 4. Generic scheme for the metabolism of complex polysaccharides in Gram-negative bacteria, such as Bacteroides spp. 
(based on Hamaker and Tuncil, 2014; Larsbrink et al., 2014; Martens et al., 2014).
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a switch in gene expression seems a prerequisite to use 
long-chain inulin (Scott et al., 2014).

Fibre utilisation in gut microbiota of different community types

To understand better how fermentable fibres affect the 
gut microbiota, fermentation metabolites, and health, one 
must consider the gut bacteria community composition 
and structure into which the carbohydrates are received. 
How the microbiota responds to fermentable fibres in 
general, and prebiotics in particular is fundamentally 
related to the gut bacterial community structure and 
to how fibres are competed for as food sources. In the 
study by Chen et al. (2017a), FOS and two structurally 
different arabinoxylans (AX) were examined in an in vitro 
human faecal fermentation system for their responses 
in two microbiotas with different ecologies that fit into 
the Prevotella-dominant and Bacteroides-dominant 
enterotypes. Results demonstrated that fermentable fibres 
have markedly different effects depending on the initial 
makeup of the microbiota. In the case of the Prevotella 
enterotype, the three fibres were all consumed by the 
dominant Prevotella operational taxonomic unit (OTU) 
with an equal enhancement of propionate with FOS 
being the only fibre to increase butyrate substantially; 
while in the Bacteroides-dominant microbiota, none were 
propionate enhancers and both FOS and the structurally 
simple sorghum AX increased butyrate levels (Figure 
6). Contrary to the Prevotella-dominant enterotype, the 
main Bacteroides OTU showed a mixed response in its 

ability to compete for the three fibre substrates and other 
bacteria were also favoured. Thus, microbiota community 
differences influence which bacteria compete best on 
different fibres and affect SCFA metabolites.

As an additional note, many of the fibre structure and gut 
function studies cited in this review are based on in vitro 
human faecal fermentations, and microbiota changes and 
metabolites produced may be different when tested in the 
human body/in vivo.

2. Effect of non-digestible carbohydrates on the 
gut microbiota

Galacto-oligosaccharides

Galacto-oligosaccharides (GOS) are an important class of 
dietary prebiotics that exert beneficial effects on intestinal 
microbiota and gut barrier function. GOS consisting of 
3-10 molecules of galactose and glucose are known to 
facilitate the growth of desirable intestinal microbiota and 
are considered as potent prebiotics.

GOS are manufactured by transfer reactions, catalysed 
by β-galactosidases, using lactose as a donor and acceptor 
(reviewed by Gänzle, 2012; Torres et al., 2010) called trans-
galactosyl oligosaccharides (TOS). They can be composed 
(Bouhnik et al., 1997) of a complex mixture of structures 
with varying linkages and degrees of polymerisation). 
The structural complexity of the product depends on the 

Acetate
Propionate
Butyrate

Fru Glc Xyl
Ara GlcA Gal

Total SCFA
(mM)

Enterotype
B: Bacteroides
P: PrevotellaB P

0

150

25 hr 0

150

25 hr 0

150

25 hr 0

150

25 hr 0

150

25 hr 0

150

25 hr
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B P

Arabinoxylan
(sorghum)

Arabinoxylan
(maize)

B P

Microbiota 
relative 

abundance 

Figure 6. Differences in microbiota relative abundance and short chain fatty acids (SCFA) produced during in vitro fermentation 
with faeces from two healthy adult donors when fed fructooligosaccharides (FOS), sorghum arabinoxylan, and corn arabinoxylan 
(Adapted from Chen et al., 2017b). Fru = fructose; Glc = glucose, Xyl = xylose, Ara = arabinose, GlcA = glucoronic acid, Gal = galactose.
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enzyme(s) used for its manufacture. A recent comparative 
analysis of commercial GOS products (Van Leeuwen et al., 
2016; Figure 7) illustrates the complexity and also makes the 
point very clearly that not all GOS products are the same; in 
fact, GOS as a category of prebiotics have a unique degree 
of structural variation regarding degree of polymerisation, 
branching and linkage composition (Figure 7). With this in 
mind it is clearly important to consider the particular GOS 
product studied when evaluating studies on the properties 
of GOS.

GOS products are generally either made by enzymes 
of Bacillus circulans (BC-GOS) or by enzymes from 
Bifidobacterium bifidum (BB-GOS). Both forms of GOS 
have been extensively studied in human volunteer studies 
and have consistently shown effects on the gut microbiome. 
A consistent bifidogenic effect can be seen across such 
studies (Alander et al., 2001; MacFarlane and MacFarlane, 
2007; Walton et al., 2012).

GOS have shown a range of health benefits including 
reduction of allergies and infections in infants when mixed 

with inulin in a 9:1 ratio (Braegger et al., 2011; Cuello-Garcia 
et al., 2016), impacts on immune function (Vulevic et al., 
2008) and reactive asthma (Williams et al., 2016) metabolic 
syndrome (Vulevic et al., 2013), traveller’s diarrhoea 
(Drakoularakou et al., 2009), irritable bowel syndrome 
(IBS) (Silk et al., 2009) and social skills in autistic children 
(Grimaldi et al., 2018).

Despite the variation seen between different GOS products, 
there have been very few studies addressing the structure-
function relationships among GOS molecules. One such 
study that is particularly revealing is that of Ladirat et 
al. (2014). These authors found that Bifidobacterium 
populations significantly increased on both DP2 and 
DP3 GOS fractions with Bifidobacterium adolescentis, 
Bifidobacterium angulatum, Bifidobacterium longum and 
Bifidobacterium thermophilum being stimulated. High 
Performance Anion Exchange Chromatography (HPAEC) 
revealed that GOS components were metabolised at 
different rates, displaying a size-dependence on rate of 
metabolism.

Galβ1→6Gal
Galβ1→6Glc
Galβ1→4Glc

Galβ1→4[Galβ1→6]Glc
Galβ1→6Galβ1→4Glc

Galβ1→4Gal
Galβ1→2Glc
Galβ1→3Glc

Galβ1→2[Galβ1→4]Glc
Galβ1→2[Galβ1→6]Glc
Galβ1→3[Galβ1→6]Glc
Galβ1→4Galβ1→4Glc
Galβ1→3Galβ1→4Glc
Galβ1→4Galβ1→2Glc
Galβ1→4Galβ1→3Glc

Galβ1→4[Galβ1→4Galβ1→6]Glc
Galβ1→4Galβ1→4[Galβ1→6]Glc
Galβ1→4Galβ1→2[Galβ1→4]Glc
Galβ1→2[Galβ1→4Galβ1→4]Glc
Galβ1→4Galβ1→2[Galβ1→6]Glc
Galβ1→2[Galβ1→4Galβ1→6]Glc
Galβ1→4Galβ1→4Galβ1→6Glc
Galβ1→4Galβ1→4Galβ1→4Glc
Galβ1→4Galβ1→4Galβ1→2Glc
Galβ1→4Galβ1→4Galβ1→3Glc

Galβ1→4Galβ1→4Glcα1↔1βGal
Galβ1→4Glcα1↔1βGal4→1βGal
Glcα1↔1βGal4→1βGal4→1βGal
Galβ1→4Galβ1→2Glcα1↔1βGal
Galβ1→2Glcα1↔1βGal4→1βGal

Galβ1→6Galβ1→3Glc
Galβ1→6Galβ1→4Galβ1→4Glc
Galβ1→6Galβ1→4Galβ1→3Glc

Galβ1→3Galβ1→6Glc
Galβ1→3Galβ1→3Glc
Galβ1→3Galβ1→2Glc

Galβ1→3Galβ1→3Galβ1→4Glc
Galβ1→3Galβ1→3Galβ1→3Glc
Galβ1→3Galβ1→3Galβ1→2Glc
Galβ1→6Galβ1→6Galβ1→4Glc
Galβ1→3Galβ1→6Galβ1→4Glc

Galβ1→3[Galβ1→6]Galβ1→4Glc
Galβ1→6Galβ1→3Galβ1→4Glc

BC-GOS GOS I GOS II GOS III GOS IV GOS V GOS VI

Present   Likely to be present

Figure 7. Structural complexity and diversity of commercial galacto-oligosaccharide (GOS) products. BC-GOS is manufactured 
by Bacillus circulans, GOS I-VI are unidentified commercial GOS products. Modified from van Leeuwen et al. (2016).
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Further analysis revealed structure-based differences in 
metabolism. Within the disaccharides, the α- or β-(1↔1) 
linkages were most resistant and β(1→4) and β(1→6) 
linkages hydrolysed fastest. Curiously, the presence of the 
β(1↔1) in the trisaccharides resulted in faster metabolism 
of an adjoining β(1→4) linkage.

It is clear that the degradation of GOS by bifidobacteria and 
lactobacilli is highly species-specific (Böger et al., 2019). In 
this study Bifidobacterium breve and Bifidobacterium lactis 
preferred GOS as a substrate to glucose while lactobacilli 
had a limited ability to grow on purified GOS. Most of 
the strains tested were unable to metabolise branched 
structures, particularly those of DP 4 and above. Exceptions 
were B. lactis subsp. infantis, B. breve and B. adolescentis. 
This is consistent with the more diverse carbohydrate 
metabolic systems present in bifidobacteria (Lee and 
O’Sullivan, 2010). Lactobacilli possess limited capacity to 
transport and metabolise oligosaccharides (Gänzle and 
Follador, 2012).

It is evident, that GOS preparations can have beneficial 
effects on microbiota. At the present time, however, we 
do not have sufficient comparative studies to form any 
conclusions over the extent to which the health benefits are 
influenced by structure (Ambrogi et al., 2021; Logtenberg 
et al., 2021; Zhang et al., 2022).

Xylans and xylo-oligosaccharides

Xylo-oligosaccharides (XOS) have been studied as candidate 
prebiotics since the 1990s. Okazaki et al. (1990) employed 
a mixture of xylose, xylobiose, xylotriose, and other 
saccharides as a carbon source for in vitro fermentations 
with B. adolescentis, B. longum, and Bifidobacterium 
infantis. In this study, B. adolescentis showed a remarkable 
ability to use both xylobiose and xylotriose. Hopkins and 
others (1998) carried out fermentations with commercial 
XOS (Suntory, Japan; 70% purity and DP2-4) and found that 
the ability of bifidobacteria for growing on XOS depended 
on the strain. In an in vitro study by Mäkeläinen et al. (2010) 
three different XOS preparations with various sizes of xylose 
polymers and DP, and a significant increase of B. lactis was 
seen for the XOS DP2-10 and XOS DP2-5.

The preference of bifidobacteria to ferment low-substituted 
XOS, both in vitro and in vivo, has been described previously 
(Campbell et al., 1997; Okazaki et al., 1990). On the 
other hand, oat XOS were not selective for bifidobacteria 
exclusively, because Bacteroides spp., Clostridium spp., 
Lactobacillus acidophilus, and Klebsiella pneumoniae also 
showed moderate growth on these substrates (Jaskari et 
al., 1998; Van Laere et al., 2000b). Also, the more highly 
branched wheat AX hydrolysates (singly and doubly 
substituted arabino-XOS) could only be (partly) fermented 
by the Bifidobacterium spp. and Bacteroides spp. tested.

Kabel and others (2002) studied in vitro fermentability 
of differently substituted XOS and concluded that the 
neutral-XOS, arabino-XOS, acetylated-XOS, and acidic-
XOS obtained from hydrothermally treated xylan-rich 
byproducts were fermented by human faecal inocula. For 
all fermentations described, a distinction could be made 
between the 1st stage of the fermentation (0 to 40 h) and the 
2nd stage (>40 h). In the 1st stage of the fermentation, the 
pH decreased, whereas in the 2nd stage the pH remained 
constant or even increased slightly. In the 1st stage of 
fermentation of neutral-XOS and arabino-XOS, mainly 
acetate and lactate were formed. Lactic acid bacteria (LAB) 
may play an important role in this part of the fermentation, 
as they do not produce butyrate or propionate, but they do 
produce acetate and lactate (Verbeke et al., 2015). A high 
concentration of acids formed might be desirable because, 
by a decrease in pH, the growth of potentially pathogenic 
microorganisms and putrefactive bacteria will be inhibited 
(Gibson and Roberfroid, 1995).

The ability of bifidobacteria to metabolise XOS depends 
on the efficiency of their xylanolytic enzyme systems. One 
xylosidase and a few arabinosidases have been purified and 
characterised from bifidobacteria. They are β-D-xylosidase 
from B. breve K-110 and arabinosidases from B. adolescentis 
DSM20083 (Van Laere et al., 1997, 2000a) and arabinosidase 
from B. breve (Shin et al., 2003).

The human experimental data on XOS are limited and 
evidence of the prebiotic efficacy of XOS is sparse. Study on 
the effects of XOS on the faecal content of humans showed 
that it was maintained within the normal range by daily 
intake of XOS (Kobayashi et al., 1991). Short-chain fatty 
acids, especially acetic acid, in the faecal matter of subjects 
were increased and the increased putrefactive products, 
such as p-cresol, indole, and skatole were decreased by the 
continuous intake of XOS.

Childs et al. (2014) investigated the impact of XOS on the 
human gut microbiota and markers of immune function 
either alone or in combination with a probiotic strain of 
Bifidobacterium animalis subsp. lactis. XOS increased 
populations of bifidobacteria and reduced fasting plasma 
HDL concentrations compared to placebo. XOS also 
significantly increased the faecal levels of the added B. 
lactis probiotic when fed as a synbiotic combination.

Arabinoxylo-oligosaccharides have also been studied for 
their impact on the gut microbiota. Three oligosaccharide 
mixtures (average molecular weights of 354, 278, and 66 
kDa respectively), made by AX hydrolysis, have been 
studied for their fermentation properties (Hughes et al., 
2007). In general, AX in vitro human faecal fermentation 
resulted in an increase in bifidobacteria, lactobacilli and 
eubacteria groups, with the 66 kDa fraction most promotive 
of lactobacilli. There was an inverse relationship between 
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AX lower molar mass and bifidobacteria and lactobacilli 
groups. In further support, a hydrolyzate of average DP 
60, described by the (Van den Abbeele et al., 2013) as 
‘long-chain arabinoxylan’, in dynamic in vitro fermentation 
models (SHIME and TIM-2), increased B. longum and 
propionate production and in a simulated lumen and 
mucosal microbiota M-SHIME experiment, increased 
bifidobacteria in both locations (Truchado et al., 2017).

Fermentability of arabinoxylooligosaccharides (AXOS) is 
affected by its degree of feruloylation and is probably due to 
hindrance to enzyme digestion, but also possibly inhibition 
by freed ferulic acid (Snelders et al., 2014). Various bacteria 
have feruloyl esterases that are necessary to break apart 
cross-linked cell wall matrix-bound AXs as well as to remove 
individual feruloyl residues. Feruloylation and removal of 
residues, in addition to other bound phenolic acids, is a 
relatively understudied area that could be important to 
understanding gut bacterial utilisation of the AXs.

In a specific examination of Bifidobacterium species 
and their response to AXOS, XOS, and D-xylose and 
L-arabinose, selective utilisation was observed (Pastell et 
al., 2009). Different strategies were revealed by species, 
which emphasises that even closely related species/strains 
have different requirements as well as ways to access and 
utilise substrate. For instance, B. longum used AXOS by 
first hydrolysing off arabinose and fermenting it, while B. 
adolescentis removed arabinose and went on to consume 
the unsubstituted xylan backbone.

An interesting study compared water-unextractable AX, 
water-extractable AX, and AXOS from wheat on microbiota 
and SCFAs in rats (Damen et al., 2011). Insoluble AX 
increased butyrate and the butyrogenic bacteria Roseburia 
species and Eubacterium rectale, while water-extractable AX 
and AXOS selectively promoted bifidobacteria. Combining 
the different arabinoxylan fractions caused bifidogenic 
and butyrogenic effects in the colon with lowered pH and 
proteolytic fermentation metabolites.

In terms of high molecular weight xylans in foods that are 
delivered to the gut microbiota, two structural groupings 
can be considered. First, the xylans that are largely linear 
and unbranched and second, the largest and perhaps most 
structurally diverse, the arabinoxylan (or ‘heteroxylan’) 
class. In their native forms, the polymeric xylans are 
usually considered as insoluble fibre as they are found 
in cell wall structures often cross-linked via phenolic 
compounds. Yet, the arabinoxylans can be solubilised with 
a simple, though commercially expensive, alkali treatment 
that de-esterifies the phenolic cross-links. Some native 
arabinoxylans, such as those found in wheat endosperm 
cell walls, are naturally soluble (Delcour et al., 1999). The 
largely unbranched xylans associate tightly into insoluble 
fibrils and the oligosaccharides, due to their small size, are 

readily soluble. Regarding their function in the gut, generally 
when in their soluble form they are well fermented, though 
chemical structure determines their rate of fermentation. 
In their insoluble cross-linked or associated forms, they 
exhibit a range of fermentability from being essentially 
non-fermented (e.g. the highly cross-linked maize bran 
arabinoxylan) to being moderately fermented (e.g. wheat 
bran arabinoxylan).

Although the term ‘xylans’ is sometimes used to indicate all 
polysaccharides containing a β-1,4-linked xylan backbone, 
including the arabinoxylans discussed below, for purposes 
of this report xylan refers to polymers containing such a 
backbone with few if any branches. Such xylans are found 
in agricultural crops (e.g. straw, sugar cane and other stalks, 
wood processing by-products) and from fruit berries 
(Cantu-Jungles et al., 2017). For example, in the acai berry, 
xylan was nearly linear with only 2.8% glucuronic acid 
branched residues.

AX, or ‘heteroxylans’,  are a common group of 
polysaccharides found in plant cell walls and are particularly 
high in cereals. They are distinguished by a β-1,4-linked 
xylan backbone with either simple arabinosyl branches or 
more complex combinations of sugars (including galactose, 
xylose, glucuronic acid) and linkages in the branches. They 
may have barren stretches of no branches on the backbone 
(unsubstituted) or may be highly substituted with one 
or two branches on individual xylosyl units (mono- or 
disubstituted). Three general types of AX are found in the 
structure-function literature: (1) insoluble matrix-bound 
AX, (2) soluble AX, either naturally water-extractable or 
solubilised with alkali, and (3) oligosaccharides that are 
fabricated from the polymers to make AXOS. When in their 
soluble form, AX are well fermented and, in their insoluble 
cross-linked form, they show a range of fermentability from 
being poorly fermented (e.g. highly cross-linked maize bran 
AX) to being moderately fermented (e.g. wheat bran AX).

The most common AX found in diets are those originating 
from cereal grains, which are concentrated in the bran layer 
and are in the cell wall remnants in the endosperm and 
germ. Structural diversity of this class of fibres is high with 
chemical structures differing in sugars and linkages found 
in branches, and the density of branches that are placed on 
the backbone (Rumpagaporn et al., 2015).

In this group of cereal brans, the major AX isolated from 
wheat bran has a very complex structure with different 
branch types and an array of linkages connecting sugars. 
High branch complexity is found in maize AX with a 
comparably high amount of xylose found in branches. 
Branch complexity decreases in rice and sorghum bran 
AX. All of the bran AX shown can be considered as highly 
substituted.
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There are structural differences in arabinoxylans depending 
on their anatomical location in the cereal grain. The most 
studied wheat endosperm cell wall arabinoxylan is water-
extractable. It is structurally simpler than ones found in bran 
being high in unsubstituted regions of the xylan backbone 
and with numerous single arabinose branches.

AX-degrading species have been found in both major 
human gut phyla of Bacteroidetes and Firmicutes; 
however only select species have been shown to degrade 
AX. Ndeh and Gilbert (2018) noted that this gives the 
xylan-degraders competitive advantage when the fibre is 
available and could be used to modulate the gut microbiota. 
Some Bifidobacterium and Lactobacillus species utilise the 
oligosaccharides produced from arabinoxylan degradation 
by other bacteria (e.g. Bacteroides species).

AX in their intact state in plant cell walls have been shown 
to be variably fermented based on their source. Differences 
in degree and rate of fermentability are based primarily on 
differences in physical structure that inhibit bacteria access 
for digestion and fermentation. For instance, in an in vitro 
human faecal fermentation, Rose et al. (2010) showed that 
maize bran with 69% AX of total dietary fibre (TDF, 70 
g/100 g dry matter (DM)) was very poorly fermented in 
the 24 h incubation period, while wheat with 57% AX of 
TDF (52 g/100 g DM) was fairly well fermented, and rice 
bran with 37% AX of TDF (31 g/100 g DM) was as well or 
better fermented than the alkali-solubilised AX from each. 
In the intact state the fibres were far more butyrogenic (21, 
26, and 20% butyrate of total SCFA at 24 h) than when in 
the soluble state (10, 16, and 14% butyrate of total SCFA), 
and were less propiogenic when intact (8, 10, and 14% 
propionate of total SCFA) than soluble (28, 22, and 19% of 
total SCFA). Thus, physical accessibility plays a significant 
role in their utilisation, favouring butyrogenic bacteria in 
the intact form and propiogenic bacteria in the soluble 
form. The same report suggested that maize and rice AX 
are fermented by a debranching mechanism leading to 
the xylan backbone, and wheat preferentially starting at 
the backbone. This difference is likely due to the high 
substitution (branching) of maize and rice bran AX and the 
higher degree of unsubstituted (barren) backbone of wheat 
bran AX. Williams et al. (2011) showed a similar difference 
in fermentation kinetics between insoluble and soluble 
cereal AX, and additionally found that the corresponding 
monosaccharides were fermented at similar rates to the 
soluble polysaccharides showing that digestion was not a 
limiting step to utilisation.

D’hoe et al. (2018) examined different arabinoxylan-
containing insoluble (total and ultrafine grind, and aleurone) 
and soluble wheat bran fractions in faecal fermentations of 
six individuals, showing a reduction of Proteobacteria, an 
increase in Dorea and butyrogenic Roseburia for aleurone, 

and increase in bifidobacteria for ultrafine and soluble 
bran fractions.

With slow rate of fermentation, SCFA metabolites are 
generated throughout the length of the large intestine. 
It was proposed that early man consumed high levels of 
plant cell wall polysaccharides, even up to 80 to 120 g/day 
(Leach, 2007), which at low levels of fermentation would 
have still provided significant SCFA production in proximal 
and distal locations.

AX are generally more fermentable when in the soluble 
rather than cross-linked insoluble forms. When water-
soluble wheat AX was cross-linked by a treatment with 
a combination of horseradish peroxidase and hydrogen 
peroxide, it became less fermentable as measured by SCFA 
output (Hopkins et al., 2003). As noted above, Rose et al. 
(2010) showed mostly a large increase in fermentability 
when cereal AXs were solubilised by alkali treatment of 
brans.

Once in the soluble form, AX fermentability is determined 
by chemical composition rather than physical state. In vitro 
rate of fermentation was dependent on chemical structure 
and rate varied considerably from a simpler branched, 
though highly substituted, structure of sorghum AX, which 
was as fast fermenting as the fructooligosaccharide (FOS) 
control, to slow fermentation of more complex branched 
structures found in corn bran and a fraction of wheat bran 
(Rumpagaporn et al., 2015). Structures that had more 
terminal xylose in the branched structures, rather than 
just comprising the β-1,4-linked backbone, as well as a few 
other sugar and linkage combinations, were slow fermenting 
(Figure 8). While fermentation response is sensitive to 
structure of the soluble AX even at the genotypic level, 
growing environment was not found to affect structure or 
response (Zhang et al., 2021). On a practical note, animal 
chow diets containing different AX sources are likely to 
lead to somewhat different gut microbiota compositions.

AX structural differences also determine which xylan-
degrading bacteria are promoted. An artificial human faecal-
based community comprised of 47 bacterial species when 
fermented on five different plant xylan sources revealed 
differential response on Bacteroides species, indicating 
their specificity to competition on structures (Centanni 
et al., 2017). In another study, Chen et al. (2017b) showed 
maize and sorghum alkali-extracted soluble AXs promoted 
different bacteria in a Bacteroides-dominant enterotype 
versus a Prevotella-dominant enterotype.

In high-fat feeding of mice, long-chain AX restored 
important gut bacterial groups of Bacteriodes-Prevotella 
species, Roseburia species, and bifidobacteria (Neyrinck et 
al., 2011). This was with a concomitant improvement in gut 
barrier function and lowering of an inflammation factor. In 
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a rat study, six-week feeding of long-chain AX increased 
caecal Verrucomicrobia and Firmicutes with lower level of 
Bacteroidetes (Van den Abbeele et al., 2011). The AX and 
inulin groups showed promotion of butyrogenic bacteria 
including Roseburia intestinalis, Eubacterium retale, and 
Anaerostipes caccae, as well as bifidobacteria. Along with 
an increase in mucin levels, a lower caecal abundance of the 
mucin-degrader Akkermansia muciniphila was observed 
(Pereira et al., 2021; Schupfer et al., 2021).

Xyloglucans

Although perhaps just as commonly found in diets as 
the cereal arabinoxylans, the primarily dicot cell wall 
xyloglucans are far less studied in terms of their effect on 
the gut microbiota.

Xyloglucans make up to 25% of the dry weight of dicot 
cell walls, such as in lettuce, onions and tomatoes; and are 
also present in cereal cell walls, though in much smaller 
amounts. Tamarind is a commercial source of xyloglucan 
and is used in some parts of the world as a food additive 
(Hartemink, 1996). They are generally water-extractable, 
though this is dependent on the nature of the cell wall 
matrix. They also vary in structure and presumably this is 
matched by specificity of gut bacterial strains to utilise and 
compete on them. Xyloglucans are comprised of a backbone 
glucan structure of β-1,4-linked glucosyl units with α-1,6-
linked xylosyl units, some with further linked galactose or 
fucose (Figure 8) (Larsbrink et al., 2014).

An early report on the fermentability of xyloglucans 
by human gut microbiota showed that only a selected 
group of gut bacteria can utilise this class of dietary fibre 

polysaccharides (Hartemink, 1996). They analysed 138 gut 
bacteria strains from 75 species and found only 9 strains 
able to degrade the tamarind xyloglucan; consisting mostly 
of Clostridium spp., and one each of Bifidobacterium sp. and 
Bacteroides sp. This contrasts with the work by Larsbrink et 
al. (2014), showing that 70 strains from 6 species from an 
overall screen of 292 Bacteroidetes strains from 29 species to 
be xyloglucan degraders. Specificity to xyloglucan structure 
was revealed in that tamarind xyloglucan supported the 
growth of all but one of the 25 Bacteroides ovatus strains, 
while none of the Bacteroides xylanisolvens strains grew 
on it. In the case of bifidobacteria, Hartemink et al. (1996) 
found that clostridia were the primary degraders of the 
polysaccharide. While xyloglucan utilisation is relegated 
to relatively few phylogenetic diverse strains, which can be 
considered as niche species, evaluation of metagenomes 
of many individuals shows the ability for its degradation 
exists in all.

Pectins

Pectins are a group of complex structural hetero-
polysaccharides occurring ubiquitously in plants. Their 
chemical structures are heterogeneous, depending on the 
origin, location in the plant and the extraction method 
used (Bagherian et al., 2011; Srivastava and Malviya, 2011). 
These polysaccharides are mainly composed of a backbone 
of galacturonic acid units (GalA) connected by α(1,4) 
links. Varying proportions of the acid groups as methoxyl 
esters and neutral sugars can constitute side chains 
(Kertesz, 1951). The pectin network is generally formed 
with three block copolymers: namely, homogalacturonan 
(HG), rhamnogalacturonan (RG-I) and the substituted 
galacturonan (SG) rhamnogalacturonan-II (RG-II) (Yapo, 

L-Fucα1

2
Galβ1         Galβ1

2                  2
Xylα1          Xylα1 Xylα1

6                   6                  6
Glc (β1 4)Glc (β1 4)Glc (β1 4)Glc (β1 4)

Galβ1 L-Arafα1

2                 2
Xylα1          Xylα1

6                  6         
Glc (β1 4)Glc (β1 4)Glc (β1 4)Glc (β1 4)

X                    L                   F                   G L                   S                   G                   G

A B

Figure 8. Representative structures of XXXG- and XXGG-type XyGs. (A) XXXG-type XyGs, comprising a Glc4Xyl3 repeating motif 
with variable branch extensions (bold residues). Tamarind seed XyG and primary cell wall XyGs (for example, from lettuce leaves) 
are distinguished by the absence of fucose in the former. (B) XXGG-type XyGs, comprising a Glc4Xyl2 repeating motif. These XyGs 
are common to solanaceous species (for example, tomato) and are typified by branches extended with arabinofuranosyl residues. 
Standard single-letter abbreviations for designating backbone decorations are shown.’ Adapted from Larsbrink et al. (2014).
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2011b). In addition, the SGs xylogalacturonan (XGA), 
apiogalacturonan-1 (ApGA), galactogalacturonan (GGA), 
and arabinogalacturonan (ArGA) have also been purified 
from plant cell wall material (Ovodova et al., 2006; Yapo, 
2009; 2011b).

HG is the most abundant pectic polysaccharide, constituting 
approximately 65% of total pectin, this structure is also 
referred to as the ‘smooth region’ of the pectin molecule 
(Wolf et al., 2009). HG consists of a linear α-1,4-linked GalA 
homopolymer with a typical degree of polymerisation of 
~100; shorter regions have been also detected (Nakamura 
et al., 2002; Wolf et al., 2009). HG can be partially methyl-
esterified at the C-6 carboxyl and also be O-acetylated 
at O-2 or O-3 (MacKinnon et al., 2002; O’Neill et al., 
1990). The degree of methylation and in some cases also 
acetylation (DM/degree of esterification (DE) and degree of 
amidation (DA), respectively) vary according to the origin 
and the developmental stage of the plant (Voragen et al., 
2009). Methylation can occur randomly or in blocks of 
methylated residues (Celus et al., 2018; Tanhatan-Nasseri 
et al., 2011). Varying patterns of the smooth (HG) regions 
and the ‘hairy’ regions of rhamnogalacturonan (RG-I) occur 
in different pectins (Cornuault et al., 2018; Fan et al., 2018).

The RG-I backbone is composed of the repeating diglycosyl 
[→2)-α-L-Rhap-(1→4)-α-D-GalpA-(1→] and is believed 
to be branched at O-4/O-3 positions by 4 different side 
chain types, viz. (1→5)-α-L-arabinan, (1→4)-β-D-galactan, 
arabinogalactan-I, and with arabinogalactan-II (Mikshina 
et al., 2015). The functional diversity of RG-I has been 
reviewed by Mikshina et al. (2015), emphasising the 
diversity of RG-I types related to plant origin, specific 
plant tissues, and even for different developmental stages 
of the tissue, reflecting a sophisticated diversity of plant 
glycobiology and molecular diversity (Mikshina et al., 2015).

A  d i s t i n c t  a n d  h i g h l y  co n s e r v e d  re g i o n  o f 
rhamnogalacturonan is designated as RG-II, consisting 
of GalA units, with complex branches of peculiar 
monosaccharides, apiose, fucose, xylose, aceric acid, 
3deoxy-lyxo-2-heptulosaric acid (DHA), and 3-deoxy-
manno-2-octulosonic acid (KDO) (Doco et al., 1997). 
The pectic polysaccharide RG-II is a quantitatively minor 
component of the plant cell wall, constituting around 
0.1-8.0% (W/W) of plant cell walls (Yapo, 2011a). The 
fine structure of RGs-II remains somewhat enigmatic as 
emphasised and reviewed by Yapo, who highlighted ‘the 
freak structural diversity and the functional versatility of 
RG-II’ (Yapo, 2011a).

Due to its proportionally small quantities within the pectin 
molecules especially little is known about RG-II with 
regards to its different effects on the gut microbiota and 
its interaction with the gut and mucosa associated lymphoid 
tissue (GALT and MALT) during its passage through the 

gastrointestinal tract (GIT). RG-II is greatly reduced or 
absent in commercial pectin due to the extraction and 
purification procedures used (Liu et al., 2007). To assess 
how different RG-II structures function, the development 
of methods for their preparation is required. Due to its 
structural diversity, it is likely to have diverse biological 
activities. Recently Wu et al. (2018) have reported that the 
fungus Penicillium oxalicum could efficiently lead to the 
recovery of RG-II domains by degrading all other pectic 
domains (Wu et al., 2018). Such novel preparation protocols 
will aid to characterise and investigate the function of rare 
RG-II pectin derived structures.

Several studies have reported the modulation of gut 
microbial communities by RG-I (Gulfi et al., 2007; Khodaei 
et al., 2016; Strube et al., 2015a,b; Thomassen et al., 2011). 
Gulfi et al. have shown that the hairy regions from ripe 
apples revealed to be a fermentable substrate for human 
colonic bacteria, showing a substantial impact on pH and 
SCFA production (Gulfi et al., 2007). High molecular weight 
galacto-rhamnogalacturonan isolated from potato pulp, has 
been also reported to have prebiotic effects and lead to an 
increase in the levels of Bifidobacterium and Lactobacillus 
spp. using in vitro fermentation of human faeces 
(Thomassen et al., 2011). Khodaei et al. (2016) produced 
galactose-rich oligosaccharides/oligomers (oligo-RGI) from 
potato rhamnogalacturonan-I (RG-I) and investigated their 
digestibility and fermentability in vitro. Most of RG-I and 
its oligomers remained unhydrolyzed under intestinal 
conditions. Investigations of prebiotic properties in a 
continuous culture system inoculated with immobilised 
faecal microbiota revealed stimulation of Bifidobacterium 
spp. and Lactobacillus spp. by both RG-I and oligo-RG-I, 
with oligo-RG-I being more selective. The amounts of SCFA 
were higher in oligo-RG I fermentations and FOS (Khodaei 
et al., 2016). This research emphasises the potential of 
knowledge still to be gathered on the function of oligomer 
structures derived from RG-I molecules. Baggio et al. (2022) 
reported that RG-l enhances intestinal epithelial barrier 
function in a microbiota-independent manner through 
activation of TLR4 and PKC signalling pathways. The 
authors suggested that RG-I may be implemented in dietary 
approaches to enhance mucosal healing in inflammatory 
bowel diseases).

Recently, a carrot-derived pectic polysaccharide, enriched 
in rhamnogalacturonan-I (RG-I) was classified as a potential 
prebiotic ingredient selectively promoting gut microbial 
members and supporting gut barrier integrity (Van den 
Abbeele et al., 2020). A depolymerised RG-I-enriched 
citrus pectin selectively modulated gut microbiota, 
increased SCFA production, and promoted the growth of 
Bifidobacterium spp., Lactobacillus spp. and Faecalibaculum 
spp. (Mao et al., 2019).
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One important characteristic of pectin is it´s DE, pectin 
is characterised as high methoxylated (HM) pectin (DE 
>50%) and low methoxylated (LM) pectin (DE <50%). The 
effects of the DE on pectin utilisation by the gut microbiota 
has been investigated in several studies (Dongowski and 
Lorenz, 1998; Dongowski et al., 2000, 2002; Larsen et al., 
2018; Tian et al., 2017). Dongowski and Lorenz (1998) 
have investigated the degradation of pectins with a DE 
of 95, 66, 34 and 0%, by human faecal microbiota in vitro 
(pH 7.8), they have found a faster depolymerisation and 
fermentation of LM pectins (LMP) compared to HM 
pectins (HMP). HMP has been reported to lead to the 
production of high levels of acetate, then propionate and 
then butyrate (Cantu-Jungles et al., 2017; Jonathan et al., 
2012). Though pectin has been reportedly associated with 
proportionally high acetate production (Gulfi et al., 2005; 
Jonathan et al., 2012), it has to be considered that acetate 
can be converted into butyrate (Duncan et al., 2002, 2004). 
Recently, Cantu-Jungles et al. (2017) have investigated a 
pectic polysaccharide (PW-AP) with a DE of 70% from 
peach palm fruits (Bactris gasipaes) and its fermentation 
profile by the human gut microbiota in vitro. They have 
reported a similar total amount of SCFA as FOS controls, 
whereby higher acetate and propionate and lower butyrate 
were produced in the PW-AP fermentations. Moreover, the 
pectin fraction led to a significantly lower gas production 
than FOS, as well as a lower production of branched chain 
fatty acids (Cantu-Jungles et al., 2017).

There is a lack of studies investigating the effect of different 
LMP and HMP molecules on the whole human microbiome 
with sequencing technologies in vivo. Nevertheless, recently 
Tian et al. (2017) investigated LMP and HMP digestion 
in piglets. In the piglet ileum, LMP was more efficiently 
fermented by the microbiota than HMP, which was mainly 
fermented by the microbiota in the proximal colon.

Min et al. (2015) have investigated the impact of DE of three 
pectin substrates: 76.0% HMP, 21.2% sugar beet pectin 
and 22.8% soy pectin, and compared their fermentation 
to the fermentation of FOS by human faecal microbiota 
in anaerobic fermentations at 37 °C. The average DP of 
HMP, sugar beet pectin and soy pectin was 492, 3,729, and 
1,510, respectively. They have found higher total SCFA 
production for the pectins compared to FOS and detected 
gut microbiota modulatory effects by denaturing gradient 
gel electrophoresis (Min et al., 2015).

A recent study by Larsen et al. (2019) aimed at providing 
detailed information on the pectin substrates implemented, 
unravelling some of the structure to function effects of 9 
different pectins in the TIM-2 model in vitro. Four of the 
pectins were high methoxyl pectins with highest DE of 
70.0 and 74.7%; others were LM pectins with DE between 
11.4 and 35.6%. Larsen et al. (2019) included an analysis of 
correlation between bacterial abundances and the structural 

properties of pectins, i.e. content of monosaccharides, GalA, 
RG fraction, DE and the degree of branching (DBr). The 
analysis revealed that the levels of Oscillospira, Blautia, 
Dorea, Ruminococcus, Coprococcus, Ruminococcus 
torques, Lachnospiraceae and Clostridiales within phylum 
Firmicutes, and Paraprevotella, Bacteroides uniformis, B. 
ovatus, Parabacteroides distasonis and Prevotella within 
phylum Bacteroidetes, correlated significantly or showed a 
tendency to increase with higher fractions of simple sugars 
(Gal, Rha, Xyl, and Glc) and lower content of GalA and 
DE values.

The species Faecalibacterium prausnitzii and family 
Ruminococcaceae showed positive correlation with the 
sugar residues, GalA and DE. F. prausnitzii, is commonly 
referred to as a marker for intestinal health, exhibiting 
anti-inflammatory effects in the gut (Walters et al., 2014).

Abundance of Prevotella copri was reported to correlate 
positively with Ara and DE and negatively with DBr. 
Whereby, the genera Coprococcus and Lachnospira 
correlated positively with DBr and negatively with DE 
and Ara (Larsen et al., 2019). P. copri is associated with 
induced insulin resistance in mice and rheumatoid arthritis 
in humans (Pedersen et al., 2016; Pianta et al., 2017); and 
an increase in the levels of Coprococcus has been linked 
to reduced severity of IBS in humans (Tap et al., 2017). 
Studies as the study by Larsen et al. (2018) indicate that 
pectins might be indeed valuable substrates to promote the 
growth of next generation probiotics as well as endogenous 
beneficial bacteria.

Further studies are needed to better understand the 
fermentation patterns of pectins with different DEs by 
the human faecal microbiota, using current methods for 
whole microbiome analysis. In the future, besides the DE the 
studies should provide more information on the molecular 
size of the pectin, as well as the degree of acetylation, where 
applicable to evaluate the sole effect of the DE. Moreover, 
information on the esterification pattern (randomly 
methylated or in blocks of methylated residues) will 
further elevate the quality and interpretation of the studies 
performed, the DE pattern (blocky vs random) is likely to 
impact the bioavailability of sites for enzymatic cleavage 
and degradation by microbial enzymatic machineries.

The plethora of potential pectic oligosaccharide (POS) 
preparations extrapolates the molecular diversity of pectin 
derived substrates. POS are oligosaccharides which can be 
obtained by partial hydrolysis of pectins, and their structure 
and function are being increasingly investigated (Gómez et 
al., 2016; Míguez et al., 2016), their production on a larger 
scale has not yet been realised efficiently.

Even though pectins essentially contain the same 
repeating elements, these vary in amounts and chemical 
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fine structures. In addition, protein and ferulic acid may 
be found in some pectins, e.g. sugar beet derived pectin 
contains ferulic acid residues in the arabinan side chains 
(Oosterveld et al., 1996). The full structural complexity 
of pectin is not yet fully explored and only points at 
the potential of pectin as a prebiotic and gut microbial 
community modulator with potential physiological benefits. 
To fully explore the potential of pectin derived molecules 
and their effects on health via the direct or indirect 
effects on the gastrointestinal tract and its residing gut 
microbiota, it is necessary to apply and expand state of 
the art technologies for substrate preparation and analysis.

Some recent advances in the application of -omics 
technologies and gut microbial in vitro fermentation tools 
facilitate advanced insights into the prebiotic potential of 
pectic substrates. The structure-function relationship of 
novel and rare pectic structures available only in small 
amounts can be now investigated in miniature in vitro colon 
models operating at a low fermentation volume, such as 
e.g. the CoMiniGut model recently developed by (Wiese 
et al., 2018). When pectinolytic enzyme preparations are 
implemented to process fruits and vegetables, e.g. apple, 
tomato and carrot, RG-II is released as a main soluble 
polysaccharide fraction, while other pectic polysaccharides 
are heavily degraded (Doco et al., 1997). RG-II has been 
found highly concentrated in processed beverages, such as 
wine (Pellerin et al., 1996). In the past no evidence has been 
reported on the metabolism of RG-II by a microorganism 
and it was assumed that it would require microbial consortia 
to metabolise the complex glycan (Ndeh and Gilbert, 2018). 
In the past decade, Martens et al. (2011) have for the first 
time shown that two closely related human gut Bacteroides, 
Bacteroides thetaiotaomicron and B. ovatus, can utilise 
RG II (Martens et al., 2011). Their studies were recently 
extended by Ndeh et al. (2017) who have revealed that 
around two thirds of the 30 human gut microbiome (HGM) 
Bacteroidetes grew on the pectic glycan. Ndeh et al. (2017) 
reported the RG-II degradome of B. thetaiotaomicron which 
can utilise RG-II from wine and apple pectin; cleaving 
all but one of its 21 distinct glycosidic linkages (Ndeh et 
al., 2017). The revision of the current structural model of 
RG-II, highlighted how individual gut bacteria orchestrate 
manifold enzymes to metabolise the most challenging 
glycans in the human diet. Currently, it appears that RG-II 
utilisation in the human gut microbiota is restricted to the 
Bacteroidetes. This finding suggests a valuable possibility for 
the selective manipulation of the human gut microbiota by 
RG-II (Ndeh and Gilbert, 2018). The potential degradation 
of RG-I and RG-II by human gut microbiota has been 
recently reviewed in Ndeh and Gilbert (2018).

Although POS have been suggested as emerging prebiotics, 
the International Scientific Association for Probiotics and 
Prebiotics (ISAPP) did not include POS within the list of 
prebiotic candidates in their last expert consensus about 

prebiotics. It is hence necessary that further research is 
conducted to evaluate the effects of POS on the composition 
and metabolic activity of gut microbiota (Míguez et al., 
2020). The development of prebiotics capable of modulating 
the gut microbiota in the elderly has become an area of great 
interest due to the particular vulnerability and frailty of this 
population. The prebiotic effects of POS obtained from 
lemon peel were studied on the microbiota from elderly 
donors using an in vitro continuous colon model (TIM-2). 
The study identified increments in beneficial species such as 
F. prausnitzii and larger alpha diversity values were observed 
with POS in comparison with FOS and in some cases with 
standard ileal efflux medium (Miguez et al., 2020).

β-glucans

Cereal β-glucans are repeating linear polymers of two 
β-(1,4) glucosyl units alternated with β-(1,3) glucosyl units. 
Fungi and yeast contain β-glucans that are branched. All 
are soluble polysaccharides.

Several studies examined whether β-glucans increased 
bifidobacteria and lactobacilli. In in vitro human faecal 
fermentations, generally these two bacteria groups were 
notably increased when β-glucans had been enzymatically 
reduced to oligosaccharides before treatment (Hughes et 
al., 2008; Jaskari et al., 1998), showing again that they are 
well suited to take up and utilise small hydrolysates and 
not polymers. Hughes et al. (2008) examined barley and 
oat hydrolysed β-glucan fractions differing in molecular 
mass and showed a promotion of the Bacteroides-Prevotella 
group, but not others. When size was reduced further to 
DP3-4, the Lactobacillus-Enterococcus group was increased, 
though not as much as in the inulin control. The β-glucan 
hydrolysates were propiogenic. In a similar way, some 
lactobacilli strains were promoted with barley β-glucan 
hydrolyzates DP3-4 (Snart et al., 2006).

Long-term human studies have been done with β-glucan 
supplementation showing both no effect and positive 
changes in the gut microbiota community. Mitsou et al. 
(2010) supplemented 52 subjects (mean age 49) with a 
low level of barley β-glucan (0.75 g/day) for 30 days. In 
the older subject group (>50 years) there was a significant 
increase in both bifidobacteria and Bacteroides, with no 
undesirable side effects.

Fructans

Fructans are carbohydrates mainly consisting of fructose 
units linked or not to one glucose unit. Different forms exist 
depending on the type of fructose-fructosyl linkages [β(2-
1) or β(2-6)] and on their core molecular structure (linear, 
branched or cyclic). Inulin-type fructans are characterised 
by β(2-1) linkage, they are mostly linear but can also have a 
very small degree of branching. They will vary in their DP 
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(from 2 to 200 in plants) and by the presence or not of a 
glucose at the terminal position. Polymeric linear fructans 
are mostly extracted from chicory roots giving rise to inulin 
(DP2-60). Oligomeric linear fructans obtained by hydrolysis 
of inulin are typically called oligofructose (or FOS); FOS (or 
scFOS) are also manufactured by enzymatic synthesis from 
sucrose with fungal β-fructofuranosidase using sucrose as 
glycosyl donor and acceptor. Inulin and oligofructose/FOS 
are established prebiotics (Gibson et al., 2017). Such FOS 
is mainly composed of three oligosaccharides, 1-kestose 
(DP3), 1-nystose (DP4) and 1F-β-fructofuranosylnystose 
(DP5) but can also contain higher oligomers. Laevan-type 
fructans mostly have the β(2-6) linkage and are rather 
present in polymeric form in bacteria, their DP can reach 
up to 100,000. Phlein-type fructans basically have the same 
structure as laevan but the term is rather used for plant-
derived fructans that are also generally shorter polymers. 
Graminan-fructans are branched fructans that present both 
β(2-1) and β(2-6) linkages and again a glucose is possible at 
terminal position but not necessarily present (Roberfroid, 
2007; Verspreet et al., 2015).

The inulin-type fructans of different chain length 
originating from chicory roots or produced from beet 
sugar have been extensively studied for their effects on the 
microbiota as well as their associated benefits and are well 
known prebiotic fibres for many years (Roberfroid et al., 
2010). Historically most human studies have focused on the 
effect of fructans on the gut populations of bifidobacteria 
and lactobacilli evaluated by cultural methods. Clinical 
studies with daily dose of fructans between 5 and 20g 
and with more modern technics (16S rRNA-based for 
example) to evaluate composition of faecal microbiota 
have confirmed the effect on bifidobacteria and showed 
variable responses on Anaerostipes, lactobacilli and 
Faecalibacterium prausnitizii for examples (Swanson et 
al., 2020). The induced modulation of the gut microbiota 
composition and activity is likely linked to health benefits 
in the gut and beyond. Several recent systematic reviews 
and meta-analysis have highlighted that via their specific 
modulation of the gut microbiota, inulin-type fructans 
can improve: bowel function by increasing the number 
of bowel movements (De Vries et al., 2019); glycaemic 
control as evaluated by fasting blood glucose or insulin, 
glycolysated hemoglobin (HbA1c) and homeostasis model 
assessment of insulin resistance (HOMA-IR) and more 
particularly in prediabetes and type 2 diabetes (Wang et al., 
2019) associated with obesity (Rao et al., 2019); regulation of 
blood lipids, for instance low-density lipoprotein cholesterol 
in all type of populations but also high-density lipoprotein 
in type 2 diabetes (Liu et al., 2016); immune function and 
again especially in those who are particularly susceptible to 
modifications of their immune response (Lomax and Calder, 
2008). There is also increasing interest in supplementing 
diet early in life to support establishment of a well diverse 

and resilient gut microbiota when breastfeeding is not 
possible (Firmansyah et al., 2016).

So far, most studies evaluating structure function 
relationships are in vitro fermentation studies using 
human faecal slurry or pure bacterial strains. Some studies 
compared the effects of different DP of inulin-type fructans 
on the modulation of intestinal microbial composition 
and activities (Van de Wiele et al., 2007). The presence 
or not of a glucose molecule at terminal position has also 
been investigated (Boger et al., 2018; Ryan et al., 2005; 
Saulnier et al., 2007). Much less information is available 
on laevan-type fructans or branched fructans but some in 
vitro fermentation studies have been conducted on fructans 
from the following origins: agave, DP3-16 (Allsopp et al., 
2013; Mueller et al., 2016; Velázquez-Martínez et al., 2014); 
stevia, DP3-8 (Sanches Lopes et al., 2016); dahlia; wheat 
and barley grain, DP <20 (Jenkins et al., 2011). Most of 
these studies compared different sizes of chain-length on 
the stimulation of bacterial growth and some studies have 
even compared branched to linear fructans of comparable 
degree of polymerisation (Jenkins et al., 2011; Mueller et 
al., 2016).

Historically, most studies on fructans were conducted 
with a focus on bifidobacteria and lactobacilli groups. 
Bifidobacteria appear to hydrolyse different varieties of 
fructans: linear β(2-1)- but also β(2-6)-based fructans 
(Marx et al., 2000) and branched fructans (Allsopp et 
al., 2013; Velázquez-Martínez et al., 2014) but are rather 
sensitive to the degree of polymerisation. They will 
generally ferment more easily molecules with lowest degree 
of polymerisation (<DP5) and the lowest they preferred 
(Mueller et al., 2016; Scott et al., 2014; Valdés-Varela 
et al., 2017; Velázquez-Martínez et al., 2014) but some 
individuals are also able to use more complex structures 
(Rivière et al., 2018). Lactobacilli are also well equipped to 
metabolise oligosaccharides and the identification of two 
or more metabolic pathways to degrade FOS indicate that 
they are among preferred substrates (Gänzle and Follador, 
2012). Dependency of growth promotion is highly strain 
specific. Like bifidobacteria, some strains of lactobacilli 
will use only low DP fructans (DP3-DP5), for instance 
Ligilactobacillus salivarius W57 specifically uses GF2 (DP3) 
and L. acidophilus W37 only uses short-chain compounds 
of FF and GF types. Some other strains will grow on all DP 
ranges with a faster utilisation of low DP and some other will 
grow indifferently on all DP ranges (De Vuyst et al., 2014; 
Gänzle and Follador, 2012). Strains like Lactocaseibacillus 
paracasei subsp. paracasei W20 can use a large range of GF 
types (at least DP2-40) as well as FF types (at least DP2-14) 
thanks to the excretion of an exoenzyme from the family 
of GH32 β-fructosidase (Boger et al., 2018).

The effect of DP is seen for both linear- (e.g inulin) and 
branched-type (e.g. agave) fructans but in fructans with 
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comparable DP, especially above 5, branched-fructans seem 
to be used faster than inulin. It may be that a mixed-type 
structure that leads to a more compact conformation and 
better solubility, thus greatest accessibility of substrate to 
the bacteria (Mueller et al., 2016). High branching will also 
lead to a high number of non-reducing terminal fructosyl 
residues, substrates for β-fructosidases.

More recently the capacity to use fructans has been 
investigated in other dominant gut bacterial groups. In 
vitro studies with human faecal slurry demonstrate higher 
fibre (e.g. fructans) utilising capacity in Prevotella-dominant 
enterotype than in Bacteroidetes-dominant enterotype 
(Chen et al., 2017b). Bifidobacterium, Anaerostipes and 
Prevotella seem to be the three most enriched bacterial 
genera when human faecal slurry is used for in vitro 
fermentation in presence of FOS or inulin. Two microbial 
groups, Clostridium cluster XVIII and Streptococcus 
were also representative of FOS fermentation whereas 
Ruminococcus was representative of inulin fermentation but 
in general the effect on the composition of the microbiota 
was similar between FOS and inulin (Fehlbaum et al., 2018). 
Fructans can also be fermented by bacteria producing 
butyrate: E. rectale, Ruminococcus inulinovorans, F. 
prausnitzii, Eubacterium hallii (Scott et al., 2014). While 
all of them were able to grow on linear β(2-1)-fructans 
of different chain length with similar maximum specific 
growth rate, F. prausnitzii, E. hallii were not able to grow 
on dahlia long chain inulin (DP around 25). It is quite clear 
that chain length of fructans may differently modulate the 
growth of some bacteria, but it may be rather strain- than 
group-dependent, for bifidobacteria and lactobacilli at 
least (Boger et al., 2018; Selak et al., 2016). In vivo, more 
complex microbial interactions will take place to indirectly 
stimulate or inhibit the growth of bacteria and modify the 
composition of the gut microbiota. For example, some 
cross-feeding phenomenon can also happen and interfere 
with the direct effect of the prebiotic fibre (Belenguer et al., 
2006). Bacteria secreting exoenzyme, such as L. paracasei 
subsp. paracasei W20 as cited above appear as keystone 
strains to stimulate cross-feeding as it induces temporary 
accumulation of short-chain compounds available for other 
bacteria (Boger et al., 2018). Also other bacterial groups, 
such as Anaerostipes, can therefore be indirectly stimulated 
by dietary supplementation with fructans by consuming 
the monosaccharides or SCFA (i.e. acetate) produced by 
their fermentation (Vandeputte et al., 2017). This cross-
feeding may explain why in human studies we do not always 
observe the same effects of inulin-type fructans on gut 
microbiota (Swanson et al., 2020) because there is a strong 
influence of its initial composition itself dependent on 
usual dietary fibres intake among other factors (Healey et 
al., 2018). Inhibition of potential pathogens with prebiotics 
is generally mediated by selective stimulation of bacterial 
strains that will develop at the expense of organisms that 
are not able to use them. In this case also, chain length of 

β-fructans also seems to influence ability of bifidobacteria 
(e.g. B. longum PLA20022 or B. breve IPLA20006) to reduce 
toxicity of Clostridioides difficile when co-cultured. Short-
chain β-fructans and mixtures of short and long chains 
are more efficient than longer chain ones alone (Valdés-
Varela et al., 2017). In another in vitro study, effective 
growth inhibition of both Escherichia coli O157 or O86E 
strains was induced when B. longum was grown on two 
types of short-chains fructans (DP2-5 and DP2-9) but 
Limosilactobacillus fermentum could only inhibit growth 
of the two pathogens when grown on the shortest chains. 
This result was correlated with the different abilities of the 
tested fructans to stimulate the growth of the probiotic 
strains, the higher the maximum growth rate, the better 
inhibition of the pathogens (Likotrafiti et al., 2013).

Higher SCFA production is a marker of higher fibre 
utilisation capacity by gut microbiota. Fructans generally 
induce higher production of acetate and butyrate and less 
propionate in comparison to other types of fibres based 
on in vitro studies (Chen et al., 2017b). In humans, direct 
comparison with other fibres is scarce but it is confirmed 
that inulin would favour acetate and butyrate production 
over propionate production (Boets et al., 2015). When they 
induce similar growth rate of one bacterial strain (e.g. of 
bifidobacteria group), inulin-type fructans of different chain 
length induce also similar decrease of pH in culture-media, 
suggesting similar level of bacterial fermentative activity 
(Valdés-Varela et al., 2017). This seems also valid when a 
complete human gut microbiota is used as inoculum of 
fermentation, total production and relative proportion of 
SCFA are similar between FOS and inulin from chicory 
used at the same level (Fehlbaum et al., 2018). Other types 
of fructans (e.g. branched fructans from agave) also induce 
production of SCFA when they are fermented (Allsopp et al., 
2013). Also, after 24 h of in vitro fermentation, production 
of SCFA via fermentation is similar among inulin-type 
fructans and cereal fructans from barley grain and wheat 
stem; longer molecules (max DP12) induced greater SCFA 
concentrations than shorter ones (average DP3-6), but 
no intermediate measure is available to illustrate more 
precisely the kinetic (Jenkins et al., 2011). Again in vivo, 
more interactions will influence the overall fermentation 
process and metabolites production. Metabolic cross-
feeding of bacteria will influence the quantity and relative 
proportions of the different SCFA (Belenguer et al., 2006) 
and can also alter physiological parameters as for instance 
intestinal transit time (Rivière et al., 2018).

In terms of structure-function relationships the degree 
of polymerisation, then type of structure and presence 
of glucose at terminal end of fructans can influence the 
composition and activities of the gut microbiota but the 
difference is seen at level of strains rather than bacterial 
groups, as illustrated by studies evaluating bifidobacteria 
and lactobacilli groups. In vivo the interactions among 
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bacterial groups need to be considered as they will modify 
the metabolic output from fermentation. However, this 
potential different effects on the gut microbiota may also 
be reflected at physiological level. In a systematic review 
and meta-analysis on fructans and bowel function, while 
overall dietary supplementation with inulin-type fructans 
increase the number of bowel movements, the effect seems 
greater with fructan derived oligosaccharides than with 
longer chain (De Vries et al., 2019). On the contrary another 
systematic review and meta-analysis on benefits of inulin-
type fructans and glycaemic control, effects appear more 
significant with inulin than with other fructans derived 
ingredients (i.e. oligosaccharides) (Wang et al., 2019).

Resistant starch

Bacteria in the human lower intestine may be exposed to 
as much as 20 g of resistant starch per day (Topping and 
Clifton, 2001). The fermentation products of resistant starch 
by gut bacteria include gases (methane, hydrogen, carbon 
dioxide) and SCFAs (acetate, propionate, butyrate, and 
valerate). Lesser amounts of other organic acids (lactate, 
succinate, and formate), branched SCFAs (isobutyrate and 
isovalerate), and alcohols (methanol and ethanol) are also 
produced. Starch degradation is a cooperative process 
in the lower gut, generalised as (1) degradation of starch 
polymers into glucose; (2) glycolysis with SCFA or other 
organic acids as end products; and (3) methane production 
by methanogenic Archeae spp. from formate, hydrogen 
gas, and carbon dioxide products of bacterial metabolism 
of resistant starch. The common fermentation outcomes 
of resistant starch can be summarised as increased faecal 
bulking, decreased faecal pH, increased faecal SCFA 
production and decreased faecal secondary bile acids levels 
(Hylla et al., 1998; Jenkins et al., 1998; Phillips et al., 1995).

Human studies have not revealed any clear structure-
function relationships with respect to type of resistant 
starch and proportions of individual SCFA. In vitro 
studies, however, seem to indicate that high proportions of 
butyrate are a characteristic of resistant starch fermentation 
(MacFarlane and MacFarlane, 1993).

Martínez et al. (2010a) used pyrosequencing to characterise 
the impact of resistant starches on the composition of 
faecal microbiota in humans. Study participants consumed 
either RS2 (granular form of high-amylose corn starch) 
or RS4 (chemically modified by phosphate cross-linking) 
and were compared with control digestible starch in the 
form of crackers. Both forms of resistant starch increased 
representatives of the Actinobacteria and Bacteroidetes 
phyla and decreased Firmicutes. The two forms of 
resistant starch differed in their ability to change species. 
RS2 increased the abundance of Ruminococcus bromii 
and E. rectale, which was consistent with prior results 
from in vitro studies on starch fermentation in the large 

intestine (Kovatcheva-Datchary et al., 2009a; Leitch et al., 
2007). In contrast, RS4 was associated with increased B. 
adolescentis and P. distasonis (Martínez et al., 2010b). Why 
the 2 different resistant starches change the composition of 
the microbiota remains unclear, because multiple genera 
are capable to degrade starches (Bird and Topping, 2008; 
Louis et al., 2007; Vital et al., 2018). It was suggested that 
the differential ability for individual bacterial species to 
degrade starches may represent differences in substrate 
binding (Martínez et al., 2010b). The degradation of RS2 
is largely linked to Firmicutes, with R. bromii initiating a 
cascade of reactions leading to microbial alterations with 
increased levels of fermentation end products and especially 
butyrate (Vital et al., 2018).

3. Effects of carbohydrate fermentation in the gut

Effect of fermented carbohydrates on the immune system

Fermentable carbohydrates clearly have an impact on bacteria 
that utilise them and either, due to the higher number 
of such bacteria and an according change in microbial 
composition, stimulate the immune system differently and/
or, by the fermentation of the carbohydrate, produce short 
chain fatty acids (SCFA) and other metabolites that per se 
may hold immunomodulatory effects (Hamer et al., 2008). 
Fibres that support the growth and metabolism of specific 
bacteria exerting beneficial effects on the host health are 
called prebiotics as indicated in the introduction section. 
Many of the endpoints associated with beneficial effects of 
prebiotics are associated with diseases such as inflammatory 
bowel diseases, allergies, type II diabetes and cardiovascular 
diseases (Ouwehand et al., 2005), which are all recognised 
to be influenced by imbalances in the immune system, e.g. 
a chronic inflammatory state sometimes combined with a 
hyperreactive local or systemic immune system. Common for 
these diseases is that a dysbiotic gut microbiota is believed 
to play a major role in the development and, in some cases, 
in the ‘maintenance’ of the disease.

The full nature of prebiotic effects can only be addressed in 
in vivo models even though one may gain some information 
about the potential prebiotic properties of a fibre by in vitro 
growth of specific bacteria or the production of SCFA by 
bacteria growing on a substrate containing the fibre as the 
only carbohydrate source. Whether an increase in specific 
bacteria in the GIT will give rise to specific beneficial effects 
on the immune system may depend on the composition 
of the microbiota, the location in the gut, and specific 
immunological and physiological conditions in the gut. h
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Effects of prebiotics by selectively increasing the 
populations of certain bacterial groups within the 
microbiota

Prebiotics can have effects on different bodily locations: 
even though the definition originally states that the 
effect of the prebiotics should affect bacterial growth and 
metabolism in the colon, increasing awareness that also the 
growth and metabolisms of microorganisms present in the 
small intestine may be affected by some prebiotics emerges. 
Even though the concentration of microorganisms here is 
several orders of magnitude lower than in the colon, and the 
flow through this part of the gastrointestinal tract is much 
faster than in the colon, thereby limiting the time available 
for the fermentation process, the upper part of the GIT may 
be of major importance regarding the interaction of the 
bacteria with the immune system. Alternatively, the dietary 
carbohydrates themselves may interact with the epithelial 
and immune cells (see Section 3). Throughout the small 
intestine the mucosa is scattered with isolated lymphoid 
follicles that together with Peyer’s Patches (PP) serve as 
gate keepers, allowing a limited number of microorganisms 
and macromolecules to get access to the immune cells 
underlying the mucosal epithelium, interacting with various 
pattern recognition receptors, such as Toll like receptors 
(TLRs), C-type lectin receptors, etc. (Brandtzaeg, 2013). 
This is an important mechanism for the immune system 
to establish a protective barrier which prevents invasion 
of pathogens. Despite the fact that direct interactions of 
prebiotics with the epithelial layer have been shown in 
vitro (Vogt et al., 2014), it is highly likely that through 
modifying the microbiota composition in the upper GIT, 
a community which is much more prone to compositional 
changes, prebiotics have an indirect effect on the immune 
systems as well, since these microbes interact with the cells 
of the underlying GALT.

Effects on gut infections

The microbial composition in the GIT may affect the 
virulence of pathogenic bacteria by providing conditions 
that either support or inhibit growth and secondary 
metabolite/toxin production of the pathogen or by affecting 
the physical environment of the microbiota, e.g. changes 
in the production of mucus by the host. Hence, addition 
of a new source of nutrient, the prebiotic, that can only 
be exploited by some bacteria, creates changes in the 
microbial composition which in turn may affect how the 
microbiota affects the virulence of pathogens in the gut. 
Salmonella in mice fed various prebiotics showed that 
certain of the prebiotics (FOS and XOS) led to an increased 
translocation of salmonella in the gut (Petersen et al., 2009). 
A similar study showed increase Salmonella translocation 
with FOS and lactulose in rats (Bovee-Oudenhoven, 
2003; Ten Bruggencate et al., 2003). A more recent study 
showed improved effects of fructo-oligosaccharides on 

piglet health against Salmonella infection (Lepine et al., 
2019). In a guinea pig model for Listeria infection, other 
prebiotics had a similar effect (Ebersbach et al., 2010). 
This effect is perhaps associated with the ability of the 
pathogen to grow on the prebiotic, or, more likely, due to 
a sudden increase in SCFA production (due to the swift 
fermentation of the prebiotic), which induced irritation 
of the gut epithelium (Bovee-Oudenhoven, 2003; Ten 
Bruggencate et al., 2003). Other changes include production 
and secretion of immunoglobulin A (IgA), production of 
antimicrobial peptides, and increased production of mucus 
(Liévin-Le Moal and Servin, 2006). Such properties of the 
epithelial layer represent key effector parts of the mucosal 
immune system, which may be modulated by the microbiota 
(Brandtzaeg, 2013). Anti-adhesive effects to epithelial cells 
and functioning as decoy-receptors by fibres is discussed in 
Section 5 on immune effects of prebiotics through increased 
production of microbial metabolites.

Effects on production of antimicrobial peptides from 
enterocytes, neutrophils and Paneth cells

Antimicrobial peptides comprise a diverse group of low 
molecular proteins which by interaction with the bacterial 
membrane kill Gram-positive or Gram-negative bacteria. 
Production of some antimicrobial peptides takes place in the 
enterocytes, but most of the secreted antimicrobial peptides 
originates from the Paneth cells, granule-rich epithelial 
cells located at the base of small intestinal crypts (Bevins 
and Salzman, 2011). The Paneth cells are mainly confined 
to the small intestine in healthy humans, reflecting the 
importance of protecting this large area against microbial 
invasion. Some bacteria have been demonstrated to 
induce enhanced production of antimicrobial peptides 
from enterocytes in vitro. Bacteria shown to enhance 
production of antimicrobial peptides include bifidobacteria, 
lactobacilli and the probiotic E. coli Nissle 1917 strain, but 
not several other (commensal) E. coli strains (Schlee et al., 
2008; Wehkamp et al., 2004). Notably, Paneth cells do not 
alter the secretion of antimicrobial peptides due to direct 
microbial stimulation. Rather, their secretion is affected by 
cytokines, in particular interleukin (IL)-22, the induction 
of which is determined by the gut microbiota (Hooper and 
MacPherson, 2010).

Hence, as the microbiota, through its presence as well as the 
number of cells and the specific microbiota composition in 
the crypt of the epithelium of small intestine, may play a key 
role in the secretion of antimicrobial peptides, carbohydrate 
fibres that stimulate the growth of specific bacteria may 
represent an important means to maintain/establish a 
strong barrier towards invasive pathogens.
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Microorganisms in the gastrointestinal tract may induce 
increased secretion of mucus

Mucus consists of several heavily glycosylated proteins 
called mucins of which mucin 1, 3, and 4 are membrane 
proteins present on the apical surface of the enterocytes. 
Mucin 2 (MUC2) is secreted from the goblet cells located 
in the villi, and by interaction with the other mucins, MUC2 
forms a thick viscous gel/layer on top of the epithelial 
cells that separates microorganisms from the mucosa and 
accordingly protects against invasion of pathogens through 
the epithelial surface (Bergstrom et al., 2010). Goblet cells 
are secretory cells derived from the stem cells located in the 
crypt bottom. They contain granula with densely packed 
MUC2 polymers that are released into the lumen upon 
stimulation. The importance of MUC2 in protection against 
pathogenic invasion can be demonstrated by the MUC2 
knock out mouse or mice defective in the inflammasome 
proteins NLRP6 (NOD-like receptor family pyrin domain 
containing 6), ASC (apoptosis-associated speck-like protein 
containing a C-terminal caspase recruitment domain) or 
caspase-1. Such mice have a dysfunctional gut microbiota 
and are prone to intestinal infection by pathogens, such 
as Prevotellaceae and TM7 bacteria (e.g. Citrobacter 
rodentium (Gill et al., 2011; Van der Sluis et al., 2006, 2008; 
Wlodarska et al., 2011)). Goblet cells of germ-free mice are 
fewer in number and smaller in size than in conventionally 
raised mice. This signifies a role of the microbiota in the 
development and maintenance of goblet cells and MUC2 
production. For several microorganisms it has been shown 
that they increase the secretion of MUC2 and or MUC3, 
e.g. Clostridium tyrobutyricum DSM 2637 (Hudcovic et al., 
2012), L. plantarum 299v (Dykstra et al., 2011; Mack et al., 
1999), Lacticaseibacillus rhamnosus R0011, and B. bifidum 
R0071 (Dykstra et al., 2011). Some of these strains are used 
as probiotics. Selective stimulation of these probiotic strains 
by prebiotics would likely enhance their functionality.

Effects on the specificity and amount of IgA secreted

Dimerized IgA molecules with specificity towards the 
microorganisms present in the gastrointestinal tract are 
secreted from the mucus into the lumen of the gut (Van 
der Waaij et al., 1996). Here the IgA binds to the bacteria 
and thereby facilitates their exclusion from the epithelial 
surface and accordingly, their translocation and access into 
the circulation. The amount of IgA secreted into the gut 
lumen strongly depends on the presence and diversity of 
the microbiota in the gut. Germ free mice and new-born 
babies are almost devoid of IgA in the faeces and the IgA 
concentration increases along with the postnatal colonisation 
of the gut. Recently, several prebiotics/fibres have been shown 
to increase IgA, such as XOS (increased in saliva, but very 
likely then also in the gut, although this was not tested (Childs 
et al., 2014)), galactooligosaccharides (Vulevic et al., 2013), 
a galactooligosaccharide/inulin mixture (Gourbeyre et al., 

2013), FOS from yacon flour (Velez et al., 2012) and β-1,4-
mannobiose (Kovacs-Nolan et al., 2013). The GOS/inulin mix 
also increased IgA in mother’s milk of mice (Gourbeyre et al., 
2012), protecting the suckling offspring against pathogens. 
However, there were also several other prebiotics that showed 
no effect on faecal IgA (Lecerf et al., 2012; Lomax et al., 2012; 
Scalabrin et al., 2012), despite showing effects on microbiota 
composition.

Effect on homeostasis in the gut – anti-inflammatory effects

The gut microbiota plays an important role for homeostasis 
of the gut mucosal immune system and establishment of 
tolerance towards the commensal bacteria and food proteins. 
This has become evident from studies with germ free mice 
where the number of leucocytes in the lamina propria and 
epithelium is low as compared to conventionally reared mice 
and in which tolerance towards food proteins cannot become 
established. The mechanisms involved in homeostasis and 
tolerance establishment are complex and only beginning to 
become understood. However, it may be noted that dendritic 
cells and macrophages present in Peyer’s patches and 
lamina propria acquires specific phenotypes that stimulate 
the development of regulatory T-cells and IgA producing 
B-cells that is dependent on the presence of the microbiota 
(Rescigno, 2014). ‘Inhibit’ type macrophages (called M1) 
can rapidly kill pathogens, and are thus the primary host 
defence, while ‘Heal’ type macrophages (M2) routinely 
repair and maintain tissue integrity (Mills and Ley, 2014). 
Intestinal macrophages undergo activation in response to 
environmental signals, including microbial products, and 
develop a M1 or M2 phenotype depending on the activation 
signals. It has been shown that activation of dectin-1 induces 
M1 macrophages (Loures et al., 2014).

Fibres that can be exploited as nutrients by a subgroup of 
the gut microbiota, may increase this group in proportion, 
which in turn may affect both the mucosal defence 
mechanisms outlined above as well as the maintenance of 
homeostasis in the gut. Depending on the specific structure 
of the fibre, different bacteria may thrive on it. Hence 
the mucosal barrier may be strengthened or weakened 
according to such changes. For instance, a multistrain 
probiotic product induced a mixed proinflammatory 
and anti-inflammatory phenotype in polarised and 
unpolarised macrophages (Isidro, 2014), depending on 
the initial phenotype of the macrophages. At present it is 
unclear which probiotic component(s) in the mixture is/
are responsible for this activity, but if this/these strain(s) 
could be selectively induced or repressed by feeding 
prebiotics, the polarisation of macrophages could perhaps 
be steered. That this is feasible is exemplified by the fact 
that acidic oligosaccharides derived from pectin stimulated 
M1 macrophage activation through modulation of the 
microbiota (Bernard et al., 2014).
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Immune effects of prebiotics through increased 
production of microbial metabolites

Apart from the direct action/interaction of the 
microorganisms with the mucosa, which may influence the 
innate barrier functions as well as the mucosal homeostasis, 
microorganisms that grow on complex carbohydrate 
structures are recognised to produce various low-weight 
molecular compounds, such as short chain fatty acids 
(SCFA; mainly acetate, propionate, and butyrate). It is very 
difficult to indicate which SCFA are produced from which 
carbohydrates and thus determine a structure-function 
relationship, because all members of the gut microbiota 
produced at least one of the SCFA, and there is enormous 
functional redundancy in this microbial activity. Particular 
classes of carbohydrates have been linked to increased ratios 
of certain SCFA, e.g. resistant starch is known to increase 
butyrate particularly (DeMartino and Cockburn, 2020). 
However, despite a clear structure-function relationship, 
due the importance of SCFA in physiology, the topic is 
covered below.

These microbially produced SCFA may affect the microbial 
composition simply by changing the pH in the gut. But 
perhaps most importantly, they may influence signalling 
in the host. Two major SCFA signalling mechanisms have 
been identified, inhibition of histone deacetylases (HDACs) 
and activation of G-protein-coupled receptors (GPCRs) 
(Tan et al., 2014).

The SCFA produced by the gut microbiota act in the 
intestine as well as at other sites in the body. SCFA bind 
to two G-protein coupled receptors, the GPR41 (a.k.a. 
FFAR3) and GPR43 (FFAR2), with different affinities for 
the individual SCFA for both receptors. Binding of the 
ligand induces a signal transduction in the cell which, 
depending on the cell type, induces various responses. 
The GPR41 is primarily expressed in adipose cells, but 
also in the intestine, pancreas, lung and spleen (Brown et 
al., 2003). The GPR43 is highly expressed in bone marrow 
and in white adipose tissue (Cox et al., 2009; Kimura et 
al., 2013). The high GPR43 expression in bone marrow 
reflects the expression in granulocytes and monocytes 
(Cox et al., 2009). The preferred energy substrate for the 
gut epithelial cells is butyrate, and little butyrate escapes 
to the circulation (Hamer et al., 2008). Instead, acetate and 
propionate are to a large extent absorbed into the circulation 
and may affect systemic cells expressing the SCFA receptors, 
such as adipose tissue and blood neutrophils. The overlap 
between in receptor affinity for the SCFA and the lack of 
synthetic small molecule ligands that display selectivity 
between these two receptors has, until recently, hindered 
efforts to resolve their individual functions. However, 
the importance of the two receptors and SCFA has been 
demonstrated using knock-out mice. It has been shown that 
SCFA through GPR1-signaling are involved in the secretion 

of satiety hormones, glucagon-like peptide 1 (GLP-1) and 
peptide tyrosine tyrosine (PYY). Both GPR41 and GPR43 
are involved in energy metabolism and homeostasis. The 
SCFA have been shown to have an anti-inflammatory effect 
through ligation with GPR41, GPR43 or both (Maslowski 
et al., 2009; Masui et al., 2013; Voltolini et al., 2012), in 
addition to induction of regulatory T cells (T-regs) in a 
GPR43-dependent manner in mice (Smith et al., 2013).

Another mechanism through which SCFA, and in particular 
butyrate, modulate gene expression is through inhibition of 
HDACs (Licciardi et al., 2011; Steliou et al., 2012; Vinolo et 
al., 2011). Regulation of HDAC activity may be critical for 
establishing immune-suppressive responses through T-reg 
cell activation, but also for controlling intestinal epithelial 
cells homeostatic responses to the luminal environment 
(Asselin and Gendron, 2014).

In deciphering the mechanism of action of SCFA, individual 
SCFA or combinations thereof have been shown to be 
beneficial when given as enemas in inflammatory bowel 
disease (IBD), although not in all studies. Sometimes only 
butyrate was tested, sometimes mixtures of SCFA (Hamer et 
al., 2008). The inconsistent results could be explained since 
the use of enemas is often hampered by a low compliance 
rate and a short and discontinuous exposure of the colon 
mucosa to the SCFA. Alternatively, the inflammatory 
state of the volunteer might have clouded the effect of the 
SCFA. It has been shown for instance that butyrate enemas 
have a beneficial effect on pain perception during colonic 
extension in healthy individuals, but not in irritable bowel 
syndrome individuals, that have a low-grade inflammation 
(Vanhoutvin et al., 2009). Similarly, effects of butyrate enemas 
on inflammation and antioxidant status in the colonic mucosa 
of patients with ulcerative colitis in remission depended on 
the level of inflammation (Hamer et al., 2010).

In should be mentioned that conversion of prebiotics into 
SCFA can also have adverse effects, especially in the case 
of prebiotics that are fermented fast (such as lactulose, 
short-chain FOS, or lactose in lactose-maldigesters) or are 
given at high doses. Fast fermentation leads to (transient) 
accumulation of SCFA and lactate in the proximal 
colon. This has been shown in rats to lead to increased 
translocation of Salmonella (Bovee-Oudenhoven, 2003). 
The supposed mechanism pertains to epithelial stress or 
perhaps even damage due to the high concentrations of 
lactate and SCFA (accompanied with a low pH), allowing 
the pathogen to translocate. A similar mechanism is thought 
to be involved in lactose-intolerance where the colonic 
microbiota plays a role (He et al., 2008). The imbalance 
between the removal and production rate of osmotic-active 
components (lactose, SCFA and intermediate metabolites, 
e.g. lactate, succinate, etc.) (e.g. due to reduced uptake 
by the epithelium) is thought to cause diarrhoea in these 
individuals. Not only lactose causes diarrhoea at high doses, 
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this is also true for lactulose and FOS. Strikingly, for all 
these three carbohydrates it has been shown that a gradual 
increase in intake over the course of several weeks may 
adapt the microbiota and/or the colonic epithelium to cope 
with the higher doses of substrate and and/or metabolites 
(He et al., 2008).

Too rapid production of SCFA may also negatively impact 
other processes in the body, although currently it is unclear 
what exactly too rapid is. Of note is that animal studies 
have shown that a high concentration of propionate in the 
brain leads to repetitive behaviour similar as that observed 
in autism (MacFabe et al., 2011). Since the liver is generally 
very well capable of clearing the SCFA from the portal vein 
(Bloemen et al., 2009, 2010), other metabolic disorders, 
e.g. linked to mitochondrial metabolism may be affected 
as well in autistic spectrum disorders (MacFabe et al., 
2011). Although the animal model with a single injection 
of propionate in the brain is not reflective of the in vivo 
situation, in humans there is continuous production of 
SCFA, including propionate, and hence the brain may be 
chronically exposed to this metabolite. When production 
is rapid, this exposure may even be enhanced.

4. Potential for manufacture of second- 
generation prebiotics

The main categories of oligosaccharides presently available 
or in development as functional food ingredients include 
carbohydrates in which the monosaccharide units are mainly 
fructose, galactose and/or glucose. However, other less 
common monosaccharide units such as xylose, galacturonic 
acid, rhamnose, fucose or N-acetyl-glucosamine are also 
used for the production of some particular oligosaccharides 
(Table 1).

Although various types of functional oligosaccharides 
can be found as natural components in many common 
foodstuffs (i.e. fructo- and xylo-oligosaccharides in fruits 
and vegetables, kojibiose, isomaltulose and erlose in honey, 
soybean oligosaccharides, etc.), they are usually present in 
low amounts. On the other hand, it often seems to be the 
case that although polysaccharides are fermented by the 
colonic microbiota, the selectivity for health-promoting 
bacterial groups is increased by partial hydrolysis. For this 
reason, plant polysaccharides such as inulin, starch, and 
xylan can be considered as sources of prebiotics (Rastall, 
2010). Therefore, different production methods for these 
and other non-naturally occurring oligosaccharides have 
been developed. Strategies include:
1.  extraction from natural sources;

Table 1. Main bioactive food-grade oligosaccharides commercially available. 

Name (abbreviation) Molecular structure1 Main linkages

Lactulose Gal-β(1,4)-Fru 
Isomaltulose / palatinose Glc-α(1,6)-Fru
Lactosucrose Gal-β(1,4)-Glc-α(1,2)β-Fru
Glycosylsucrose / erlose Glc-α(1,4)-Glc-α(1,2)β-Fru
Soybean-oligosaccharides (SOS) (Gal-α(1,6))n-Glc-α(1,2)β-Fru
Oligofructose (OFr) (Fru)n β(2,1)
Fructo-oligosaccharides (FOS) (Fru)n-Glc β(2,1); β(2,6)
Galacto-oligosaccharides (GOS) (Gal)n-Glc β(1,3), β(1,4); β(1,6)
Gentio-oligosaccharides (GEOS) (Glc)n β(1,6)
Koji-oligosaccharides2 (KOS) (Glc)n α(1,2)
Nigero-oligosaccharides2 (NOS) (Glc)n α(1,3)
Malto-oligosaccharides (MOS) (Glc)n α(1,4)
Isomalto-oligosaccharides (IMOS) (Glc)n α(1,6)
Xylo-oligosaccharides (XOS) (Xyl)n β(1,4)
Pectic-oligosaccharides (POS) (GalA)n and/or (GalA-Rha)n 3 α(1,4); α(1,2)
2’-Fucosyllactose (2’-FL) Fuc-α(1,2)-Gal-Glc
Lacto-N-neotetraose (LNnT) Gal-β(1,4)-GlcNAc-β(1,3)-Gal-β(1,4)-Glc

1 Gal = galactose; Fru = fructose; Glc = glucose; Xyl = xylose; GalA = galacturonic acid; Rha = rhamnose; Fuc = fucose; GlcNAc = N-acetyl-glucosamine.
2 Found in commercial IMOS syrups (Goffin et al., 2011). 
3 GalA residues can be partially esterified and Rha units ramified.
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2. hydrolysis using physical, chemical or enzymatic methods 
(controlled depolymerisation of polysaccharides, which 
in turn are often obtained by extraction);

3. synthesis using chemical or enzymatic engineering.

Examples of functional oligosaccharides produced by 
these strategies are shown in Table 2 and their production, 
grouped by raw material and manufacturing approach is 
schematically represented in Figure 9.

Enzymatic synthesis of prebiotics

In most cases, the lack of efficient processes for the 
production of biologically active oligosaccharides is the 
main drawback limiting their applications. In consequence, 
the development of oligosaccharide engineering strategies 
represents a challenge. This is most easily accomplished 
by the use of enzymatic procedures. The high substrate 
specificity together with the stereo- and regio-selectivity 
of enzyme catalysis is a key advantage. Polysaccharides can 
be depolymerised to variable extents in a more controlled 
way, oriented to a specific product, compared to acid-

catalysed degradation (Barreteau et al., 2005). Moreover, 
a wide variety of oligosaccharides have been obtained by 
enzymatic synthesis. Oligosaccharides are normally built 
up from simple sugars (mono- and/or disaccharides) that 
participate in glycosyl transfer reactions catalysed by specific 
enzymes such as glycosidases or glycosyltransferases (Díez-
Municio et al., 2014). In addition, oligosaccharides can be 
enzymatically rearranged as is the case in isomaltulose 
production (Table 2 and Figure 9). For their application in 
foodstuffs, both the initial substrates and enzymes must 
have a ‘safe’ status, reasonable cost and be easily available.

Enzymatic synthesis can achieve high product yields 
from a wide range of abundant raw materials, using food-
grade, commercial, cheap enzymes operating under mild 
reaction conditions. This makes their industrial production 
economically viable. Buffered solutions of lactose, sucrose 
and maltose, as well as industrial by-products containing 
these disaccharides, are suitable and cost-effective starting 
materials for the synthesis of oligosaccharides (Crittenden 
and Playne, 1996) (Figure 9). These enzymatic processes 
usually produce a range of oligosaccharides differing in 

Table 2. Examples of functional food-grade oligosaccharides produced by different strategies.

Extraction from natural sources

• Raffinose: extracted from sugar beet.
• Soybean oligosaccharides, SOS (raffinose, stachyose and verbascose): extracted from soybean.

Hydrolysis (controlled polysaccharide depolymerisation using physical, chemical or enzymatic methods)

• Oligofructose, OFr: hydrolysis of inulin, often extracted from chicory roots.
• Malto-oligosaccharides, MOS: hydrolysis of starch, often extracted from edible tubers.
• Xylo-oligosaccharides, XOS: hydrolysis of xylan, often extracted from corn cobs.
• Pectic-oligosaccharides, POS: hydrolysis of pectin, often extracted from sugar beet pulp, citrus or apple.

Chemical synthesis

• Lactulose: isomerization of lactose in alkaline media, catalysed mainly by borates or aluminates.
• 2’-fucosyllactose, 2’-FL: synthesis of the intermediate benzyl-2’-FL from fucose and lactose and subsequent hydrogenation step.
• Lacto-N-neotetraose (LNnT): synthesis of the intermediate benzyl-LNnT from N-acetyl-lactosamine and lactose and subsequent hydrogenation step.

Enzymatic synthesis

• Galacto-oligosaccharides, GOS: transgalactosylation from lactose by β-galactosidases (EC 3.2.1.23).
• Fructo-oligosaccharides, FOS: transfructosylation of sucrose by β-fructofuranosidases (EC 3.2.1.26), inulosucrases (EC 2.4.1.9) or levansucrases 

(EC 2.4.1.10).
• Isomalto-oligosaccharides, IMOS: transfructosylation of maltose by α-glucosidase (EC 3.2.1.20); maltose is often obtained by degrading starch with 

α-amylase (EC 3.2.1.1).
• Lactosucrose: transfructosylation of lactose by β-fructofuranosidases (EC 3.2.1.26) or levansucrases (EC 2.4.1.10), or by transgalactosylation of 

sucrose by β-galactosidases (EC 3.2.1.23).
• Glycosylsucrose (erlose): transglucosylation of sucrose by cyclomaltodextrin glucanotransferase (EC 2.4.1.19) or by transfructosylation of maltose 

by levansucrases (EC 2.4.1.10).
• Palatinose (isomaltulose): rearrangement of the glycosidic linkage from sucrose: α1,2- to α1,6-fructoside.
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their DP and sometimes in the position of the glycosidic 
linkages. Unreacted substrates and monosaccharides may 
also be present after enzymatic oligosaccharide formation, 
but they can be removed by physicochemical purification 
or fractionation processes, leading to a higher purity grade 
of the oligosaccharide of interest (Moreno et al., 2014b; 
Mussatto and Mancilha, 2007). This is not, however, always 
necessary.

Enzymes suitable for the industrial production of 
oligosaccharides are normally from microbial sources. 
Microorganisms are preferred to plants and animals as 
sources of enzymes because they exhibit a number of 
important advantages (Filice and Marciello, 2013; Gurung 
et al., 2013; Panesar et al., 2006) such as:
• economic feasibility (they are generally cheaper to 

produce);
• easier handling (their enzyme contents are more 

predictable and controllable);

• higher multiplication rate;
• higher production yields (greater catalytic activity);
• genes encoding for microbial enzymes are efficiently 

translated and expressed as active proteins into well-
known microorganisms, such as E. coli;

• enhanced versatility on acceptor substrates;
• better stability;
• regular supply due to absence of seasonal fluctuations.

Most industrial microorganisms have been genetically 
modified to overproduce the desired activity and not to 
produce undesirable side-activities. Biotechnology can 
transfer genes from a plant, animal, or microorganism, 
from which commercial scale enzyme production is not 
adequate, to a microorganism that has a safe history of 
enzyme production for food use. Additionally, microbial 
enzymes can be extracted and purified before they are used 
in food manufacturing.

Cow’s milk

Sugar beet

Rice, wheat, 
potato, corn

Chicory root

Corn cobs

Lactose

Sucrose

MaltoseStarch

Soluble starch

Inulin

Xylan

E
Lactulose

GOS

Raffinose

Lactosucrose

IMOS

MOS

FOS

Palatinose

Erlose

T

T

R

T

OF

XOS

Soybean SOSE

Sugar beet pulp, 
citrus, apple Pectins POSE H

E

E

E

H H

H

H

H

E

C

E: Extraction
H: Hydrolysis
T: Enzymatic transfer

C: Chemical synthesis
R: Enzymatic rearrangement

Figure 9. Overview of typically food-grade oligosaccharides manufacture methods, including the different strategies: extraction (E), 
hydrolysis (H), and synthesis both chemical (C) and enzymatic by transglycosylation (T) reaction or intramolecular rearrangement (R). 
GOS = galacto-oligosaccharides; FOS = fructo-oligosaccharides; IMOS = isomalto-oligosaccharides; MOS = malto-oligosaccharides; 
OFr = oligofructose; XOS = xylo-oligosaccharides; POS = pectic-oligosaccharides; SOS = soybean-oligosaccharide. (Based on 
and updated from Sako et al., 1999).
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As shown in Table 2, important oligosaccharides with 
well-recognised prebiotic status such as GOS or FOS are 
commercially produced by enzymatic synthesis. GOS are 
produced from lactose by the action of a wide variability of 
microbial β-galactosidases which have transgalactosylation 
activity, whereas FOS are obtained by transfructosylation 
of sucrose by β-fructofuranosidases, inulosucrases or 
levansucrases. According to the enzyme employed, four 
major classes of FOS can be distinguished: inulin-type 
fructans (β(2,1) linkages), levans (β(2,6) linkages), mixed 
levans (composed of both β(2,1) and β(2,6)-linked fructose 
units) and the neoseries consisting of linear β(2,1)-linked 
β-D-fructofuranosyl units bound to C6 of the glucose 
moiety of sucrose (Monsan and Ouarné, 2009). Fructan-
type oligosaccharides are obtained most commonly by the 
hydrolysis of inulin (Table 2), and this is the manufacturing 
route for the principal providers of oligofructose 
products. Some other food-grade oligosaccharides (i.e. 
the trisaccharides lactosucrose and glycosylsucrose, also 
referred to as maltosylfructose, coupling sugar or erlose) 
are enzymatically synthesised from a mixture of two simple 
sugars (Figure 9 and Table 2; Crittenden and Playne, 1996).

New sources for prebiotics

Use of renewable and/or alternative natural sources such as 
seaweeds and marine microalgae

These sources can provide polysaccharides or 
oligosaccharides with unique biochemical and fermenting 
properties (Charoensiddhi et al., 2020; De Jesus Raposo et 
al., 2015; Zaporozhets et al., 2014). Nevertheless, given the 
structural complexity of these compounds, their structural 
elucidation is challenging and, therefore, the structure-
function relationship to be stablished may be unclear.

Synthesis of new tailored prebiotics with enhanced target-
specific functional properties

A more rational design of next generation prebiotics with 
high predictive value targeted at particular species of 
beneficial gut bacteria will result in high added value both 
from an academic or industrial perspective.

Current research is oriented towards the search for 
new prebiotics that stimulate not only the growth of 
Bifidobacterium and Lactobacillus but also other beneficial 
bacterial species in the human colon as butyrate producers 
(e.g. Roseburia/E. rectale group) (Rivière et al., 2016), as 
well as other bacterial targets associated with health, such 
as A. muciniphila (Cani and Van Hul, 2015), F. prausnitzii 
(O’Toole et al., 2017), or R. bromii (Scott et al., 2015), 
among others.

On the one hand, sequencing of individual microbial 
genomes has generated numerous reference blueprints 

for human gut bacteria (Human Microbiome Jumpstart 
Reference Strains Consortium, 2010), which can be analysed 
using bioinformatics approaches to predict functionality. 
Recently, the generation of genome-scale metabolic models 
derived from human gut metagenomics data, based on 
literature-derived experimental data and comparative 
genomics, has shown to be a promising tool to investigate 
host-microbiome interactions and the factors involved 
in the cultivation of fastidious bacteria (Magnúsdóttir et 
al., 2016). On the other hand, in addition to side-directed 
mutagenesis, recent developments in the combined use of 
computational protein design and molecular engineering 
have led to novel and efficient enzymes. The design of 
enzymes with specific features aimed at new acceptor 
substrates and new regioselectivities offers an excellent 
opportunity to establish new synthesis procedures and 
to enhance the glycodiversification of products (Daudé 
et al., 2014; Devlamynck et al., 2016; Schmid et al., 2016). 
Nevertheless, protein engineering currently requires 
significant research efforts in each case because the 
structure-function relationship of many enzymes with 
glycosidase activity is poorly understood due to the 
paucity of studies on their three-dimensional structure 
determination (Moreno et al., 2017).

5. Non-microbiota mediated effects of 
fermentable carbohydrates on gut physiology

The effect of fermentable carbohydrate fibres on the gut 
microbiota was discussed in Section 2. However, there is 
evidence that such carbohydrates can have more direct, 
non-microbiota mediated effects on cells of the immune 
system and these are discussed in this section (Figure 10). 
The direct effects of the carbohydrates on the immune 
system can be divided into two aspects, the effects on the 
mucosal immune system described by the acronym MALT 
(mucosa associated lymphoid tissue) and its component 
the GALT (gut associated lymphoid tissue). The mucosa-
associated lymphoid tissues, which are lymphoid structures 
in the mucosal tissues, form the first line of defence against 
pathogens that enter the body. Fundamentally, the mucosal 
immune system has evolved to tolerate commensal 
microbes, while responding quickly and effectively to 
pathogenic challenges (Nochi et al., 2018). Most infections 
occur at the mucosal site and the interaction of fibre with 
the mucosa and MALT are hence important factors to be 
considered. There is also evidence in vitro that certain 
carbohydrates can interfere with the initial adhesion step 
of pathogenic bacteria and their toxins with host receptor 
oligosaccharides. If such a mechanism acts in the gut then 
this too might inhibit microbial infection of the gut.
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Direct effects of carbohydrates on the gut mucosa

The interaction of dietary carbohydrates with the gut 
mucosa and the muco-adhesive properties of carbohydrate 
fibres are relevant as irritations or pathological changes of 
the mucous are often associated with disease states of the 
GIT. The mucin layer is an efficient system for protecting 
the epithelium from bacteria by promoting their clearance 
and separating them from the epithelial cells, thereby 
inhibiting inflammation and infection.

Several studies have investigated the muco-adhesive 
properties of fibres, for instance pectins (Schmidgall and 
Hensel, 2002; Thirawong et al., 2007, 2008). In an ex vivo 
system based on porcine colonic tissue various neutral 
and acidic polysaccharides were tested by Schmidgall and 
Hensel (2002) concerning their bioadhesive potential to 
form artificial mucin layers on colon epithelial membranes 
(Schmidgall and Hensel, 2002). Rhamnogalacturonans with 
a low degree of esterification and linear oligogalacturonides 
derived from pectin showed significant bio-adhesion 
against colonic mucosal membranes, whereas HM pectins 
and neutral polysaccharides were ineffective. Within a 

linear structure-activity relationship, strongly acidic 
homogalacturonides were shown to be most adhesive 
agents. Esterification, branching or non-linear backbone 
structures were reported to reduce the adhesive properties. 
The ‘artificial mucin layers’ are thought to provide protective 
effects on colonic mucous membranes against toxic agents 
as shown by incubation of the tissue with TritonX-100 
(Schmidgall and Hensel, 2002).

Thirawong et al. (2007) examined the muco-adhesive 
performance of various pectins with different degrees 
of esterification and molecular weights with porcine 
gastrointestinal mucosa, i.e. buccal, stomach, small intestine 
and large intestine, using a texture analyser equipped with 
a muco-adhesive platform (Thirawong et al., 2007). Pectins 
showed a stronger muco-adhesion on large intestinal 
mucosa than on small intestinal mucosa. The muco-adhesive 
properties of pectins on gastric mucosa depended on pH of 
the medium; a higher maximum detachment force (Fmax) 
and work of adhesion (Wad) in a pH 4.8 medium than a pH 
1.2 medium was revealed. The results also demonstrated 
that the mucoadhesive performance of pectins largely 
depended on their characteristics, i.e. higher degree of 

Stimulation of 
production of 
antimicrobial 
peptides Stimulation of growth 

and differentiation of 
epithelial cells

Stimulation of 
mucous production 

Stimulation of
immune cells 

Gut lumen

Interstitial space

Figure 10. Schematic overview of putative direct mechanisms of prebiotics involved in beneficial as well as adverse effect on 
the intestinal epithelium: prebiotics themselves may stimulate growth and differentiation of epithelial cells, induce mucus and 
antimicrobial peptide production, and stimulate immune cells. In addition, some prebiotics are suggested to act directly on the 
intestinal cells by binding to specific receptors or to act as irritants on the epithelial cells, which might lead to a higher permeability 
and risk of bacterial translocation from the intestine.
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esterification and molecular weight gave a stronger muco-
adhesion. These findings are in contradiction with the 
findings of Schmidgall and Hensel (2002) with regards to 
the DE. Nevertheless, all investigations suggest that pectin 
can interact with the mucosal layer (Schmidgall and Hensel, 
2002; Thirawong et al., 2007). Furthermore, Thirawong et 
al. (2008) investigated the rheological characteristics of 
aqueous dispersion of four types of pectin, they reported 
the force of bio-adhesion to be dependent on the molecular 
weight of pectin, its initial viscosity and environmental 
pH. Liu et al. (2005) reported that pectin with higher net 
electrical charges, both positive and negative, showed a 
higher degree of muco-adhesion with porcine colonic 
tissues than the less charged ones.

In recent years, the focus has shifted from dietary fibres 
to effects of (potential) prebiotics on the gut mucosa. Vogt 
et al. (2014) showed that FOS prevented the increase in 
trans-epithelial electrical resistance (a measure for barrier 
function) in T84 human intestinal epithelial cell monolayers 
in a chain-length dependent manner. The largest effect was 
observed with short-chain FOS (DP <10), whereas inulin 
with a DP >10 did not have an effect. This is in contrast to 
the results obtained by Chen et al. (2017a), who showed that 
long-chain inulin (DP between 10 and 60) showed barrier-
protective effects, by increasing the expression of barrier 
reinforcing tight junction proteins (occludin and claudin-2) 
and antimicrobial peptides (β-defensin-1 and cathelin-
related anti-microbial peptide). In this mouse-model, 
short-chain FOS (DP between 2 and 25) did not show an 
effect. Similarly, He et al. (2017) showed that inulin, but 
not short-chain FOS restored acute-pancreatitis-associated 
intestinal barrier dysfunction by upregulating colonic tight 
junction modulatory proteins, antimicrobial peptides, and 
improved general colonic histology in a mouse model for 
acute pancreatitis. Also, the effect of the short-chain FOS 
observed with T84 cells, could not be recapitulated in a 
human clinical trial. In the trial, where individuals were 

vaccinated against hepatitis B, the long-chain inulin was 
more effective: it stimulated a Th1-like cytokine response 
and elicited higher antibody titers against the vaccine than 
short-chain FOS (Vogt et al., 2017). Therefore, it seemed 
that in vivo inulin showed better effects, compared to the in 
vitro effects on T84 cells. This may indicate that apart from 
a direct effect of the FOS or inulin on epithelial cells, other 
(synergistic) effects may occur, e.g. through modulation of 
the gut microbiota composition or production of SCFA.

Direct effects of dietary carbohydrates on immune cells

Mammalian cells, in particular cells of the immune system, 
express various receptors on their surface that recognise 
different carbohydrate structures, that bind to carbohydrate 
structures on the surface of (pathogenic) microorganisms 
and it this manner elicit an immune response. Some of 
these receptors can also bind to the carbohydrate structures 
of fibres (recently reviewed by (Sun and De Vos, 2019)). 
Phagocytotic cells such as neutrophils, macrophages 
and dendritic cells in particular display a number of 
carbohydrate receptors with different and overlapping 
carbohydrate specificity (Table 3).

Essentially, all of the carbohydrate receptors recognise 
carbohydrate structures present on the surface of various 
microorganisms, including bacteria, viruses, yeasts and 
fungi, but the same or similar structures can be found 
in algae, plants, mushrooms and mosses, the most used 
sources for dietary fibres. This means that the individual 
receptor may bind to various fibre types albeit not always 
with the same affinity. Most of the receptors belong to the 
C-type lectin receptor (CLR) family defined as proteins that 
have one or more domains with conserved residue motifs 
that are homologous to carbohydrate recognition domains. 
As the definition is based on the primary protein structure 
and not the functionality of the receptor, some CLRs 
contain domains that are not able to bind carbohydrate 

Table 3. Carbohydrate binding receptors in the immune system, their presence on different immune cells and their specificity.1

Receptor Specificity Cell types

Ca2+-dependent mannose receptor (MR) mannose, mannan, chitin, fucose macrophages, dendritic cells, nonvascular endothelium
DC-SiGN mannose, mannan, β-glucans, fucose dendritic cells, macrophages
macrophage galactose 

specific lectin (MGL)
galactose macrophages

langerin mannose dendritic cells, Langerhans cells
mincle mannose macrophages

Ca2+-independent dectin 2 α-glucans, mannose, mannan neutrophils, monocytes, macrophages, dendritic cells
dectin 1 β-glucans neutrophils, monocytes, macrophages, dendritic cells
siglecs sialic acid containing glycans macrophages, b cells, monocytes, neutrophils, NK cells, 

eosinophils

1 Based on Chen and Seviour (2007), Drummond et al. (2011), Geijtenbeek and Gringhuis (2009), Plato et al. (2013), and Macauley et al. (2014).
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structures (Zelensky and Gready, 2004). All the receptors 
described here, however, are functional carbohydrate-
binding receptors and can be divided into two groups 
according to whether they display calcium-dependent 
binding or not. The mannose receptor (MR), dendritic 
cell-specific intercellular adhesion molecule-3-grabbing 
non-integrin (DC-SiGN), macrophage galactose specific 
lectin (MGL) and langerin all represent C-type lectins 
displaying calcium-dependent binding (Blixt et al., 2004; 
Largent et al., 1984), while DC-associated C-type lectin 
1 (dectin-1) shows calcium-independent carbohydrate 
binding (Brown, 2005). The complement receptor 3 (CR3) 
has carbohydrate binding activity also. CR3 plays a key role 
in phagocytosis of complement coated microorganisms 
(opsonisation) but may also bind directly to β-glucan 
structures (Ross et al., 1987). Scavenger receptors, which 
comprise a group of promiscuous receptors binding a 
vast variety of macromolecules of both endogenous and 
microbial origin, have also been shown to bind carbohydrate 
structures present in fibres (Canton et al., 2013). Still new 
carbohydrate receptors are identified, however, here only a 
number of carbohydrate receptors which have been related 
to carbohydrates found in fibres will be discussed.

The total mixture of human milk oligosaccharides (HMOS) 
with less than 200 structures identified so far, deliver a huge 
variety of molecules which direct interact with immune 
cells (Xiao et al., 2019). The specific structure and function-
relation needs to be investigated in further studies. The 
current evidence on dietary carbohydrate interaction and 
immune cells and the effects observed are described in 
the next sections.

Carbohydrate binding receptors and their binding 
specificity

These carbohydrate binding receptors expressed by cells 
of the immune system, in particular the myeloid cells, are 
especially adapted to recognise microbial carbohydrate 
structures, such as β-glucans within the yeast cell wall and 
mannosylated cell wall components on bacteria and yeast. 
The action and specificity of the carbohydrate receptors are 
described in several reviews (Geijtenbeek and Gringhuis, 
2009; Sancho and Reis e Sousa, 2012) and only the most 
fibre relevant receptors will be described in detail here. 
One important example of a fibre relevant receptor is the 
dectin-1 receptor, which binds to various β-glucans that 
contain a (1-3)-β-D-linked backbone, but with several fold 
higher affinity to β-(1-3),(1-6)β-glucans (laminarin) as 
compared to β-(1-3),(1-4)β-glucans (Adams et al., 2008; 
Brown and Gordon, 2005). Whereas the former structure 
is present in cell walls from brown algae (Allaby, 2006), the 
latter structures are found in plant fibres and barley and oat 
are particularly rich sources (Aaman and Graham, 1987). 
The dependency on the structure for a proper binding to 
the dectin-1 receptor is reflected in the immune modulating 

effect of the β-glucans as demonstrated by their capacity 
to modulate the lipopolysaccharide (LPS) stimulated 
cytokine response in dendritic cells (Wismar et al., 2011). 
Although the structure as such is important for the immune 
modulatory effect, the length of the polymers may represent 
the major determinant of the immune modulatory activity, 
due to the fact that the longer the polymers the less soluble 
they are (Adams et al., 2008; Mikkelsen et al., 2013). Such 
polymers may also attain different aggregate/gel-like 
structures in solution that in turn may affect the cells 
differently. This is exemplified in a study by Sahasrabudhe 
et al. (2016a), who show that particulate β-glucans activates 
dectin-1 (and synergistically also TLR-4) in human dendritic 
cells. Interestingly, in a follow-up study, the same team 
shows that wheat arabinoxylan also activates dectin-1, to 
the same (low) extent as soluble β-glucans, and much lower 
than particulate β-glucans. However, similar to soluble 
β-glucans, arabinoxylan inhibit the particulate β-glucan-
induced activation of dectin-1 in human dendritic cells, 
which demonstrated reduced production of IL-10 and 
tumour necrosis factor-alpha (TNF-α). The production of 
the antifungal cytokines IL-4 and IL-23 were increased in 
dendritic cells stimulated with arabinoxylan and particulate 
β-glucan (Sahasrabudhe et al., 2016b).

Other receptors than dectin-1 may also bind β-glucan. These 
include the integrin receptor CR3, scavenger receptors and 
lactosylceramide (Brown and Gordon, 2003), but none of 
these other receptors have been clearly demonstrated to 
play a major role in mediation of the biological response 
to β-glucans. Common for the β-glucan binding receptors 
are their presence on different types of myeloid leucocytes, 
including neutrophils, monocytes, macrophages and 
dendritic cells. These cells have in common that they belong 
to the innate immune system, hold phagocytotic activity, 
and recognise conserved structures on microorganisms, so 
called microbial associated molecular patterns (MAMPs). 
Microbially derived carbohydrates comprise one group of 
such MAMPs.

A number of MAMPs contains mannose in their 
structure, either as terminal carbohydrate units or as 
multiple mannose units linked together (Gringhuis et al., 
2009; Martinez-Pomares, 2012). The mannose receptor 
recognises mannose, both as a terminal sugar in complex 
carbohydrates and as mannose multimers, such as mannan 
(Martinez-Pomares, 2012; Taylor et al., 2005). The ligands 
are present on a range of bacteria, fungi, virus-infected cells, 
and parasites. Other receptors that recognise mannose 
residues include langerin and dectin-2. Dectin-2 and the 
mannose receptor also have affinity for α-glucans and chitin, 
respectively (Levitz, 2010).

Prebiotics have also been shown to interact with receptors 
on immune cells. Earlier we described the TLR-2 dependent 
effect of inulin-type fructans (FOS and inulin) on epithelial 
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cells, but these fibres also interact with TLR-2 on immune 
cells (Vogt et al., 2013). In this in vitro study, where human 
peripheral mononuclear cells were incubated with different 
chain-length inulin-type fructans, cytokine production was 
chain length-dependent. Strikingly, short chain enriched 
FOS induced a regulatory cytokine balance compared to 
long chain enriched inulin. Reporter cell line experiments 
indicated that TLR-2 was primarily activated, with minor 
effects on other TLR-receptors (Vogt et al., 2013). As already 
alluded to above in the section on epithelial interaction, 
the same team showed opposite effects in vivo, where the 
long-chain inulin was effective, and the short-chain FOS was 
not (Vogt et al., 2017). In a germ-free mouse model, both 
short-chain FOS and long-chain inulin enhanced T-helper 
1 cells in Peyer’s patches, whereas only short-chain FOS 
increased regulatory T cells and a subclass of dendritic 
cells (DCs) in mesenteric lymph nodes (Fransen et al., 
2017). Moreover, resistant starches have been shown to 
be immunomodulatory by direct interaction with immune 
cells. High-maize 260 (RS type 2) primarily bound to TLR-2, 
while Novelose 330 (RS type 3) bound to TLR-2 an TLR-5. 
When High-maize 260 was interacted in vitro with co-
cultures of dendritic cells (DCs), epithelial cells and or 
T-cells, the final effect was driving T-cells activity into a 
more regulatory status, via skewing towards Th1 cytokine 
production, attenuating Th2 cytokines and by stimulating 
regulatory T-cell cytokine production (Bermudez-Brito et 
al., 2015a). In another study, the same team in the same in 
vitro co-culture model set-up, showed that GOS, inulin, 
arabinoxylans from wheat, and beta-glucan from barley 
led to changes in the production of the Th1 cytokines, 
while inulin, and beta-glucan reduced the Th2 cytokine 
IL-6. The regulatory T-cell-promoting cytokine IL-10 was 
induced by GOS whereas inulin decreased IL-10 production 
(Bermudez-Brito et al., 2015b). Of note is that when DCs 
were incubated with the fibres in the absence of epithelial 
cells and T-cells, different cytokine profiles were observed, 
and in both papers the authors advocated to investigated 
the cross-talk between intestinal epithelial cells, DCs, 
and T-cells when interpreting effects of dietary fibres on 
immunomodulation.

A number of recent studies show also the direct interaction 
of pectin with immune cells. Lemon pectins of different 
degrees of methyl esterification (DM) (30, 56, and 74%) 
were studied for immune receptor activating potential and 
epithelial barrier protection. The 30 and 74% DM pectins, 
but not the 56% DM pectin, induced strong protection of 
the epithelial barrier measured by transepithelial electrical 
resistance in T84 cells. The lemon pectins mainly interacted 
with TLR-2, which increased with increasing pectin DM 
(Vogt et al., 2016). In contrast, in another study, five lemons 
pectins with different DM (DM7, DM22, DM45, DM60, 
and DM75) were shown to bind and inhibit TLR-2 and 
specifically inhibit the proinflammatory TLR-2/TLR-1 
pathway, leaving the tolerogenic TLR-2/TLR-6 pathway 

unaffected. Here, the effect was most pronounced with 
pectins having a low degree of methyl esterification. Using 
mutant TLR-2 molecules, the interaction was shown to 
occur between non-esterified galacturonic acids on the 
pectin and positive charges on TLR-2 (Sahasrabudhe et al., 
2018). The binding of low DM pectin to TLR-2 presumably 
prevented ileitis in a mouse-model in a TLR-2 dependent 
manner. It is unclear what (structural) differences between 
the pectins in the two studies caused high-DM pectins to 
be more active towards TLR-2 in one study, and low-DM 
being more active in the other. Perhaps this has to do with 
the degree of blockiness (DB), or the presence or absence 
of calcium during incubations. Regarding the latter, the 
same team showed that calcium reduces inhibition of TLR-
2 by low (DM8) and intermediate (DM52) pectins, but 
calcium has lower impact on TLR-2 inhibition by high 
DM pectins (DM69). In the absence of calcium, especially 
DM18 and DM52 strongly inhibited and bound to TLR-2. 
Addition of 1 or 10 mM calcium to these pectins reduced 
TLR-2 inhibition and binding (Beukema et al., 2020). The 
DB is defined as distribution of methyl-esters over the 
galacturonic-acid backbone of pectin (Beukema et al., 
2021). When comparing pectins with similar DM, high 
DB pectins have a more blockwise distribution of non-
esterified galacturocin acid residues compared to low DB 
pectins. This in contrast to LB pectins, which have a more 
random distribution of non-esterified galacturocin acid 
residues. In this study pectins from lemon origin with 
DM18, DM19, DM33, DM43, DM49, DM52, DM84 and 
DM86 were used. In vitro pectins mainly inhibit TLR-2/
TLR-1, as shown previously, but the magnitude depended 
on both DM and DB. Low DM pectins (DM18/19) with 
DB86 and DB94 strongly inhibit TLR-2/TLR-1. However, 
pectins with intermediate DM (DM43/DM49) and high 
DB (DB60), but not with low DB (DB33), inhibited TLR-2/
TLR-1 as strongly as low DM. High DM pectins (DM84/88) 
with DB71 and DB91 do not inhibit TLR-2/TLR-1 strongly. 
In human macrophages, low DM and intermediate DM 
pectins with high DB inhibited TLR-2/TLR-1-induced 
IL-6 secretion. The authors concluded that both high 
number (DM) and blockwise distribution of non-esterified 
galacturonic acid residues (DB) in pectins are responsible 
for the anti-inflammatory effects observed via inhibition 
of TLR-2/TLR-1 (Beukema et al., 2021).

The receptors hold different binding specificities, but they 
also give rise to distinct effects in the antigen presenting 
cells (Feriotti et al., 2013). One important effect of 
the carbohydrate-receptor interaction is induction of 
phagocytosis of microorganisms by binding to multiple 
carbohydrate receptors at the same time. This has been 
demonstrated for many of the receptors including the 
mannose receptor, dectin-1, dectin-2 and DC-SIGN 
(Kerrigan and Brown, 2009). Phagocytosis is a requirement 
for induction of a strong cellular immune response for 
efficient clearance of bacteria, fungi and viruses. Depending 
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on the specific preparation, plant carbohydrates may hold 
single or multiple ligands that can ligate to one or many 
receptors on an antigen presenting cell, respectively, in turn 
giving rise to different effects in the cell. Thus, depending on 
the structure, such plant-derived carbohydrates may inhibit 
the binding of bacterial structures to the pattern recognition 
receptors (PRRs) and thus, modulate the immune response. 
Multiple receptors have been implicated in recognition of 
e.g. yeasts or zymosan. These include CR3 and dectin-1, 
which bind cell wall β-glucans; mannose receptor (MR), 
DC-SIGN, TLRs, and galectin-3, which bind mannans or 
other mannose-containing compounds (Józefowski et al., 
2011). However, involvement of some of these receptors 
in yeast recognition remains controversial. For instance, 
Brown et al. (2002) and Taylor et al. (2002) reported that 
opsonin-independent zymosan binding was unaffected 
by genetic CR3 deficiency or a blocking monoclonal 
antibody against CR3, suggesting that CR3 was not the 
receptor for β-glucan recognition. Also, mannose receptor-
deficient macrophages showed normal phagocytic uptake 
of Candida albicans. Moreover, resistance to C. albicans 
infection was unimpaired in mannose receptor-deficient 
mice (Lee et al., 2003). Another class of C-type lectins that 
recognise microbial components are scavenger receptors 
(Plüddemann et al., 2006). There are 8 classes and not 
all have been characterised in full detail. They bind to 
modified glucans (acetylated, phosphorylated) as well as 
to unmodified molecules. Apart from being involved in 
direct recognition and phagocytic clearance of bacteria, 
different scavenger receptors collaborate with other classes 
of PRRs and either increase the repertoire of innate immune 
recognition or modulate the biological responses of host 
cells to bacteria (Plüddemann et al., 2006).

When binding to carbohydrate receptors on the surface 
of cells, fibres may initiate signal transduction to initiate 
either an immune stimulatory signal or an inhibiting signal. 
The induced intracellular signalling processes are complex 
and not fully understood. Binding of fibres to some of these 
receptors including dectin-2, initiates signalling pathways 
through immunoreceptor tyrosine-based activation motif 
(ITAM)-containing adaptor molecules, such as Fc receptor 
g-chain (FcRg) or Src kinases and SYK, leading to induction 
of pro-inflammatory cytokines such as IL-6 and TNF-α 
(Sato et al., 2006; Yamasaki et al., 2009). Conversely, 
binding of fibres to dectin-1, DC-SIGN and several other 
receptors induces signalling through protein kinases or 
phosphatases, but has not hitherto been shown to induce 
pro-inflammatory gene expression by the binding. Rather 
the binding of fibres to these inhibitors initiates a signal 
transduction that may affect signalling through TLRs, 
thus modulating the TLR-ligand initiated inflammatory 
signal. There are many speculations regarding the 
intracellular pathways involved and also partly elucidated 
intracellular pathways, that to varying degree support the 
suggested interactions between carbohydrate receptor 

and TLR signalling (Geijtenbeek and Gringhuis, 2009). A 
popular theory regarding the modulating activity of fibres 
is that the fibre binds simultaneously with the binding 
of a microorganism or just a single TLR-ligand of that 
microorganisms, and that the simultaneous binding leads to 
intracellular interaction of the pathways leading to immune 
modulating of the TLR induced response. For instance, it 
has been shown that several structurally different non-
starch polysaccharides can modulate LPS-induced cytokine 
production in dendritic cells in a structure-dependent 
manner (Wismar et al., 2011).

Also, as most experiments are performed with carbohydrate 
macromolecules isolated from microorganisms the 
possibility exists that such fibre preparations contain 
impurities of microbial origin, which may hold TLR-
stimulating activities or by other means may interfere with 
signalling. Hence, whether a fibre holds immune stimulatory 
or inhibitory properties should be determined by extremely 
pure, preferably synthetic fibres.

Importantly, most if not all carbohydrate receptors seem 
to be involved in phagocytosis which is in good accordance 
with their presence on phagocytotic cells such as dendritic 
cells, monocytes, macrophages and neutrophils. Which 
receptors are present on the different phagocytotic cell 
types, is not described very comprehensively. This hampers 
our understanding of how complex carbohydrates interact 
with and affect the different cell types. Many fibres from 
fungi, including mushrooms and yeast contain mannose 
units, either as terminal sugars or as a series of many 
α-linked mannose units (Kéry et al., 1992). Such fibres may 
bind to different mannose specific receptors including DC-
SIGN, dectin-2 and MR, and accordingly the signal induced 
may be determined by the specific mannose-binding 
receptors present on a given cell. β-Glucan stimulation 
through dectin-1 and mannan stimulation through dectin-2 
have both been shown to induce nuclear factor κB (NF-κB) 
through Syk kinase and Caspase recruitment domain-
containing protein 9 (CARD9) signalling (Drummond et 
al., 2011). Interestingly, while dectin-1 has an ITAM-motif 
in its cytoplasmic domain, dectin-2 and the other receptor 
of the dectin-2 family, Mincle receptor, have no known 
intracellular signalling regions, but may associate with the 
ITAM motif of the FcRg chain and thus, indirectly induce 
Syk activation (Sato et al., 2006).

Apart from binding mannose, the mannose receptor 
is also capable of binding terminating fucose and 
N-acetyl glucosamine residues in a calcium-dependent 
manner (Taylor et al., 2005). The MR lacks a potential 
signalling motif in the cytoplasmic tail and hence, 
requires collaboration with other PRRs to induce, e.g. 
NF-κB activation (Gazi and Martinez-Pomares, 2009). 
The dependency for collaboration with other PRRs was 
nicely demonstrated by Tachado et al. (2007). Using non-
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phagocytic human embryonic kidney cells transfected 
with cDNA encoding for human TLR-2 or human MR 
cDNA alone, no cytokine production was measured in 
response to the fungus Pneumocystis. Conversely, when 
co-transfecting the two receptors, cytokine production 
was induced (Tachado et al., 2007).

DC-SIGN also recognises mannose, but with strong 
preference for high-mannose oligosaccharides, in a 
calcium-dependent manner. Moreover, as MR, it also 
recognises fucose-containing ligands (Feinberg, 2001). 
Upon mannan ligation, DC-SIGN signalling involves the 
RAF proto-oncogene serine/threonine-proteins kinase (Raf-
1; Gringhuis et al., 2007). Phosphorylation of Raf-1 results 
in modulation of the phosphorylation and acetylation of 
NF-kB, which in turn induces transcription of the genes 
encoding proinflammatory cytokines such as IL-12 and 
IL-6. Upon fucose stimulation, however, the signalling was 
found to be independent of the Raf-1 signalling cascade and 
to suppress pro-inflammatory cytokine production, while 
increasing the IL-10 production (Gringhuis et al., 2009). 
Whether this discrepancy is due to dual signalling pathways 
that are initiated by distinct ligands or alternatively, the 
different responses are caused by different experimental 
approaches or different sources of ligands, remains to be 
clarified.

As one would expect from the paragraphs above, knockout 
gene studies indicate some degree of redundancy of the 
different carbohydrate receptors. Whether this is an 
immunological safety net or a means to increase the 
capacity to distinguish between different carbohydrate 
structures, and hence microorganisms, by the collaboration 
of two or more receptors with distinct specificity, is not 
clear. Collaboration between different PRRs has been 
described. One example is the collaboration between 
dectin-1 and TLR-2 (Bauer et al., 2009; Goodridge and 
Underhill, 2008; O’Neill, 2008). Stimulation with dectin-1 
and TLR-2 agonists has synergistic effect on TNF, IL-6 
and IL-23 production. Of note, such synergistic effects 
have also been shown for dectin-1 in collaboration 
with TLR-1, TLR-4, TLR-5, TLR-7 and TLR-9 (Bonfim 
et al., 2009; Dennehy et al., 2008). While these studies 
demonstrate the collaboration between different receptors, 
they also underline an obstacle for elucidating specific 
mechanisms behind the action of specific structures; the 
fact that by far most of the fibres investigated originated 
from microorganisms and accordingly the likelihood of the 
presence of contaminants representing other carbohydrate 
structures as well as other ligands for TLRs exits. The 
presence of such PRR ligands may result in induction 
of other cellular pathways initiating other cytokines and 
accordingly other immune responses, clouding the effects 
of the fibre alone. As an example, curdlan, a (1-3)-β-glucan 
from the Gram-negative soil bacterium Alcaligenes faecalis, 
is often used to assess the immunomodulating effect of 

1-3-β-glucans. However, many preparations of curdlan are 
not pure and contain varying amounts of LPS, which may 
induce additional stimulatory pathways in the immune 
cells. A preparation of commercially available curdlan 
has been shown to contain an appreciable amount of LPS 
(Wismar et al., 2010). Likewise, some of the reported 
work on dectin-1 is at least partly based on the use of 
zymosan from yeast (Kerrigan and Brown, 2009). Again, 
apart from an abundance of β-glucans, zymosan has been 
shown to contain mannan and TLR-2 ligands, which may 
give rise to confusing results (Ikeda et al., 2008; Jawhara 
et al., 2012). Vice versa, mannan has been shown to be 
contaminated with β-glucans (Brown et al., 2002). While 
the use of knock out mouse strains has clearly demonstrated 
the indispensability of dectin-1 for induction of Th1 and 
Th17 responses (LeibundGut-Landmann et al., 2007, 2008; 
Osorio et al., 2008), and that β-glucan is the ligand for 
dectin-1 was shown by transfected cell lines (Brown et al., 
2001), it remains to be demonstrated that β-glucan per se 
is capable of this induction.

Keeping in mind that the fibres, by binding to carbohydrate 
receptors, may induce phagocytosis, it might also be this 
induced phagocytosis that modulates the TLR response, e.g. 
by enhancing the uptake of microorganisms or microbial 
compounds. It has been shown for some TLRs, that 
signalling from endosomes instead of from the plasma 
membrane may change the signalling and accordingly 
which cytokines that are being produced through TLR 
signalling. This compartmentalised segregation in signalling 
was demonstrated for TLR-4 showing that ligand binding 
to and signalling through TLR-4 present in the plasma 
membrane of antigen presenting cells induces signalling 
through the adaptor protein MyD88, while when signalling 
through TLR-4 takes place from endosomal compartments, 
signalling takes place through the adaptor protein TRIF. 
The employment of different adaptor proteins according 
to the localisation of the receptor results in activation 
of distinct signalling pathways and accordingly different 
cytokine are produced (Barton and Kagan, 2009). Even 
though this compartment-dependent signalling has not 
been demonstrated for other TLRs or PRRs, it cannot be 
excluded that some fibres due to their capacity to induce 
phagocytosis act by facilitating the endocytosis of TLR 
ligands and thus might redirect the TLR signalling to other 
pathways.

Even preparations of plant derived fibres are likely to 
contain other macromolecules with putative immune 
stimulatory/modulatory properties. For instance, they 
may contain LPS (from Gram-negatives) or LTA (from 
Gram-positives) or other immunostimulatory compounds 
of microbial origin simply because the fibres may serve as 
nutrients for the microorganisms. To be completely sure 
that any immunomodulatory effect demonstrated can be 
ascribed to the fibres it is advisable to test for endotoxin 
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content and if possible, for other contaminants. Out of 
28 non-starch polysaccharides (NSP) used to assess their 
immunomodulatory effects in dendritic cells, several 
contained endotoxins on testing (Wismar et al., 2011). 
Due to the nature of different NSP it was not possible to 
purify for unknown microbial TLR-ligand contaminants. 
Therefore, addition of a high amount of LPS to all 
stimuli was carried out to level out these differences in 
contamination. A diverse group of NSP was capable of 
suppressing LPS-induced IL-12p70 production; among 
those, the group, comprising differently structured 
β-glucans and the galactomannan guar gum, was able to 
augment the LPS-induced IL-10 production. Only curdlan 
gave rise to detectable amounts of IL-12p70 in the absence 
of LPS-stimulation (Wismar et al., 2011).

When assessing the immunomodulating properties of fibres 
it is important to relate to several factors that may influence 
the experimental outcome. These comprise physico-
chemical parameters, such as molecular mass, molecular 
fine structure, solubility, polymer conformation in solution, 
the presence of fibre particles and the experimental system 
used to assess the immunomodulating effect. The molecular 
fine structure, mass, solubility and polymer conformation 
are highly interrelated parameters, and this makes the 
structure-function relationships difficult to establish 
(Böhm and Kulicke, 1999; Tosh, 2004). As an example, 
solubilised β-glucan has been shown to comprise a quite 
heterogeneous group of polysaccharide conformations, 
due to variation in degree of polymerisation that affects the 
aggregation of the β-glucan molecules, which in turn may 
affects the solubility of the overall β-glucan preparation 
(Håkansson et al., 2012). The soluble versus particulate 
nature of a β-glucan preparation may also be a determinant 
for an immunomodulatory property. Even inert particles 
that are not being recognised by phagocytes may induce 
phagocytotic activity. Accordingly, immunomodulating 
fibres may attain phagocytosis inducing activity if they 
form insoluble particles in solution, independently of 
their receptor specific immunomodulating activity. This 
was demonstrated by comparison of a variety of dried 
β-glucan samples prepared from barley that were either fully 
solubilised or just suspended in an aqueous solution. When 
added together with the probiotic bacterium L. acidophilus 
NCFM to dendritic cells, the two different preparations 
exhibited opposite immunomodulating properties: while 
the fully dissolved preparations increased the L. acidophilus 
NCFM-induced production of the Th1 inducing cytokine 
IL-12, the dispersed preparation diminished the induced 
production of IL-12 but increased the production of 
the anti-inflammatory cytokine IL-10 (Mikkelsen et al., 
2014). Also, only dispersed β-glucan preparations induced 
a cytokine response (IL-10) response in the dendritic 
cells when added alone. These disparate effects of two 
preparations of the same sample highlight the complexity 
of the fibre structures and functionality and indicate that 

solubility is a key determinant of the immunomodulatory 
properties of carbohydrate fibres.

Finally, the experimental system used may determine 
the outcome of the testing . When testing the 
immunomodulating properties of a series of β-glucan 
molecules, this was done by adding the β-glucan samples 
alone or together with either LPS from E. coli or whole 
Gram-positive L. acidophilus NCFM bacteria to stimulate 
dendritic cells (Mikkelsen et al., 2014). These two stimuli 
are known to induce distinct intracellular pathways in 
the cells, despite both giving rise to IL-12 production 
of importance for NK cell activation and activation of a 
cellular immunity (Abbas et al., 2012). While dissolved 
β-glucans samples inhibited the IL-12 production in LPS 
stimulated cells, the same samples enhanced the IL-12 
induced production in L. acidophilus NCFM stimulated 
cells. Hence, the (microbiological) context of the interaction 
of fibres with immune cells is very important: it matters 
what is present in the close environment of the fibres and 
immune cells.

Taken together, the best documented role of the receptors 
binding fibre carbohydrates is their role in phagocytosis. 
The receptors are present on myeloid leucocytes, such 
as monocytes, neutrophils and dendritic cells. Their 
cooperative or antagonising action when recognising fibre 
precludes a clear mode of action from being established. 
Similarly, due to numerous small changes in structure (e.g. 
in β-glucans) a clear-cut structure function relationship 
is still years if not decades away. The work is hampered 
by numerous factors such as solubility, length and 
heterogeneity of fibre preparations as well as overlapping 
specificity of many fibres and receptors.

The bioavailability of dietary carbohydrates for 
immunomodulation

One intrusive question that emerges in relation to 
whether orally administered fibres hold the capacity 
to directly act as immunomodulators is if, or to which 
extent, such carbohydrate molecules will contact cells of 
the immune system. To contact most leucocytes in the 
body, the carbohydrates have to traverse the epithelial 
barrier, either to get into the circulation or make contact 
with the vast number of leucocytes present just below 
the epithelial barrier. Perhaps due to the lack of simple, 
specific and sensitive assays for quantification of the 
carbohydrate structures when studying the bioavailability 
of orally ingested fibres, only few studies have assessed the 
absorption of fibres from the gastrointestinal tract. In most 
of the reported studies of fibre absorption, the methods to 
detect the presence of polysaccharides in tissue and blood 
have involved labelling of the carbohydrate with isotopes 
or fluorescence (Rice et al., 2005; Sandvik et al., 2007; 
Vetvicka et al., 2007; Zhu et al., 2011), but also detection 
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with specific antibodies was used (Hoshi et al., 2008; Sakurai 
et al., 1998). Using covalent labelling of the carbohydrate 
fibres, a 0.5-5% bioavailability in rats was estimated. As 
the methods used do not distinguish between intact or 
degraded macromolecules it cannot be concluded as to 
which extend the fibres had retained their bioactivity. In 
a study using ELISA based on antibodies specific to α-D-
glucan separated from the edible mushroom Tricholoma 
matsutake a peak concentration in blood on 160 ng/ml 
was determined 24 h after administration of a single dose 
of 450 mg/kg (roughly corresponding to 13 mg) to mice 
(Hoshi et al., 2008). In addition, the available antibodies 
allowed detection of the fibre molecules in various tissue 
by immunostaining and showed the presence of the fibre 
in the gut mucosal layer, gut associated lymph node as well 
as the spleen during a 32 h period after administration of 
the fibre. Even though the documentation of absorption 
of significant amounts of fibres upon oral intake is still not 
very solid, the existing studies indicate some absorption 
and hence, a possible in vivo direct immunomodulating 
effect of fibres showing such effects in in vitro assays is 
thus not unlikely.

GOS, long-chain fructo (lcFOS)-oligosaccharides, acidic 
oligosaccharides from human and cows’ milk, and specific 
pectin-derived acidic oligosaccharide hydrolysate (pAOS) 
have also been shown to be able to cross the epithelium 
(Eiwegger et al., 2010).

Other examples of dietary carbohydrates that could 
interact with the immune system

Several dietary polysaccharides/fibres have been studied in 
in vitro assays, animal experiments and human volunteers 
for their immunomodulatory capacity (Ramberg et al., 
2010). It goes beyond the scope of this chapter to discuss 
these in all detail, but a selection of studies is briefly 
addressed. Apart from studies with glucans (both β and 
α; Ramberg et al., 2010), different pectins and/or their 
structural components have been studied as well, for their 
anti-inflammatory and cancer repressing properties.

Several studies have reported anti-tumour and 
antimetastatic properties of rhamnogalacturonan-II, as 
well the potential to increase interleukin (IL-6, IL-12) 
production of peritoneal macrophages and stimulation of 
neutral killer cell activity against tumour cells (Lee et al., 
2014; Park et al., 2017a,b).

As reviewed by Smestad Paulsen and Barsett (2005), 
RG-II has been also described to have intestinal immune 
modulating activity (Taguchi et al., 2004; Yu et al., 1998, 
2001), antiulcer activity and effects on the complement 
system (Guo et al., 2000; Sakurai et al., 1996, 1998; Yamada 
et al., 1991). Studies exist also on the direct effects of 
rhamnogalacturonan I (RG-I) on human health, such as 

the inhibitory effects and mechanisms of RG-I from potato 
on HT-29 colon cancer cell proliferation and cell cycle 
progression (Cheng et al., 2012).

Citrus pectins have also been studied for their anti-tumour 
properties. Citrus pectin was either treated with heat or pH-
treated. The pH treatment at both high and low pH results 
in the degradation of the pectin into smaller fragments 
and the cleavage of the side chains from the backbones. 
Heat treatment leads to degradation of smaller fragments 
only. Heat-treated citrus pectin was shown to have anti-
tumour activity in vitro and in a mouse model, whereas 
pH treated pectin was inactive. This indicates that the 
(degree of ) methylation of pectin may be important for 
its activity. The anti-tumour activity of heat-treated pectin 
was not correlated with its immunological activities, or 
its inhibitory effect on galectin-3 (Hao et al., 2013). In the 
light of the discovery that some pectic polysaccharides 
could bind to galectin-3, a galectin-3-targeting anti-tumour 
mechanism has been proposed. Several other pectins 
(swallow root pectin, Hemidesmus pectin, black cumin 
pectin, Andrographis pectin and okra pectin) have been 
shown to interact with galectin-3 and inhibit galectin-3 
mediated cancer cell processes (Hao et al., 2013). The pH-
treated pectin had higher immunomodulating activities 
than the heat-treated pectin, in addition to over 4,000-fold 
higher galectin-3-inhibiting activities. It is noteworthy 
that the pH-treated pectin had no anti-tumour activity. 
Thus, anti-tumour activity of pectin on the one side and 
immunomodulation and galectin-3 inhibition on the other 
are likely brought about by different structural features on 
the pectin molecule.

Furthermore, Grønhaug et al. (2011) demonstrated the 
immunomodulating activities of pectins from Biophytum 
petersianum and reported the hairy region to be the most 
important region for immunomodulating activity on Peyer’s 
patches and macrophages.

A recent study by Vogt et al. (2016) has shown that the 
DE of lemon pectin (30, 56, and 74% DE) is impacting the 
activation of immune receptors and the epithelial barrier 
protection (Vogt et al., 2016). Similarly, Sun et al. (2017) 
have shown that LMP supplementation restored acute 
pancreatitis-associated disruption of intestinal barrier 
integrity as evidenced by upregulation of tight junction 
modulatory proteins occludin, zonula occludens (ZO)-
1, antimicrobial peptides β-defensin-1 (DEFB1) and 
cathelicidin-related antimicrobial peptide (CRAMP) 
as well as increase in SCFA production. Low-methoxyl 
pectin (LMP)-supplemented mice with acute pancreatitis 
exhibited suppressed intestinal inflammation as shown by 
decreased ileal and colon cytokine production compared 
with caerulien group (Sun et al., 2017). A recent study by 
Yamada et al. (2018) investigated the effects of LMP and 
HMP, on colonic anastomosis healing in rats, their results 
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demonstrated that LMP promotes the healing of colonic 
anastomosis more effectively than HMP (Yamada et al., 
2018).

Using HEK293 cells transfected with individual toll-like 
receptor, THP-1 cells and human PBMCs it was shown that 
FOS stimulate the immune system through TLRs, primarily 
TLR-2 (Vogt et al., 2013). The effect was dependent on the 
chain-length (or DP), assessed by cytokine production in 
humans. β(2-1)-Fructans with a low DP induced a regulatory 
cytokine balance compared to those with a higher DP as 
measured by IL-10/IL-12 ratios. Interestingly, the same 
FOS also showed a DP-dependent effect on barrier function 
(transepithelial electrical resistance) in T84 monolayers, 
with again the shorter DP showing highest activity (Vogt et 
al., 2014). Also, this effect was TLR2-dependent as blocking 
of TLR-2 led to abrogation of the activity of the FOS.

In addition, reports have described effects of galactomannan 
(guar gum), glucomanan and various heteroglycans 
(Ramberg et al., 2010), as well as a mixture of GOS and 
FOS (Van de Pol et al., 2011; Van der Aa et al., 2011). In 
human, only β-glucans (Kirmaz et al., 2005; Koray et al., 
2009), fucoidan (a sulphated polysaccharide from brown 
algae (Irhimeh et al., 2007), and arabinogalactans (Riede et 
al., 2013; Udani, 2013; Udani et al., 2010) have been studied 
for their immunostimulatory effects.

Anti-adhesive activities of dietary carbohydrates

The direct immune modulating/stimulating activity of 
fibres has been speculated to impact the resistance towards 
microbial infections. As discussed briefly above, the fibres 
may act as decoys for the epithelial receptors, resulting in 
adhesion of microbes to the fibre molecules rather than to 
the epithelial cells, as recently reviewed (Monteagudo-Mera 
et al., 2019). In this manner, the fibres preclude interaction 
with the host. This has been described for instance for 
mannan-derived oligosaccharides (MOS) and enterotoxic 
E. coli (ETEC) strains in pigs, for instance (Castillo et al., 
2008). There has been a long debate about whether or not 
MOS would be active in vivo, as the E. coli receptor for 
binding to mannan may not be expressed at 39 °C, the body-
temperature of pigs. But as evidenced by amongst others 
Castillo et al. (2008), MOS is efficacious in reducing ETEC 
infection in vivo. However, not every MOS preparation 
may be equally effective.

Five structurally different citrus pectic samples, differing 
in molecular weight and degree of esterification, were anti-
adhesive for E. coli O157:H7 binding to human HT29 cells. 
Lower molecular weight and lower degree of esterification 
enhanced the anti-adhesive activity (Di et al., 2017). A 
novel xyloglucan isolated from cranberry, determined to 
be a branched, three hexose, four pentose oligosaccharide 
consistent with an arabino-xyloglucan structure, inhibited 

the adhesion of E. coli O157:H7 to HT29 human colonic 
epithelial cells (Hotchkiss et al., 2015).

GOS have also been found to potentially have non-
microbiome mediated effects. The fact that GOS 
terminate with a β-linked galactosyl residue has led to the 
suggestion that they may mimic at least some mammalian 
oligosaccharide pathogen receptors and inhibit adhesion 
of such organisms. Shoaf et al. (2006) found that GOS 
purified from Oligomate 55 were more effective than 
inulin, FOS, lactulose and raffinose at reducing adhesion 
of enteropathogenic E. coli to Hep-2 tissue culture cells. 
They found a dose-dependent inhibition with a maximum 
of 50% inhibition of adhesion relative to controls. Searle et 
al. (2009), working with BB-GOS could reduce adhesion 
and infection in mouse models of Salmonella enterica 
serovar Typhimurium.

Direct effects on cell lines in culture have also been 
demonstrated. Incubation of tissue culture cells with GOS 
has been shown to have enhance barrier function in LS174T 
cell monolayers (Bhatia et al., 2015), increase resistance to 
heat stress in Caco-2 cells (Varasteh et al., 2015), reduce 
induced inflammatory responses in Caco-2 cells (Zenhom 
et al., 2011). At the present time, however, we have no data 
on such effects in vivo and the role of these effects in the 
gut is far from clear.

Prebiotics, including fructans, can also have more direct 
effect and prevent attachment of intestinal pathogens to 
the host cell receptor sites by mimicking these structures. 
Here again the effect seems clearly linked to the chain 
length of β-fructans with longer chains (DP >20) being 
more effective antiadhesives than short chains (DP 2-10) 
(Shoaf et al., 2006).

Anti-tumour activity of dietary carbohydrates

Perhaps the most investigated indirect immune modulatory 
activity of fibres hitherto is the growth inhibiting effects on 
tumours. In particular the β-glucans have been investigated 
for the antitumour activity (reviewed in Ramberg et al., 
2010), but also κ-carageenan has been investigated. 
Whereas β-glucans have been shown to have a beneficial 
effect, carrageenans have been associated with induction 
of ulcerative colitis and colon cancer in animal models 
(Bhattacharyya et al., 2017). Carrageenans are seaweed 
extracts comprising high molecular weight sulphated 
polygalactosides. They are used in foods as thickening 
and gelling agents. When degraded to lower molecular 
weight forms, they have been shown to induce ulcerative 
colitis and colon cancer in laboratory animals (Pintauro 
and Gilbert, 1990; Tobacman, 2001). The sulphate groups 
are hypothesised to play a role in their detrimental effects.
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The effects of β-glucans on tumour growth and survival 
depend on the type of tumour and have shown most efficient 
when the fibre treatment is combined with injection of 
antibodies against the tumour cells (e.g. Modak et al., 2005). 
Although the mechanism of action is not known, different 
mechanisms of action have been suggested. Among 
those are that the fibres promote antibody dependent 
cellular cytotoxicity, which facilitates the elimination of 
antibody coated cancer cells by macrophages and other 
phagocytotic cells (Ross et al., 1999) and that the fibres 
stimulate hematopoiesis hereby leading to a faster renewal 
of leucocytes during chemotherapy and radiation treatment.

Effects of fibres on immune cell activity and cytokine 
production

Apart from the immune-mediated effects in cancer, fibres 
also stimulate an increase in number and in activity of 
immune cells. For instance, lentinan has been shown to 
increase T cell numbers, and the ratio of helper cells over 
suppressor cells (Hanaue et al., 1989). Also, laminarin has 
been shown to increase dectin-1 expression on macrophages 
in the gut-associated lymphoid tissue (Rice et al., 2005). In 
terms of activity of immune cells, β-glucans have been 
shown to increase plasma immunoglobulins (Chan et 
al., 2007; Yun et al., 2003), neutrophil respiratory burst 
(Murphy et al., 2007), and cytokine production (Oh et al., 
2008; Yap and Ng, 2003). Other fibres such as pectins, have 
also been shown to affect cytokine levels in plasma (Lim et 
al., 2003). The references provided are just a few examples 
of numerous reports published in this field.

A few studies in humans have also been carried out. Some 
with clear results, others with non-significant trends. For 
instance, arabinogalactan resulted in a trend towards 
increased white blood cells and oxidative burst activity 
(Nantz et al., 2001), but showed a clear increase in IgG 
subtypes (Ramberg et al., 2010). Other examples with 
β-glucans have been discussed above.

Conclusions and future perspectives

Fibres are interesting dietary ingredients with various 
functionalities. These range from normalising stool 
frequencies to immunomodulatory and anti-tumour 
activities. Some microbial and dietary fibres have been 
studied in detail already, such as fungal or grain-derived 
β-glucans and various pectins. However, due to great 
structural diversity amongst both the β-glucans and the 
various pectins, structure-function relationships are still 
(eagerly) awaited. Unravelling these structure-function 
relationships will perhaps be only half a decade away 
with the development of reporter cells that carry specific 
carbohydrate-recognition receptors (e.g. Vogt et al., 2013), 
and the possibility to carefully modify existing bioactive 
polymers to decipher required oligosaccharide moieties 

and/or glycosidic linkages. Yet, complex carbohydrates, 
such as pectins, may carry many different structures that 
interact with multiple different lectins. Therefore, cells 
with single receptors are unlikely to tell the whole picture. 
Here, the ability to create knock out lines of rodents will 
help in our understanding of the role of specific receptors. 
This together should lead to a full understanding of the 
bioactivity of these important dietary ingredients. In this 
chapter, the focus has been on the direct and indirect 
immunomodulatory effects of dietary carbohydrates. 
Research so far has established that fibres may indeed affect 
the immune system both directly and indirectly. However, 
more knowledge is required regarding, e.g. absorption of 
fibres from the GIT and the relative impact of direct and 
indirect action, particularly regarding in vivo effects, to 
obtain a full understanding of how fibres affect our immune 
system.

6. Analysis of non-digestible carbohydrates

The analysis and structural characterisation of 
carbohydrates, involving the determination of their DP, 
monomeric composition and order, type of glycosidic linkage 
and the identification of any anomeric mixture is required to 
fully understand the functionality of carbohydrates and their 
correlation with the chemical structure. This is particularly 
important in the case of fermented carbohydrates as they 
are rarely pure and usually comprise multiple molecular 
structures, stressing the necessity of a comprehensive but 
challenging structural characterisation. Their analysis, 
therefore, normally requires the combination of sensitive 
and high-resolution separation techniques combined 
with powerful identification tools. Additionally, prior to 
structural and functional characterisation, fractionation 
or purification may be mandatory in most cases. These 
processes can be also necessary to provide enrichment 
for these oligosaccharides for chromatographic analysis 
of complex carbohydrate mixtures and for commercial 
production. Selection of an appropriate fractionation 
technique and optimisation of the methodology will depend 
on the analytes of interest, the type of sample and the 
required level of detail for each case (Moreno et al., 2014a) 
and goes beyond this review. Instead, this section will focus 
on the fundamentals of the main analytical techniques 
currently used for the analysis of prebiotics, as well as on 
some relevant applications developed for the study of milk 
oligosaccharides and manufactured prebiotics.

Fundamentals of analytical techniques used for the 
analysis of dietary carbohydrates

Instrumental methods based on separation and/or 
spectroscopic techniques are currently the most widespread 
for oligosaccharide identification, quantification and 
characterisation. Separation techniques (chromatographic 
and electrophoretic) coupled to suitable detectors give 
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quantitative information on concentration of individual 
components. Among these, capillary electrophoresis (CE), 
gas chromatography (GC) and high-performance liquid 
chromatography (HPLC) are the most-widely chosen 
procedures for routine analysis of oligosaccharides. 
However, the structural knowledge afforded by 
separation techniques is usually limited, and therefore, 
spectrometric and spectroscopic techniques such as mass 
spectrometry (MS and tandem MS) or nuclear magnetic 
resonance (NMR) are frequently necessary to provide a 
detailed structure for an isolated compound or a simple 
mixture. This is particularly relevant in the case of novel 
synthesised or non-commercially available carbohydrates. 
Thus, coupling several techniques through ‘hyphenated’ 
methods (Sarker and Nahar, 2006) is often necessary to 
gather all the required information for a comprehensive 
oligosaccharide characterisation, and consequently, to 
gain insight into structure-function relationships. MS 
can be coupled to a wide range of chromatographic and 
electrophoretic techniques providing structural information 
by analysis of MSn fragmentation patterns. Nevertheless, 
it is not currently easy to accurately determine the 
structure of an oligosaccharide by MS alone although 
MS/MS techniques can provide much useful information. 
Therefore, the technique of choice for providing detailed 
information about the structure of unknown compounds 
is NMR spectroscopy. This is particularly true in the case 
of oligosaccharides due to the lack of available authentic 
standards. NMR is able to establish structure by analysis 
of connectivity networks on the atomic level (Seger et al., 
2013; Van Leeuwen et al., 2014a).

Capillary electrophoresis

CE is an attractive and powerful technique for the 
separation of polar compounds such as oligosaccharides, 
and requires limited amounts of sample, minimal solvent 
and reagents, as well as giving rapid throughput and high 
resolution (Mantovani et al., 2016). Separation is achieved 
due to differences in migration of the analytes in a narrow 
fused-silica capillary filled with a conducting buffer solution 
under the influence of an applied high voltage electric 
field. There are different operation modes of CE, including 
capillary zone electrophoresis (CZE), micellar electrokinetic 
chromatography (MEKC), capillary gel electrophoresis 
(CGE), capillary electrochromatography (CEC) and 
capillary affinity electrophoresis (CAE). Recent advances in 
miniaturised CE have led to the development of microchip 
electrophoresis, decreasing oligosaccharide analysis times 
(Mantovani et al., 2018; Matsuno et al., 2014). The absence 
of molecular charge, ionizable molecules, chromophore or 
fluorophore groups in oligosaccharides makes their direct 
detection only viable by UV at wavelengths lower than 200 
nm. However, the indirect detection of oligosaccharides 
by CE can be routinely accomplished using background 
electrolytes containing chromophoric compounds or 

following derivatisation of reducing carbohydrates. This 
is normally performed by reductive amination using amines 
with chromophores or fluorophores (Campa et al., 2006). 
In consequence, the more common detectors combined 
with CE analysis are UV absorbance (including diode array 
detectors (DAD)), laser-induced fluorescence (LIF) (Kottler 
et al., 2013) and coupled mass spectrometers.

Gas chromatography

The high resolving power, sensitivity and selectivity of GC 
are extremely advantageous for oligosaccharide analysis 
despite their low volatility. Derivatisation is required 
to convert polar carbohydrates into volatile derivatives 
making them suitable for GC analysis. A wide variety of 
derivatisation methods has been developed (Ruiz-Matute 
et al., 2011). The two detectors that are mainly used in GC 
analyses of oligosaccharides are flame ionization (FID) and 
mass spectrometry (MS) detectors.

Oligosaccharide derivatives are most commonly analysed 
on polysiloxane based stationary phases (the so-called 
‘silicones’) since they present good thermal stability and 
high permeability to solutes and are available in a wide 
polarity range (Sanz et al., 2009). As carbohydrates are 
usually present in mixtures, programmed temperature 
elution (commonly from 60 to 330 °C) is used to separate 
each compound. The determination of high DP (5-7) 
oligosaccharides can be achieved by high temperature 
GC (temperatures close to or above 360-370 °C) making 
use of thermostable bonded stationary phases.

High-performance liquid chromatography

HPLC is one of the most-widely used techniques for 
oligosaccharide analysis, with separation based on degree 
of polymerisation, linkage pattern, monomeric composition, 
and isomerism. Many methods have been developed using 
different operation modes and detectors. As indicated above, 
the absence of chromophore and fluorophore groups, along 
with the fact that carbohydrates only absorb in ultraviolet 
(UV) at very short wavelengths, prevents direct detection 
of oligosaccharides by fluorescence or UV detectors unless 
a derivatisation step is performed. This usually results in 
higher sensitivity and improvement of oligosaccharide 
resolution. In most cases, therefore, it is necessary to rely 
on universal detectors such as refractive index (RID) or 
evaporative light-scattering (ELSD) detectors, commonly 
coupled to size-exclusion chromatographic (SEC) or 
hydrophilic-interaction liquid chromatography (HILIC) 
columns. In addition, electrochemical detectors, such as 
the pulsed amperometric detector (PAD), are generally the 
detection methods of choice for high performance anion 
exchange chromatography (HPAEC). These methodologies 
are very convenient in routine monitoring of oligosaccharide 
synthesis for qualitative identification and quantitative 
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measurements because, in most cases, sample preparation 
is limited to dilution and filtration, to achieve the proper 
carbohydrate concentration and to remove any insoluble 
material or impurities of the sample. Moreover, the use of 
MS detectors coupled to HPLC systems has considerably 
enriched the field of carbohydrate identification (Sanz et 
al., 2009).

High performance anion exchange chromatography 
(HPAEC), hydrophilic interaction chromatography (HILIC) 
and graphitised carbon chromatography (GCC) are the 
most commonly used for prebiotic analysis. The main 
advantage of the latter two techniques is that the mobile 
phases are highly compatible with MS allowing direct 
identification and partial structural characterisation of 
oligosaccharides.

High-performance anion exchange chromatography

The advent of HPAEC in 1983 at the hand of Rocklin 
and Pohl (1983) revolutionised carbohydrate analysis, 
significantly increasing knowledge about the oligosaccharide 
composition of a wide variety of products. HPAEC works 
on the principle that carbohydrates are weak acids with pKa 
values in the range 12-14. This means that the hydroxyl 
groups are ionisable under alkaline conditions. The most 
common anion-exchange columns employed in the 
analysis of carbohydrates by HPAEC-PAD are Dionex™ 
CarboPac™ columns of polymeric, non-porous, pellicular 
anion exchange resins which exhibit resistance to pH values 
higher than 13. Carbohydrate retention increases with 
decreasing pKa value; so separation is largely by molecular 
weight but monomeric composition, glycosidic linkage and 
charge also have an effect. As an example, the elution order 
can change when families of oligosaccharides with different 
linkage types are mixed, e.g. isomaltohexaose elutes before 
maltotriose (Sanz et al., 2009). During HPAEC, the mobile 
phase usually consists of aqueous sodium hydroxide with 
a gradient addition of sodium acetate or sodium nitrate.

Oligosaccharides are detected and quantified by PAD by 
measuring the electrical current generated on oxidation at 
the surface of a working electrode. Gold is often the metal 
of choice for this electrode for oligosaccharide detection. 
Oxidation products gradually damage the electrode 
surface, causing signal degradation. Cleaning between 
measurements is accomplished by applying a potential 
sequence that reactivates the electrode surface between 
measurements; this is the basis of pulsed amperometry 
(Thermo Scientific. DIONEX Technical Note 20).

The extremely high resolution of this approach enables 
detection of carbohydrates at picomole levels with excellent 
signal-to-noise ratios. In addition, this technique is 
extremely selective to isomers and oligosaccharides of 
high DP. Nevertheless, PAD detectors have a limited range 

of linear response and carbohydrates have a wide range of 
response factors requiring the need for specific standards 
for calibration. On the other hand, the salts in the mobile 
phase are inconvenient when coupling to MS, although 
their removal prior to MS detection is technically possible 
as it will be explained later on.

Hydrophilic-interaction liquid chromatography

HILIC has been extensively used for the analysis of 
oligosaccharides, even before Andrew Alpert firstly 
mentioned this term in 1990 (Alpert, 1990). Nowadays, 
similar conditions to those described by Linden and 
Lawhead (1975) or Palmer (1975) more than four decades 
ago (i.e. amino-silica stationary phase and a mixture of 
acetonitrile and water as mobile phase (75:25, v/v)) are still 
used to separate and detect oligosaccharides by LC-RID 
under isocratic mode or by LC-ELSD using gradient elution. 
Furthermore, with the growing popularity of HILIC, the 
commercial availability of these columns has dramatically 
increased, and several stationary phases bonded with 
other polar substituents, such as cyano, hydroxyl, amide, 
zwitterionic or diols, among others, have been used for 
carbohydrate analysis (Buszewski and Noga, 2011). HILIC 
is now considered to be a consolidated and established 
analytical tool for the separation of oligosaccharides and 
other polar compounds, which are poorly retained under 
reversed-phase liquid chromatography (RP-LC) conditions.

HILIC uses polar stationary phases and analyte retention 
increases with polarity. The aqueous organic mixtures 
used as mobile phases are totally compatible with MS. 
Acetonitrile is the most often used water-miscible organic 
solvent for HILIC separations (Jandera, 2011). Retention 
can be adjusted by varying the fraction of organic solvent 
and water in the mobile phase; the higher the aqueous 
content, the more soluble the sugars, resulting in decreased 
retention (Greco and Letzel, 2013).

Oligosaccharides generally elute in order of increasing DP. 
However, monomeric composition and glycosidic linkage 
impact on polarity of oligosaccharides with the same DP. 
Thus, ketose sugars elute earlier than aldoses and non-
reduced oligosaccharides before reduced ones. If solubility 
problems do not occur, separation of oligosaccharides with 
high DP can be achieved, albeit with a decrease in sensitivity 
at long retention times.

Graphitised carbon chromatography

Although the use of columns packed with charcoal 
(activated carbon) has been a widely used method for 
preparative separation of oligosaccharides (Whistler and 
Durso, 1950), it was only two decades ago that graphitised 
carbon was introduced as stationary phase in LC (Koizumi, 
1996). Although the separation mechanism is still under 
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debate, both hydrophobic and ionic interactions are 
involved (Lane and Hickey, 2014; Pabst and Altmann, 2008). 
The surface of this graphitic carbon is stereo-selective 
with the capacity to resolve geometric isomers and other 
structurally related compounds (Bao et al., 2013). Mobile 
phases are like HILIC with high percentages of organic 
modifiers such as acetonitrile, making MS the preferable 
detection method.

Mass spectrometry

A thorough description of procedure for MS analysis of 
carbohydrates is out of scope of this review and some 
recent reviews on this topic have been recently published 
(Ruhaak et al., 2018; Wang et al., 2021). Briefly, there are 
currently a wide range of commercially available mass 
analysers that differ in sensitivity, resolution, dynamic 
range, mass accuracy and fragmentation behaviour 
(Sprenger and Roepstorff, 2012). The most commonly 
used in oligosaccharide studies are quadrupole (Q), linear 
ion trap (LIT/LTQ), quadrupole ion trap (QIT), time of 
flight (TOF) and Orbitrap, as well as tandem systems 
composed of two or more coupled analysers of the 
same or different types, such as QqQ, Q-TOF, QqQ-LIT 
(Hernández-Hernández and Roepstorff, 2014). In addition, 
recent advances have led to the use of novel type of mass 
spectrometers to oligosaccharides analysis, as it is the case 
of ion mobility mass spectrometry (IMMS) which is based 
on ions separation from their mass/charge, but also from 
their size and shape.

Nuclear magnetic resonance spectroscopy

NMR spectroscopy is a valuable tool for de novo structural 
elucidation of oligosaccharides. The technique relies on the 
spin properties of atomic nuclei under a strong magnetic 
field when stimulated with additional electromagnetic 
radiation and provides useful information for the structural 
elucidation of unknown chemical compounds. NMR works 
best if the investigated analyte is present in high purity; 
whenever mixtures are present, the number of overlapping 
signals of its spectra rises dramatically. Therefore, a 
potential disadvantage of this technique is that relatively 
large amounts of the purified compound are required as 
compared to MS. Nevertheless, this can be achieved by 
the preparative isolation of the oligosaccharide under 
investigation. Furthermore, NMR is a non-destructive 
technique, so the compound may be recovered after 
the analysis. Preferably, the sample should be dissolved 
in a solvent (usually in deuterium oxide, D2O). NMR is, 
however, a rather specialist technique that requires careful 
assignment and interpretation of the acquired spectra 
(Seger et al., 2013).

Modern high-resolution NMR instruments used for 
carbohydrate samples, typically 500 MHz or higher, 

are able to run a suite of one dimensional (1D) proton 
or carbon-13 (1H and 13C), 2D and 3D homo- and 
heteronuclear experiments to determine structures of 
oligosaccharides. The set of experiments and the strategy 
used for assignment and full structure elucidation largely 
depends on the compound to be identified. Smaller 
oligosaccharides, for which resonance overlap is not too 
serious and in which proton density is high, can be fully 
assigned based on homonuclear 1H-1H shift-correlation 
experiments such as COSY (correlation spectroscopy), 
TOCSY (total COSY), and NOESY (nuclear Overhauser 
effect spectroscopy), or ROESY (rotating-frame analog 
of NOESY). Heteronuclear single- or multiple-quantum 
correlation (HSQC or HMQC) and heteronuclear multiple-
bond correlation (HMBC) are frequently used to assign 
signals from complex oligosaccharides. The introduction 
of these heteronuclear correlation experiments has 
dramatically reduced the required sample amount, so that 
these spectra can be recorded with milligram quantities on 
1 mm microprobes (Bross-Walch et al., 2005).

Applications of prebiotic analysis

Milk oligosaccharides

Human milk oligosaccharides (HMO) have been analysed 
either by direct UV detection at low wavelengths or after 
fluorescence derivatisation by CZE, MEKC (Bao et al., 2007; 
Galeotti et al., 2014; Koketsu and Linhardt, 2000; Oefner 
and Chiesa, 1994; Song et al., 2002), CGE (Kottler et al., 
2013) or CAE using lectins (Kinoshita and Kakehi, 2014). 
CAE was also applied to the analysis of bovine colostrum 
oligosaccharides, and a data library was constructed for 
analysing unknown milk oligosaccharides (Nakajima et 
al., 2006). Moreover, significant efforts have been made 
for the detection of milk oligosaccharides in biological 
samples, such as HMO present in faeces of breast- 
and formula-fed babies by CE-LIF-MSn analysis of the 
fluorescent 9-aminopyrene-l,4,6-trisulfonate (APTS)-
labelled carbohydrates (Albrecht et al., 2011).

Several studies have developed efficient HPAEC-PAD 
methods for analysis of HMO as recently reviewed by Lane 
and Hickey (2014) and Mantovani et al. (2016). As relevant 
examples, Kunz et al. (1996) separated neutral and acidic 
oligosaccharides on a CarboPac™ PA-1 column, whereas 
other studies dealt with the determination of HMO in 
infant urine and serum and the demonstration of their 
minimal digestibility (Coppa et al., 1990, 1999; Gnoth et al., 
2000). More recently, Coppa et al. (2011) used a CarboPac™ 
PA-1 column and a PAD II detector for the qualitative and 
quantitative characterisation of up to 18 HMO in milk 
samples collected at the end of the first month after delivery. 
For longitudinal studies of HMOS a Carbopac PA 100 was 
used analysing the neutral and acidic fractions separately 
(Thurl et al., 2010).
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There are multiple HILIC methods for analysis and 
characterisation of milk oligosaccharides. Marino et al. 
(2011) developed a method for free milk oligosaccharide 
profiling based on 2-aminobenzamide labelling and 
HILIC using bovine colostrum as a case study. In that 
study, up to 33 different structures were identified using 
a combination of HILIC, exoglycosidase digestion, 
desalting and offline MS/MS analyses. Fong et al. 
(2011) developed a HILIC-MS method that allowed the 
quantification of six different oligosaccharides (3'- and 
6'-sialyllactose, 3'- and 6'-sialyllactosamine, disialyllactose, 
and N-acetylgalactoaminyl lactose) in bovine milk, bovine 
colostrum, and infant formulae. A HILIC-MSn method, 
capable of quantifying 13 major oligosaccharides within 
a single run, was successfully applied to 32 bovine milk 
samples collected after three different feeding treatments 
(Liu et al., 2014). Researchers have also begun to explore 
the oligosaccharide profile of less common animal milk 
samples, such as horse (Difilippo et al., 2015b) or porcine 
(Difilippo et al., 2016) by HILIC-MSn. More recently, a 
HILIC-MSn method under multi-reaction monitoring 
(MRM) mode was applied for the characterisation of 12 
HMO whose DP ranged from 3 to 6 (Zhang et al., 2019). 
Interestingly, other HILIC-based methods with great 
sensitivity have been developed after fluorescent labelling 
with 2-aminobenzamide (2AB) of HMO for their analysis 
in maternal serum in pregnant women over the course of 
gestation (Jantscher-Krenn et al., 2019) and in cord-blood 
to investigate maternal-to-foetal transport (Hirschmugl et 
al., 2019). Likewise, using the same fluorescent labelling, 
(Austin and Bénet, 2018) analysed up to 20 HMO by LC-MS 
applying minimal sample-prep and an on-line cleanup. This 
method has been successfully applied to several large cohort 
studies (Austin et al., 2019; Binia et al., 2021; Lefebvre et 
al., 2020; Samuel et al., 2019).

On the other hand, in the in the early 90s FAB-MS and 
MALDI-MS were applied to the analyses of complex 
oligosaccharides (Egge et al., 1991; Stahl et al., 1997).

A series of pioneer works published by Lebrilla and co-
authors described the application of GCC for the analysis 
of HMO (Niñonuevo et al., 2005, 2006; Totten et al., 2012; 
Wu et al., 2010, 2011). These studies were subsequently 
expanded to determination of HMO in urine (De Leoz et 
al., 2013), faeces (Davis et al., 2016; De Leoz et al., 2013) and 
plasma from infants (Ruhaak et al., 2014). More recently, 
LC-MS based methods using a porous graphitic column 
has been developed for the identification and quantification 
of 3’- and 6’-sialyllactose in human milk (Csernák et al., 
2020), as well as 16 neutral and acidic HMO (Tonon et 
al., 2019). Many of these studies used nano-liquid chip-
based technologies, mainly coupled to MS or tandem MS 
(MS/MS), allowing sensitive detection and compositional 
verification. Moreover, nano-LC-chip technology coupled to 
time of flight (TOF) mass spectrometry has been applied to 

the comprehensive characterisation of milk oligosaccharides 
present in several animal species, such as bovine (Barile 
et al., 2010; Tao et al., 2008), caprine (Martín-Ortiz et 
al., 2016, 2017; Meyrand et al., 2013) and porcine (Tao 
et al., 2010). The micro-chips packed with graphitised 
carbon solid phase provide reproducible retention times 
and separate structural isomers. In consequence, a library 
containing mass, retention time, and fragmentation of 
neutral HMO was initially developed (Wu et al., 2010), then, 
complemented with a library for sialylated HMO (Wu et 
al., 2011), and, based on an UHPLC-HILIC-MSn method, 
for neutral and acidic HMO (Remoroza et al., 2018). This 
approach was also expanded to bovine (Aldredge et al., 2013) 
and caprine (Meyrand et al., 2013) milk oligosaccharides. 
In another study, Bao et al. (2013) quantified 11 neutral 
oligosaccharides in human milk based on the excellent 
separating power of GCC using a Hypercarb™ column and 
a single quadrupole mass spectrometer. Recently MS/MS 
generated MRM fragments of were applied to identify and 
quantify the unlabelled HMO (Mank et al., 2018). This 
analytical approach has been further applied to the analysis 
of mature human milk samples collected at 6 and 16 weeks 
post-partum, allowing the successful characterisation of 
the most abundant HMO up to hexasaccharides and, for 
the first time, also the assignment of blood group A and B 
tetrasaccharides (Mank et al., 2020).

A GC-MS method has been developed for the identification 
and quantification of 2’-FL and 3-FL in human milk as 
TMS-oxime derivatives (Balogh et al., 2015), whilst the 
application of NMR spectroscopy to structural analysis 
of HMO and other carbohydrates have been covered 
in depth by Maliniak and Widmalm (2014). Finally, an 
approach, based on the combined use of IMMS and well-
defined oligosaccharide standards, has been successful 
to determine the exact positions of fucosyl residues in 
structurally complex glycans, such as sialosyl-fucosyl oligo-
N-acetyllactosamine derivatives, which is relevant for HMO 
analysis (Sastre Toraño et al., 2019).

Lastly, some enlightening and comprehensive information 
has become available from the structural analysis of HMO 
by NMR and molecular simulations (Gu et al., 2021; 
Maliniak and Widmalm, 2014; Van Leeuwen et al., 2014, 
2018). For further information, critical reviews on HMO 
analysis evaluating the advantages and limitations of these 
techniques have been published during the last years as 
those of Auer et al. (2021) and van Leeuwen (2019).

Manufactured prebiotics

GOS have been analysed by CE-UV-DAD with a precolumn 
derivatisation (Petzelbauer et al., 2000; Splechtna et 
al., 2006) and by CE-LIF after derivatisation with the 
fluorescent dye APTS (Albrecht et al., 2010). Using a similar 
approach, GOS present in biological samples of piglets, such 
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as serum, urine, faeces and caecal digesta (Difilippo et al., 
2015a), as well as glucomannan oligosaccharides (Albrecht 
et al., 2009) and carbohydrates up to DP 7 derived from 
the colonic microbiota fermentation of β-glucan (Beeren 
et al., 2015) have been successfully analysed by CE-LIF.

GC has been applied for the determination of GOS 
synthesis catalysed by β-galactosidases from different 
microbial sources either as trimethylsilyl (TMS)-oxime 
(Cardelle-Cobas et al., 2009; Corzo-Martínez et al., 2013; 
Hernández et al., 2009; Montilla et al., 2012) or alditol 
acetate derivatives (Coulier et al., 2009). GC-MS has also 
been used for characterisation of novel GOS derived from 
lactulose (Hernández-Hernández et al., 2011), as well as 
for the determination of in vivo digestibility of commercial 
GOS and novel GOS products derived from lactulose in 
ileal samples of individual rats (Hernández-Hernández 
et  al., 2012a).

The composition of GOS has also been analysed by HPAEC-
PAD and glucose and galactose isomers can be efficiently 
separated (Cardelle-Cobas et al., 2008; Corradini et al., 
2002; Martínez-Villaluenga et al., 2008; Van Leeuwen et al., 
2016). Recently, HPAEC-PAD has been also used to monitor 
GOS fermentation in piglet faecal culture (Difilippo et al., 
2016), whilst its unusual coupling with MS, which requires 
the removal of salts present in the mobile phase prior to 
MS detection, using an LTQ with an ESI source operated 
in both positive and negative mode has been also used for 
GOS determination (DP 2-4) (Coulier et al., 2009).

A combination of hydrophilic interaction liquid 
chromatography (HILIC) and electrospray ionization mass 
spectrometry (ESI-MS) under positive polarity using a 
microTOF as a mass analyser was useful to determine 
the DP (from 3 to 7) of GOS (Sinclair et al., 2009). 
Hernandez-Hernandez et al. (2012b) assessed the ability 
of three different stationary phases: (1) sulfoalkylbetaine 
zwitterionic, (2) polyhydroxyethyl aspartamide and (3) 
ethylene bridge hybrid (BEH) with trifunctionally bonded 
amide, using different solvents and modifiers for the 
analysis of complex mixtures of GOS. The best separation 
was achieved on the BEH amide stationary phase, using 
acetonitrile:water with 0.1% ammonium hydroxide as 
mobile phase, where the most of oligosaccharides were 
successfully resolved. An UHPLC-MS2 approach using a 
porous graphitic column allowed the recognition of more 
than 100 different GOS structures in one single run after 
reduction, including reducing and non-reducing GOS 
isomers (Logtenberg et al., 2020). Interestingly, these 
authors reported MS fragmentation rules to distinguish 
reducing GOS isomers with a mono-and disubstituted 
terminal glucose. Likewise, in a pioneering work, the BEH 
amide stationary phase in the first dimension was coupled 
to a reversed-phased column in the second dimension 
for the first application of on-line comprehensive two-

dimensional LC (LC × LC) to the successful separation of 
previously derivatised commercial prebiotic mixtures of 
GOS and gentio-oligosaccharides (GEOS) (Martín-Ortiz 
et al., 2019).

Carevic et al. (2016) have recently reported a complete 
elucidation of GOS structures from DP 2 to DP 4 
based uniquely on IMMS-MS/MS. Findings coming 
from this paper gave insight into the mechanism of 
transgalactosylation and highlighted the variation of 
particular β-linkages during GOS synthesis. Previously, 
Neri et al. (2011) and Hernandez-Hernandez et al. (2012b) 
and Maina et al. (2013) provided useful MSn data on GOS 
and IMOS fragmentation, respectively, with an ESI source 
and an ion trap mass spectrometer. A series of recent papers 
have provided NMR data on GOS up to DP5 from different 
sources (Van Leeuwen et al., 2014a,b, 2016). In fact, a library 
of NMR data was built up from DP2 and DP3 compounds 
to enable fast screening of complex GOS mixtures in terms 
of major and minor linkage types.

Concerning FOS, a conventional GC-FID procedure for the 
determination of oligosaccharides up to DP 7 in different 
foodstuff was developed by Montilla et al. (2006) using 
a temperature program with 360 °C as the maximum 
temperature and an HT5 (non-polar) aluminium-clad 
capillary column. This method has also been applied for 
the quantification of GOS and FOS in several commercial 
infant formulas (Sabater et al., 2016).

A detailed review article of HPAEC-PAD as a powerful tool 
to evaluate carbohydrates of food interest was published 
by Corradini et al. (2012). The suitability of HPAEC-PAD 
to separate FOS of different DP up to 80 and more (Finke 
et al., 2002) has been extensively reviewed (Borromei et 
al., 2009; Corradini et al., 2004; Sangeetha et al., 2005). 
Nevertheless, separation of FOS using new optimised 
HPAEC methods are still being developed (Rodríguez-
Gómez et al., 2015). Brokl et al. (2011) evaluated reversed-
phased LC (Luna C18 column), HPAEC (CarboPac® PA 
100), HILIC (ethylene bridge hybrid column) and GCC 
(Hypercarb column) for the analysis of complex mixtures 
of neutral oligosaccharides, including FOS, GEOS and 
dextransucrase cellobiose acceptor oligosaccharides. 
The authors concluded that HILIC and GCC were 
the most suitable LC modes for the analysis of neutral 
oligosaccharides based on their separation potentials. 
HILIC efficiently analysed oligosaccharides of different 
DP whereas GCC provided the best separation of isomeric 
oligosaccharides with the same molecular weight. FOS 
have been also efficiently separated using classical HILIC 
conditions, i.e. on amine modified silica columns under 
isocratic conditions with acetonitrile and water as mobile 
phase and a refractive index detector (Díez-Municio et al., 
2016; Rodríguez-Gómez et al., 2015). Similar column and 
chromatographic conditions have been successfully applied 
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for the efficient separation of hetero-fructooligosaccharides, 
such as maltosyl- (Díez-Municio et al., 2013), lactosyl- 
(Díez-Municio et al., 2015) and raffinosyl-oligofructosides 
(Díez-Municio et al., 2016). Different types of FOS together 
with raffinose have been also determined and characterised 
by different HILIC-MS methods with gradient elution 
in complex food matrices, such as wheat flour (Liu and 
Rochfort, 2015) and artichoke industrial waste (Machado 
et al., 2015). Likewise, Harrison et al. (2012) described 
fragmentation patterns which allowed the differentiation 
between inulins and fructans by LIT-MSn. MALDI MS has 
been applied to fructan analyses including in situ analyses 
of plant tissues (Stahl et al., 1997).

Finally, Schols et al. (2000) demonstrated the ability of 
HILIC using a TSK-gel Amide-80 column to separate 
acetylated XOS. Westphal et al. (2010) developed a GCC-
ELSD-MSn method for the characterisation of a wide 
array of oligosaccharides derived from plant cell wall 
polysaccharides, including XOS, manno-oligosaccharides 
and galacturonic acid oligosaccharides. Similarly, AXOS 
have been also structurally characterised by HILIC-MSn 
using a BEH amide column (Juvonen et al., 2019). In an 
elegant study, Daas et al. (2000) developed an HPAEC-
PAD method based on the CarboPac PA-1 column for 
the analysis of methyl-esterified galacturonic acid from 
pectin. More recently, a HILIC-ELSD/MSn method using 
a LTQ as mass analyser was developed to determine 
pectic-oligosaccharides derived from different sources, 
including sugar beet pectin (Remoroza et al., 2014) or 
rose hip fruits (Ognyanov et al., 2016), whereas a method 
based on the coupling of HILIC to traveling-wave IMMS 
allowed the precise identification of isomeric sugar beet 
pectic oligosaccharides after separation by ion mobility and 
subsequent MS fragmentation (Leijdekkers et al., 2015).

7. Model systems to study carbohydrate 
fermentation in the gut

Despite their physiological relevance, in vivo animal or 
human trials are limited for screening the effects and 
possible mechanism of action of such dietary ingredients 
and/or drugs, as they are confronted with the high 
complexity of the GIT environment and the lack of easy 
access to the gut (Sousa et al., 2008). In vivo studies are thus 
often restricted to faecal samples which do not provide 
information on dynamic microbial processes at the site 
of fermentation in the gut. Therefore, even if they suffer 
from the absence of a physiological host environment, in 
vitro simulations, which can closely mimic the microbial 
composition and activity in different regions of the human 
gut, offer unique advantages (Macfarlane and Macfarlane, 
2007; Payne et al., 2012a; Venema and Van den Abbeele, 
2013). Firstly, in vitro models provide insights in different 
steps of the fermentation process by allowing a dynamic 
sampling over time in different consecutive regions of the 

human colon. Moreover, as in vitro models are standardised, 
they provide results with a high reproducibility. Importantly, 
there are no ethical constraints for using in vitro models, 
so that pathogens, toxic or radioactive compounds can be 
used without ethical approval. In vitro approaches thus 
offer the possibility of mechanistic studies and developing 
hypotheses that need to be proven (or disproven) in human 
clinical trials. It is however important to create conditions 
that closely resemble the in vivo situation. The better a 
system can simulate the real situation, the higher is the 
physiological significance of the information obtained 
(Guerra et al., 2012).

To study the effect of food components and drugs on 
microbial composition and activity, numerous in vitro 
experiments have been applied in the past, both for 
screening different products and mechanistic studies. The 
debate has been however, how representative the outcome 
of such experiments is for human (or animal) application. 
A first validation of conventional in vitro models was 
provided by molecular tools that allowed characterising 
the in vitro microbiota in high phylogenetic resolution. 
This revealed that in vitro models can maintain a human-
like gut microbiota (Rajilić-Stojanović et al., 2010; Van 
den Abbeele et al., 2010). The microbial bias that was 
observed during these studies, i.e. depletion in butyrate-
producing Clostridium cluster IV and XIVa sp. In vitro, was 
alleviated by incorporating a simulation of the intestinal 
mucosal surface (Van den Abbeele et al., 2012a). The 
latter study also demonstrated that the microbial spectra 
unique to specific human subjects (Rajilić-Stojanović et 
al., 2010; Van den Abbeele et al., 2010) can be maintained 
in vitro. Besides overall microbial composition, specific 
activities can also be maintained in vitro, as shown for 
the bio-activation of phytoestrogens. Upon inoculation 
of in vitro models with a faecal sample of a person with 
high or low bioconversion rates in vivo, this specific (high 
or low) activity was maintained in the corresponding in 
vitro microbiota (Possemiers et al., 2008). Also, when 
comparing microbial fermentation spectra of different 
prebiotic compounds in different in vitro models for the 
human GIT, similar observations were done across different 
in vitro models (Van den Abbeele et al., 2013).

Finally, also results from human clinical trials, such as 
the bifidogenic effect of fructo-oligosaccharides (FOS) 
or inulin (Van den Abbeele et al., 2011; Van Nuenen et 
al., 2003), as well as the butyrogenic effect of resistant 
starches (Fässler et al., 2006), can be reproduced in vitro. 
This broad spectrum of validation studies has encouraged 
researchers to use in vitro systems to study the role of the 
gut microbiota in health and disease. Faecal donations 
can be collected from different age groups (babies, adults, 
elderly), different geographical locations, or people with 
different disorders or diseases, such as IBD (Van Nuenen 

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 



R.A. Rastall et al.

136 Beneficial Microbes 13(2)

et al., 2004), and obese versus lean individuals (Aguirre et 
al., 2016; Venema, 2010).

As inoculum two strategies are employed: (1) faecal 
inocula from individual donors are used, as well as (2) 
pooled samples from several donors. Both have their pros 
and cons. When testing individual samples, the starting 
inoculum is always different between different experiments, 
unless a multitude of experiments can be run in parallel. 
However, with the current existing models this is not 
possible A pooled (and stored) microbiota that allows for 
approximately 100 different runs, always starting with the 
same starting microbiota, allows for direct comparison 
between experiments. Also, when collecting large quantities 
of microbiota is a problem, e.g. for newborns, pooling may 
be an outcome. For the major metabolic activities of the 
gut microbiota, carbohydrate and protein fermentation, it 
has been shown that pooling gives the same outcome as 
using the individual samples, likely due to the functional 
redundancy of microbes (Aguirre et al., 2014). However, for 
other microbiota activities, such as polyphenol degradation, 
methane production and others, pooling may lead to a 
skewed picture. E.g. for methane production, it has been 
shown that this occurs only in about one-third of the human 
individuals (De Lacy Costello et al., 2013), and is unclear 
what happens if a methanogenic and a non-methanogenic 
microbiota are combined in a pool.

Luminal models of the gut

Short-term batch incubations

The simplest and most frequently used in vitro models to 
study the gut microbiome are static batch fermentations. 
These are usually performed in small reactor vessels or 
test-tubes, in which a variety of cultures, such as specific 
strains, intestinal or faecal microbial communities from 
animal or human origin, are tested for their ability to 
metabolise different substrates. These systems are far 
from physiological and suffer e.g. from accumulation of 
microbial metabolites inhibiting further microbial activity 
so that incubations usually need to be extended to periods 
of 24 h or more, to get full fermentation of the compound 
of interest. From more complex dynamic systems, it is 
clear that these compounds are fermented much quicker, 
usually within 4 h, indicating the limitations of these batch 
incubations. In fact, due to changes in pH, redox potential 
and community structure in these incubations, these 
systems will not provide accurate results (Gibson and Fuller, 
2000). However, inter-individual variations in microbiota 
composition (De Weirdt et al., 2010; Possemiers et al., 
2007) and the high throughput of these batch incubations 
make them valuable systems for initial screening assays.

Single stage reactors or semi-continuous systems

The majority of semi-continuous fermenter systems used 
to model the human colonic microbiota have been adapted 
from a system described by Miller and Wolin (1981), which 
in turn, was adapted from a system devised for use in rumen 
micro-ecology studies (Slyter et al., 1964). Numerous 
variations on this system have been used and since they 
have been reviewed before (Rumney and Rowland, 1992), 
they will not be discussed here.

Multi-compartmental continuous systems

Batch experiments and single stage reactors offer a very 
easy and flexible screening tool. However, they tend to over-
simplify the actual complexity of the processes occurring 
in the GIT. The application of well-designed, continuous, 
dynamic models allows the in-depth study of the gut 
microbiome, and the effect of the activity of selected food 
molecules or diets on the composition and activity of the gut 
microbiota, under representative environmental conditions.

MacFarlane and Gibson 3-stage continuous culture system

The research in the field of multi-stage systems started 
with the three-stage continuous culture reactor by the 
group of Gibson and Macfarlane in the 1980s (Gibson et 
al., 1988; Macfarlane et al., 1989a,b). The model consists 
of 3 connected vessels simulating the ascending, transverse 
and distal colon. The pH of these vessels is 6.0, 6.5, and 7.0, 
respectively, while the operating volumes are 0.3, 0.5, and 
0.8 l with dilution rates of 0.08, 0.048, and 0.034/h. The 
total retention time in the system is approximately 63 h 
(Gibson et al., 1988). These researchers also developed a 
growth medium, which was subsequently used by others in 
the field with minor modifications. The medium consists 
of a source of protein, and complex carbohydrates (i.e. 
pectin, xylan, arabinogalactan and starch and amylopectin, 
the latter two representing ‘resistant starch’) that are not 
digested by the human enzymes and thus reach the colon, 
where they are fermented by the gut microbiota.

SHIME

The SHIME® (Simulator of the Human Intestinal Microbial 
Ecosystem) system (Ghent University-Prodigest, Ghent, 
Belgium) consists of a succession of five reactors simulating 
both the upper and the lower digestive tract. Technically, 
it is an evolution of the simulator introduced by Gibson et 
al. (1988). The first two reactors, mimicking the stomach 
and small intestine, follow the fill-and-draw principle 
adding a defined amount of nutritional medium, pancreatic 
enzymes and bile to the simulated stomach and small 
intestinal compartments. The three colon compartments 
are continuously stirred reactors with constant volume (0.5, 
0.8 and 0.6 l, respectively) and pH control (pH between 
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5.6 and 5.9, 6.15-6.4, and 6.6-6.9, respectively) (Van den 
Abbeele et al., 2010). The overall residence time of the 
last three vessels, simulating the large intestine, is 72 
h. Upon inoculation with a faecal microbiota, an initial 
two-week stabilisation period allows these human faecal 
microbes to adapt to the imposed in vitro conditions and to 
evolve from a faecal to a colon region-specific microbiota 
(Molly et al., 1993, 1994; Van den Abbeele et al., 2010). 
For different SHIME-units run in parallel, this stabilisation 
process is reproducible and usually followed by a two-week 
control period, and a two/three-week treatment period. 
Finally, a two-week wash-out period allows evaluating the 
reversibility of a treatment (Van den Abbeele et al., 2010).

EnteroMix

The EnteroMix semi-continuous model is comprised of 
four glass vessels, representing the ascending, transverse, 
descending and distal colon, respectively. It is possible 
to run eight units simultaneously in parallel using the 
same faecal inoculum. The vessels have small working 
volumes (6-12 ml). The pH levels in the vessels are similar 
to conditions in vivo (pH 5.5, 6.0, 6.5 and 7.0, respectively) 
(Lamichhane et al., 2018; Makivuokko et al., 2005). Fresh 
faecal inoculum is added to each unit and vessel, and with 
three-hourly fluid transfers the feeding fluid containing 
the test substance is fed to the system, while each vessel is 
continuously stirred under anaerobic conditions (Forssten 
et al., 2015). After 48 h, the simulation stops, and samples 
are collected from each vessel. The EnteroMix system has 
been used both for adult and infant simulations (Forssten 
and Ouwehand, 2017; Salli et al., 2019).

Lacroix model

The three-stage model developed by the group of Lacroix 
at ETH in Zurich uses an immobilised microbiota with the 
idea to represent the complex bacterial community in the 
colon which is present both at planktonic and sessile states 
(Cinquin et al., 2006b). Faecal inocula are immobilised 
in 1-2 mm diameter gel beads, composed of gellan gum, 
xanthan gum and sodium citrate (Cinquin et al., 2004). The 
total mean retention time in the system with a total volume 
of 325 ml is set at 13 h by adjusting the feed flow rate to 
25 ml/h, with mean retention times of 4, 5 and 4 h in the 3 
consecutive vessels, respectively. The pH in the first two 
vessels is set at 5.9 and 6.2, respectively. The pH in the third 
vessel is not controlled but stabilised at the physiological 
range of 6.6-6.7 (Cinquin et al., 2006b). Several studies have 
been done with a microbiota originating from infants (Le 
Blay et al., 2009a; Payne et al., 2012a).

TIM-2

The TNO dynamic computer-controlled in vitro model 
of the proximal colon (TIM-2), developed by TNO in the 
Netherlands, consists of 4 connected glass-jackets with 
flexible silicon membranes inside. By applying pressure 
on the flexible walls, peristaltic movements are achieved, 
causing the chyme to be mixed and moved through the 
system. This mixing is better than that achieved by stirring 
in a reactor so that even viscous solutions are properly 
mixed and transported through the model. The pH is 
maintained at 5.8 and the volume is 135 ml. Multiple 
units can be run in parallel using the same human faecal 
inoculum. This is the only in vitro model that contains 
a dialysis membrane that simulates uptake of microbial 
metabolites by the body, which also prevents accumulation 
of these metabolites in the lumen, which would otherwise 
cause inhibition of microbial activity. This allows the system 
to be inoculated with a high-density microbiota. After 
overnight stabilisation of the microbiota, experiments are 
performed over a short period (1 day to generally 3 days), 
although the system has been shown to be stable over a 
3-week period (Minekus et al., 1999; Venema et al., 2003). 
Usually, only the proximal colon is mimicked in TIM-2, 
although the technology allows for incubations throughout 
the colon.

Models incorporating the mucosal compartment

Macfarlane and colleagues have studied the effect of adding 
mucin to their in vitro model (Macfarlane et al., 2005), to 
determine how intestinal bacteria colonise mucus and 
to study physiological and enzymatic factors involved 
in the destruction of this glycoprotein. Colonisation of 
mucin gels was studied simulating conditions of nutrient 
availability and limitation characteristic of the proximal and 
distal colon, respectively. Gel samples were also taken for 
analysis of mucin-degrading enzymes and measurements of 
residual mucin sugars. Mucin gels were rapidly colonised, 
especially by members of the Bacteroides fragilis group, 
enterobacteria, and clostridia. These populations growing 
on mucin surfaces were shown to be phylogenetically and 
metabolically distinct from their luminal counterparts. 
Destruction of mucin in the gels was most extensive 
by bacteria growing under nutrient-limited conditions 
(Macfarlane et al., 2005).

Recently, Van den Abbeele et al. (2012a,b) improved the 
SHIME model for the luminal microbiota by incorporating a 
simulated mucosal environment containing mucin-covered 
microcosms (mucosal SHIME or M-SHIME). Firstly, the 
mucosal environment allowed colonisation of specific 
lactobacilli such as Limosilactobacillus mucosae and L. 
rhamnosus GG via mechanisms corresponding to the in 
vivo situation (Van den Abbeele et al., 2012b). Moreover, 
profound characterisation of the overall microbiota revealed 
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that, in correspondence with in vivo studies (Nava et al., 
2010; Shen et al., 2010), the mucosal microbiota of the 
M-SHIME was enriched with species belonging to the 
Firmicutes (especially butyrate-producing Clostridium 
cluster IV and XIV species) as opposed to Proteobacteria 
and Bacteroidetes (Van den Abbeele et al., 2012a). This is 
particularly interesting as in vitro models without mucosal 
environment have been shown the opposite (Rajilić-
Stojanović et al., 2010; Van den Abbeele et al., 2010). 
Incorporating a mucosal environment in a dynamic in 
vitro simulation may thus lead to more in vivo-like microbial 
communities and allow to study the unique mucosal 
microbiota in health and disease as demonstrated for the 
unravelling of microbial factors in IBD (Van den Abbeele 
et al., 2013; Vermeiren et al., 2012; Vigsnaes et al., 2013).

Applications of in vitro models to study the gut 
microbiota in health and disease

In vitro models have been used for numerous applications. It 
goes beyond the scope of this review to discuss all of these. 
We will highlight some applications which are important in 
determining the role of the microbiota in health and disease, 
providing examples of each of the multi-compartmental 
continuous systems as described above.

Due to the limited sampling possibilities of the human colon, 
it is hard to study microbial activity in vivo. Initially, in vitro 
models were used to study the effect of food components on 
the genotoxic activity of the microbiota. For instance, it was 
shown in the three-stage model by McBain and colleagues 
that an increase in retention time (which ranges from 20-
120 h) augments the expression of enzymes thought to 
be involved in the production of genotoxic compounds, 
such as azoreductase, beta-glucosidase and nitroreductase 
(McBain and Macfarlane, 1997, 1998). Downregulation of 
these enzymes was accomplished by adding inulin or GOS 
(McBain and Macfarlane, 2001). Another early aspect that 
was studied using in vitro models was the effect of dietary 
components on microbial composition, where the aim was 
to increase the levels of presumably beneficial microbes 
such as bifidobacteria. Practically all multi-compartmental 
in vitro models have studied this. This started with research 
on inulin (Grootaert et al., 2009; McBain and Macfarlane, 
2001; Van den Abbeele et al., 2011; Van Nuenen et al., 
2003) and fructo-oligosaccharides (Cinquin et al., 2006), 
the most studied ‘bifidogenic’ substrates. In addition, 
also lactulose (Venema et al., 2003), starch (Rose et al., 
2010), polydextrose and xylitol (Mäkeläinen et al., 2007; 
Makivuokko et al., 2005), polydextrose (Forssten et al., 
2015; Lamichhane et al., 2016, 2018), GOS (Martinez et 
al., 2013; McBain and Macfarlane, 2001), and arabinoxylan 
(Grootaert et al., 2009; Van den Abbeele et al., 2011) have 
been investigated. Also, synbiotic effects of probiotics and 
prebiotics have been studied (Mäkivuokko et al., 2010; Van 
Zanten et al., 2012). Frequently, the models are used for 

screening a large number of potential functional foods for 
their beneficial activities (Maathuis et al., 2009). In addition, 
the production of SCFA (primarily acetate, propionate and 
butyrate) has been studied heavily. Especially butyrate has 
attracted considerable attention, as it is an indispensable 
fuel for our colonocytes (Roediger, 1980). For instance, it 
has been shown that enemas of butyrate diminish symptoms 
in people that suffer from IBD (for review see Hamer et 
al., 2010). Moreover, recently also propionate has been 
shown to have beneficial effects in the host (for review 
see Al-Lahham et al., 2010). To study which SCFA are 
produced from which carbohydrate substrate, experiments 
using the stable isotope 13C have been used. This has been 
primarily studied in TIM-2. The isotopic label allows tracing 
of the label into microbial biomass and metabolites that 
are produced by these microbes (De Graaf et al., 2010; 
Egert et al., 2007; Kovatcheva-Datchary et al., 2009b). 
Thus, it becomes possible to link the fermentation of a 
certain 13C-labelled substrate by specific members of 
the microbiota to quantitative production of microbial 
metabolites. These metabolites are primarily the SCFA 
(Egert et al., 2007; Kovatcheva-Datchary et al., 2009a; 
Lamichhane et al., 2018) although label incorporation in 
metabolites such as ethanol and several amino acids has 
also been demonstrated (Binsl et al., 2010; De Graaf et 
al., 2010). Examples of 13C-labelled substrates that have 
been studied in TIM-2 are glucose (Egert et al., 2007), 
starch (Kovatcheva-Datchary et al., 2009a), lactose and 
inulin (manuscript in preparation) and GOS (Maathuis 
et al., 2012). Because the label can be traced, the exact 
amount of SCFA produced by the microbiota from a given 
substrate can be calculated, and this allows for the exact 
determination of the amount of energy that is extracted by 
the microbiota from these substrates (Venema, 2010, 2012).

Whereas carbohydrate fermentation leads primarily 
to the beneficial SCFA, protein fermentation leads to 
production of several potentially toxic metabolites, such as 
the branched-chain fatty acids (BCFA), ammonia, amines, 
several phenolic and indolic compounds and hydrogen 
sulphide (Verbeke et al., 2015). Since most gut microbes 
prefer to ferment carbohydrates over proteins, the balance of 
saccharolytic and proteolytic fermentation can be directed 
towards a healthier state by adding more carbohydrate to 
the ‘diet’ of the in vitro models. For instance, the addition 
of inulin, with different degrees of polymerisation, led to 
a significant reduction of production of toxic proteolytic 
metabolites (Van Nuenen et al., 2003). Interestingly, the 
addition of C. difficile, mimicking overgrowth of this species 
after antibiotic treatment led to a two-fold increase in 
proteolytic metabolites, which could be counteracted by 
the addition of the different inulins (Van Nuenen et al., 
2003). Moreover, it has been shown that the proteolytic 
capacity of the microbiome of IBD patients seems to be 
higher than that of healthy individuals, as the production 
of toxic metabolites by an IBD microbiota was shown to 
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be significantly higher on the same ‘diet’ (Van Nuenen et 
al., 2004). However, a limitation of this study was that the 
physiological conditions for healthy individuals were also 
used for IBD patients. It is likely that differences may exist 
between healthy individual and IBD patients with respect to 
pH, redox potential, gut transit and dietary habit and thus 
the substrates that make it to the colon. That gut transit 
is important for microbial metabolism has for instance 
been studied in the three-stage model (Child et al., 2006; 
Macfarlane et al., 1998; Smith and Macfarlane, 1996). It 
was shown that an increase in retention time led to higher 
production of putrefactive metabolites. Retention time also 
influences expression of enzymes involved in production 
of genotoxic compounds as discussed earlier (McBain and 
Macfarlane, 1997, 1998, 2001).

Furthermore, studies have been performed on the 
production of the antimicrobial reuterin from glycerol 
(Cleusix et al., 2008; De Weirdt et al., 2010), the prevention 
of growth of Salmonella (Le Blay et al., 2009b; Zihler et 
al., 2010, 2011), the effect of low iron availability on the 
metabolism of the gut microbiota (Dostal et al., 2013), 
prevention of oxalate production which is involved in kidney 
stones formation (Lewanika et al., 2007), the metabolism of 
polyphenols by the gut microbiota and the resulting effect 
on anti-oxidant capacity (Bracke et al., 2008; Kong et al., 
2009; Possemiers et al., 2008), and the effect of probiotics 
after or concurrent with antibiotic treatment (Rehman et 
al., 2012).

CoMiniGut

A relatively novel in vitro parallel gut microbial fermentation 
screening tool, called Copenhagen MiniGut (CoMiniGut), 
with a working volume of only 5 ml consisting of five parallel 
reactor units that can be expanded with multiples of five to 
increase throughput has recently been introduced (Wiese 
et al., 2018). The functionality of the CoMiniGut was first 
in experiments with inulin and the lactulose. Due to its 
small volume, it is particularly suited to test of scarce and 
expensive substrates, such a (chemically synthesised or 
purified) human milk oligosaccharides and potential novel 
prebiotics (Chapter 4), which are usually present in small 
quantities. Apart from Wiese et al. (2018), to our knowledge 
the model has not been studied further in carbohydrate 
fermentation.

Limitations and challenges in modelling colonic 
fermentation

While the use of continuous culture systems has allowed 
gaining mechanistic insight in many aspects of the human 
colon microbiota, it is of importance for optimal data 
interpretation that the drawbacks that are inherently 
associated with these in vitro approaches are fully 
appreciated.

Firstly, in vitro culture systems may be an oversimplification 
of the in vivo situation as only the cecum and proximal 
colon exhibit characteristics of a continuous culture. These 
parts of the gut receive undigested material from the ileum, 
and act as a mixing chamber (Macfarlane and Macfarlane, 
2007). Colonic material then passes to the distal bowel 
for storage, and further mixing is largely restricted due to 
water absorption. Here the bacteria are effectively growing 
under batch or fed-batch conditions due to restrictions 
in substrate supply. It is therefore difficult to properly 
reproduce all fermentation dynamics of the colon in its 
entirety in vitro (Macfarlane and Macfarlane, 2007).

Similarly, all in vitro models lack feedback mechanisms 
by the host. Also, epithelial cells and immune cells are 
missing, which are important components in host-microbe 
interactions. But, as we will discuss later, samples from in 
vitro models can be combined with cell culture systems to 
better mimic this interaction with the host.

Physiological parameters that have been used in the current 
models in most cases have been obtained from healthy 
individuals. It is not clear whether these parameters, such as 
pH, redox potential, transit time, are the same for patients 
with several disorders or diseases. In fact, for some diseases 
one can argue that they will definitely not be the same, such 
as redox potential in IBD patients. It is known that already 
small changes in pH affect microbial metabolism (Duncan et 
al., 2009; Smith and Macfarlane, 1996; Walker et al., 2005).

Therefore, mimicking colonic metabolism using in vitro 
models will remain a challenge. Studies performed in such 
models will give indications of potential effects. However, 
they do allow one to test hypotheses and study mechanisms, 
or generate new hypotheses based on the results obtained.

Future perspectives

An exciting development is the combination of dynamic 
luminal models with cell culture systems. Whereas simple 
co-culture models of single microbes with cell-line models 
are beyond the scope of this review, we focus on the 
modelling the complex microbiota in the presence of host 
cells which becomes increasingly feasible.

Several studies investigated the effect of samples from in 
vitro models on enterocytes (usually Caco-2 cell cultures) 
and/or immune cells, such as the macrophage cell line U937 
(Bahrami et al., 2011; Putaala et al., 2011; Van Nuenen 
et al., 2005), to study adherence (Bahrami et al., 2011), 
cytokine production (Bahrami et al., 2011; Van Nuenen 
et al., 2005), or gene expression (Putaala et al., 2011). In 
the study by Van Nuenen et al. (2005), concentrations of 
microbial metabolites such as those produced in TIM-2 by 
a microbiota originating from IBD patients (Van Nuenen 
et al., 2004) led to a different cytokine production by 
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macrophages than those from healthy individuals. This was 
observed both in a co-culture system of Caco-2 cells with 
U937, as well as U937 alone, mimicking a compromised 
epithelial barrier, which often is the case in IBD patients.

The host-microbiota interaction (HMI™) model is an in vitro 
model that allows studying microbial interactions with host 
cells during long-term incubations. It consists of a two-
compartment reactor, with at one side a complex microbiota 
from the SHIME, and at the other side human enterocytes, 
potentially co-cultured with immune cells (Marzorati et 
al., 2012, 2013). The compartments are separated by a 
semi-permeable membrane coated with mucins to allow 
colonisation of mucin-adhered microbes. Moreover, the 
membrane allows transport of microbial or host metabolites 
and of oxygen from the host to the microbial compartment 
in order to create microaerophilic conditions in the 
simulated mucus layer. Finally, the membrane prevents 
direct exposure of host cells to intestinal microbes, thus 
avoiding direct toxic effects. This approach has been 
validated by dosing an anti-inflammatory compound to 
the SHIME for one week while following the production of 
pro/anti-inflammatory cytokines during 48h. Comparison 
to a control, the HMI-module connected with the SHIME 
treated with the test product showed a lower production of 
pro-inflammatory cytokines (i.e. IL8 and IL 1β; Marzorati 
et al., 2014).

Another spectacular development that may lead 
to sophisticated host-microbe models is the recent 
establishment of a method to cultivate single intestinal stem 
cells into spherical crypt-like structures, called organoids, 
with several distinct cell types that are normally found 
in the gut, such as enterocytes, goblet cells, and Paneth 
cells (Roeselers et al., 2012; Sato et al., 2009). However, 
currently it will be challenging to combine the organoids 
with a microbiota, as it seems very difficult to trap microbes 
within the organoids. Perhaps when these cells can be 
grown as a single cell layer, like Caco-2 cells are usually 
cultured, it will become feasible to study the microbe-
organoid interaction.

Finally, another fascinating in vitro development is the 
3D-culturing of human intestinal epithelial cells using 
rotating wall vessels. This simulation of the epithelium 
has been shown to better represent the in vivo situation 
compared to monolayer models as there is a distinct apical 
and basolateral polarity, an enhanced expression and 
organisation of tight junctions, extracellular matrix, and 
brush border proteins. Moreover, the 3D-culture models 
are characterised by highly localised mucus production, and 
differentiation into multiple epithelial cell types including 
enterocytes, goblet cells, Paneth cells and M-like cells 
(Barrila et al., 2010). The results obtained with such 3D 
models have been shown more predictive of key in vivo 
responses to infection by Salmonella Typhimurium as 

compared to monolayers (Höner zu Bentrup et al., 2006; 
Radtke et al., 2010).

8. Recommendations and hypotheses for future 
research

At the present time it is not possible to come to firm 
conclusions with respect to structure-function relationships 
among dietary carbohydrates. This is due to the following 
limitations in the available literature:
• In many papers on fermentable carbohydrates, the 

carbohydrate is very poorly characterised. In many cases 
a loose description such as ‘apple fibre’ or ‘sugar beet 
fibre’ is used which does not give information about the 
mix of complex carbohydrates that have actually been 
used. Many authors, approaching their work from a 
nutritional perspective have characterised the materials 
by their soluble fibre content. In terms of deducing 
structure-function relationships, this is not informative.

• There have been a wide range of microbial methods 
used over the years of research in this field. It is not 
possible to compare data obtained by plate counts with 
data obtained via molecular methods. Some molecular 
methods such as fluorescent in vitro hybridisation 
(FISH) or qPCR target anything from particular species, 
or particular genera, to large functional groups of 
microorganisms. On the contrary, most sequencing 
studies give relative abundance of DNA reads rather 
than quantify cell populations. For this reason, detailed 
comparative analyses from the literature are not 
practical. Comparisons using similar methods can be 
made, however, which may then give an indication of 
shifts or changes in the microbiota. Different methods 
may then be used to give confidence on these outcomes.

• Many in vitro studies on the fermentation properties 
of prebiotics or candidate prebiotics have not worked 
with pure materials. Some prebiotics such as inulin 
are essentially a pure prebiotic but one that exists as 
a disperse range of molecular weights. Others such as 
GOS are very complex in terms of the carbohydrate 
structures present and this complexity varies among 
the available commercial products. Further, most 
of these products contain appreciable quantities of 
residual lactose and monosaccharides left over from the 
manufacturing process. These absorbable carbohydrates 
will act as confounding factors in an in vitro fermentation 
if not removed. Current methods of removal of such 
confounding carbohydrates are generally based on size 
fractionations, whereas the absorption of carbohydrates 
from the gut is not this simple and is based around 
carbohydrate structure.

• It is becoming clear that the variations in the gut 
microbiome among human individuals have a bearing 
on the response of those individuals to fermentable 
carbohydrates. Most in vitro studies in the literature 
have not reported on comparative analyses of different 
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carbohydrates with the same faecal donors. The majority 
of human feeding studies have fed a specific carbohydrate 
to groups of volunteers and have not analysed the faecal 
microbiome responses on an individual level.

Despite the limitations in the literature, there are some 
general trends that can be seen:
• Bifidobacterium species are almost always selectively 

stimulated by low molecular weight oligosaccharides. 
This seems to be a result of these organisms possessing 
a wide range of carbohydrate transporters together with 
exo-glycosidase enzymes.

• Bacteroides as a genus is very capable of degrading and 
metabolising high molecular weight polysaccharides and 
has evolved very sophisticated mechanisms to handle a 
variety of complex structures.

• NDC potentially have many mechanisms by which they 
can impact on host health. These include acting as a 
selective fermentation substrate, inhibiting the adhesion 
of potential pathogens to host cells and stimulating 
mucosal cells to enhance barrier function. The extent to 
which these various mechanisms operate in vivo is yet to 
be elucidated. We recommend that future research aims 
to address the degree to which NDC can bring about 
their effects via direct interactions with cells in vivo.

This manuscript has examined the effects of a wide range 
of fermentable natural fibres on the human gut microbiota 
in in vitro and in vivo systems. The effects of fibres on the 
gut microbiota of human volunteers has recently been 
published (So et al., 2018). This includes a total of 64 studies 
involving 2,099 individuals and the key findings analysis 
can be summarised as:
• Fructans and galactooligosaccharides led to significantly 

greater abundance of both Bifidobacterium and 
Lactobacillus and also higher faecal butyrate 
concentrations in healthy adults.

• Candidate prebiotics (which comprise a broader range 
of fibres including polydextrose and resistant starch 
interventions as defined by Roberfroid et al., 2010) 
produced different effects on the abundance of these 
two genera, with significant effects demonstrated for 
Bifidobacterium but not Lactobacillus spp.

• Fibres not classified as accepted or candidate prebiotics 
(also based on (Roberfroid et al., 2010)) did not affect the 
abundance of either Bifidobacterium or Lactobacillus.

• With respect to some other important bacterial groups 
such as Roseburia spp.; A. muciniphila; E. hallii; E. 
rectale; F. prausnitzii and R. bromii, the authors stress 
that the number of studies evaluating species of such is 
small and they highlight that further studies are needed 
to investigate the effects of fibre and other dietary 
components on these groups.

Based on our analysis of the literature with a view to 
understanding the structure-function relationships 

in fermentable fibres, the authors make the following 
recommendations for future studies:

1. Analysis of carbohydrate composition, structure and 
degree of polymerisation. It is evident that the structural 
characteristics of carbohydrates (i.e. type of glycosidic 
linkage, monomer composition and order and DP) play 
a key role in their fermentative properties. MS-based 
approaches normally have difficulties to provide accurate 
linkage-specific information and positional oligosaccharide 
isomers, whilst NMR is the gold standard for absolute de 
novo structural elucidation of carbohydrates; however, 
fermentable carbohydrate samples tend to be complex, 
resulting in uninterpretable NMR spectra. Despite the 
remarkable advances in the development of analytical 
techniques, there are still important limitations for the 
efficient separation of complex carbohydrate mixtures. 
In this context, the application of multidimensional 
chromatographic techniques could be a very promising 
alternative to overcome the drawbacks on the capability 
of separating complex mixtures by the monodimensional 
methods currently available for carbohydrate analysis. 
Likewise, a multi-strategy approach involving an integration 
of high throughput glycomic techniques based on systematic 
and/or sequential enzyme digestion steps and on powerful 
analytical and spectroscopic methods could also be very 
helpful to unravel fermentable carbohydrate structures

2. Determination of the impact on the gut microbiota. One 
of the most challenging aspects of attempting to identify 
structure function relationships in fermented carbohydrates 
is issue of microbiological methods used. Much of the 
literature on carbohydrate fermentation in the gut describes 
studies using targeted quantitative techniques, such as FISH 
or qPCR. More recent literature has focussed on untargeted 
approaches such as 16S sequencing.

Future studies would benefit from the rational use of 
multidimensional microbiology techniques. An untargeted 
sequencing-based overview could be followed up with 
a targeted approach based on FISH or qPCR to gain 
population sizes of the microorganisms that change in 
response to a fibre intervention.

3. Determination of the metabolic fingerprint of different 
fibre fermentations. It is relatively common to find in vitro 
studies determining SCFA as fermentation end products, 
generally focussing on acetate, propionate and butyrate and 
sometimes measuring branched chain fatty acids. Rarely 
they will include ammonia and phenolic compounds from 
protein fermentation too. Some studies have not even 
analysed the microbiota but have relied upon measurement 
of SCFAs as an indicator of microbial fermentation.

Once again, these are targeted approaches, and they demand 
a priori decisions over which metabolites will be measured. 
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We now have the capacity to determine metabolites in an 
untargeted manner using 1H-NMR and GC-MS techniques 
to give an overview of metabolic changes occurring. These 
are, however, specialised techniques that need expert input. 
They are not frequently used in in vitro testing but have 
come into their own in human studies. Future studies would 
have maximum impact by sampling blood plasma, urine 
and faeces and using metabonomic techniques to obtain a 
balanced view of the flux of metabolites from gut to human 
metabolism. Such approaches can also identify bacteria-
human co-metabolites that may be significant mediators 
of the health effects of fermentation in the gut.

References

Aaman, P. and Graham, H., 1987. Analysis of total and insoluble mixed-
linked (1.fwdarw.3),(1.fwdarw.4)-.beta.-D-glucans in barley and oats. 
Journal of Agricultural and Food Chemistry 35: 704-709. https://
doi.org/10.1021/jf00077a016

Abbas, A.K., Lichtman, A.H. and Pillai, S., 2012. Cellular and molecular 
immunology. Elsevier/Saunders, Philadelphia, PA, USA, 545 pp.

Adams, E.L., Rice, P.J., Graves, B., Ensley, H.E., Yu, H., Brown, G.D., 
Gordon, S., Monteiro, M.A., Papp-Szabo, E., Lowman, D.W., Power, 
T.D., Wempe, M.F. and Williams, D.L., 2008. Differential high-
affinity interaction of dectin-1 with natural or synthetic glucans is 
dependent upon primary structure and is influenced by polymer 
chain length and side-chain branching. Journal of Pharmacology and 
Experimental Therapeutics 325: 115-123. https://doi.org/10.1124/
jpet.107.133124

Aguirre, M., Bussolo de Souza, C. and Venema, K., 2016. The gut 
microbiota from lean and obese subjects contribute differently 
to the fermentation of arabinogalactan and inulin. PLoS ONE 11: 
e0159236. https://doi.org/10.1371/journal.pone.0159236

Aguirre, M., Ramiro-Garcia, J., Koenen, M.E. and Venema, K., 2014. To 
pool or not to pool? Impact of the use of individual and pooled fecal 
samples for in vitro fermentation studies. Journal of Microbiological 
Methods 107: 1-7. https://doi.org/10.1016/j.mimet.2014.08.022

Alander, M., Mättö, J., Kneifel, W., Johansson, M., Kögler, B., Crittenden, 
R., Mattila-Sandholm, T. and Saarela, M., 2001. Effect of galacto-
oligosaccharide supplementation on human faecal microflora and 
on survival and persistence of Bifidobacterium lactis Bb-12 in the 
gastrointestinal tract. International Dairy Journal 11: 817-825. 
https://doi.org/10.1016/s0958-6946(01)00100-5

Albrecht, S., Schols, H.A., Klarenbeek, B., Voragen, A.G.J. and Gruppen, 
H., 2010. Introducing capillary electrophoresis with laser-induced 
fluorescence (CE−LIF) as a potential analysis and quantification tool 
for galactooligosaccharides extracted from complex food matrices. 
Journal of Agricultural and Food Chemistry 58: 2787-2794. https://
doi.org/10.1021/jf903623m

Albrecht, S., Schols, H.A., Van Zoeren, D., Van Lingen, R.A., Groot 
Jebbink, L.J.M., Van den Heuvel, E.G.H.M., Voragen, A.G.J. and 
Gruppen, H., 2011. Oligosaccharides in feces of breast- and formula-
fed babies. Carbohydrate Research 346: 2173-2181. https://doi.
org/10.1016/j.carres.2011.06.034

Albrecht, S., Van Muiswinkel, G.C.J., Schols, H.A., Voragen, A.G.J. and 
Gruppen, H., 2009. Introducing capillary electrophoresis with laser-
induced fluorescence detection (CE-LIF) for the characterization of 
konjac glucomannan oligosaccharides and their in vitro fermentation 
behavior. Journal of Agricultural and Food Chemistry 57: 3867-3876. 
https://doi.org/10.1021/jf8038956

Aldredge, D.L., Geronimo, M.R., Hua, S., Nwosu, C.C., Lebrilla, C.B. 
and Barile, D., 2013. Annotation and structural elucidation of bovine 
milk oligosaccharides and determination of novel fucosylated 
structures. Glycobiology 23: 664-676. https://doi.org/10.1093/
glycob/cwt007

Allaby, M., 2006. A dictionary of plant sciences. Oxford University Press, 
Oxford, UK. https://doi.org/10.1093/acref/9780198608912.001.0001

Al-Lahham, S.a.H., Peppelenbosch, M.P., Roelofsen, H., Vonk, R.J. and 
Venema, K., 2010. Biological effects of propionic acid in humans; 
metabolism, potential applications and underlying mechanisms. 
Biochimica et Biophysica Acta (BBA) – Molecular and Cell Biology of 
Lipids 1801: 1175-1183. https://doi.org/10.1016/j.bbalip.2010.07.007

Allsopp, P., Possemiers, S., Campbell, D., Oyarzábal, I.S., Gill, C. 
and Rowland, I., 2013. An exploratory study into the putative 
prebiotic activity of fructans isolated from Agave angustifolia and 
the associated anticancer activity. Anaerobe 22: 38-44. https://doi.
org/10.1016/j.anaerobe.2013.05.006

Almeida, A., Mitchell, A.L., Boland, M., Forster, S.C., Gloor, G.B., 
Tarkowska, A., Lawley, T.D. and Finn, R.D., 2019. A new genomic 
blueprint of the human gut microbiota. Nature 568: 499-504. https://
doi.org/10.1038/s41586-019-0965-1

Alpert, A.J., 1990. Hydrophilic-interaction chromatography for the 
separation of peptides, nucleic acids and other polar compounds. 
Journal of Chromatography A 499: 177-196. https://doi.org/10.1016/
s0021-9673(00)96972-3

Ambrogi, V., Bottacini, F., O’Callaghan, J., Casey, E., Van Breen, J., 
Schoemaker, B., Cao, L., Kuipers, B., O’Connell Motherway, M., 
Schoterman, M. and Van Sinderen, D., 2021. Infant-associated 
bifidobacterial β-galactosidases and their ability to synthesize 
galacto-oligosaccharides. Frontiers in Microbiology 12: 662959. 
https://doi.org/10.3389/fmicb.2021.662959

Artzi, L., Bayer, E.A. and Morais, S., 2017. Cellulosomes: bacterial 
nanomachines for dismantling plant polysaccharides. Nature Reviews 
Microbiology 15: 83-95. https://doi.org/10.1038/nrmicro.2016.164

Asselin, C. and Gendron, F.-P., 2014. Shuttling of information 
between the mucosal and luminal environment drives intestinal 
homeostasis. FEBS Letters 588: 4148-4157. https://doi.org/10.1016/j.
febslet.2014.02.049

Auer, F., Jarvas, G. and Guttman, A., 2021. Recent advances in the 
analysis of human milk oligosaccharides by liquid phase separation 
methods. Journal of Chromatography B 1162: 122497. https://doi.
org/10.1016/j.jchromb.2020.122497

Austin, S. and Bénet, T., 2018. Quantitative determination of non-
lactose milk oligosaccharides. Analytica Chimica Acta 1010: 86-96. 
https://doi.org/10.1016/j.aca.2017.12.036

Austin, S., De Castro, C.A., Sprenger, N., Binia, A., Affolter, M., 
Garcia-Rodenas, C.L., Beauport, L., Tolsa, J.F. and Fischer Fumeaux, 
C.J., 2019. Human milk oligosaccharides in the milk of mothers 
delivering term versus preterm infants. Nutrients 11: 1282. https://
doi.org/10.3390/nu11061282

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1021/jf00077a016
https://doi.org/10.1021/jf00077a016
https://doi.org/10.1124/jpet.107.133124
https://doi.org/10.1124/jpet.107.133124
https://doi.org/10.1371/journal.pone.0159236
https://doi.org/10.1016/j.mimet.2014.08.022
https://doi.org/10.1016/s0958-6946(01)00100-5
https://doi.org/10.1021/jf903623m
https://doi.org/10.1021/jf903623m
https://doi.org/10.1016/j.carres.2011.06.034
https://doi.org/10.1016/j.carres.2011.06.034
https://doi.org/10.1021/jf8038956
https://doi.org/10.1093/glycob/cwt007
https://doi.org/10.1093/glycob/cwt007
https://doi.org/10.1093/acref/9780198608912.001.0001
https://doi.org/10.1016/j.bbalip.2010.07.007
https://doi.org/10.1016/j.anaerobe.2013.05.006
https://doi.org/10.1016/j.anaerobe.2013.05.006
https://doi.org/10.1038/s41586-019-0965-1
https://doi.org/10.1038/s41586-019-0965-1
https://doi.org/10.1016/s0021-9673(00)96972-3
https://doi.org/10.1016/s0021-9673(00)96972-3
https://doi.org/10.3389/fmicb.2021.662959
https://doi.org/10.1038/nrmicro.2016.164
https://doi.org/10.1016/j.febslet.2014.02.049
https://doi.org/10.1016/j.febslet.2014.02.049
https://doi.org/10.1016/j.jchromb.2020.122497
https://doi.org/10.1016/j.jchromb.2020.122497
https://doi.org/10.1016/j.aca.2017.12.036
https://doi.org/10.3390/nu11061282
https://doi.org/10.3390/nu11061282


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 143

Baggio, C.H., Shang, J., Gordon, M.H., Stephens, M., Von der Weid, 
P.Y., Nascimento, A.M., Román, Y., Cipriani, T.R. and MacNaughton, 
W.K., 2022. The dietary fibre rhamnogalacturonan improves 
intestinal epithelial barrier function in a microbiota-independent 
manner. British Journal of Pharmacology 179: 337-352. https://doi.
org/10.1111/bph.15739

Bagherian, H., Ashtiani, F.Z., Fouladitajar, A. and Mohtashamy, 
M., 2011. Comparisons between conventional, microwave-and 
ultrasound-assisted methods for extraction of pectin from grapefruit. 
Chemical Engineering and Processing: Process Intensification 50: 
1237-1243.

Bahrami, B., Child, M.W., Macfarlane, S. and Macfarlane, G.T., 2011. 
Adherence and cytokine induction in caco-2 cells by bacterial 
populations from a three-stage continuous-culture model of the 
large intestine. Applied and Environmental Microbiology 77: 2934-
2942. https://doi.org/10.1128/aem.02244-10

Balogh, R., Szarka, S. and Béni, S., 2015. Determination and 
quantification of 2’-O-fucosyllactose and 3-O-fucosyllactose in 
human milk by GC-MS as O-trimethylsilyl-oxime derivatives. 
Journal of Pharmaceutical and Biomedical Analysis 115: 450-456. 
https://doi.org/10.1016/j.jpba.2015.07.043

Bao, Y., Chen, C. and Newburg, D.S., 2013. Quantification of neutral 
human milk oligosaccharides by graphitic carbon high-performance 
liquid chromatography with tandem mass spectrometry. Analytical 
Biochemistry 433: 28-35. https://doi.org/10.1016/j.ab.2012.10.003

Bao, Y., Zhu, L. and Newburg, D.S., 2007. Simultaneous quantification of 
sialyloligosaccharides from human milk by capillary electrophoresis. 
Analytical Biochemistry 370: 206-214. https://doi.org/10.1016/j.
ab.2007.07.004

Barile, D., Marotta, M., Chu, C., Mehra, R., Grimm, R., Lebrilla, C.B. 
and German, J.B., 2010. Neutral and acidic oligosaccharides in 
Holstein-Friesian colostrum during the first 3 days of lactation 
measured by high performance liquid chromatography on a 
microfluidic chip and time-of-flight mass spectrometry. Journal of 
Dairy Science 93: 3940-3949. https://doi.org/10.3168/jds.2010-3156

Barreteau, H., Delattre, C. and Michaud, P., 2005. Production of 
oligosaccharides as promising new food additive generation. Food 
Technology and Biotechnology 44(3): 323-333.

Barrila, J., Radtke, A.L., Crabbé, A., Sarker, S.F., Herbst-Kralovetz, 
M.M., Ott, C.M. and Nickerson, C.A., 2010. Organotypic 3D cell 
culture models: using the rotating wall vessel to study host-pathogen 
interactions. Nature Reviews Microbiology 8: 791-801. https://doi.
org/10.1038/nrmicro2423

Barton, G.M. and Kagan, J.C., 2009. A cell biological view of toll-like 
receptor function: regulation through compartmentalization. Nature 
Reviews Immunology 9: 535-542. https://doi.org/10.1038/nri2587

Bauer, S., Müller, T. and Hamm, S., 2009. Pattern recognition by toll-like 
receptors, target pattern recognition in innate immunity. Advances 
in Experimental Medicine and Biology 653: 15-34. https://doi.
org/10.1007/978-1-4419-0901-5_2

Beeren, S.R., Christensen, C.E., Tanaka, H., Jensen, M.G., Donaldson, 
I. and Hindsgaul, O., 2015. Direct study of fluorescently-labelled 
barley β-glucan fate in an in vitro human colon digestion model. 
Carbohydrate Polymers 115: 88-92. https://doi.org/10.1016/j.
carbpol.2014.08.056

Belenguer, A., Duncan, S.H., Calder, A.G., Holtrop, G., Louis, 
P., Lobley, G.E. and Flint, H.J., 2006. Two routes of metabolic 
cross-feeding between Bifidobacterium adolescentis and 
butyrate-producing anaerobes from the human gut. Applied and 
Environmental Microbiology 72: 3593-3599. https://doi.org/10.1128/
AEM.72.5.3593-3599.2006

Ben David, Y., Dassa, B., Borovok, I., Lamed, R., Koropatkin, N.M., 
Martens, E.C., White, B.A., Bernalier-Donadille, A., Duncan, 
S.H., Flint, H.J., Bayer, E.A. and Morais, S., 2015. Ruminococcal 
cellulosome systems from rumen to human. Environmental 
Microbiology 17: 3407-3426. https://doi.org/10.1111/1462-
2920.12868

Bergstrom, K.S.B., Kissoon-Singh, V., Gibson, D.L., Ma, C., Montero, 
M., Sham, H.P., Ryz, N., Huang, T., Velcich, A., Finlay, B.B., Chadee, 
K. and Vallance, B.A., 2010. Muc2 Protects against lethal infectious 
colitis by disassociating pathogenic and commensal bacteria from 
the colonic mucosa. PLoS Pathogens 6: e1000902. https://doi.
org/10.1371/journal.ppat.1000902

Bermudez-Brito, M., Rosch, C., Schols, H.A., Faas, M.M. and De 
Vos, P., 2015a. Resistant starches differentially stimulate toll-like 
receptors and attenuate proinflammatory cytokines in dendritic 
cells by modulation of intestinal epithelial cells. Molecular Nutrition 
and Food Research 59: 1814-1826. https://doi.org/10.1002/
mnfr.201500148

Bermudez-Brito, M., Sahasrabudhe, N.M., Rosch, C., Schols, H.A., Faas, 
M.M. and De Vos, P., 2015b. The impact of dietary fibers on dendritic 
cell responses in vitro is dependent on the differential effects of the 
fibers on intestinal epithelial cells. Molecular Nutrition and Food 
Research 59: 698-710. https://doi.org/10.1002/mnfr.201400811

Bernard, H., Desseyn, J.-L., Bartke, N., Kleinjans, L., Stahl, B., Belzer, 
C., Knol, J., Gottrand, F. and Husson, M.-O., 2014. Dietary pectin-
derived acidic oligosaccharides improve the pulmonary bacterial 
clearance of pseudomonas Aeruginosalung infection in mice by 
modulating intestinal microbiota and immunity. Journal of Infectious 
Diseases 211: 156-165. https://doi.org/10.1093/infdis/jiu391

Beukema, M., Jermendi, É., Schols, H.A. and De Vos, P., 2020. The 
influence of calcium on pectin’s impact on TLR2 signalling. Food 
and Function 11: 7427-7432. https://doi.org/10.1039/d0fo01703e

Beukema, M., Jermendi, É., Van den Berg, M.A., Faas, M.M., Schols, 
H.A. and De Vos, P., 2021. The impact of the level and distribution 
of methyl-esters of pectins on TLR2-1 dependent anti-inflammatory 
responses. Carbohydrate Polymers 251: 117093. https://doi.
org/10.1016/j.carbpol.2020.117093

Bevins, C.L. and Salzman, N.H., 2011. Paneth cells, antimicrobial 
peptides and maintenance of intestinal homeostasis. Nature Reviews 
Microbiology 9: 356-368. https://doi.org/10.1038/nrmicro2546

Bhatia, S., Prabhu, P.N., Benefiel, A.C., Miller, M.J., Chow, J., Davis, 
S.R. and Gaskins, H.R., 2015. Galacto-oligosaccharides may directly 
enhance intestinal barrier function through the modulation of goblet 
cells. Molecular Nutrition and Food Research 59: 566-573. https://
doi.org/10.1002/mnfr.201400639

Bhattacharyya, S., Shumard, T., Xie, H., Dodda, A., Varady, K.A., 
Feferman, L., Halline, A.G., Goldstein, J.L., Hanauer, S.B. and 
Tobacman, J.K., 2017. A randomized trial of the effects of the no-
carrageenan diet on ulcerative colitis disease activity. Nutrition 
and Healthy Aging 4: 181-192. https://doi.org/10.3233/nha-170023

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1111/bph.15739
https://doi.org/10.1111/bph.15739
https://doi.org/10.1128/aem.02244-10
https://doi.org/10.1016/j.jpba.2015.07.043
https://doi.org/10.1016/j.ab.2012.10.003
https://doi.org/10.1016/j.ab.2007.07.004
https://doi.org/10.1016/j.ab.2007.07.004
https://doi.org/10.3168/jds.2010-3156
https://doi.org/10.1038/nrmicro2423
https://doi.org/10.1038/nrmicro2423
https://doi.org/10.1038/nri2587
https://doi.org/10.1007/978-1-4419-0901-5_2
https://doi.org/10.1007/978-1-4419-0901-5_2
https://doi.org/10.1016/j.carbpol.2014.08.056
https://doi.org/10.1016/j.carbpol.2014.08.056
https://doi.org/10.1128/AEM.72.5.3593-3599.2006
https://doi.org/10.1128/AEM.72.5.3593-3599.2006
https://doi.org/10.1111/1462-2920.12868
https://doi.org/10.1111/1462-2920.12868
https://doi.org/10.1371/journal.ppat.1000902
https://doi.org/10.1371/journal.ppat.1000902
https://doi.org/10.1002/mnfr.201500148
https://doi.org/10.1002/mnfr.201500148
https://doi.org/10.1002/mnfr.201400811
https://doi.org/10.1093/infdis/jiu391
https://doi.org/10.1039/d0fo01703e
https://doi.org/10.1016/j.carbpol.2020.117093
https://doi.org/10.1016/j.carbpol.2020.117093
https://doi.org/10.1038/nrmicro2546
https://doi.org/10.1002/mnfr.201400639
https://doi.org/10.1002/mnfr.201400639
https://doi.org/10.3233/nha-170023


R.A. Rastall et al.

144 Beneficial Microbes 13(2)

Binia, A., Lavalle, L., Chen, C., Austin, S., Agosti, M., Al-Jashi, I., Pereira, 
A.B., Costeira, M.J., Silva, M.G., Marchini, G., Martínez-Costa, C., 
Stiris, T., Stoicescu, S.M., Vanpée, M., Rakza, T., Billeaud, C., Picaud, 
J.C., Domellöf, M., Adams, R., Castaneda-Gutierrez, E. and Sprenger, 
N., 2021. Human milk oligosaccharides, infant growth, and adiposity 
over the first 4 months of lactation. Pediatric Research 90: 684-693. 
https://doi.org/10.1038/s41390-020-01328-y

Binsl, T., De Graaf, A., Venema, K., Heringa, J., Maathuis, A., De Waard, 
P. and Van Beek, J.H., 2010. Measuring non-steady-state metabolic 
fluxes in starch-converting faecal microbiota in vitro. Beneficial 
Microbes 1: 391-405. https://doi.org/10.3920/bm2010.0038

Bird, A. and Topping, D.L., 2008. Resistant starch as a prebiotic. In: 
Versalovic, J. and Wilson, M. (eds.) Therapeutic microbiology. 
ASM Press, Washington, DC, USA, pp. 159-173. https://doi.
org/10.1128/9781555815462.ch12

Blixt, O., Head, S., Mondala, T., Scanlan, C., Huflejt, M.E., Alvarez, 
R., Bryan, M.C., Fazio, F., Calarese, D., Stevens, J., Razi, N., Stevens, 
D.J., Skehel, J.J., Van Die, I., Burton, D.R., Wilson, I.A., Cummings, 
R., Bovin, N., Wong, C.H. and Paulson, J.C., 2004. Printed covalent 
glycan array for ligand profiling of diverse glycan binding proteins. 
Proceedings of the National Academy of Sciences 101: 17033-17038. 
https://doi.org/10.1073/pnas.0407902101

Bloemen, J.G., Olde Damink, S.W.M., Venema, K., Buurman, W.A., 
Jalan, R. and Dejong, C.H.C., 2010. Short chain fatty acids exchange: 
Is the cirrhotic, dysfunctional liver still able to clear them? Clinical 
Nutrition 29: 365-369. https://doi.org/10.1016/j.clnu.2009.10.002

Bloemen, J.G., Venema, K., Van de Poll, M.C., Olde Damink, 
S.W., Buurman, W.A. and Dejong, C.H., 2009. Short chain fatty 
acids exchange across the gut and liver in humans measured at 
surgery. Clinical Nutrition 28: 657-661. https://doi.org/10.1016/j.
clnu.2009.05.011

Boets, E., Deroover, L., Houben, E., Vermeulen, K., Gomand, S.V., 
Delcour, J.A. and Verbeke, K., 2015. Quantification of in vivo colonic 
short chain fatty acid production from inulin. Nutrients 7: 8916-
8929. https://doi.org/10.3390/nu7115440

Böger, M., Van Leeuwen, S.S., Lammerts van Bueren, A. and Dijkhuizen, 
L., 2019. Structural identity of galactooligosaccharide molecules 
selectively utilized by single cultures of probiotic bacterial strains. 
Journal of Agricultural and Food Chemistry 67: 13969-13977. https://
doi.org/10.1021/acs.jafc.9b05968

Boger, M.C.L., Lammerts van Bueren, A. and Dijkhuizen, L., 2018. 
Cross-feeding among probiotic bacterial strains on prebiotic inulin 
involves the extracellular exo-inulinase of Lactobacillus paracasei 
strain W20. Applied and Environmental Microbiology 84: e01539-
01518. https://doi.org/10.1128/aem.01539-18

Böhm, N. and Kulicke, W.-M., 1999. Rheological studies of barley 
(1→3)(1→4)-β-glucan in concentrated solution: investigation of the 
viscoelastic flow behaviour in the sol-state. Carbohydrate Research 
315: 293-301. https://doi.org/10.1016/s0008-6215(99)00035-x

Bonfim, C.V., Mamoni, R.L. and Lima Blotta, M.H.S., 2009. TLR-2, 
TLR-4 and dectin-1 expression in human monocytes and neutrophils 
stimulated by Paracoccidioides brasiliensis. Medical Mycology 47: 
722-733. https://doi.org/10.3109/13693780802641425

Borromei, C., Cavazza, A., Merusi, C. and Corradini, C., 
2009. Characterization and quantitation of short-chain 
fructooligosaccharides and inulooligosaccharides in fermented 
milks by high-performance anion-exchange chromatography with 
pulsed amperometric detection. Journal of Separation Science 32: 
3635-3642. https://doi.org/10.1002/jssc.200900322

Bouhnik, Y., Flourié, B., D’Agay-Abensour, L., Pochart, P., Gramet, 
G.v., Durand, M.L. and Rambaud, J.-C., 1997. Administration of 
transgalacto-oligosaccharides increases fecal bifidobacteria and 
modifies colonic fermentation metabolism in healthy humans. 
Journal of Nutrition 127: 444-448. https://doi.org/10.1093/
jn/127.3.444

Bovee-Oudenhoven, I.M.J., 2003. Dietary fructo-oligosaccharides and 
lactulose inhibit intestinal colonisation but stimulate translocation 
of salmonella in rats. Gut 52: 1572-1578. https://doi.org/10.1136/
gut.52.11.1572

Bracke, M., Vanhoecke, B., Derycke, L., Bolca, S., Possemiers, S., 
Heyerick, A., Stevens, C., Keukeleire, D., Depypere, H., Verstraete, 
W., Williams, C., McKenna, S., Tomar, S., Sharma, D., Prasad, A. 
and DePass, A., 2008. Plant polyphenolics as anti-invasive cancer 
agents. Anti-Cancer Agents in Medicinal Chemistry 8: 171-185. 
https://doi.org/10.2174/187152008783497037

Braegger, C., Chmielewska, A., Decsi, T., Kolacek, S., Mihatsch, 
W., Moreno, L., Pieścik, M., Puntis, J., Shamir, R., Szajewska, H., 
Turck, D. and van Goudoever, J., 2011. Supplementation of infant 
formula with probiotics and/or prebiotics: a systematic review and 
comment by the ESPGHAN Committee on Nutrition. Journal of 
Pediatric Gastroenterology and Nutrition 52: 238-250. https://doi.
org/10.1097/MPG.0b013e3181fb9e80

Brandtzaeg, P., 2013. Gate-keeper function of the intestinal epithelium. 
Beneficial Microbes 4: 67-82. https://doi.org/10.3920/bm2012.0024

Brokl, M., Hernández-Hernández, O., Soria, A.C. and Sanz, M.L., 2011. 
Evaluation of different operation modes of high performance liquid 
chromatography for the analysis of complex mixtures of neutral 
oligosaccharides. Journal of Chromatography A 1218: 7697-7703. 
https://doi.org/10.1016/j.chroma.2011.05.015

Bross-Walch, N., Kühn, T., Moskau, D. and Zerbe, O., 2005. Strategies 
and tools for structure determination of natural products using 
modern methods of NMR spectroscopy. Chemistry and Biodiversity 
2: 147-177. https://doi.org/10.1002/cbdv.200590000

Brown, A.J., Goldsworthy, S.M., Barnes, A.A., Eilert, M.M., Tcheang, 
L., Daniels, D., Muir, A.I., Wigglesworth, M.J., Kinghorn, I., Fraser, 
N.J., Pike, N.B., Strum, J.C., Steplewski, K.M., Murdock, P.R., Holder, 
J.C., Marshall, F.H., Szekeres, P.G., Wilson, S., Ignar, D.M., Foord, 
S.M., Wise, A. and Dowell, S.J., 2003. The orphan g protein-coupled 
receptors GPR41 and GPR43 are activated by propionate and other 
short chain carboxylic acids. Journal of Biological Chemistry 278: 
11312-11319. https://doi.org/10.1074/jbc.M211609200

Brown, G.D. and Gordon, S., 2003. Fungal β-glucans and mammalian 
immunity. Immunity 19: 311-315. https://doi.org/10.1016/s1074-
7613(03)00233-4

Brown, G.D. and Gordon, S., 2005. Immune recognition of fungal 
β-glucans. Cellular Microbiology 7: 471-479. https://doi.org/10.1111/
j.1462-5822.2005.00505.x

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1038/s41390-020-01328-y
https://doi.org/10.3920/bm2010.0038
https://doi.org/10.1128/9781555815462.ch12
https://doi.org/10.1128/9781555815462.ch12
https://doi.org/10.1073/pnas.0407902101
https://doi.org/10.1016/j.clnu.2009.10.002
https://doi.org/10.1016/j.clnu.2009.05.011
https://doi.org/10.1016/j.clnu.2009.05.011
https://doi.org/10.3390/nu7115440
https://doi.org/10.1021/acs.jafc.9b05968
https://doi.org/10.1021/acs.jafc.9b05968
https://doi.org/10.1128/aem.01539-18
https://doi.org/10.1016/s0008-6215(99)00035-x
https://doi.org/10.3109/13693780802641425
https://doi.org/10.1002/jssc.200900322
https://doi.org/10.1093/jn/127.3.444
https://doi.org/10.1093/jn/127.3.444
https://doi.org/10.1136/gut.52.11.1572
https://doi.org/10.1136/gut.52.11.1572
https://doi.org/10.2174/187152008783497037
https://doi.org/10.1097/MPG.0b013e3181fb9e80
https://doi.org/10.1097/MPG.0b013e3181fb9e80
https://doi.org/10.3920/bm2012.0024
https://doi.org/10.1016/j.chroma.2011.05.015
https://doi.org/10.1002/cbdv.200590000
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1016/s1074-7613(03)00233-4
https://doi.org/10.1016/s1074-7613(03)00233-4
https://doi.org/10.1111/j.1462-5822.2005.00505.x
https://doi.org/10.1111/j.1462-5822.2005.00505.x


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 145

Brown, G.D., 2005. Dectin-1: a signalling non-TLR pattern-recognition 
receptor. Nature Reviews Immunology 6: 33-43. https://doi.
org/10.1038/nri1745

Brown, G.D., Taylor, P.R., Reid, D.M., Willment, J.A., Williams, 
D.L., Martinez-Pomares, L., Wong, S.Y.C. and Gordon, S., 2001. 
Dectin-1 is a major β-glucan receptor on macrophages. Journal 
of Experimental Medicine 196: 407-412. https://doi.org/10.1084/
jem.20020470

Brown, G.D., Taylor, P.R., Reid, D.M., Willment, J.A., Williams, 
D.L., Martinez-Pomares, L., Wong, S.Y.C. and Gordon, S., 2002. 
Dectin-1 is a major β-glucan receptor on macrophages. Journal 
of Experimental Medicine 196: 407-412. https://doi.org/10.1084/
jem.20020470

Buszewski, B. and Noga, S., 2011. Hydrophilic interaction liquid 
chromatography (HILIC) – a powerful separation technique. 
Analytical and Bioanalytical Chemistry 402: 231-247. https://doi.
org/10.1007/s00216-011-5308-5

Campa, C., Coslovi, A., Flamigni, A. and Rossi, M., 2006. Overview 
on advances in capillary electrophoresis-mass spectrometry of 
carbohydrates: a tabulated review. Electrophoresis 27: 2027-2050. 
https://doi.org/10.1002/elps.200500960

Campbell, J.M., Fahey, G.C. and Wolf, B.W., 1997. Selected indigestible 
oligosaccharides affect large bowel mass, cecal and fecal short-chain 
fatty acids, pH and microflora in rats. The Journal of Nutrition 127: 
130-136. https://doi.org/10.1093/jn/127.1.130

Cani, P.D. and Van Hul, M., 2015. Novel opportunities for next-
generation probiotics targeting metabolic syndrome. Current 
Opinion in Biotechnology 32: 21-27. https://doi.org/10.1016/j.
copbio.2014.10.006

Canton, J., Neculai, D. and Grinstein, S., 2013. Scavenger receptors 
in homeostasis and immunity. Nature Reviews Immunology 13: 
621-634. https://doi.org/10.1038/nri3515

Cantu-Jungles, T.M., Cipriani, T.R., Iacomini, M., Hamaker, B.R. and 
Cordeiro, L.M.C., 2017. A pectic polysaccharide from peach palm 
fruits (Bactris gasipaes) and its fermentation profile by the human 
gut microbiota in vitro. Bioactive Carbohydrates and Dietary Fibre 
9: 1-6. https://doi.org/10.1016/j.bcdf.2016.11.005

Cardelle-Cobas, A., Martínez-Villaluenga, C., Sanz, M.L. and Montilla, 
A., 2009. Gas chromatographic-mass spectrometric analysis of 
galactosyl derivatives obtained by the action of two different 
β-galactosidases. Food Chemistry 114: 1099-1105. https://doi.
org/10.1016/j.foodchem.2008.10.057

Cardelle-Cobas, A., Villamiel, M., Olano, A. and Corzo, N., 2008. Study 
of galacto-oligosaccharide formation from lactose using Pectinex 
Ultra SP-L. Journal of the Science of Food and Agriculture 88: 954-
961. https://doi.org/10.1002/jsfa.3173

Carević, M., Bezbradica, D., Banjanac, K., Milivojević, A., Fanuel, 
M., Rogniaux, H., Ropartz, D. and Veličković, D., 2016. Structural 
elucidation of enzymatically synthesized galacto-oligosaccharides 
using ion-mobility spectrometry-tandem mass spectrometry. Journal 
of Agricultural and Food Chemistry 64: 3609-3615. https://doi.
org/10.1021/acs.jafc.6b01293

Castillo, M., Martín-Orúe, S.M., Taylor-Pickard, J.A., Pérez, J.F. and 
Gasa, J., 2008. Use of mannanoligosaccharides and zinc chelate 
as growth promoters and diarrhea preventative in weaning pigs: 
effects on microbiota and gut function. Journal of Animal Science 
86: 94-101. https://doi.org/10.2527/jas.2005-686

Celus, M., Kyomugasho, C., Salvia-Trujillo, L., Van Audenhove, J., Van 
Loey, A.M., Grauwet, T. and Hendrickx, M.E., 2018. Interactions 
between citrus pectin and Zn2+ or Ca2+ and associated in vitro 
Zn2+ bioaccessibility as affected by degree of methylesterification 
and blockiness. Food Hydrocolloids 79: 319-330. https://doi.
org/10.1016/j.foodhyd.2018.01.003

Centanni, M., Hutchison, J.C., Carnachan, S.M., Daines, A.M., Kelly, 
W.J., Tannock, G.W. and Sims, I.M., 2017. Differential growth of 
bowel commensal Bacteroides species on plant xylans of differing 
structural complexity. Carbohydrate Polymers 157: 1374-1382. 
https://doi.org/10.1016/j.carbpol.2016.11.017

Chan, W.K., Law, H.K.W., Lin, Z.B., Lau, Y.L. and Chan, G.C.F., 2007. 
Response of human dendritic cells to different immunomodulatory 
polysaccharides derived from mushroom and barley. International 
Immunology 19: 891-899. https://doi.org/10.1093/intimm/dxm061

Charoensiddhi, S., Abraham, R.E., Su, P. and Zhang, W., 2020. Seaweed 
and seaweed-derived metabolites as prebiotics. Advances in Food 
and Nutrition Research 91: 97-156. https://doi.org/10.1016/
bs.afnr.2019.10.001

Chen, J. and Seviour, R., 2007. Medicinal importance of fungal β-(1→3), 
(1→6)-glucans. Mycological Research 111: 635-652. https://doi.
org/10.1016/j.mycres.2007.02.011

Chen, K., Chen, H., Faas, M.M., De Haan, B.J., Li, J., Xiao, P., Zhang, H., 
Diana, J., De Vos, P. and Sun, J., 2017a. Specific inulin-type fructan 
fibers protect against autoimmune diabetes by modulating gut 
immunity, barrier function, and microbiota homeostasis. Molecular 
Nutrition and Food Research 61: 1601006. https://doi.org/10.1002/
mnfr.201601006

Chen, T., Long, W., Zhang, C., Liu, S., Zhao, L. and Hamaker, 
B.R., 2017b. Fiber-utilizing capacity varies in Prevotella- versus 
Bacteroides-dominated gut microbiota. Scientific Reports 7: 2594. 
https://doi.org/10.1038/s41598-017-02995-4

Cheng, H., Zhang, Z., Leng, J., Liu, D., Hao, M., Gao, X., Tai, G. 
and Zhou, Y., 2012. The inhibitory effects and mechanisms of 
rhamnogalacturonan I pectin from potato on HT-29 colon cancer 
cell proliferation and cell cycle progression. International Journal 
of Food Sciences and Nutrition 64: 36-43. https://doi.org/10.3109
/09637486.2012.694853

Child, M.W., Kennedy, A., Walker, A.W., Bahrami, B., Macfarlane, S. 
and Macfarlane, G.T., 2006. Studies on the effect of system retention 
time on bacterial populations colonizing a three-stage continuous 
culture model of the human large gut using FISH techniques. FEMS 
Microbiology Ecology 55: 299-310. https://doi.org/10.1111/j.1574-
6941.2005.00016.x

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1038/nri1745
https://doi.org/10.1038/nri1745
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1007/s00216-011-5308-5
https://doi.org/10.1007/s00216-011-5308-5
https://doi.org/10.1002/elps.200500960
https://doi.org/10.1093/jn/127.1.130
https://doi.org/10.1016/j.copbio.2014.10.006
https://doi.org/10.1016/j.copbio.2014.10.006
https://doi.org/10.1038/nri3515
https://doi.org/10.1016/j.bcdf.2016.11.005
https://doi.org/10.1016/j.foodchem.2008.10.057
https://doi.org/10.1016/j.foodchem.2008.10.057
https://doi.org/10.1002/jsfa.3173
https://doi.org/10.1021/acs.jafc.6b01293
https://doi.org/10.1021/acs.jafc.6b01293
https://doi.org/10.2527/jas.2005-686
https://doi.org/10.1016/j.foodhyd.2018.01.003
https://doi.org/10.1016/j.foodhyd.2018.01.003
https://doi.org/10.1016/j.carbpol.2016.11.017
https://doi.org/10.1093/intimm/dxm061
https://doi.org/10.1016/bs.afnr.2019.10.001
https://doi.org/10.1016/bs.afnr.2019.10.001
https://doi.org/10.1016/j.mycres.2007.02.011
https://doi.org/10.1016/j.mycres.2007.02.011
https://doi.org/10.1002/mnfr.201601006
https://doi.org/10.1002/mnfr.201601006
https://doi.org/10.1038/s41598-017-02995-4
https://doi.org/10.3109/09637486.2012.694853
https://doi.org/10.3109/09637486.2012.694853
https://doi.org/10.1111/j.1574-6941.2005.00016.x
https://doi.org/10.1111/j.1574-6941.2005.00016.x


R.A. Rastall et al.

146 Beneficial Microbes 13(2)

Childs, C.E., Röytiö, H., Alhoniemi, E., Fekete, A.A., Forssten, S.D., 
Hudjec, N., Lim, Y.N., Steger, C.J., Yaqoob, P., Tuohy, K.M., Rastall, 
R.A., Ouwehand, A.C. and Gibson, G.R., 2014. Xylo-oligosaccharides 
alone or in synbiotic combination with Bifidobacterium animalis 
subsp. lactis induce bifidogenesis and modulate markers of immune 
function in healthy adults: a double-blind, placebo-controlled, 
randomised, factorial cross-over study. British Journal of Nutrition 
111: 1945-1956. https://doi.org/10.1017/s0007114513004261

Cinquin, C., Le Blay, G., Fliss, I. and Lacroix, C., 2004. Immobilization 
of infant fecal microbiota and utilization in an in vitro colonic 
fermentation model. Microbial Ecology 48: 128-138. https://doi.
org/10.1007/s00248-003-2022-7

Cinquin, C.C., Le Blay, G.L., Fliss, I.L. and Lacroix, C., 2006. 
Comparative effects of exopolysaccharides from lactic acid 
bacteria and fructo-oligosaccharides on infant gut microbiota 
tested in an in vitro colonic model with immobilized cells. FEMS 
Microbiology Ecology 57: 226-238. https://doi.org/10.1111/j.1574-
6941.2006.00118.x

Cinquin, C.C., Le Blay, G.L., Fliss, I.L. and Lacroix, C., 2006b. New 
three-stage in vitro model for infant colonic fermentation with 
immobilized fecal microbiota. FEMS Microbiology Ecology 57: 
324-336. https://doi.org/10.1111/j.1574-6941.2006.00117.x

Cleusix, V., Lacroix, C., Vollenweider, S. and Le Blay, G.L., 2008. 
Glycerol induces reuterin production and decreases Escherichia 
coli population in an in vitro model of colonic fermentation with 
immobilized human feces. FEMS Microbiology Ecology 63: 56-64. 
https://doi.org/10.1111/j.1574-6941.2007.00412.x

Cockburn, D.W. and Koropatkin, N.M., 2016. Polysaccharide 
degradation by the intestinal microbiota and its influence on human 
health and disease. Journal of Molecular Biology 428: 3230-3252. 
https://doi.org/10.1016/j.jmb.2016.06.021

Cook, S.I. and Sellin, J.H., 1998. Review article: short chain fatty acids 
in health and disease. Alimentary Pharmacology and Therapeutics 
12: 499-507. https://doi.org/10.1046/j.1365-2036.1998.00337.x

Coppa, G.V., Gabrielli, O., Giorgi, P., Catassi, C., Montanari, M.P., 
Varaldo, P.E. and Nichols, B.L., 1990. Preliminary study of 
breastfeeding and bacterial adhesion to uroepithelial cells. The 
Lancet 335: 569-571. https://doi.org/10.1016/0140-6736(90)90350-e

Coppa, G.V., Gabrielli, O., Zampini, L., Galeazzi, T., Ficcadenti, A., 
Padella, L., Santoro, L., Soldi, S., Carlucci, A., Bertino, E. and 
Morelli, L., 2011. Oligosaccharides in 4 different milk groups, 
Bifidobacteria, and Ruminococcus obeum. Journal of Pediatric 
Gastroenterology and Nutrition 53: 80-87. https://doi.org/10.1097/
MPG.0b013e3182073103

Coppa, G.V., Pierani, P., Zampini, L., Carloni, I., Carlucci, A. and 
Gabrielli, O., 1999. Oligosaccharides in human milk during different 
phases of lactation. Acta Paediatrca, Suppl. 88: 89-94.

Cornuault, V., Posé, S. and Knox, J.P., 2018. Disentangling pectic 
homogalacturonan and rhamnogalacturonan-I polysaccharides: 
evidence for sub-populations in fruit parenchyma systems. 
Food Chemistry 246: 275-285. https://doi.org/10.1016/j.
foodchem.2017.11.025

Corradini, C., Bianchi, F., Matteuzzi, D., Amoretti, A., Rossi, M. and 
Zanoni, S., 2004. High-performance anion-exchange chromatography 
coupled with pulsed amperometric detection and capillary zone 
electrophoresis with indirect ultra violet detection as powerful 
tools to evaluate prebiotic properties of fructooligosaccharides and 
inulin. Journal of Chromatography A 1054: 165-173.

Corradini, C., Cavazza, A. and Bignardi, C., 2012. High-
performance anion-exchange chromatography coupled with 
pulsed electrochemical detection as a powerful tool to evaluate 
carbohydrates of food interest: principles and applications. 
International Journal of Carbohydrate Chemistry, Article ID: 487564. 
https://doi.org/10.1155/2012/487564

Corradini, C., Galanti, R. and Nicoletti, I., 2002. Characterization of 
nutraceuticals and functional foods by innovative HPLC methods. 
Annali di Chimica 92: 387-396.

Corzo-Martínez, M., Copoví, P., Olano, A., Moreno, F.J. and Montilla, 
A., 2013. Synthesis of prebiotic carbohydrates derived from cheese 
whey permeate by a combined process of isomerisation and 
transgalactosylation. Journal of the Science of Food and Agriculture 
93: 1591-1597. https://doi.org/10.1002/jsfa.5929

Coulier, L., Timmermans, J., Bas, R., Van den Dool, R., Haaksman, 
I., Klarenbeek, B., Slaghek, T. and Van Dongen, W., 2009. In-
depth characterization of prebiotic galacto-oligosaccharides by a 
combination of analytical techniques. Journal of Agricultural and 
Food Chemistry 57: 8488-8495. https://doi.org/10.1021/jf902549e

Cox, M.A., Jackson, J., Stanton, M., Rojas-Triana, A., Bober, L., Laverty, 
M., Yang, X., Zhu, F., Liu, J., Wang, S., Monsma, F., Vassileva, G., 
Maguire, M., Gustafson, E., Bayne, M., Chou, C.-C., Lundell, D. and 
Jenh, C.-H., 2009. Short-chain fatty acids act as antiinflammatory 
mediators by regulating prostaglandin E2 and cytokines. World 
Journal of Gastroenterology 15: 5549-5557. https://doi.org/10.3748/
wjg.15.5549

Crittenden, R.G. and Playne, M.J., 1996. Production, properties 
and applications of food-grade oligosaccharides. Trends in Food 
Science and Technology 7: 353-361. https://doi.org/10.1016/s0924-
2244(96)10038-8

Csernák, O., Rácz, B., Alberti, Á. and Béni, S., 2020. Quantitative 
analysis of 3’- and 6’-sialyllactose in human milk samples by HPLC-
MS/MS: a validated method for the comparison of two consecutive 
lactation periods in the same woman. Journal of Pharmaceutical 
and Biomedical Analysis 184: 113184. https://doi.org/10.1016/j.
jpba.2020.113184

Cuello-Garcia, C.A., Fiocchi, A., Pawankar, R., Yepes-Nuñez, J.J., 
Morgano, G.P., Zhang, Y., Ahn, K., Al-Hammadi, S., Agarwal, A., 
Gandhi, S., Beyer, K., Burks, W., Canonica, G.W., Ebisawa, M., 
Kamenwa, R., Lee, B.W., Li, H., Prescott, S., Riva, J.J., Rosenwasser, L., 
Sampson, H., Spigler, M., Terracciano, L., Vereda, A., Waserman, S., 
Schünemann, H.J. and Brożek, J.L., 2016. World Allergy Organization 
– McMaster University Guidelines for Allergic Disease Prevention 
(GLAD-P): prebiotics. World Allergy Organization Journal 9: 10. 
https://doi.org/10.1186/s40413-016-0102-7

D’hoe, K., Conterno, L., Fava, F., Falony, G., Vieira-Silva, S., Vermeiren, 
J., Tuohy, K. and Raes, J., 2018. Prebiotic wheat bran fractions induce 
specific microbiota changes. Frontiers in Microbiology 9: 31. https://
doi.org/10.3389/fmicb.2018.00031

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1017/s0007114513004261
https://doi.org/10.1007/s00248-003-2022-7
https://doi.org/10.1007/s00248-003-2022-7
https://doi.org/10.1111/j.1574-6941.2006.00118.x
https://doi.org/10.1111/j.1574-6941.2006.00118.x
https://doi.org/10.1111/j.1574-6941.2006.00117.x
https://doi.org/10.1111/j.1574-6941.2007.00412.x
https://doi.org/10.1016/j.jmb.2016.06.021
https://doi.org/10.1046/j.1365-2036.1998.00337.x
https://doi.org/10.1016/0140-6736(90)90350-e
https://doi.org/10.1097/MPG.0b013e3182073103
https://doi.org/10.1097/MPG.0b013e3182073103
https://doi.org/10.1016/j.foodchem.2017.11.025
https://doi.org/10.1016/j.foodchem.2017.11.025
https://doi.org/10.1155/2012/487564
https://doi.org/10.1002/jsfa.5929
https://doi.org/10.1021/jf902549e
https://doi.org/10.3748/wjg.15.5549
https://doi.org/10.3748/wjg.15.5549
https://doi.org/10.1016/s0924-2244(96)10038-8
https://doi.org/10.1016/s0924-2244(96)10038-8
https://doi.org/10.1016/j.jpba.2020.113184
https://doi.org/10.1016/j.jpba.2020.113184
https://doi.org/10.1186/s40413-016-0102-7
https://doi.org/10.3389/fmicb.2018.00031
https://doi.org/10.3389/fmicb.2018.00031


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 147

Daas, P.J.H., Voragen, A.G.J. and Schols, H.A., 2000. Characterization 
of non-esterified galacturonic acid sequences in pectin with 
endopolygalacturonase. Carbohydrate Research 326: 120-129. 
https://doi.org/10.1016/s0008-6215(00)00037-9

Damen, B., Verspreet, J., Pollet, A., Broekaert, W.F., Delcour, J.A. and 
Courtin, C.M., 2011. 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 55: 1862-1874. https://doi.
org/10.1002/mnfr.201100377

Daudé, D., André, I., Monsan, P. and Remaud-Siméon, M., 
2014. Successes in engineering glucansucrases to enhance 
glycodiversification, Carbohydrate Chemistry. In: Pilar Rauter, A., 
Lindhorst, T. and Queneau, Y. (eds.) Carbohydrate chemistry. The 
Royal Society of Chemistry, London, UK, pp. 624-645. https://doi.
org/10.1039/9781849739986-00624

Davis, J.C.C., Totten, S.M., Huang, J.O., Nagshbandi, S., Kirmiz, N., 
Garrido, D.A., Lewis, Z.T., Wu, L.D., Smilowitz, J.T., German, J.B., 
Mills, D.A. and Lebrilla, C.B., 2016. Identification of oligosaccharides 
in feces of breast-fed infants and their correlation with the gut 
microbial community. Molecular and Cellular Proteomics 15: 2987-
3002. https://doi.org/10.1074/mcp.M116.060665

De Graaf, A.A., Maathuis, A., De Waard, P., Deutz, N.E.P., Dijkema, C., 
De Vos, W.M. and Venema, K., 2010. Profiling human gut bacterial 
metabolism and its kinetics using [U-13C]glucose and NMR. NMR 
in Biomedicine 23: 2-12. https://doi.org/10.1002/nbm.1418

De Jesus Raposo, M., De Morais, A. and De Morais, R., 2015. Marine 
polysaccharides from algae with potential biomedical applications. 
Marine Drugs 13: 2967-3028. https://doi.org/10.3390/md13052967

De Lacy Costello, B.P.J., Ledochowski, M. and Ratcliffe, N.M., 2013. The 
importance of methane breath testing: a review. Journal of Breath 
Research 7: 024001. https://doi.org/10.1088/1752-7155/7/2/024001

De Leoz, M.L.A., Wu, S., Strum, J.S., Niñonuevo, M.R., Gaerlan, 
S.C., Mirmiran, M., German, J.B., Mills, D.A., Lebrilla, C.B. and 
Underwood, M.A., 2013. A quantitative and comprehensive method 
to analyze human milk oligosaccharide structures in the urine and 
feces of infants. Analytical and Bioanalytical Chemistry 405: 4089-
4105. https://doi.org/10.1007/s00216-013-6817-1

De Vries, J., Le Bourgot, C., Calame, W. and Respondek, F., 2019. 
Effects of β-fructans fiber on bowel function: a systematic review and 
meta-analysis. Nutrients 11: 91. https://doi.org/10.3390/nu11010091

De Vuyst, L., Moens, F., Selak, M., Rivière, A. and Leroy, F., 2014. 
Summer Meeting 2013: growth and physiology of bifidobacteria. 
Journal of Applied Microbiology 116: 477-491. https://doi.
org/10.1111/jam.12415

De Weirdt, R., Possemiers, S., Vermeulen, G., Moerdijk-Poortvliet, 
T.C.W., Boschker, H.T.S., Verstraete, W. and Van de Wiele, T., 2010. 
Human faecal microbiota display variable patterns of glycerol 
metabolism. FEMS Microbiology Ecology 74: 601-611. https://
doi.org/10.1111/j.1574-6941.2010.00974.x

Del Rio, D., Rodriguez-Mateos, A., Spencer, J.P.E., Tognolini, M., 
Borges, G. and Crozier, A., 2013. Dietary (poly)phenolics in human 
health: structures, bioavailability, and evidence of protective effects 
against chronic diseases. Antioxidants and Redox Signaling 18: 
1818-1892. https://doi.org/10.1089/ars.2012.4581

Delcour, J.A., Van Win, H. and Grobet, P.J., 1999. Distribution and 
structural variation of arabinoxylans in common wheat mill streams. 
Journal of Agricultural and Food Chemistry 47: 271-275. https://
doi.org/10.1021/jf9805294

DeMartino, P. and Cockburn, D.W., 2020. Resistant starch: impact on 
the gut microbiome and health. Current Opinion in Biotechnology 
61: 66-71. https://doi.org/10.1016/j.copbio.2019.10.008

Dennehy, K.M., Ferwerda, G., Faro-Trindade, I., Pyż, E., Willment, J.A., 
Taylor, P.R., Kerrigan, A., Tsoni, S.V., Gordon, S., Meyer-Wentrup, 
F., Adema, G.J., Kullberg, B.-J., Schweighoffer, E., Tybulewicz, V., 
Mora-Montes, H.M., Gow, N.A.R., Williams, D.L., Netea, M.G. 
and Brown, G.D., 2008. Syk kinase is required for collaborative 
cytokine production induced through Dectin-1 and Toll-like 
receptors. European Journal of Immunology 38: 500-506. https://
doi.org/10.1002/eji.200737741

Devlamynck, T., Te Poele, E.M., Meng, X., Van Leeuwen, S.S. and 
Dijkhuizen, L., 2016. Glucansucrase Gtf180-ΔN of Lactobacillus 
reuteri 180: enzyme and reaction engineering for improved 
glycosylation of non-carbohydrate molecules. Applied Microbiology 
and Biotechnology 100: 7529-7539. https://doi.org/10.1007/s00253-
016-7476-x

Di, R., Vakkalanka, M.S., Onumpai, C., Chau, H.K., White, A., Rastall, 
R.A., Yam, K. and Hotchkiss, A.T., 2017. Pectic oligosaccharide 
structure-function relationships: prebiotics, inhibitors of Escherichia 
coli O157:H7 adhesion and reduction of Shiga toxin cytotoxicity in 
HT29 cells. Food Chemistry 227: 245-254. https://doi.org/10.1016/j.
foodchem.2017.01.100

Díez-Municio, M., De las Rivas, B., Jimeno, M.L., Muñoz, R., Moreno, 
F.J. and Herrero, M., 2013. Enzymatic synthesis and characterization 
of fructooligosaccharides and novel maltosylfructosides by 
inulosucrase from Lactobacillus gasseri DSM 20604. Applied and 
Environmental Microbiology 79: 4129-4140. https://doi.org/10.1128/
aem.00854-13

Díez-Municio, M., González-Santana, C., De las Rivas, B., Jimeno, 
M.L., Muñoz, R., Moreno, F.J. and Herrero, M., 2015. Synthesis 
of potentially-bioactive lactosyl-oligofructosides by a novel 
bi-enzymatic system using bacterial fructansucrases. Food 
Research International 78: 258-265. https://doi.org/10.1016/j.
foodres.2015.09.035

Díez-Municio, M., Herrero, M., De las Rivas, B., Muñoz, R., Jimeno, M.L. 
and Moreno, F.J., 2016. Synthesis and structural characterization of 
raffinosyl-oligofructosides upon transfructosylation by Lactobacillus 
gasseri DSM 20604 inulosucrase. Applied Microbiology and 
Biotechnology 100: 6251-6263. https://doi.org/10.1007/s00253-
016-7405-z

Díez-Municio, M., Herrero, M., Olano, A. and Moreno, F.J., 2014. 
Synthesis of novel bioactive lactose-derived oligosaccharides by 
microbial glycoside hydrolases. Microbial Biotechnology 7: 315-331. 
https://doi.org/10.1111/1751-7915.12124

Difilippo, E., Bettonvil, M., Willems, R., Braber, S., Fink-Gremmels, 
J., Jeurink, P.V., Schoterman, M.H.C., Gruppen, H. and Schols, 
H.A., 2015a. Oligosaccharides in urine, blood, and feces of piglets 
fed milk replacer containing galacto-oligosaccharides. Journal of 
Agricultural and Food Chemistry 63: 10862-10872. https://doi.
org/10.1021/acs.jafc.5b04449

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1016/s0008-6215(00)00037-9
https://doi.org/10.1002/mnfr.201100377
https://doi.org/10.1002/mnfr.201100377
https://doi.org/10.1039/9781849739986-00624
https://doi.org/10.1039/9781849739986-00624
https://doi.org/10.1074/mcp.M116.060665
https://doi.org/10.1002/nbm.1418
https://doi.org/10.3390/md13052967
https://doi.org/10.1088/1752-7155/7/2/024001
https://doi.org/10.1007/s00216-013-6817-1
https://doi.org/10.3390/nu11010091
https://doi.org/10.1111/jam.12415
https://doi.org/10.1111/jam.12415
https://doi.org/10.1111/j.1574-6941.2010.00974.x
https://doi.org/10.1111/j.1574-6941.2010.00974.x
https://doi.org/10.1089/ars.2012.4581
https://doi.org/10.1021/jf9805294
https://doi.org/10.1021/jf9805294
https://doi.org/10.1016/j.copbio.2019.10.008
https://doi.org/10.1002/eji.200737741
https://doi.org/10.1002/eji.200737741
https://doi.org/10.1007/s00253-016-7476-x
https://doi.org/10.1007/s00253-016-7476-x
https://doi.org/10.1016/j.foodchem.2017.01.100
https://doi.org/10.1016/j.foodchem.2017.01.100
https://doi.org/10.1128/aem.00854-13
https://doi.org/10.1128/aem.00854-13
https://doi.org/10.1016/j.foodres.2015.09.035
https://doi.org/10.1016/j.foodres.2015.09.035
https://doi.org/10.1007/s00253-016-7405-z
https://doi.org/10.1007/s00253-016-7405-z
https://doi.org/10.1111/1751-7915.12124
https://doi.org/10.1021/acs.jafc.5b04449
https://doi.org/10.1021/acs.jafc.5b04449


R.A. Rastall et al.

148 Beneficial Microbes 13(2)

Difilippo, E., Pan, F., Logtenberg, M., Willems, R., Braber, S., Fink-
Gremmels, J., Schols, H.A. and Gruppen, H., 2016. In vitro 
fermentation of porcine milk oligosaccharides and galacto-
oligosaccharides using piglet fecal inoculum. Journal of Agricultural 
and Food Chemistry 64: 2127-2133. https://doi.org/10.1021/acs.
jafc.5b05384

Difilippo, E., Willems, H.A.M., Vendrig, J.C., Fink-Gremmels, 
J., Gruppen, H. and Schols, H.A., 2015b. Comparison of milk 
oligosaccharides pattern in colostrum of different horse breeds. 
Journal of Agricultural and Food Chemistry 63: 4805-4814. https://
doi.org/10.1021/acs.jafc.5b01127

Doco, T.,  Williams, P.,  Vidal,  S . and Pellerin, P.,  1997. 
Rhamnogalacturonan II, a dominant polysaccharide in juices 
produced by enzymic liquefaction of fruits and vegetables. 
Carbohydrate Research 297: 181-186. https://doi.org/10.1016/
s0008-6215(96)00260-1

Dongowski, G. and Lorenz, A., 1998. Unsaturated oligogalacturonic 
acids are generated by in vitro treatment of pectin with human faecal 
flora. Carbohydrate Research 314: 237-244. https://doi.org/10.1016/
s0008-6215(98)00304-8

Dongowski, G., Lorenz, A. and Anger, H., 2000. Degradation of 
pectins with different degrees of esterification by Bacteroides 
thetaiotaomicron isolated from human gut flora. Applied and 
Environmental Microbiology 66: 1321-1327. https://doi.org/10.1128/
aem.66.4.1321-1327.2000

Dongowski, G., Lorenz, A. and Proll, J., 2002. The degree of methylation 
influences the degradation of pectin in the intestinal tract of rats 
and in vitro. The Journal of Nutrition 132: 1935-1944. https://doi.
org/10.1093/jn/132.7.1935

Dostal, A., Fehlbaum, S., Chassard, C., Zimmermann, M.B. and 
Lacroix, C., 2013. Low iron availability in continuous in vitro 
colonic fermentations induces strong dysbiosis of the child gut 
microbial consortium and a decrease in main metabolites. FEMS 
Microbiology Ecology 83: 161-175. https://doi.org/10.1111/j.1574-
6941.2012.01461.x

Drakoularakou, A., Tzortzis, G., Rastall, R.A. and Gibson, G.R., 2009. 
A double-blind, placebo-controlled, randomized human study 
assessing the capacity of a novel galacto-oligosaccharide mixture in 
reducing travellers’ diarrhoea. European Journal of Clinical Nutrition 
64: 146-152. https://doi.org/10.1038/ejcn.2009.120

Drummond, R.A., Saijo, S., Iwakura, Y. and Brown, G.D., 2011. 
The role of Syk/CARD9 coupled C-type lectins in antifungal 
immunity. European Journal of Immunology 41: 276-281. https://
doi.org/10.1002/eji.201041252

Dueñas, M., Muñoz-González, I., Cueva, C., Jiménez-Girón, A., 
Sánchez-Patán, F., Santos-Buelga, C., Moreno-Arribas, M.V. and 
Bartolomé, B., 2015. A survey of modulation of gut microbiota by 
dietary polyphenols. BioMed Research International, Article ID: 
850902. https://doi.org/10.1155/2015/850902

Duncan, S.H., Barcenilla, A., Stewart, C.S., Pryde, S.E. and Flint, H.J., 
2002. Acetate utilization and butyryl coenzyme A (CoA): acetate-coa 
transferase in butyrate-producing bacteria from the human large 
intestine. Applied and Environmental Microbiology 68: 5186-5190. 
https://doi.org/10.1128/aem.68.10.5186-5190.2002

Duncan, S.H., Holtrop, G., Lobley, G.E., Calder, A.G., Stewart, C.S. 
and Flint, H.J., 2004. Contribution of acetate to butyrate formation 
by human faecal bacteria. British Journal of Nutrition 91: 915-923. 
https://doi.org/10.1079/bjn20041150

Duncan, S.H., Louis, P., Thomson, J.M. and Flint, H.J., 2009. The role 
of pH in determining the species composition of the human colonic 
microbiota. Environmental Microbiology 11: 2112-2122. https://
doi.org/10.1111/j.1462-2920.2009.01931.x

Dykstra, N.S., Hyde, L., Adawi, D., Kulik, D., Ahrne, S., Molin, G., 
Jeppsson, B., MacKenzie, A. and Mack, D.R., 2011. Pulse probiotic 
administration induces repeated small intestinal Muc3 expression 
in rats. Pediatric Research 69: 206-211. https://doi.org/10.1203/
PDR.0b013e3182096ff0

Ebersbach, T., Jørgensen, J.B., Heegaard, P.M., Lahtinen, S.J., Ouwehand, 
A.C., Poulsen, M., Frøkiær, H. and Licht, T.R., 2010. Certain dietary 
carbohydrates promote Listeria infection in a guinea pig model, 
while others prevent it. International Journal of Food Microbiology 
140: 218-224. https://doi.org/10.1016/j.ijfoodmicro.2010.03.030

Egert, M., De Graaf, A.A., Maathuis, A., De Waard, P., Plugge, C.M., 
Smidt, H., Deutz, N.E.P., Dijkema, C., De Vos, W.M. and Venema, 
K., 2007. Identification of glucose-fermenting bacteria present in 
an in vitro model of the human intestine by RNA-stable isotope 
probing. FEMS Microbiology Ecology 60: 126-135. https://doi.
org/10.1111/j.1574-6941.2007.00281.x

Egge, H., Peter-Katalinic, J., Karas, M. and Stahl, B., 1991. The use of 
fast atom bombardment and laser desorption mass spectrometry in 
the analysis of complex carbohydrates. Pure and Applied Chemistry 
63: 491-498. https://doi.org/10.1351/pac199163040491

Eiwegger, T., Stahl, B., Haidl, P., Schmitt, J., Boehm, G., Dehlink, E., 
Urbanek, R. and Szépfalusi, Z., 2010. Prebiotic oligosaccharides: 
in vitro evidence for gastrointestinal epithelial transfer and 
immunomodulatory properties. Pediatric Allergy and Immunology 
21: 1179-1188. https://doi.org/10.1111/j.1399-3038.2010.01062.x

Falony, G., Calmeyn, T., Leroy, F. and De Vuyst, L., 2009a. Coculture 
fermentations of Bifidobacterium species and Bacteroides 
thetaiotaomicron reveal a mechanistic insight into the prebiotic effect 
of inulin-type fructans. Applied and Environmental Microbiology 
75: 2312-2319. https://doi.org/10.1128/aem.02649-08

Falony, G., Lazidou, K., Verschaeren, A., Weckx, S., Maes, D. and De 
Vuyst, L., 2009b. In vitro kinetic analysis of fermentation of prebiotic 
inulin-type fructans by Bifidobacterium species reveals four different 
phenotypes. Applied and Environmental Microbiology 75: 454-461. 
https://doi.org/10.1128/aem.01488-08

Fan, Y., Sun, L., Yang, S., He, C., Tai, G. and Zhou, Y., 2018. The roles 
and mechanisms of homogalacturonan and rhamnogalacturonan I 
pectins on the inhibition of cell migration. International Journal of 
Biological Macromolecules 106: 207-217. https://doi.org/10.1016/j.
ijbiomac.2017.08.004

Fässler, C., Arrigoni, E., Venema, K., Brouns, F. and Amadò, R., 2006. 
In vitro fermentability of differently digested resistant starch 
preparations. Molecular Nutrition and Food Research 50: 1220-
1228. https://doi.org/10.1002/mnfr.200600106

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1021/acs.jafc.5b05384
https://doi.org/10.1021/acs.jafc.5b05384
https://doi.org/10.1021/acs.jafc.5b01127
https://doi.org/10.1021/acs.jafc.5b01127
https://doi.org/10.1016/s0008-6215(96)00260-1
https://doi.org/10.1016/s0008-6215(96)00260-1
https://doi.org/10.1016/s0008-6215(98)00304-8
https://doi.org/10.1016/s0008-6215(98)00304-8
https://doi.org/10.1128/aem.66.4.1321-1327.2000
https://doi.org/10.1128/aem.66.4.1321-1327.2000
https://doi.org/10.1093/jn/132.7.1935
https://doi.org/10.1093/jn/132.7.1935
https://doi.org/10.1111/j.1574-6941.2012.01461.x
https://doi.org/10.1111/j.1574-6941.2012.01461.x
https://doi.org/10.1038/ejcn.2009.120
https://doi.org/10.1002/eji.201041252
https://doi.org/10.1002/eji.201041252
https://doi.org/10.1155/2015/850902
https://doi.org/10.1128/aem.68.10.5186-5190.2002
https://doi.org/10.1079/bjn20041150
https://doi.org/10.1111/j.1462-2920.2009.01931.x
https://doi.org/10.1111/j.1462-2920.2009.01931.x
https://doi.org/10.1203/PDR.0b013e3182096ff0
https://doi.org/10.1203/PDR.0b013e3182096ff0
https://doi.org/10.1016/j.ijfoodmicro.2010.03.030
https://doi.org/10.1111/j.1574-6941.2007.00281.x
https://doi.org/10.1111/j.1574-6941.2007.00281.x
https://doi.org/10.1351/pac199163040491
https://doi.org/10.1111/j.1399-3038.2010.01062.x
https://doi.org/10.1128/aem.02649-08
https://doi.org/10.1128/aem.01488-08
https://doi.org/10.1016/j.ijbiomac.2017.08.004
https://doi.org/10.1016/j.ijbiomac.2017.08.004
https://doi.org/10.1002/mnfr.200600106


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 149

Fehlbaum, S., Prudence, K., Kieboom, J., Heerikhuisen, M., Van den 
Broek, T., Schuren, F., Steinert, R. and Raederstorff, D., 2018. In 
vitro fermentation of selected prebiotics and their effects on the 
composition and activity of the adult gut microbiota. International 
Journal of Molecular Sciences 19: 3097. https://doi.org/10.3390/
ijms19103097

Feinberg, H., 2001. Structural basis for selective recognition of 
oligosaccharides by DC-SIGN and DC-SIGNR. Science 294: 2163-
2166. https://doi.org/10.1126/science.1066371

Feriotti, C., Loures, F.V., Frank de Araújo, E., Da Costa, T.A. and Calich, 
V.L.G., 2013. Mannosyl-recognizing receptors induce an M1-like 
phenotype in macrophages of susceptible mice but an M2-like 
phenotype in mice resistant to a fungal infection. PLoS ONE 8: 
e54845. https://doi.org/10.1371/journal.pone.0054845

Filice, M. and Marciello, M., 2013. Enzymatic synthesis of 
oligosaccharides: a powerful tool for a sweet challenge. 
Current Organic Chemistry 17: 701-718. https ://doi.
org/10.2174/1385272811317070006

Finke, B., Stahl, B., Pritschet, M., Facius, D., Wolfgang, J. and Boehm, 
G., 2002. Preparative continuous annular chromatography 
(P-CAC) enables the large-scale fractionation of fructans. Journal 
of Agricultural and Food Chemistry 50: 4743-4748. https://doi.
org/10.1021/jf011576q

Firmansyah, A., Chongviriyaphan, N., Dillon, D.H., Khan, N.C., Morita, 
T., Tontisirin, K., Tuyen, L.D., Wang, W., Bindels, J., Deurenberg, P., 
Ong, S., Hautvast, J., Meyer, D. and Vaughan, E.E., 2016. Fructans in 
the first 1000 days of life and beyond, and for pregnancy. Asia Pacific 
Journal of Clinical Nutrition 25: 652-675. https://doi.org/10.6133/
apjcn.092016.02

Flint, H.J., Bayer, E.A., Rincon, M.T., Lamed, R. and White, B.A., 2008. 
Polysaccharide utilization by gut bacteria: potential for new insights 
from genomic analysis. Nature Reviews Microbiology 6: 121-131. 
https://doi.org/10.1038/nrmicro1817

Fong, B., Ma, K. and McJarrow, P., 2011. Quantification of bovine milk 
oligosaccharides using liquid chromatography – selected reaction 
monitoring – mass spectrometry. Journal of Agricultural and Food 
Chemistry 59: 9788-9795. https://doi.org/10.1021/jf202035m

Forssten, S.D. and Ouwehand, A.C., 2017. Simulating colonic survival 
of probiotics in single-strain products compared to multi-strain 
products. Microbial Ecology in Health and Disease 28: 1378061. 
https://doi.org/10.1080/16512235.2017.1378061

Forssten, S.D., Röytiö, H., Hibberd, A.A. and Ouwehand, A.C., 2015. 
The effect of polydextrose and probiotic lactobacilli in a Clostridium 
difficile-infected human colonic model. Microbial Ecology in Health 
and Disease 26: 27988-27988. https://doi.org/10.3402/mehd.
v26.27988

Fransen, F., Sahasrabudhe, N.M., Elderman, M., Bosveld, M., El Aidy, 
S., Hugenholtz, F., Borghuis, T., Kousemaker, B., Winkel, S., Van der 
Gaast-De Jongh, C., De Jonge, M.I., Boekschoten, M.V., Smidt, H., 
Schols, H.A. and De Vos, P., 2017. beta2à1-fructans modulate the 
immune system in vivo in a microbiota-dependent and -independent 
fashion. Frontiers in Immunology 8: 154. https://doi.org/10.3389/
fimmu.2017.00154

Galeotti, F., Coppa, G.V., Zampini, L., Maccari, F., Galeazzi, T., 
Padella, L., Santoro, L., Gabrielli, O. and Volpi, N., 2014. Capillary 
electrophoresis separation of human milk neutral and acidic 
oligosaccharides derivatized with 2-aminoacridone. Electrophoresis 
35: 811-818. https://doi.org/10.1002/elps.201300490

Gänzle, M.G. and Follador, R., 2012. Metabolism of oligosaccharides 
and starch in Lactobacilli: a review. Frontiers in Microbiology 3: 
340. https://doi.org/10.3389/fmicb.2012.00340

Gänzle, M.G., 2012. Enzymatic synthesis of galacto-oligosaccharides 
and other lactose derivatives (hetero-oligosaccharides) from lactose. 
International Dairy Journal 22: 116-122. https://doi.org/10.1016/j.
idairyj.2011.06.010

Gauhe, A., Gyorgy, P., Hoover, J.R., Kuhn, R., Rose, C.S., Ruelius, H.W. 
and Zilliken, F., 1954. Bifidus factor. IV. Preparations obtained from 
human milk. Archives of Biochemistry and Biophysics 48: 214-224. 
https://doi.org/10.1016/0003-9861(54)90326-4

Gazi, U. and Martinez-Pomares, L., 2009. Influence of the mannose 
receptor in host immune responses. Immunobiology 214: 554-561. 
https://doi.org/10.1016/j.imbio.2008.11.004

Geijtenbeek, T.B.H. and Gringhuis, S.I., 2009. Signalling through 
C-type lectin receptors: shaping immune responses. Nature Reviews 
Immunology 9: 465-479. https://doi.org/10.1038/nri2569

Gibson, G.R. and Fuller, R., 2000. Aspects of in vitro and in vivo research 
approaches directed toward identifying probiotics and prebiotics 
for human use. The Journal of Nutrition 130: 391S-395S. https://
doi.org/10.1093/jn/130.2.391S

Gibson, G.R. and Roberfroid, M.B., 1995. Dietary modulation of the 
human colonic microbiota: introducing the concept of prebiotics. 
The Journal of Nutrition 125: 1401-1412. https://doi.org/10.1093/
jn/125.6.1401

Gibson, G.R., Cummings, J.H. and Macfarlane, G.T., 1988. Use of a 
three-stage continuous culture system to study the effect of mucin 
on dissimilatory sulfate reduction and methanogenesis by mixed 
populations of human gut bacteria. Applied and Environmental 
Microbiology 54: 2750-2755.

Gibson, G.R., Hutkins, R., Sanders, M.E., Prescott, S.L., Reimer, R.A., 
Salminen, S.J., Scott, K., Stanton, C., Swanson, K.S., Cani, P.D., 
Verbeke, K. and Reid, G., 2017. Expert consensus document: The 
International Scientific Association for Probiotics and Prebiotics 
(ISAPP) consensus statement on the definition and scope of 
prebiotics. Nature Reviews Gastroenterology and Hepatology 14: 
491-502. https://doi.org/10.1038/nrgastro.2017.75

Gill, N., Wlodarska, M. and Finlay, B.B., 2011. Roadblocks in the gut: 
barriers to enteric infection. Cellular Microbiology 13: 660-669. 
https://doi.org/10.1111/j.1462-5822.2011.01578.x

Gnoth, M.J., Kunz, C., Kinne-Saffran, E. and Rudloff, S., 2000. Human 
milk oligosaccharides are minimally digested in vitro. The Journal of 
Nutrition 130: 3014-3020. https://doi.org/10.1093/jn/130.12.3014

Goffin, D., Delzenne, N., Blecker, C., Hanon, E., Deroanne, C. and 
Paquot, M., 2011. Will isomalto-oligosaccharides, a well-established 
functional food in Asia, break through the European and American 
market? The status of knowledge on these prebiotics. Critical 
Reviews in Food Science and Nutrition 51: 394-409. https://doi.
org/10.1080/10408391003628955

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.3390/ijms19103097
https://doi.org/10.3390/ijms19103097
https://doi.org/10.1126/science.1066371
https://doi.org/10.1371/journal.pone.0054845
https://doi.org/10.2174/1385272811317070006
https://doi.org/10.2174/1385272811317070006
https://doi.org/10.1021/jf011576q
https://doi.org/10.1021/jf011576q
https://doi.org/10.6133/apjcn.092016.02
https://doi.org/10.6133/apjcn.092016.02
https://doi.org/10.1038/nrmicro1817
https://doi.org/10.1021/jf202035m
https://doi.org/10.1080/16512235.2017.1378061
https://doi.org/10.3402/mehd.v26.27988
https://doi.org/10.3402/mehd.v26.27988
https://doi.org/10.3389/fimmu.2017.00154
https://doi.org/10.3389/fimmu.2017.00154
https://doi.org/10.1002/elps.201300490
https://doi.org/10.3389/fmicb.2012.00340
https://doi.org/10.1016/j.idairyj.2011.06.010
https://doi.org/10.1016/j.idairyj.2011.06.010
https://doi.org/10.1016/0003-9861(54)90326-4
https://doi.org/10.1016/j.imbio.2008.11.004
https://doi.org/10.1038/nri2569
https://doi.org/10.1093/jn/130.2.391S
https://doi.org/10.1093/jn/130.2.391S
https://doi.org/10.1093/jn/125.6.1401
https://doi.org/10.1093/jn/125.6.1401
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1111/j.1462-5822.2011.01578.x
https://doi.org/10.1093/jn/130.12.3014
https://doi.org/10.1080/10408391003628955
https://doi.org/10.1080/10408391003628955


R.A. Rastall et al.

150 Beneficial Microbes 13(2)

Gómez, B., Gullón, B., Yáñez, R., Schols, H. and Alonso, J.L., 2016. 
Prebiotic potential of pectins and pectic oligosaccharides derived 
from lemon peel wastes and sugar beet pulp: a comparative 
evaluation. Journal of Functional Foods 20: 108-121. https://doi.
org/10.1016/j.jff.2015.10.029

Goodridge, H.S. and Underhill, D.M., 2008. Fungal recognition 
by TLR2 and dectin-1, toll-like receptors (TLRs) and innate 
immunity. In: Barrett, J.E. (eds.) Handbook of experimental 
pharmacology. Springer, New York, NY, USA, pp. 87-109. https://
doi.org/10.1007/978-3-540-72167-3_5

Gourbeyre, P., Desbuards, N., Grémy, G., Le Gall, S., Champ, 
M., Denery-Papini, S. and Bodinier, M., 2012. Exposure to 
a galactooligosaccharides/inulin prebiotic mix at different 
developmental time points differentially modulates immune 
responses in mice. Journal of Agricultural and Food Chemistry 60: 
11942-11951. https://doi.org/10.1021/jf3036403

Gourbeyre, P., Desbuards, N., Grémy, G., Tranquet, O., Champ, M., 
Denery-Papini, S. and Bodinier, M., 2013. Perinatal and postweaning 
exposure to galactooligosaccharides/inulin prebiotics induced 
biomarkers linked to tolerance mechanism in a mouse model of 
strong allergic sensitization. Journal of Agricultural and Food 
Chemistry 61: 6311-6320. https://doi.org/10.1021/jf305315g

Greco, G. and Letzel, T., 2013. Main interactions and influences of 
the chromatographic parameters in HILIC separations. Journal of 
Chromatographic Science 51: 684-693. https://doi.org/10.1093/
chromsci/bmt015

Grimaldi, R., Gibson, G.R., Vulevic, J., Giallourou, N., Castro-Mejía, J.L., 
Hansen, L.H., Leigh Gibson, E., Nielsen, D.S. and Costabile, A., 2018. 
A prebiotic intervention study in children with autism spectrum 
disorders (ASDs). Microbiome 6: 133. https://doi.org/10.1186/
s40168-018-0523-3

Gringhuis, S.I., Den Dunnen, J., Litjens, M., Van der Vlist, M. and 
Geijtenbeek, T.B.H., 2009. Carbohydrate-specific signaling through 
the DC-SIGN signalosome tailors immunity to Mycobacterium 
tuberculosis, HIV-1 and Helicobacter pylori. Nature Immunology 
10: 1081-1088. https://doi.org/10.1038/ni.1778

Gringhuis, S.I., Den Dunnen, J., Litjens, M., Van het Hof, B., Van Kooyk, 
Y. and Geijtenbeek, Teunis B.H., 2007. C-type lectin DC-SIGN 
modulates toll-like receptor signaling via Raf-1 kinase-dependent 
acetylation of transcription factor NF-κB. Immunity 26: 605-616. 
https://doi.org/10.1016/j.immuni.2007.03.012

Grønhaug, T.E., Kiyohara, H., Sveaass, A., Diallo, D., Yamada, H. 
and Paulsen, B.S., 2011. Beta-d-(1→4)-galactan-containing 
side chains in RG-I regions of pectic polysaccharides from 
Biophytum petersianum Klotzsch. contribute to expression of 
immunomodulating activity against intestinal Peyer’s patch cells 
and macrophages. Phytochemistry 72: 2139-2147. https://doi.
org/10.1016/j.phytochem.2011.08.011

Grootaert, C., Van den Abbeele, P., Marzorati, M., Broekaert, 
W.F., Courtin, C.M., Delcour, J.A., Verstraete, W. and Van de 
Wiele, T., 2009. Comparison of prebiotic effects of arabinoxylan 
oligosaccharides and inulin in a simulator of the human intestinal 
microbial ecosystem. FEMS Microbiology Ecology 69: 231-242. 
https://doi.org/10.1111/j.1574-6941.2009.00712.x

Gu, F., Kate, G.A.T., Arts, I.C.W., Penders, J., Thijs, C., Lindner, C., 
Nauta, A., Van Leusen, E., Van Leeuwen, S.S. and Schols, H.A., 
2021. Combining HPAEC-PAD, PGC-LC-MS, and 1D (1)H NMR 
to investigate metabolic fates of human milk oligosaccharides in 
1-month-old infants: a pilot study. Journal of Agricultural and Food 
Chemistry 69: 6495-6509. https://doi.org/10.1021/acs.jafc.0c07446

Guerra, A., Etienne-Mesmin, L., Livrelli, V., Denis, S., Blanquet-Diot, 
S. and Alric, M., 2012. Relevance and challenges in modeling human 
gastric and small intestinal digestion. Trends in Biotechnology 30: 
591-600. https://doi.org/10.1016/j.tibtech.2012.08.001

Gulfi, M., Arrigoni, E. and Amado, R., 2005. Influence of structure on in 
vitro fermentability of commercial pectins and partially hydrolysed 
pectin preparations. Carbohydrate Polymers 59: 247-255. https://
doi.org/10.1016/j.carbpol.2004.09.018

Gulfi, M., Arrigoni, E. and Amadò, R., 2007. In vitro fermentability of 
a pectin fraction rich in hairy regions. Carbohydrate Polymers 67: 
410-416. https://doi.org/10.1016/j.carbpol.2006.06.018

Guo, Y., Matsumoto, T., Kikuchi, Y., Ikejima, T., Wang, B. and Yamada, 
H., 2000. Effects of a pectic polysaccharide from a medicinal herb, 
the roots of Bupleurum falcatum L. on interleukin 6 production of 
murine B cells and B cell lines. Immunopharmacology 49: 307-316. 
https://doi.org/10.1016/s0162-3109(00)00245-9

Gurung, N., Ray, S., Bose, S. and Rai, V., 2013. A broader view: 
microbial enzymes and their relevance in industries, medicine, 
and beyond. BioMed Research International 2013: 329121. https://
doi.org/10.1155/2013/329121

Gyorgy, P., Hoover, J.R., Kuhn, R. and Rose, C.S., 1954a. Bifidus factor. 
III. The rate of dialysis. Archives of Biochemistry and Biophysics 48: 
209-213. https://doi.org/10.1016/0003-9861(54)90325-2

Gyorgy, P., Kuhn, R., Rose, C.S. and Zilliken, F., 1954b. Bifidus factor. 
II. Its occurrence in milk from different species and in other natural 
products. Archives of Biochemistry and Biophysics 48: 202-208. 
https://doi.org/10.1016/0003-9861(54)90324-0

Gyorgy, P., Norris, R.F. and Rose, C.S., 1954c. Bifidus factor. I. A 
variant of Lactobacillus bifidus requiring a special growth factor. 
Archives of Biochemistry and Biophysics 48: 193-201. https://doi.
org/10.1016/0003-9861(54)90323-9

Håkansson, A., Ulmius, M. and Nilsson, L., 2012. Asymmetrical flow 
field-flow fractionation enables the characterization of molecular 
and supramolecular properties of cereal β-glucan dispersions. 
Carbohydrate Polymers 87: 518-523. https://doi.org/10.1016/j.
carbpol.2011.08.014

Hamaker, B.R. and Tuncil, Y.E., 2014. A perspective on the complexity 
of dietary fiber structures and their potential effect on the gut 
microbiota. Journal of Molecular Biology 426: 3838-3850. https://
doi.org/10.1016/j.jmb.2014.07.028

Hamer, H.M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F.J. and 
Brummer, R.J., 2008. Review article: the role of butyrate on colonic 
function. Alimentary Pharmacology and Therapeutics 27: 104-119. 
https://doi.org/10.1111/j.1365-2036.2007.03562.x

Hamer, H.M., Jonkers, D.M.A.E., Vanhoutvin, S.A.L.W., Troost, F.J., 
Rijkers, G., De Bruïne, A., Bast, A., Venema, K. and Brummer, 
R.-J.M., 2010. Effect of butyrate enemas on inflammation and 
antioxidant status in the colonic mucosa of patients with ulcerative 
colitis in remission. Clinical Nutrition 29: 738-744. https://doi.
org/10.1016/j.clnu.2010.04.002

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1016/j.jff.2015.10.029
https://doi.org/10.1016/j.jff.2015.10.029
https://doi.org/10.1007/978-3-540-72167-3_5
https://doi.org/10.1007/978-3-540-72167-3_5
https://doi.org/10.1021/jf3036403
https://doi.org/10.1021/jf305315g
https://doi.org/10.1093/chromsci/bmt015
https://doi.org/10.1093/chromsci/bmt015
https://doi.org/10.1186/s40168-018-0523-3
https://doi.org/10.1186/s40168-018-0523-3
https://doi.org/10.1038/ni.1778
https://doi.org/10.1016/j.immuni.2007.03.012
https://doi.org/10.1016/j.phytochem.2011.08.011
https://doi.org/10.1016/j.phytochem.2011.08.011
https://doi.org/10.1111/j.1574-6941.2009.00712.x
https://doi.org/10.1021/acs.jafc.0c07446
https://doi.org/10.1016/j.tibtech.2012.08.001
https://doi.org/10.1016/j.carbpol.2004.09.018
https://doi.org/10.1016/j.carbpol.2004.09.018
https://doi.org/10.1016/j.carbpol.2006.06.018
https://doi.org/10.1016/s0162-3109(00)00245-9
https://doi.org/10.1155/2013/329121
https://doi.org/10.1155/2013/329121
https://doi.org/10.1016/0003-9861(54)90325-2
https://doi.org/10.1016/0003-9861(54)90324-0
https://doi.org/10.1016/0003-9861(54)90323-9
https://doi.org/10.1016/0003-9861(54)90323-9
https://doi.org/10.1016/j.carbpol.2011.08.014
https://doi.org/10.1016/j.carbpol.2011.08.014
https://doi.org/10.1016/j.jmb.2014.07.028
https://doi.org/10.1016/j.jmb.2014.07.028
https://doi.org/10.1111/j.1365-2036.2007.03562.x
https://doi.org/10.1016/j.clnu.2010.04.002
https://doi.org/10.1016/j.clnu.2010.04.002


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 151

Hanaue, H., Tokuda, Y., Machimura, T., Kamijoh, A., Kondo, Y., Ogoshi, 
K., Makuuchi, H., Nakasaki, H., Tajima, T., Mitomi, T., 1989. Effects 
of oral lentinan on T-cell subsets in peripheral venous blood. Clinical 
Therapeutics 11: 614-622.

Hao, M., Yuan, X., Cheng, H., Xue, H., Zhang, T., Zhou, Y. and Tai, 
G., 2013. Comparative studies on the anti-tumor activities of high 
temperature- and pH-modified citrus pectins. Food and Function 
4: 960-971. https://doi.org/10.1039/c3fo30350k

Harrison, S., Xue, H., Lane, G., Villas-Boas, S. and Rasmussen, S., 
2012. Linear ion trap MSn of enzymatically synthesized 13C-labeled 
fructans revealing differentiating fragmentation patterns of β (1-
2) and β (1-6) fructans and providing a tool for oligosaccharide 
identification in complex mixtures. Analytical Chemistry 84: 1540-
1548. https://doi.org/10.1021/ac202816y

Hartemink, R., 1996. Fermentation of xyloglucan by intestinal bacteria. 
Anaerobe 2: 223-230. https://doi.org/10.1006/anae.1996.0031

He, T., Venema, K., Priebe, M.G., Welling, G.W., Brummer, R.J.M. 
and Vonk, R.J., 2008. The role of colonic metabolism in lactose 
intolerance. European Journal of Clinical Investigation 38: 541-547. 
https://doi.org/10.1111/j.1365-2362.2008.01966.x

He, Y., Wu, C., Li, J., Li, H., Sun, Z., Zhang, H., De Vos, P., Pan, L.L. and 
Sun, J., 2017. Inulin-type fructans modulates pancreatic-gut innate 
immune responses and gut barrier integrity during experimental 
acute pancreatitis in a chain length-dependent manner. Frontiers 
in Immunology 8: 1209. https://doi.org/10.3389/fimmu.2017.01209

Healey, G., Murphy, R., Butts, C., Brough, L., Whelan, K. and Coad, 
J., 2018. Habitual dietary fibre intake influences gut microbiota 
response to an inulin-type fructan prebiotic: a randomised, double-
blind, placebo-controlled, cross-over, human intervention study. 
British Journal of Nutrition 119: 176-189. https://doi.org/10.1017/
S0007114517003440

Hernández, O., Ruiz-Matute, A.I., Olano, A., Moreno, F.J. and Sanz, 
M.L., 2009. Comparison of fractionation techniques to obtain 
prebiotic galactooligosaccharides. International Dairy Journal 19: 
531-536. https://doi.org/10.1016/j.idairyj.2009.03.002

Hernández-Hernández, O. and Roepstorff, P., 2014. Mass spectrometric 
analysis of food bioactive oligosaccharides. In: Javier Moreno, F. and 
Luz Sanz, M. (eds.) Food oligosaccharides: production, analysis and 
bioactivity. John Wiley and Sons, Ltd, New York, NY, USA, pp. 439-
453. https://doi.org/10.1002/9781118817360.ch23

Hernández-Hernández, O., Calvillo, I., Lebrón-Aguilar, R., 
Moreno, F.J. and Sanz, M.L., 2012a. Hydrophilic interaction 
liquid chromatography coupled to mass spectrometry for the 
characterization of prebiotic galactooligosaccharides. Journal 
of Chromatography A 1220: 57-67. https://doi.org/10.1016/j.
chroma.2011.11.047

Hernández-Hernández, O., Marín-Manzano, M.C., Rubio, L.A., 
Moreno, F.J., Sanz, M.L. and Clemente, A., 2012b. Monomer and 
linkage type of galacto-oligosaccharides affect their resistance to ileal 
digestion and prebiotic properties in rats. The Journal of Nutrition 
142: 1232-1239. https://doi.org/10.3945/jn.111.155762

Hernández-Hernández, O., Montañés, F., Clemente, A., Moreno, F.J. 
and Sanz, M.L., 2011. Characterization of galactooligosaccharides 
derived from lactulose. Journal of Chromatography A 1218: 7691-
7696. https://doi.org/10.1016/j.chroma.2011.05.029

Hijova, E. and Chmelarova, A., 2007. Short chain fatty acids and colonic 
health. Bratislava Medical Journal 108: 354-358.

Hirschmugl, B., Brandl, W., Csapo, B., Van Poppel, M., Köfeler, H., 
Desoye, G., Wadsack, C. and Jantscher-Krenn, E., 2019. Evidence 
of human milk oligosaccharides in cord blood and maternal-to-
fetal transport across the placenta. Nutrients 11: 2640. https://doi.
org/10.3390/nu11112640

Höner zu Bentrup, K., Ramamurthy, R., Ott, C.M., Emami, K., Nelman-
Gonzalez, M., Wilson, J.W., Richter, E.G. Goodwin, T.J., Alexander, 
J.S., Pierson, D.L., Pellis, N., Buchanan, K.L. and Nickerson, C.A., 
2006. Three-dimensional organotypic models of human colonic 
epithelium to study the early stages of enteric salmonellosis. 
Microbes and Infection 8: 1813-1825. https://doi.org/10.1016/j.
micinf.2006.02.020

Hooper, L.V. and Macpherson, A.J., 2010. Immune adaptations that 
maintain homeostasis with the intestinal microbiota. Nature Reviews 
Immunology 10: 159-169. https://doi.org/10.1038/nri2710

Hopkins, M.J., Cummings, J.H. and Macfarlane, G.T., 1998. Inter-
species differences in maximum specific growth rates and cell yields 
of bifidobacteria cultured on oligosaccharides and other simple 
carbohydrate sources. Journal of Applied Microbiology 85: 381-386. 
https://doi.org/10.1046/j.1365-2672.1998.00524.x

Hopkins, M.J., Englyst, H.N., Macfarlane, S., Furrie, E., Macfarlane, 
G.T. and McBain, A.J., 2003. Degradation of cross-linked and non-
cross-linked arabinoxylans by the intestinal microbiota in children. 
Applied and Environmental Microbiology 69: 6354-6360. https://
doi.org/10.1128/aem.69.11.6354-6360.2003

Hoshi, H., Iijima, H., Ishihara, Y., Yasuhara, T. and Matsunaga, K., 2008. 
Absorption and tissue distribution of an immunomodulatory α-d-
glucan after oral administration of Tricholoma matsutake. Journal 
of Agricultural and Food Chemistry 56: 7715-7720. https://doi.
org/10.1021/jf801123k

Hotchkiss, A.T., Nuñez, A., Strahan, G.D., Chau, H.K., White, A.K., 
Marais, J.P.J., Hom, K., Vakkalanka, M.S., Di, R., Yam, K.L. and 
Khoo, C., 2015. Cranberry xyloglucan structure and inhibition of 
Escherichia coli adhesion to epithelial cells. Journal of Agricultural 
and Food Chemistry 63: 5622-5633. https://doi.org/10.1021/acs.
jafc.5b00730

Hudcovic, T., Kolinska, J., Klepetar, J., Stepankova, R., Rezanka, 
T., Srutkova, D., Schwarzer, M., Erban, V., Du, Z., Wells, J.M., 
Hrncir, T., Tlaskalova-Hogenova, H. and Kozakova, H., 2012. 
Protective effect of Clostridium tyrobutyricum in acute dextran 
sodium sulphate-induced colitis: differential regulation of tumour 
necrosis factor-α and interleukin-18 in BALB/c and severe combined 
immunodeficiency mice. Clinical and Experimental Immunology 
167: 356-365. https://doi.org/10.1111/j.1365-2249.2011.04498.x

Hughes, S.A., Shewry, P.R., Gibson, G.R., McCleary, B.V. and Rastall, 
R.A., 2008. In vitro fermentation of oat and barley derived β-glucans 
by human faecal microbiota. FEMS Microbiology Ecology 64: 482-
493. https://doi.org/10.1111/j.1574-6941.2008.00478.x

Hughes, S.A., Shewry, P.R., Li, L., Gibson, G.R., Sanz, M.L. and Rastall, 
R.A., 2007. In vitro fermentation by human fecal microflora of 
wheat arabinoxylans. Journal of Agricultural and Food Chemistry 
55: 4589-4595. https://doi.org/10.1021/jf070293g

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1039/c3fo30350k
https://doi.org/10.1021/ac202816y
https://doi.org/10.1006/anae.1996.0031
https://doi.org/10.1111/j.1365-2362.2008.01966.x
https://doi.org/10.3389/fimmu.2017.01209
https://doi.org/10.1017/S0007114517003440
https://doi.org/10.1017/S0007114517003440
https://doi.org/10.1016/j.idairyj.2009.03.002
https://doi.org/10.1002/9781118817360.ch23
https://doi.org/10.1016/j.chroma.2011.11.047
https://doi.org/10.1016/j.chroma.2011.11.047
https://doi.org/10.3945/jn.111.155762
https://doi.org/10.1016/j.chroma.2011.05.029
https://doi.org/10.3390/nu11112640
https://doi.org/10.3390/nu11112640
https://doi.org/10.1016/j.micinf.2006.02.020
https://doi.org/10.1016/j.micinf.2006.02.020
https://doi.org/10.1038/nri2710
https://doi.org/10.1046/j.1365-2672.1998.00524.x
https://doi.org/10.1128/aem.69.11.6354-6360.2003
https://doi.org/10.1128/aem.69.11.6354-6360.2003
https://doi.org/10.1021/jf801123k
https://doi.org/10.1021/jf801123k
https://doi.org/10.1021/acs.jafc.5b00730
https://doi.org/10.1021/acs.jafc.5b00730
https://doi.org/10.1111/j.1365-2249.2011.04498.x
https://doi.org/10.1111/j.1574-6941.2008.00478.x
https://doi.org/10.1021/jf070293g


R.A. Rastall et al.

152 Beneficial Microbes 13(2)

Hylla, S., Gostner, A., Dusel, G., Anger, H., Bartram, H.P., Christl, S.U., 
Kasper, H. and Scheppach, W., 1998. Effects of resistant starch on 
the colon in healthy volunteers: possible implications for cancer 
prevention. American Journal of Clinical Nutrition 67: 136-142. 
https://doi.org/10.1093/ajcn/67.1.136

Ikeda, Y., Adachi, Y., Ishii, T., Miura, N., Tamura, H. and Ohno, N., 
2008. Dissociation of toll-like receptor 2-mediated innate immune 
response to zymosan by organic solvent-treatment without loss of 
dectin-1 reactivity. Biological and Pharmaceutical Bulletin 31: 13-
18. https://doi.org/10.1248/bpb.31.13

Irhimeh, M.R., Fitton, J.H. and Lowenthal, R.M., 2007. Fucoidan 
ingestion increases the expression of CXCR4 on human CD34+ cells. 
Experimental Hematology 35: 989-994. https://doi.org/10.1016/j.
exphem.2007.02.009

Isidro, R.A., 2014. The probiotic mixture VSL#3 alters the morphology 
and secretion profile of both polarized and unpolarized human 
macrophages in a polarization-dependent manner. Journal of Clinical 
and Cellular Immunology 5: 227. https://doi.org/10.4172/2155-
9899.1000227

Jandera, P., 2011. Stationary and mobile phases in hydrophilic 
interaction chromatography: a review. Analytica Chimica Acta 
692: 1-25. https://doi.org/10.1016/j.aca.2011.02.047

Jantscher-Krenn, E., Aigner, J., Reiter, B., Köfeler, H., Csapo, B., 
Desoye, G., Bode, L. and Van Poppel, M.N.M., 2019. Evidence 
of human milk oligosaccharides in maternal circulation already 
during pregnancy: a pilot study. American Journal of Physiology 
– Endocrinology and Metabolism 316: e347-e357. https://doi.
org/10.1152/ajpendo.00320.2018

Jaskari, J., Kontula, P., Siitonen, A., Jousimies-Somer, H., Mattila-
Sandholm, T. and Poutanen, K., 1998. Oat β-glucan and xylan 
hydrolysates as selective substrates for Bifidobacterium and 
Lactobacillus strains. Applied Microbiology and Biotechnology 
49: 175-181. https://doi.org/10.1007/s002530051155

Jawhara, S., Habib, K., Maggiotto, F., Pignede, G., Vandekerckove, P., 
Maes, E., Dubuquoy, L., Fontaine, T., Guerardel, Y. and Poulain, D., 
2012. Modulation of intestinal inflammation by yeasts and cell wall 
extracts: strain dependence and unexpected anti-inflammatory role 
of glucan fractions. PLoS ONE 7: e40648. https://doi.org/10.1371/
journal.pone.0040648

Jenkins, C.L.D., Lewis, D., Bushell, R., Belobrajdic, D.P. and Bird, 
A.R., 2011. Chain length of cereal fructans isolated from wheat 
stem and barley grain modulates in vitro fermentation. Journal of 
Cereal Science 53: 188-191. https://doi.org/10.1016/j.jcs.2010.12.001

Jenkins, D.J.A., Vuksan, V., Kendall, C.W.C., Würsch, P., Jeffcoat, R., 
Waring, S., Mehling, C.C., Vidgen, E., Augustin, L.S.A. and Wong, 
E., 1998. Physiological effects of resistant starches on fecal bulk, 
short chain fatty acids, blood lipids and glycemic index. Journal of 
the American College of Nutrition 17: 609-616. https://doi.org/10
.1080/07315724.1998.10718810

Jonathan, M.C., Van den Borne, J.J.G.C., Van Wiechen, P., Souza da 
Silva, C., Schols, H.A. and Gruppen, H., 2012. In vitro fermentation 
of 12 dietary fibres by faecal inoculum from pigs and humans. 
Food Chemistry 133: 889-897. https://doi.org/10.1016/j.
foodchem.2012.01.110

Józefowski, S., Yang, Z., Marcinkiewicz, J. and Kobzik, L., 2011. 
Scavenger receptors and β-glucan receptors participate in the 
recognition of yeasts by murine macrophages. Inflammation 
Research 61: 113-126. https://doi.org/10.1007/s00011-011-0395-5

Juvonen, M., Kotiranta, M., Jokela, J., Tuomainen, P. and Tenkanen, M., 
2019. Identification and structural analysis of cereal arabinoxylan-
derived oligosaccharides by negative ionization HILIC-MS/
MS. Food Chemistry 275: 176-185. https://doi.org/10.1016/j.
foodchem.2018.09.074

Kabel, M.A., Kortenoeven, L., Schols, H.A. and Voragen, A.G.J., 2002. In 
vitro fermentability of differently substituted xylo-oligosaccharides. 
Journal of Agricultural and Food Chemistry 50: 6205-6210. https://
doi.org/10.1021/jf020220r

Kaplan,  H.  and Hutk ins ,  R .W. ,  2003.  Metab ol i sm of 
Fructooligosaccharides by Lactobacillus paracasei 1195. Applied and 
Environmental Microbiology 69: 2217-2222. https://doi.org/10.1128/
aem.69.4.2217-2222.2003

Kerrigan, A.M. and Brown, G.D., 2009. C-type lectins and phagocytosis. 
Immunobiology 214: 562-575. https://doi.org/10.1016/j.
imbio.2008.11.003

Kertesz, Z.I., 1951. The pectic substances. Journal of the American 
Pharmaceutical Association 41: 54. https://doi.org/10.1002/
jps.3030410132

Kéry, V., Křepinský, J.J.F., Warren, C.D., Capek, P. and Stahl, P.D., 
1992. Ligand recognition by purified human mannose receptor. 
Archives of Biochemistry and Biophysics 298: 49-55. https://doi.
org/10.1016/0003-9861(92)90092-b

Khodaei, N., Fernandez, B., Fliss, I. and Karboune, S., 2016. Digestibility 
and prebiotic properties of potato rhamnogalacturonan I 
polysaccharide and its galactose-rich oligosaccharides/oligomers. 
Carbohydrate Polymers 136: 1074-1084. https://doi.org/10.1016/j.
carbpol.2015.09.106

Kimura, I., Ozawa, K., Inoue, D., Imamura, T., Kimura, K., Maeda, 
T., Terasawa, K., Kashihara, D., Hirano, K., Tani, T., Takahashi, T., 
Miyauchi, S., Shioi, G., Inoue, H. and Tsujimoto, G., 2013. The gut 
microbiota suppresses insulin-mediated fat accumulation via the 
short-chain fatty acid receptor GPR43. Nature Communications 4: 
1829. https://doi.org/10.1038/ncomms2852

Kinoshita, M. and Kakehi, K., 2014. Capillary-based lectin affinity 
electrophoresis for interaction analysis between lectins and glycans. 
In: Hirabayashi, J. (ed.) Lectins. Methods in molecular biology 
(methods and protocols). Vol. 1200. Humana Press, New York, NY, 
USA. https://doi.org/10.1007/978-1-4939-1292-6_12

Kirmaz, C., Bayrak, P., Yilmaz, O. and Yuksel, H., 2005. Effects of 
glucan treatment on the Th1/Th2 balance in patients with allergic 
rhinitis: a double-blind placebo-controlled study. European Cytokine 
Network 16: 128-134.

Kitaoka, M., Tian, J. and Nishimoto, M., 2005. Novel putative galactose 
operon involving lacto-N-biose phosphorylase in Bifidobacterium 
longum. Applied and Environmental Microbiology 71: 3158-3162. 
https://doi.org/10.1128/aem.71.6.3158-3162.2005

Kobayashi, T., Okazaki, M., Fujikawa, S. and Koga, K., 1991. Effect of 
xylooligosaccharides on feces of men. Journal of the Agricultural 
Chemical Society of Japan 65: 1651-1653. https://doi.org/10.1271/
nogeikagaku1924.65.1651

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1093/ajcn/67.1.136
https://doi.org/10.1248/bpb.31.13
https://doi.org/10.1016/j.exphem.2007.02.009
https://doi.org/10.1016/j.exphem.2007.02.009
https://doi.org/10.4172/2155-9899.1000227
https://doi.org/10.4172/2155-9899.1000227
https://doi.org/10.1016/j.aca.2011.02.047
https://doi.org/10.1152/ajpendo.00320.2018
https://doi.org/10.1152/ajpendo.00320.2018
https://doi.org/10.1007/s002530051155
https://doi.org/10.1371/journal.pone.0040648
https://doi.org/10.1371/journal.pone.0040648
https://doi.org/10.1016/j.jcs.2010.12.001
https://doi.org/10.1080/07315724.1998.10718810
https://doi.org/10.1080/07315724.1998.10718810
https://doi.org/10.1016/j.foodchem.2012.01.110
https://doi.org/10.1016/j.foodchem.2012.01.110
https://doi.org/10.1007/s00011-011-0395-5
https://doi.org/10.1016/j.foodchem.2018.09.074
https://doi.org/10.1016/j.foodchem.2018.09.074
https://doi.org/10.1021/jf020220r
https://doi.org/10.1021/jf020220r
https://doi.org/10.1128/aem.69.4.2217-2222.2003
https://doi.org/10.1128/aem.69.4.2217-2222.2003
https://doi.org/10.1016/j.imbio.2008.11.003
https://doi.org/10.1016/j.imbio.2008.11.003
https://doi.org/10.1002/jps.3030410132
https://doi.org/10.1002/jps.3030410132
https://doi.org/10.1016/0003-9861(92)90092-b
https://doi.org/10.1016/0003-9861(92)90092-b
https://doi.org/10.1016/j.carbpol.2015.09.106
https://doi.org/10.1016/j.carbpol.2015.09.106
https://doi.org/10.1038/ncomms2852
https://doi.org/10.1007/978-1-4939-1292-6_12
https://doi.org/10.1128/aem.71.6.3158-3162.2005
https://doi.org/10.1271/nogeikagaku1924.65.1651
https://doi.org/10.1271/nogeikagaku1924.65.1651


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 153

Koizumi, K., 1996. High-performance liquid chromatographic 
separation of carbohydrates on graphitized carbon columns. Journal 
of Chromatography A 720: 119-126. https://doi.org/10.1016/0021-
9673(94)01274-1

Koketsu, M. and Linhardt, R.J., 2000. Electrophoresis for the analysis 
of acidic oligosaccharides. Analytical Biochemistry 283: 136-145. 
https://doi.org/10.1006/abio.2000.4649

Kong, H., Wang, M., Venema, K., Maathuis, A., Van der Heijden, R., 
Van der Greef, J., Xu, G. and Hankemeier, T., 2009. Bioconversion 
of red ginseng saponins in the gastro-intestinal tract in vitro 
model studied by high-performance liquid chromatography – 
high resolution Fourier transform ion cyclotron resonance mass 
spectrometry. Journal of Chromatography A 1216: 2195-2203. 
https://doi.org/10.1016/j.chroma.2008.11.030

Koray, M., Ak, G., Kürklü, E., Tanyeri, H., Aydin, F., Oguz, F.S., 
Temurhan, S., Ciltci, H., Carin, M., Onal, A.E. and Ozdilli, K., 2009. 
The effect of β-glucan on recurrent aphthous stomatitis. The Journal 
of Alternative and Complementary Medicine 15: 111-112. https://
doi.org/10.1089/acm.2008.0118

Kottler, R., Mank, M., Hennig, R., Müller-Werner, B., Stahl, B., Reichl, U. 
and Rapp, E., 2013. Development of a high-throughput glycoanalysis 
method for the characterization of oligosaccharides in human milk 
utilizing multiplexed capillary gel electrophoresis with laser-induced 
fluorescence detection. Electrophoresis 34: 2323-2336. https://doi.
org/10.1002/elps.201300016

Kovacs-Nolan, J., Kanatani, H., Nakamura, A., Ibuki, M. and Mine, 
Y., 2013. β-1,4-mannobiose stimulates innate immune responses 
and induces TLR4-dependent activation of mouse macrophages 
but reduces severity of inflammation during endotoxemia in mice. 
The Journal of Nutrition 143: 384-391. https://doi.org/10.3945/
jn.112.167866

Kovatcheva-Datchary, P., Egert, M., Maathuis, A., Rajilic-Stojanovic, 
M., De Graaf, A.A., Smidt, H., De Vos, W.M. and Venema, K., 2009a. 
Linking phylogenetic identities of bacteria to starch fermentation 
in an in vitro model of the large intestine by RNA-based stable 
isotope probing. Environmental Microbiology 11: 914-926. https://
doi.org/10.1111/j.1462-2920.2008.01815.x

Kovatcheva-Datchary, P., Zoetendal, E.G. Venema, K., De Vos, 
W.M. and Smidt, H., 2009b. Review: tools for the tract: 
understanding the functionality of the gastrointestinal tract. 
Therapeutic Advances in Gastroenterology 2: S9-S22. https://doi.
org/10.1177/1756283x09337646

Kunz, C., Rudloff, S., Hintelmann, A., Pohlentz, G. and Egge, H., 
1996. High-pH anion-exchange chromatography with pulsed 
amperometric detection and molar response factors of human 
milk oligosaccharides. Journal of Chromatography B: Biomedical 
Sciences and Applications 685: 211-221. https://doi.org/10.1016/
s0378-4347(96)00181-8

Ladirat, S.E., Schols, H.A., Nauta, A., Schoterman, M.H.C., Schuren, 
F.H.J. and Gruppen, H., 2014. In vitro fermentation of galacto-
oligosaccharides and its specific size-fractions using non-treated and 
amoxicillin-treated human inoculum. Bioactive Carbohydrates and 
Dietary Fibre 3: 59-70. https://doi.org/10.1016/j.bcdf.2014.02.002

Lamichhane, S., Westerhuis, J.A., Ouwehand, A.C., Saarinen, M.T., 
Forssten, S.D., Jensen, H.M., Young, J.F., Bertram, H.C. and Yde, 
C.C., 2016. Gut microbial activity as influenced by fiber digestion: 
dynamic metabolomics in an in vitro colon simulator. Metabolomics 
12: 25. https://doi.org/10.1007/s11306-015-0936-y

Lamichhane, S., Yde, C.C., Jensen, H.M., Morovic, W., Hibberd, 
A.A., Ouwehand, A.C., Saarinen, M.T., Forssten, S.D., Wiebe, L., 
Marcussen, J., Bertelsen, K., Meier, S., Young, J.F. and Bertram, H.C., 
2018. Metabolic fate of (13)C-labeled polydextrose and impact on the 
gut microbiome: a triple-phase study in a colon simulator. Journal 
of Proteome Research 17: 1041-1053. https://doi.org/10.1021/acs.
jproteome.7b00683

Lane, J.A. and Hickey, R.M., 2014. Analysis of bioactive food-sourced 
oligosaccharides by high-performance liquid chromatography. In: 
Javier Moreno, F. and Luz Sanz, M. (eds.) Food oligosaccharides: 
production, analysis and bioactivity. John Wiley and Sons, Ltd, New 
York, NY, USA, pp. 399-420. https://doi.org/10.1002/9781118817360.
ch21

Langkilde, A.M., Andersson, H., Schweizer, T.F. and Wursch, P., 1994. 
Digestion and absorption of sorbitol, maltitol and isomalt from the 
small bowel. A study in ileostomy subjects. European Journal of 
Clinical Nutrition 48: 768-775.

Largent, B.L., Walton, K.M., Hoppe, C.A., Lee, Y.C. and Schnaar, R.L., 
1984. Carbohydrate-specific adhesion of alveolar macrophages to 
mannose-derivatized surfaces. Journal of Biological Chemistry 
259: 1764-1769.

Larsbrink, J., Rogers, T.E., Hemsworth, G.R., McKee, L.S., Tauzin, 
A.S., Spadiut, O., Klinter, S., Pudlo, N.A., Urs, K., Koropatkin, N.M., 
Creagh, A.L., Haynes, C.A., Kelly, A.G., Cederholm, S.N., Davies, 
G.J., Martens, E.C. and Brumer, H., 2014. A discrete genetic locus 
confers xyloglucan metabolism in select human gut Bacteroidetes. 
Nature 506: 498-502. https://doi.org/10.1038/nature12907

Larsen, N., Bussolo de Souza, C., Krych, L., Barbosa Cahú, T., Wiese, M., 
Kot, W., Hansen, K.M., Blennow, A., Venema, K. and Jespersen, L., 
2019. Potential of pectins to beneficially modulate the gut microbiota 
depends on their structural properties. Frontiers in Microbiology 
10: 223. https://doi.org/10.3389/fmicb.2019.00223

Larsen, N., Cahú, T.B., Isay Saad, S.M., Blennow, A. and Jespersen, L., 
2018. The effect of pectins on survival of probiotic Lactobacillus spp. 
in gastrointestinal juices is related to their structure and physical 
properties. Food Microbiology 74: 11-20. https://doi.org/10.1016/j.
fm.2018.02.015

Le Blay, G., Chassard, C., Baltzer, S. and Lacroix, C., 2009a. Set up 
of a new in vitromodel to study dietary fructans fermentation in 
formula-fed babies. British Journal of Nutrition 103: 403-411. https://
doi.org/10.1017/s0007114509991796

Le Blay, G.L., Rytka, J., Zihler, A. and Lacroix, C., 2009b. New in 
vitro colonic fermentation model for Salmonella infection in the 
child gut. FEMS Microbiology Ecology 67: 198-207. https://doi.
org/10.1111/j.1574-6941.2008.00625.x

Leach, J.D., 2007. Evolutionary perspective on dietary intake of fibre 
and colorectal cancer. European Journal of Clinical Nutrition 61: 
140-142. https://doi.org/10.1038/sj.ejcn.1602486

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1016/0021-9673(94)01274-1
https://doi.org/10.1016/0021-9673(94)01274-1
https://doi.org/10.1006/abio.2000.4649
https://doi.org/10.1016/j.chroma.2008.11.030
https://doi.org/10.1089/acm.2008.0118
https://doi.org/10.1089/acm.2008.0118
https://doi.org/10.1002/elps.201300016
https://doi.org/10.1002/elps.201300016
https://doi.org/10.3945/jn.112.167866
https://doi.org/10.3945/jn.112.167866
https://doi.org/10.1111/j.1462-2920.2008.01815.x
https://doi.org/10.1111/j.1462-2920.2008.01815.x
https://doi.org/10.1177/1756283x09337646
https://doi.org/10.1177/1756283x09337646
https://doi.org/10.1016/s0378-4347(96)00181-8
https://doi.org/10.1016/s0378-4347(96)00181-8
https://doi.org/10.1016/j.bcdf.2014.02.002
https://doi.org/10.1007/s11306-015-0936-y
https://doi.org/10.1021/acs.jproteome.7b00683
https://doi.org/10.1021/acs.jproteome.7b00683
https://doi.org/10.1002/9781118817360.ch21
https://doi.org/10.1002/9781118817360.ch21
https://doi.org/10.1038/nature12907
https://doi.org/10.3389/fmicb.2019.00223
https://doi.org/10.1016/j.fm.2018.02.015
https://doi.org/10.1016/j.fm.2018.02.015
https://doi.org/10.1017/s0007114509991796
https://doi.org/10.1017/s0007114509991796
https://doi.org/10.1111/j.1574-6941.2008.00625.x
https://doi.org/10.1111/j.1574-6941.2008.00625.x
https://doi.org/10.1038/sj.ejcn.1602486


R.A. Rastall et al.

154 Beneficial Microbes 13(2)

Lecerf, J.-M., Dépeint, F., Clerc, E., Dugenet, Y., Niamba, C.N., Rhazi, 
L., Cayzeele, A., Abdelnour, G., Jaruga, A., Younes, H., Jacobs, 
H., Lambrey, G., Abdelnour, A.M. and Pouillart, P.R., 2012. Xylo-
oligosaccharide (XOS) in combination with inulin modulates 
both the intestinal environment and immune status in healthy 
subjects, while XOS alone only shows prebiotic properties. British 
Journal of Nutrition 108: 1847-1858. https://doi.org/10.1017/
s0007114511007252

Lee, E.H., Park, H.-R., Shin, M.-S., Cho, S.Y., Choi, H.-J. and Shin, 
K.-S., 2014. Antitumor metastasis activity of pectic polysaccharide 
purified from the peels of Korean Citrus Hallabong. Carbohydrate 
Polymers 111: 72-79. https://doi.org/10.1016/j.carbpol.2014.04.073

Lee, J.-H. and O’Sullivan, D.J., 2010. Genomic insights into 
bifidobacteria. Microbiology and Molecular Biology Reviews 74: 
378-416. https://doi.org/10.1128/mmbr.00004-10

Lee, S.J., Zheng, N.-Y., Clavijo, M. and Nussenzweig, M.C., 2003. 
Normal host defense during systemic candidiasis in mannose 
receptor-deficient mice. Infection and Immunity 71: 437-445. https://
doi.org/10.1128/iai.71.1.437-445.2003

Lefebvre, G., Shevlyakova, M., Charpagne, A., Marquis, J., Vogel, 
M., Kirsten, T., Kiess, W., Austin, S., Sprenger, N. and Binia, 
A., 2020. Time of lactation and maternal fucosyltransferase 
genetic polymorphisms determine the variability in human milk 
oligosaccharides. Frontiers in Nutrition 7: 574459. https://doi.
org/10.3389/fnut.2020.574459

LeibundGut-Landmann, S., Groß, O., Robinson, M.J., Osorio, F., Slack, 
E.C., Tsoni, S.V., Schweighoffer, E., Tybulewicz, V., Brown, G.D., 
Ruland, J. and Reis e Sousa, C., 2007. Syk- and CARD9-dependent 
coupling of innate immunity to the induction of T helper cells that 
produce interleukin 17. Nature Immunology 8: 630-638. https://
doi.org/10.1038/ni1460

LeibundGut-Landmann, S., Osorio, F., Brown, G.D. and Reis e Sousa, 
C., 2008. Stimulation of dendritic cells via the dectin-1/Syk pathway 
allows priming of cytotoxic T-cell responses. Blood 112: 4971-4980. 
https://doi.org/10.1182/blood-2008-05-158469

Leijdekkers, A.G.M., Huang, J.-H., Bakx, E.J., Gruppen, H. and Schols, 
H.A., 2015. Identification of novel isomeric pectic oligosaccharides 
using hydrophilic interaction chromatography coupled to traveling-
wave ion mobility mass spectrometry. Carbohydrate Research 404: 
1-8. https://doi.org/10.1016/j.carres.2014.12.003

Leitch, E.C., Walker, A.W., Duncan, S.H., Holtrop, G. and Flint, H.J., 
2007. Selective colonization of insoluble substrates by human 
faecal bacteria. Environmental Microbiology 9: 667-679. https://
doi.org/10.1111/j.1462-2920.2006.01186.x

Lepine, A.F.P., Konstanti, P., Borewicz, K., Resink, J.W., De Wit, N.J., Vos, 
P., Smidt, H. and Mes, J.J., 2019. Combined dietary supplementation 
of long chain inulin and Lactobacillus acidophilus W37 supports 
oral vaccination efficacy against Salmonella Typhimurium in piglets. 
Scientific Reports 9: 18017. https://doi.org/10.1038/s41598-019-
54353-1

Levitz, S.M., 2010. Innate recognition of fungal cell walls. PLoS 
Pathogens 6: e1000758. https://doi.org/10.1371/journal.ppat.1000758

Lewanika, T.R., Reid, S.J., Abratt, V.R., Macfarlane, G.T. and Macfarlane, 
S., 2007. Lactobacillus gasseri Gasser AM63T degrades oxalate in 
a multistage continuous culture simulator of the human colonic 
microbiota. FEMS Microbiology Ecology 61: 110-120. https://doi.
org/10.1111/j.1574-6941.2007.00327.x

Licciardi, P.V., Ververis, K. and Karagiannis, T.C., 2011. Histone 
deacetylase inhibition and dietary short-chain fatty acids. ISRN 
Allergy 2011: 869647. https://doi.org/10.5402/2011/869647

Liévin-Le Moal, V. and Servin, A.L., 2006. The front line of 
enteric host defense against unwelcome intrusion of harmful 
microorganisms: mucins, antimicrobial peptides, and microbiota. 
Clinical Microbiology Reviews 19: 315-337. https://doi.org/10.1128/
cmr.19.2.315-337.2006

Likotrafiti, E., Tuohy, K.M., Gibson, G.R. and Rastall, R.A., 2013. 
Development of antimicrobial synbiotics using potentially-probiotic 
faecal isolates of Lactobacillus fermentum and Bifidobacterium 
longum .  Anaerobe 20: 5-13. https://doi.org/10.1016/j.
anaerobe.2013.01.002

Lim, B.O., Lee, S.H., Park, D.K. and Choue, R.W., 2003. Effect of dietary 
pectin on the production of immunoglobulins and cytokines by 
mesenteric lymph node lymphocytes in mouse colitis induced with 
dextran sulfate sodium. Bioscience, Biotechnology, and Biochemistry 
67: 1706-1712. https://doi.org/10.1271/bbb.67.1706

Linden, J.C. and Lawhead, C.L., 1975. Liquid chromatography of 
saccharides. Journal of Chromatography A 105: 125-133. https://
doi.org/10.1016/s0021-9673(01)81096-7

Liu, F., Prabhakar, M., Ju, J., Long, H. and Zhou, H.W., 2016. Effect 
of inulin-type fructans on blood lipid profile and glucose level: a 
systematic review and meta-analysis of randomized controlled 
trials. European Journal of Clinical Nutrition 71: 9-20. https://doi.
org/10.1038/ejcn.2016.156

Liu, L., Fishman, M.L. and Hicks, K.B., 2007. Pectin in controlled drug 
delivery – a review. Cellulose 14: 15-24.

Liu, L., Fishman, M.L., Hicks, K.B. and Kende, M., 2005. Interaction of 
various pectin formulations with porcine colonic tissues. Biomaterials 
26: 5907-5916. https://doi.org/10.1016/j.biomaterials.2005.03.005

Liu, Z. and Rochfort, S., 2015. Identification and quantitative analysis 
of oligosaccharides in wheat flour using LC-MS. Journal of Cereal 
Science 63: 128-133. https://doi.org/10.1016/j.jcs.2015.03.009

Liu, Z., Moate, P., Cocks, B. and Rochfort, S., 2014. Simple liquid 
chromatography – mass spectrometry method for quantification of 
major free oligosaccharides in bovine milk. Journal of Agricultural 
and Food Chemistry 62: 11568-11574. https://doi.org/10.1021/
jf5037849

Logtenberg, M.J., Akkerman, R., Hobé, R.G., Donners, K.M.H., Van 
Leeuwen, S.S., Hermes, G.D.A., De Haan, B.J., Faas, M.M., Buwalda, 
P.L., Zoetendal, E.G. De Vos, P. and Schols, H.A., 2021. Structure-
specific fermentation of galacto-oligosaccharides, isomalto-
oligosaccharides and isomalto/malto-polysaccharides by infant 
fecal microbiota and impact on dendritic cell cytokine responses. 
Molecular Nutrition and Food Research 65: e2001077. https://doi.
org/10.1002/mnfr.202001077

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1017/s0007114511007252
https://doi.org/10.1017/s0007114511007252
https://doi.org/10.1016/j.carbpol.2014.04.073
https://doi.org/10.1128/mmbr.00004-10
https://doi.org/10.1128/iai.71.1.437-445.2003
https://doi.org/10.1128/iai.71.1.437-445.2003
https://doi.org/10.3389/fnut.2020.574459
https://doi.org/10.3389/fnut.2020.574459
https://doi.org/10.1038/ni1460
https://doi.org/10.1038/ni1460
https://doi.org/10.1182/blood-2008-05-158469
https://doi.org/10.1016/j.carres.2014.12.003
https://doi.org/10.1111/j.1462-2920.2006.01186.x
https://doi.org/10.1111/j.1462-2920.2006.01186.x
https://doi.org/10.1038/s41598-019-54353-1
https://doi.org/10.1038/s41598-019-54353-1
https://doi.org/10.1371/journal.ppat.1000758
https://doi.org/10.1111/j.1574-6941.2007.00327.x
https://doi.org/10.1111/j.1574-6941.2007.00327.x
https://doi.org/10.5402/2011/869647
https://doi.org/10.1128/cmr.19.2.315-337.2006
https://doi.org/10.1128/cmr.19.2.315-337.2006
https://doi.org/10.1016/j.anaerobe.2013.01.002
https://doi.org/10.1016/j.anaerobe.2013.01.002
https://doi.org/10.1271/bbb.67.1706
https://doi.org/10.1016/s0021-9673(01)81096-7
https://doi.org/10.1016/s0021-9673(01)81096-7
https://doi.org/10.1038/ejcn.2016.156
https://doi.org/10.1038/ejcn.2016.156
https://doi.org/10.1016/j.biomaterials.2005.03.005
https://doi.org/10.1016/j.jcs.2015.03.009
https://doi.org/10.1021/jf5037849
https://doi.org/10.1021/jf5037849
https://doi.org/10.1002/mnfr.202001077
https://doi.org/10.1002/mnfr.202001077


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 155

Logtenberg, M.J., Donners, K.M.H., Vink, J.C.M., Van Leeuwen, S.S., 
De Waard, P., De Vos, P. and Schols, H.A., 2020. Touching the high 
complexity of prebiotic vivinal galacto-oligosaccharides using porous 
graphitic carbon ultra-high-performance liquid chromatography 
coupled to mass spectrometry. Journal of Agricultural and Food 
Chemistry 68: 7800-7808. https://doi.org/10.1021/acs.jafc.0c02684

Lomax, A.R. and Calder, P.C., 2008. Prebiotics, immune function, 
infection and inflammation: a review of the evidence. British 
Journal of Nutrition 101: 633-658. https://doi.org/10.1017/
S0007114508055608

Lomax, A.R., Cheung, L.V.Y., Tuohy, K.M., Noakes, P.S., Miles, E.A. and 
Calder, P.C., 2012. β2-1 Fructans have a bifidogenic effect in healthy 
middle-aged human subjects but do not alter immune responses 
examined in the absence of an in vivo immune challenge: results 
from a randomised controlled trial. British Journal of Nutrition 108: 
1818-1828. https://doi.org/10.1017/s0007114511007276

Louis, P., Scott, K.P., Duncan, S.H. and Flint, H.J., 2007. Understanding 
the effects of diet on bacterial metabolism in the large intestine. 
Journal of Applied Microbiology 102: 1197-1208. https://doi.
org/10.1111/j.1365-2672.2007.03322.x

Loures, F.V., Araújo, E.F., Feriotti, C., Bazan, S.B., Costa, T.A., Brown, 
G.D. and Calich, V.L.G., 2014. Dectin-1 induces M1 macrophages 
and prominent expansion of CD8+IL-17+ cells in pulmonary 
paracoccidioidomycosis. The Journal of Infectious Diseases 210: 
762-773. https://doi.org/10.1093/infdis/jiu136

Luis, A.S. and Martens, E.C., 2018. Interrogating gut bacterial genomes 
for discovery of novel carbohydrate degrading enzymes. Current 
Opinion in Chemical Biology 47: 126-133. https://doi.org/10.1016/j.
cbpa.2018.09.012

Maathuis, A., Hoffman, A., Evans, A., Sanders, L. and Venema, K., 
2009. The effect of the undigested fraction of maize products on the 
activity and composition of the microbiota determined in a dynamic 
in vitro model of the human proximal large intestine. Journal of the 
American College of Nutrition 28: 657-666. https://doi.org/10.108
0/07315724.2009.10719798

Maathuis, A.J.H., Van den Heuvel, E.G. Schoterman, M.H.C. and 
Venema, K., 2012. Galacto-oligosaccharides have prebiotic activity 
in a dynamic in vitro colon model using a 13C-labeling technique. 
The Journal of Nutrition 142: 1205-1212. https://doi.org/10.3945/
jn.111.157420

Macauley, M.S., Crocker, P.R. and Paulson, J.C., 2014. Siglec-mediated 
regulation of immune cell function in disease. Nature Reviews 
Immunology 14: 653-666. https://doi.org/10.1038/nri3737

MacFabe, D.F., Cain, N.E., Boon, F., Ossenkopp, K.-P. and Cain, D.P., 
2011. Effects of the enteric bacterial metabolic product propionic 
acid on object-directed behavior, social behavior, cognition, and 
neuroinflammation in adolescent rats: relevance to autism spectrum 
disorder. Behavioural Brain Research 217: 47-54. https://doi.
org/10.1016/j.bbr.2010.10.005

Macfarlane, G.T. and Macfarlane, S., 1993. Factors affecting 
fermentation reactions in the large bowel. Proceedings of the 
Nutrition Society 52: 367-373. https://doi.org/10.1079/pns19930072

Macfarlane, G.T. and Macfarlane, S., 2007. Models for intestinal 
fermentation: association between food components, delivery 
systems, bioavailability and functional interactions in the gut. 
Current Opinion in Biotechnology 18: 156-162. https://doi.
org/10.1016/j.copbio.2007.01.011

Macfarlane, G.T., Cummings, J.H., Macfarlane, S. and Gibson, G.R., 
1989a. Influence of retention time on degradation of pancreatic 
enzymes by human colonic bacteria grown in a 3-stage continuous 
culture system. Journal of Applied Bacteriology 67: 520-527.

Macfarlane, G.T., Hay, S. and Gibson, G.R., 1989b. Influence of 
mucin on glycosidase, protease and arylamidase activities of 
human gut bacteria grown in a 3-stage continuous culture 
system. Journal of Applied Bacteriology 66: 407-417. https://doi.
org/10.1111/j.1365-2672.1989.tb05110.x

Macfarlane, G.T., Macfarlane, S. and Gibson, G.R., 1998. Validation of 
a three-stage compound continuous culture system for investigating 
the effect of retention time on the ecology and metabolism of 
bacteria in the human colon. Microbial Ecology 35: 180-187. https://
doi.org/10.1007/s002489900072

Macfarlane, S., Woodmansey, E.J. and Macfarlane, G.T., 2005. 
Colonization of mucin by human intestinal bacteria and 
establishment of biofilm communities in a two-stage continuous 
culture system. Applied and Environmental Microbiology 71: 7483-
7492. https://doi.org/10.1128/aem.71.11.7483-7492.2005

Machado, M.T.C., Eça, K.S., Vieira, G.S., Menegalli, F.C., Martínez, J. 
and Hubinger, M.D., 2015. Prebiotic oligosaccharides from artichoke 
industrial waste: evaluation of different extraction methods. 
Industrial Crops and Products 76: 141-148. https://doi.org/10.1016/j.
indcrop.2015.06.047

Mack, D.R., Michail, S., Wei, S., McDougall, L. and Hollingsworth, 
M.A., 1999. Probiotics inhibit enteropathogenic E. coli adherence 
in vitro by inducing intestinal mucin gene expression. American 
Journal of Physiology-Gastrointestinal and Liver Physiology 276: 
G941-G950. https://doi.org/10.1152/ajpgi.1999.276.4.G941

MacKinnon, I.M., Jardine, W.G., O’Kennedy, N., Renard, C.M.G.C. and 
Jarvis, M.C., 2002. Pectic methyl and nonmethyl esters in potato 
cell walls. Journal of Agricultural and Food Chemistry 50: 342-346. 
https://doi.org/10.1021/jf010597h

Magnúsdóttir, S., Heinken, A., Kutt, L., Ravcheev, D.A., Bauer, E., 
Noronha, A., Greenhalgh, K., Jäger, C., Baginska, J., Wilmes, P., 
Fleming, R.M.T. and Thiele, I., 2016. Generation of genome-scale 
metabolic reconstructions for 773 members of the human gut 
microbiota. Nature Biotechnology 35: 81-89. https://doi.org/10.1038/
nbt.3703

Maina, N.H., Juvonen, M., Domingues, R.M., Virkki, L., Jokela, J. 
and Tenkanen, M., 2013. Structural analysis of linear mixed-
linkage glucooligosaccharides by tandem mass spectrometry. 
Food Chemistry 136: 1496-1507. https://doi.org/10.1016/j.
foodchem.2012.09.075

Mäkeläinen, H., Forssten, S., Saarinen, M., Stowell, J., Rautonen, N. 
and Ouwehand, A.C., 2010. Xylo-oligosaccharides enhance the 
growth of bifidobacteria and Bifidobacterium lactis in a simulated 
colon model. Benef Microbes 1: 81-91. https://doi.org/10.3920/
bm2009.0025

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1021/acs.jafc.0c02684
https://doi.org/10.1017/S0007114508055608
https://doi.org/10.1017/S0007114508055608
https://doi.org/10.1017/s0007114511007276
https://doi.org/10.1111/j.1365-2672.2007.03322.x
https://doi.org/10.1111/j.1365-2672.2007.03322.x
https://doi.org/10.1093/infdis/jiu136
https://doi.org/10.1016/j.cbpa.2018.09.012
https://doi.org/10.1016/j.cbpa.2018.09.012
https://doi.org/10.1080/07315724.2009.10719798
https://doi.org/10.1080/07315724.2009.10719798
https://doi.org/10.3945/jn.111.157420
https://doi.org/10.3945/jn.111.157420
https://doi.org/10.1038/nri3737
https://doi.org/10.1016/j.bbr.2010.10.005
https://doi.org/10.1016/j.bbr.2010.10.005
https://doi.org/10.1079/pns19930072
https://doi.org/10.1016/j.copbio.2007.01.011
https://doi.org/10.1016/j.copbio.2007.01.011
https://doi.org/10.1111/j.1365-2672.1989.tb05110.x
https://doi.org/10.1111/j.1365-2672.1989.tb05110.x
https://doi.org/10.1007/s002489900072
https://doi.org/10.1007/s002489900072
https://doi.org/10.1128/aem.71.11.7483-7492.2005
https://doi.org/10.1016/j.indcrop.2015.06.047
https://doi.org/10.1016/j.indcrop.2015.06.047
https://doi.org/10.1152/ajpgi.1999.276.4.G941
https://doi.org/10.1021/jf010597h
https://doi.org/10.1038/nbt.3703
https://doi.org/10.1038/nbt.3703
https://doi.org/10.1016/j.foodchem.2012.09.075
https://doi.org/10.1016/j.foodchem.2012.09.075
https://doi.org/10.3920/bm2009.0025
https://doi.org/10.3920/bm2009.0025


R.A. Rastall et al.

156 Beneficial Microbes 13(2)

Mäkeläinen, H.S., Mäkivuokko, H.A., Salminen, S.J., Rautonen, N.E. 
and Ouwehand, A.C., 2007. The effects of polydextrose and xylitol 
on microbial community and activity in a 4-stage colon simulator. 
Journal of Food Science 72: M153-M159. https://doi.org/10.1111/
j.1750-3841.2007.00350.x

Mäkivuokko, H., Forssten, S., Saarinen, M., Ouwehand, A. and 
Rautonen, N., 2010. Synbiotic effects of lactitol and Lactobacillus 
acidophilus NCFM™ in a semi-continuous colon fermentation 
model. Beneficial Microbes 1: 131-137. https://doi.org/10.3920/
bm2009.0033

Makivuokko, H., Nurmi, J., Nurminen, P., Stowell, J. and Rautonen, 
N., 2005. In vitro effects on polydextrose by colonic bacteria and 
caco-2 cell cyclooxygenase gene expression. Nutrition and Cancer 
52: 94-104. https://doi.org/10.1207/s15327914nc5201_12

Maliniak, A. and Widmalm, G., 2014. Structural analysis of 
carbohydrates by nuclear magnetic resonance spectroscopy and 
molecular simulations: application to human milk oligosaccharides. 
In: Javier Moreno, F. and Luz Sanz, M. (eds.) Food oligosaccharides: 
production, analysis and bioactivity. John Wiley and Sons, Ltd, New 
York, NY, USA, pp. 320-349. https://doi.org/10.1002/9781118817360.
ch18

Mank, M., Hauner, H., Heck, A.J.R. and Stahl, B., 2020. Targeted 
LC-ESI-MS2 characterization of human milk oligosaccharide 
diversity at 6 to 16 weeks post-partum reveals clear staging effects 
and distinctive milk groups. Analytical and Bioanalytical Chemistry 
412: 6887-6907. https://doi.org/10.1007/s00216-020-02819-x

Mank, M., Welsch, P., Heck, A.J.R. and Stahl, B., 2018. Label-free 
targeted LC-ESI-MS2 analysis of human milk oligosaccharides 
(HMOS) and related human milk groups with enhanced structural 
selectivity. Analytical and Bioanalytical Chemistry 411: 231-250. 
https://doi.org/10.1007/s00216-018-1434-7

Mantovani, V., Galeotti, F., Maccari, F. and Volpi, N., 2016. Recent 
advances on separation and characterization of human milk 
oligosaccharides. Electrophoresis 37: 1514-1524. https://doi.
org/10.1002/elps.201500477

Mantovani, V., Galeotti, F., Maccari, F. and Volpi, N., 2018. Recent 
advances in capillary electrophoresis separation of monosaccharides, 
oligosaccharides, and polysaccharides. Electrophoresis 39: 179-189. 
https://doi.org/10.1002/elps.201700290

Mao, G., Li, S., Orfila, C., Shen, X., Zhou, S., Linhardt, R.J., Ye, X. and 
Chen, S., 2019. Depolymerized RG-I-enriched pectin from citrus 
segment membranes modulates gut microbiota, increases SCFA 
production, and promotes the growth of Bifidobacterium spp., 
Lactobacillus spp. and Faecalibaculum spp. Food and Function 10: 
7828-7843. https://doi.org/10.1039/C9FO01534E

Marino, K., Lane, J.A., Abrahams, J.L., Struwe, W.B., Harvey, D.J., 
Marotta, M., Hickey, R.M. and Rudd, P.M., 2011. Method for 
milk oligosaccharide profiling by 2-aminobenzamide labeling and 
hydrophilic interaction chromatography. Glycobiology 21: 1317-
1330. https://doi.org/10.1093/glycob/cwr067

Martens, E.C., Kelly, A.G., Tauzin, A.S. and Brumer, H., 2014. The devil 
lies in the details: how variations in polysaccharide fine-structure 
impact the physiology and evolution of gut microbes. Journal 
of Molecular Biology 426: 3851-3865. https://doi.org/10.1016/j.
jmb.2014.06.022

Martens, E.C., Lowe, E.C., Chiang, H., Pudlo, N.A., Wu, M., McNulty, 
N.P., Abbott, D.W., Henrissat, B., Gilbert, H.J., Bolam, D.N. and 
Gordon, J.I., 2011. Recognition and degradation of plant cell wall 
polysaccharides by two human gut symbionts. PLoS Biology 9: 
e1001221. https://doi.org/10.1371/journal.pbio.1001221

Martínez, I., Kim, J., Duffy, P.R., Schlegel, V.L. and Walter, J., 2010a. 
Resistant starches types 2 and 4 have differential effects on the 
composition of the fecal microbiota in human subjects. PLoS ONE 
5: e15046. https://doi.org/10.1371/journal.pone.0015046

Martínez, I., Kim, J., Duffy, P.R., Schlegel, V.L. and Walter, J., 2010b. 
Resistant starches types 2 and 4 have differential effects on the 
composition of the fecal microbiota in human subjects. PLoS ONE 
5: e15046. https://doi.org/10.1371/journal.pone.0015046

Martinez, R.C.R., Cardarelli, H.R., Borst, W., Albrecht, S., Schols, 
H., Gutiérrez, O.P., Maathuis, A.J.H., De Melo Franco, B.D.G., De 
Martinis, E.C.P., Zoetendal, E.G. Venema, K., Saad, S.M.I. and Smidt, 
H., 2013. Effect of galactooligosaccharides and Bifidobacterium 
animalis Bb-12 on growth of Lactobacillus amylovorus DSM 16698, 
microbial community structure, and metabolite production in an 
in vitro colonic model set up with human or pig microbiota. FEMS 
Microbiology Ecology 84: 110-123. https://doi.org/10.1111/1574-
6941.12041

Martinez-Pomares, L., 2012. The mannose receptor. Journal of 
Leukocyte Biology 92: 1177-1186. https://doi.org/10.1189/
jlb.0512231

Martínez-Villaluenga, C., Cardelle-Cobas, A., Corzo, N., Olano, 
A. and Villamiel, M., 2008. Optimization of conditions for 
galactooligosaccharide synthesis during lactose hydrolysis by 
β-galactosidase from Kluyveromyces lactis (Lactozym 3000 L 
HP G). Food Chemistry 107: 258-264. https://doi.org/10.1016/j.
foodchem.2007.08.011

Martín-Ortiz, A., Barile, D., Salcedo, J., Moreno, F.J., Clemente, A., 
Ruiz-Matute, A.I. and Sanz, M.L., 2017. Changes in caprine milk 
oligosaccharides at different lactation stages analyzed by high 
performance liquid chromatography coupled to mass spectrometry. 
Journal of Agricultural and Food Chemistry 65: 3523-3531. https://
doi.org/10.1021/acs.jafc.6b05104

Martín-Ortiz, A., Ruiz-Matute, A.I., Sanz, M.L., Moreno, F.J. and 
Herrero, M., 2019. Separation of di- and trisaccharide mixtures by 
comprehensive two-dimensional liquid chromatography. Application 
to prebiotic oligosaccharides. Analytica Chimica Acta 1060: 125-132. 
https://doi.org/10.1016/j.aca.2019.01.040

Martín-Ortiz, A., Salcedo, J., Barile, D., Bunyatratchata, A., Moreno, 
F.J., Martin-García, I., Clemente, A., Sanz, M.L. and Ruiz-Matute, 
A.I., 2016. Characterization of goat colostrum oligosaccharides by 
nano-liquid chromatography on chip quadrupole time-of-flight mass 
spectrometry and hydrophilic interaction liquid chromatography-
quadrupole mass spectrometry. Journal of Chromatography A 1428: 
143-153. https://doi.org/10.1016/j.chroma.2015.09.060

Marx, S.P., Winkler, S. and Hartmeier, W., 2000. Metabolization 
of Î²-(2,6)-linked fructose-oligosaccharides by different 
bifidobacteria. FEMS Microbiology Letters 182: 163-169. https://
doi.org/10.1111/j.1574-6968.2000.tb08891.x

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1111/j.1750-3841.2007.00350.x
https://doi.org/10.1111/j.1750-3841.2007.00350.x
https://doi.org/10.3920/bm2009.0033
https://doi.org/10.3920/bm2009.0033
https://doi.org/10.1207/s15327914nc5201_12
https://doi.org/10.1002/9781118817360.ch18
https://doi.org/10.1002/9781118817360.ch18
https://doi.org/10.1007/s00216-020-02819-x
https://doi.org/10.1007/s00216-018-1434-7
https://doi.org/10.1002/elps.201500477
https://doi.org/10.1002/elps.201500477
https://doi.org/10.1002/elps.201700290
https://doi.org/10.1039/C9FO01534E
https://doi.org/10.1093/glycob/cwr067
https://doi.org/10.1016/j.jmb.2014.06.022
https://doi.org/10.1016/j.jmb.2014.06.022
https://doi.org/10.1371/journal.pbio.1001221
https://doi.org/10.1371/journal.pone.0015046
https://doi.org/10.1371/journal.pone.0015046
https://doi.org/10.1111/1574-6941.12041
https://doi.org/10.1111/1574-6941.12041
https://doi.org/10.1189/jlb.0512231
https://doi.org/10.1189/jlb.0512231
https://doi.org/10.1016/j.foodchem.2007.08.011
https://doi.org/10.1016/j.foodchem.2007.08.011
https://doi.org/10.1021/acs.jafc.6b05104
https://doi.org/10.1021/acs.jafc.6b05104
https://doi.org/10.1016/j.aca.2019.01.040
https://doi.org/10.1016/j.chroma.2015.09.060
https://doi.org/10.1111/j.1574-6968.2000.tb08891.x
https://doi.org/10.1111/j.1574-6968.2000.tb08891.x


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 157

Marzorati, M., Pinheiro, I., Van den Abbeele, P., Van de Wiele, T. and 
Possemiers, S., 2012. An in vitro technology platform to assess 
host-microbiota interactions in the gastrointestinal tract. Agro 
Food Industry Hi Tech 23: 8-11.

Marzorati, M., Possemiers, S., Van den Abbeele, P., Van de Wiele, T., 
Vanhoecke, B. and Verstraete, W., 2013. Technology and method to 
study microbial growth and adhesion to host-related surfaces and 
the host-microbiota interactions. Patent: US8703479B2. Available 
at: https://patents.google.com/patent/US8703479B2/en

Marzorati, M., Vanhoecke, B., De Ryck, T., Sadaghian Sadabad, M., 
Pinheiro, I., Possemiers, S., Van den Abbeele, P., Derycke, L., Bracke, 
M., Pieters, J., Hennebel, T., Harmsen, H.J., Verstraete, W. and Van 
de Wiele, T., 2014. The HMI™ module: a new tool to study the 
host-microbiota interaction in the human gastrointestinal tract in 
vitro. BMC Microbiology 14: 133. https://doi.org/10.1186/1471-
2180-14-133

Maslowski, K.M., Vieira, A.T., Ng, A., Kranich, J., Sierro, F., Di, Y., 
Schilter, H.C., Rolph, M.S., Mackay, F., Artis, D., Xavier, R.J., Teixeira, 
M.M. and Mackay, C.R., 2009. Regulation of inflammatory responses 
by gut microbiota and chemoattractant receptor GPR43. Nature 
461: 1282-1286. https://doi.org/10.1038/nature08530

Masui, R., Sasaki, M., Funaki, Y., Ogasawara, N., Mizuno, M., Iida, 
A., Izawa, S., Kondo, Y., Ito, Y., Tamura, Y., Yanamoto, K., Noda, 
H., Tanabe, A., Okaniwa, N., Yamaguchi, Y., Iwamoto, T. and 
Kasugai, K., 2013. G protein-coupled receptor 43 moderates gut 
inflammation through cytokine regulation from mononuclear 
cells. Inflammatory Bowel Diseases 19: 2848-2856. https://doi.
org/10.1097/01.MIB.0000435444.14860.ea

Matsuno, Y.-K., Kakehi, K. and Kameyama, A., 2014. Capillary 
electrophoresis and related techniques for the analysis of bioactive 
oligosaccharides. In: Javier Moreno, F. and Luz Sanz, M. (eds.) 
Food oligosaccharides: production, analysis and bioactivity. John 
Wiley and Sons, Ltd, New York, NY, USA, pp. 421-438. https://doi.
org/10.1002/9781118817360.ch22

McBain, A.J. and Macfarlane, G.T., 1997. Investigations of 
bifidobacterial ecology and oligosaccharide metabolism in a three-
stage compound continuous culture system. Scandinavian Journal 
of Gastroenterology 32: 32-40. https://doi.org/10.1080/00365521.
1997.11720715

McBain, A.J. and Macfarlane, G.T., 1998. Ecological and physiological 
studies on large intestinal bacteria in relation to production of 
hydrolytic and reductive enzymes involved in formation of genotoxic 
metabolites. Journal of Medical Microbiology 47: 407-416. https://
doi.org/10.1099/00222615-47-5-407

McBain, A.J. and Macfarlane, G.T., 2001. Modulation of genotoxic 
enzyme activities by non-digestible oligosaccharide metabolism 
in in-vitro human gut bacterial ecosystems. Journal of Medical 
Microbiology 50: 833-842. https://doi.org/10.1099/0022-1317-
50-9-833

Meyrand, M., Dallas, D.C., Caillat, H., Bouvier, F., Martin, P. and 
Barile, D., 2013. Comparison of milk oligosaccharides between 
goats with and without the genetic ability to synthesize αs1-casein. 
Small Ruminant Research 113: 411-420. https://doi.org/10.1016/j.
smallrumres.2013.03.014

Míguez, B., Gómez, B., Gullón, P., Gullón, B. and Alonso, J.L., 2016. 
Pectic oligosaccharides and other emerging prebiotics, probiotics 
and prebiotics in human nutrition and health. IntechOpen, London, 
UK. https://doi.org/10.5772/62830

Míguez, B., Vila, C., Venema, K., Parajó, J.C. and Alonso, J.L., 2020. 
Prebiotic effects of pectooligosaccharides obtained from lemon peel 
on the microbiota from elderly donors using an in vitro continuous 
colon model (TIM-2). Food and Function 11: 9984-9999. https://
doi.org/10.1039/D0FO01848A

Mikkelsen, M.S., Jespersen, B.M., Larsen, F.H., Blennow, A. and 
Engelsen, S.B., 2013. Molecular structure of large-scale extracted 
β-glucan from barley and oat: identification of a significantly changed 
block structure in a high β-glucan barley mutant. Food Chemistry 
136: 130-138. https://doi.org/10.1016/j.foodchem.2012.07.097

Mikkelsen, M.S., Jespersen, B.M., Mehlsen, A., Engelsen, S.B. and 
Frøkiær, H., 2014. Cereal β-glucan immune modulating activity 
depends on the polymer fine structure. Food Research International 
62: 829-836. https://doi.org/10.1016/j.foodres.2014.04.021

Mikshina, P.V., Petrova, A.A. and Gorshkova, T.A., 2015. Functional 
diversity of rhamnogalacturonans I. Russian Chemical Bulletin 64: 
1014-1023. https://doi.org/10.1007/s11172-015-0970-y

Miller, T.L. and Wolin, M.J., 1981. Fermentation by the human large 
intestine microbial community in an in vitro semicontinuous culture 
system. Applied and Environmental Microbiology 42: 400-407.

Mills, C.D. and Ley, K., 2014. M1 and M2 Macrophages: the chicken 
and the egg of immunity. Journal of Innate Immunity 6: 716-726. 
https://doi.org/10.1159/000364945

Min, B., Kyung Koo, O., Park, S.H., Jarvis, N., Ricke, S.C., Crandall, 
P.G. and Lee, S.-O., 2015. Fermentation patterns of various pectin 
sources by human fecal microbiota. Food and Nutrition Sciences 
6: 1103-1114. https://doi.org/10.4236/fns.2015.612115

Minekus, M., Smeets-Peeters, M., Bernalier, A., Marol-Bonnin, S., 
Havenaar, R., Marteau, P., Alric, M., Fonty, G. and Huis in’t Veld, 
J.H.J., 1999. A computer-controlled system to simulate conditions 
of the large intestine with peristaltic mixing, water absorption and 
absorption of fermentation products. Applied Microbiology and 
Biotechnology 53: 108-114. https://doi.org/10.1007/s002530051622

Mitsou, E.K., Panopoulou, N., Turunen, K., Spiliotis, V. and Kyriacou, 
A., 2010. Prebiotic potential of barley derived β-glucan at low intake 
levels: a randomised, double-blinded, placebo-controlled clinical 
study. Food Research International 43: 1086-1092. https://doi.
org/10.1016/j.foodres.2010.01.020

Mitsuoka, T., 2013. Recollections of my young days: -the pleasure of 
creation. Bioscience of Microbiota, Food and Health 32: 113-122. 
https://doi.org/10.12938/bmfh.32.113

Modak, S., Koehne, G., Vickers, A., O’Reilly, R.J. and Cheung, N.-
K.V., 2005. Rituximab therapy of lymphoma is enhanced by orally 
administered (1→3),(1→4)-d-β-glucan. Leukemia Research 29: 
679-683. https://doi.org/10.1016/j.leukres.2004.10.008

Molly, K., Vande Woestyne, M. and Verstraete, W., 1993. Development 
of a 5-step multi-chamber reactor as a simulation of the human 
intestinal microbial ecosystem. Applied Microbiology and 
Biotechnology 39: 254-258. https://doi.org/10.1007/bf00228615

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://patents.google.com/patent/US8703479B2/en
https://doi.org/10.1186/1471-2180-14-133
https://doi.org/10.1186/1471-2180-14-133
https://doi.org/10.1038/nature08530
https://doi.org/10.1097/01.MIB.0000435444.14860.ea
https://doi.org/10.1097/01.MIB.0000435444.14860.ea
https://doi.org/10.1002/9781118817360.ch22
https://doi.org/10.1002/9781118817360.ch22
https://doi.org/10.1080/00365521.1997.11720715
https://doi.org/10.1080/00365521.1997.11720715
https://doi.org/10.1099/00222615-47-5-407
https://doi.org/10.1099/00222615-47-5-407
https://doi.org/10.1099/0022-1317-50-9-833
https://doi.org/10.1099/0022-1317-50-9-833
https://doi.org/10.1016/j.smallrumres.2013.03.014
https://doi.org/10.1016/j.smallrumres.2013.03.014
https://doi.org/10.5772/62830
https://doi.org/10.1039/D0FO01848A
https://doi.org/10.1039/D0FO01848A
https://doi.org/10.1016/j.foodchem.2012.07.097
https://doi.org/10.1016/j.foodres.2014.04.021
https://doi.org/10.1007/s11172-015-0970-y
https://doi.org/10.1159/000364945
https://doi.org/10.4236/fns.2015.612115
https://doi.org/10.1007/s002530051622
https://doi.org/10.1016/j.foodres.2010.01.020
https://doi.org/10.1016/j.foodres.2010.01.020
https://doi.org/10.12938/bmfh.32.113
https://doi.org/10.1016/j.leukres.2004.10.008
https://doi.org/10.1007/bf00228615


R.A. Rastall et al.

158 Beneficial Microbes 13(2)

Molly, K., Woestyne, M.V., Smet, I.D. and Verstraete, W., 1994. 
Validation of the simulator of the human intestinal microbial 
ecosystem (SHIME) reactor using microorganism-associated 
activities. Microbial Ecology in Health and Disease 7: 191-200. 
https://doi.org/10.3109/08910609409141354

Monsan, P.F. and Ouarné, F., 2009. Oligosaccharides derived from 
sucrose. In: Charalampopoulos, D. and Rastall, R.A. (eds.) Prebiotics 
and probiotics science and technology. Springer, New York, NY, 
USA, pp. 293-336. https://doi.org/10.1007/978-0-387-79058-9_10

Monteagudo-Mera, A., Rastall, R.A., Gibson, G.R., Charalampopoulos, 
D. and Chatzifragkou, A., 2019. Adhesion mechanisms mediated 
by probiotics and prebiotics and their potential impact on human 
health. Applied Microbiology and Biotechnology 103: 6463-6472. 
https://doi.org/10.1007/s00253-019-09978-7

Montilla, A., Corzo, N. and Olano, A., 2012. Effects of monovalent 
cations (Na and K) on galacto-oligosaccharides production during 
lactose hydrolysis by Kluyveromyces lactis beta-galactosidase. 
Milchwissenschaft 67: 14-18.

Montilla, A., Lagemaat, J., Olano, A. and Del Castillo, M.D., 2006. 
Determination of oligosaccharides by conventional high-resolution 
gas chromatography. Chromatographia 63: 453-458. https://doi.
org/10.1365/s10337-006-0770-5

Moreno, F.J., Carrero-Carralero, C., Hernández-Hernández, O. and 
Sanz, M.L., 2014a. Fractionation of food bioactive oligosaccharides. 
In: Javier Moreno, F. and Luz Sanz, M. (eds.) Food oligosaccharides: 
production, analysis and bioactivity. John Wiley and Sons, Ltd, New 
York, NY, USA, pp. 255-283. https://doi.org/10.1002/9781118817360.
ch15

Moreno, F.J., Corzo, N., Montilla, A., Villamiel, M. and Olano, A., 
2017. Current state and latest advances in the concept, production 
and functionality of prebiotic oligosaccharides. Current Opinion in 
Food Science 13: 50-55. https://doi.org/10.1016/j.cofs.2017.02.009

Moreno, F.J., Montilla, A., Villamiel, M., Corzo, N. and Olano, A., 
2014b. Analysis, structural characterization, and bioactivity of 
oligosaccharides derived from lactose. Electrophoresis 35: 1519-
1534. https://doi.org/10.1002/elps.201300567

Morrison, D.J. and Preston, T., 2016. Formation of short chain fatty 
acids by the gut microbiota and their impact on human metabolism. 
Gut Microbes 7: 189-200. https://doi.org/10.1080/19490976.2015
.1134082

Mueller, M., Reiner, J., Fleischhacker, L., Viernstein, H., Loeppert, R. 
and Praznik, W., 2016. Growth of selected probiotic strains with 
fructans from different sources relating to degree of polymerization 
and structure. Journal of Functional Foods 24: 264-275. https://doi.
org/10.1016/j.jff.2016.04.010

Murphy, E.A., Davis, J.M., Brown, A.S., Carmichael, M.D., Ghaffar, 
A. and Mayer, E.P., 2007. Oat β-glucan effects on neutrophil 
respiratory burst activity following exercise. Medicine and Science 
in Sports and Exercise 39: 639-644. https://doi.org/10.1249/
mss.0b013e3180306309

Mussatto, S.I. and Mancilha, I.M., 2007. Non-digestible 
oligosaccharides: a review. Carbohydrate Polymers 68: 587-597. 
https://doi.org/10.1016/j.carbpol.2006.12.011

Nakajima, K., Kinoshita, M., Matsushita, N., Urashima, T., Suzuki, M., 
Suzuki, A. and Kakehi, K., 2006. Capillary affinity electrophoresis 
using lectins for the analysis of milk oligosaccharide structure and 
its application to bovine colostrum oligosaccharides. Analytical 
Biochemistry 348: 105-114. https://doi.org/10.1016/j.ab.2005.10.010

Nakamura, A., Furuta, H., Maeda, H., Takao, T. and Nagamatsu, Y., 
2002. Structural studies by stepwise enzymatic degradation of the 
main backbone of soybean soluble polysaccharides consisting of 
galacturonan and rhamnogalacturonan. Bioscience, Biotechnology, 
and Biochemistry 66: 1301-1313. https://doi.org/10.1271/
bbb.66.1301

Nantz, M., Percival, S., Painter, A., Parker, E. and McGill, C., 2001. 
Evaluation of arabinogalactan’s effect on human immunity. FASEB 
Journal 15: A633.

Nava, G.M., Friedrichsen, H.J. and Stappenbeck, T.S., 2010. Spatial 
organization of intestinal microbiota in the mouse ascending colon. 
ISME Journal 5: 627-638. https://doi.org/10.1038/ismej.2010.161

Ndeh, D. and Gilbert, H.J., 2018. Biochemistry of complex glycan 
depolymerisation by the human gut microbiota. FEMS Microbiology 
Reviews 42: 146-164. https://doi.org/10.1093/femsre/fuy002

Ndeh, D., Rogowski, A., Cartmell, A., Luis, A.S., Baslé, A., Gray, 
J., Venditto, I., Briggs, J., Zhang, X., Labourel, A., Terrapon, N., 
Buffetto, F., Nepogodiev, S., Xiao, Y., Field, R.A., Zhu, Y., O’Neill, 
M.A., Urbanowicz, B.R., York, W.S., Davies, G.J., Abbott, D.W., 
Ralet, M.-C., Martens, E.C., Henrissat, B. and Gilbert, H.J., 2017. 
Complex pectin metabolism by gut bacteria reveals novel catalytic 
functions. Nature 544: 65-70. https://doi.org/10.1038/nature21725

Neri, D.F.M., Balcão, V.M., Cardoso, S.M., Silva, A.M.S., Domingues, 
M.d.R.M., Torres, D.P.M., Rodrigues, L.R.M., Carvalho, L.B. and 
Teixeira, J.A.C., 2011. Characterization of galactooligosaccharides 
produced by β-galactosidase immobilized onto magnetized Dacron. 
International Dairy Journal 21: 172-178. https://doi.org/10.1016/j.
idairyj.2010.10.009

Neyrinck, A.M., Possemiers, S., Druart, C., Van de Wiele, T., De Backer, 
F., Cani, P.D., Larondelle, Y. and Delzenne, N.M., 2011. Prebiotic 
effects of wheat arabinoxylan related to the increase in bifidobacteria, 
Roseburia and Bacteroides/Prevotella in diet-induced obese mice. 
PLoS ONE 6: e20944. https://doi.org/10.1371/journal.pone.0020944

Niñonuevo, M., An, H., Yin, H., Killeen, K., Grimm, R., Ward, R., 
German, B. and Lebrilla, C., 2005. Nanoliquid chromatography-
mass spectrometry of oligosaccharides employing graphitized 
carbon chromatography on microchip with a high-accuracy mass 
analyzer. Electrophoresis 26: 3641-3649. https://doi.org/10.1002/
elps.200500246

Ninonuevo, M.R., Park, Y., Yin, H., Zhang, J., Ward, R.E., Clowers, B.H., 
German, J.B., Freeman, S.L., Killeen, K., Grimm, R. and Lebrilla, 
C.B., 2006. A strategy for annotating the human milk glycome. 
Journal of Agricultural and Food Chemistry 54: 7471-7480. https://
doi.org/10.1021/jf0615810

Nochi, T., Jansen, C.A., Toyomizu, M. and Eden, W.V., 2018. The 
well-developed mucosal immune systems of birds and mammals 
allow for similar approaches of mucosal vaccination in both types 
of animals. Frontiers in Nutrition 5: 60. https://doi.org/10.3389/
fnut.2018.00060

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.3109/08910609409141354
https://doi.org/10.1007/978-0-387-79058-9_10
https://doi.org/10.1007/s00253-019-09978-7
https://doi.org/10.1365/s10337-006-0770-5
https://doi.org/10.1365/s10337-006-0770-5
https://doi.org/10.1002/9781118817360.ch15
https://doi.org/10.1002/9781118817360.ch15
https://doi.org/10.1016/j.cofs.2017.02.009
https://doi.org/10.1002/elps.201300567
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.1016/j.jff.2016.04.010
https://doi.org/10.1016/j.jff.2016.04.010
https://doi.org/10.1249/mss.0b013e3180306309
https://doi.org/10.1249/mss.0b013e3180306309
https://doi.org/10.1016/j.carbpol.2006.12.011
https://doi.org/10.1016/j.ab.2005.10.010
https://doi.org/10.1271/bbb.66.1301
https://doi.org/10.1271/bbb.66.1301
https://doi.org/10.1038/ismej.2010.161
https://doi.org/10.1093/femsre/fuy002
https://doi.org/10.1038/nature21725
https://doi.org/10.1016/j.idairyj.2010.10.009
https://doi.org/10.1016/j.idairyj.2010.10.009
https://doi.org/10.1371/journal.pone.0020944
https://doi.org/10.1002/elps.200500246
https://doi.org/10.1002/elps.200500246
https://doi.org/10.1021/jf0615810
https://doi.org/10.1021/jf0615810
https://doi.org/10.3389/fnut.2018.00060
https://doi.org/10.3389/fnut.2018.00060


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 159

O’Toole, P.W., Marchesi, J.R. and Hill, C., 2017. Next-generation 
probiotics: the spectrum from probiotics to live biotherapeutics. 
Nature Microbiology 2: 17057. https://doi.org/10.1038/
nmicrobiol.2017.57

Oefner, P.J. and Chiesa, C., 1994. Capillary electrophoresis of 
carbohydrates. Glycobiology 4: 397-412. https://doi.org/10.1093/
glycob/4.4.397

Ognyanov, M., Remoroza, C., Schols, H.A., Georgiev, Y., Kratchanova, 
M. and Kratchanov, C., 2016. Isolation and structure elucidation 
of pectic polysaccharide from rose hip fruits (Rosa canina L.). 
Carbohydrate Polymers 151: 803-811. https://doi.org/10.1016/j.
carbpol.2016.06.031

Oh, G.-S., Lee, M.-S., Pae, H.-O., Kwon, J., Lee, S.-S., Jeong, J.-G., 
Shin, M.-K., Kwon, T.-O. and Chung, H.-T., 2008. Effects of 
oral administration of Phellinus linteus on the production of 
Th1- and Th2-type cytokines in mice. Immunopharmacology 
a n d  I m m u n o t ox i c o l o g y  2 8 :  2 8 1 - 2 9 3 .  h t t p s : / / d o i .
org/10.1080/08923970600809363

Okazaki, M., Fujikawa, S. and Matsumoto, N., 1990. Effect of 
xylooligosaccharide on the growth of bifidobacteria. Bifidobacteria 
and Microflora 9: 77-86. https://doi.org/10.12938/bifidus1982.9.2_77

O’Neill, L.A.J., 2008. When signaling pathways collide: positive 
and negative regulation of toll-like receptor signal transduction. 
Immunity 29: 12-20. https://doi.org/10.1016/j.immuni.2008.06.004

O’Neill, M., Albersheim, P. and Darvill, A., 1990. The pectic 
polysaccharides of primary cell walls, carbohydrates. In: Dey, 
P.M. (ed.) Methods in plant biochemistry. Vol. 2. Academic Press, 
Cambridge, MA, USA, pp. 415-441. https://doi.org/10.1016/b978-
0-12-461012-5.50018-5

Oosterveld, A., Beldman, G., Schols, H.A. and Voragen, A.G.J., 1996. 
Arabinose and ferulic acid rich pectic polysaccharides extracted 
from sugar beet pulp. Carbohydrate Research 288: 143-153. https://
doi.org/10.1016/S0008-6215(96)90791-0

Osorio, F., LeibundGut-Landmann, S., Lochner, M., Lahl, K., 
Sparwasser, T., Eberl, G. and Reis e Sousa, C., 2008. DC activated 
via dectin-1 convert Treg into IL-17 producers. European Journal of 
Immunology 38: 3274-3281. https://doi.org/10.1002/eji.200838950

Ouwehand, A.C., Derrien, M., De Vos, W., Tiihonen, K. and 
Rautonen, N., 2005. Prebiotics and other microbial substrates for 
gut functionality. Current Opinion in Biotechnology 16: 212-217. 
https://doi.org/10.1016/j.copbio.2005.01.007

Ovodova, R.G., Popov, S.V., Bushneva, O.A., Golovchenko, V.V., 
Chizhov, A.O., Klinov, D.V. and Ovodov, Y.S., 2006. Branching of 
the galacturonan backbone of comaruman, a pectin from the marsh 
cinquefoil Comarum palustre L. Biochemistry 71: 538-542. https://
doi.org/10.1134/s0006297906050117

Pabst, M. and Altmann, F., 2008. Influence of electrosorption, solvent, 
temperature, and ion polarity on the performance of LC-ESI-MS 
using graphitic carbon for acidic oligosaccharides. Analytical 
Chemistry 80: 7534-7542. https://doi.org/10.1021/ac801024r

Palmer, J.K., 1975. A versatile system for sugar analysis via liquid 
chromatography. Analytical Letters 8: 215-224. https://doi.
org/10.1080/00032717508058200

Panesar, P.S., Panesar, R., Singh, R.S., Kennedy, J.F. and Kumar, H., 
2006. Microbial production, immobilization and applications of β-D-
galactosidase. Journal of Chemical Technology and Biotechnology 
81: 530-543. https://doi.org/10.1002/jctb.1453

Park, H.-R., Hwang, D., Suh, H.-J., Yu, K.-W., Kim, T.Y. and 
Shin, K.-S., 2017a. Antitumor and antimetastatic activities of 
rhamnogalacturonan-II-type polysaccharide isolated from mature 
leaves of green tea via activation of macrophages and natural killer 
cells. International Journal of Biological Macromolecules 99: 179-
186. https://doi.org/10.1016/j.ijbiomac.2017.02.043

Park, H.-R., Park, S.B., Hong, H.-D., Suh, H.J. and Shin, K.-S., 2017b. 
Structural elucidation of anti-metastatic rhamnogalacturonan II from 
the pectinase digest of citrus peels (Citrus unshiu). International 
Journal of Biological Macromolecules 94: 161-169. https://doi.
org/10.1016/j.ijbiomac.2016.09.100

Pastell, H., Westermann, P., Meyer, A.S., Tuomainen, P.I. and 
Tenkanen, M., 2009. In vitro fermentation of arabinoxylan-derived 
carbohydrates by bifidobacteria and mixed fecal microbiota. Journal 
of Agricultural and Food Chemistry 57: 8598-8606. https://doi.
org/10.1021/jf901397b

Payne, A.N., Chassard, C., Banz, Y. and Lacroix, C., 2012a. The 
composition and metabolic activity of child gut microbiota 
demonstrate differential adaptation to varied nutrient loads in an 
in vitro model of colonic fermentation. FEMS Microbiology Ecology 
80: 608-623. https://doi.org/10.1111/j.1574-6941.2012.01330.x

Pedersen, H.K., Gudmundsdottir, V., Nielsen, H.B., Hyotylainen, T., 
Nielsen, T., Jensen, B.A., Forslund, K., Hildebrand, F., Prifti, E., 
Falony, G., Le Chatelier, E., Levenez, F., Doré, J., Mattila, I., Plichta, 
D.R., Pöhö, P., Hellgren, L.I., Arumugam, M., Sunagawa, S., Vieira-
Silva, S., Jørgensen, T., Holm, J.B., Trošt, K., MetaHIT Consortium, 
Kristiansen, K., Brix, S., Raes, J., Wang, J., Hansen, T., Bork, P., 
Brunak, S., Oresic, M., Ehrlich, S.D. and  Pedersen, O., 2016. Human 
gut microbes impact host serum metabolome and insulin sensitivity. 
Nature 535: 376-381. https://doi.org/10.1038/nature18646

Pellerin, P., Doco, T., Vida, S., Williams, P., Brillouet, J.-M. and 
O’Neill, M.A., 1996. Structural characterization of red wine 
rhamnogalacturonan II. Carbohydrate Research 290: 183-197. 
https://doi.org/10.1016/0008-6215(96)00139-5

Pereira, G.V., Abdel-Hamid, A.M., Dutta, S., D’Alessandro-Gabazza, 
C.N., Wefers, D., Farris, J.A., Bajaj, S., Wawrzak, Z., Atomi, H., 
Mackie, R.I., Gabazza, E.C., Shukla, D., Koropatkin, N.M. and 
Cann, I., 2021. Degradation of complex arabinoxylans by human 
colonic Bacteroidetes. Nature Communications 12: 459. https://
doi.org/10.1038/s41467-020-20737-5

Petersen, A., Heegaard, P.M.H., Pedersen, A.L., Andersen, J.B., 
Sørensen, R.B., Frøkiær, H., Lahtinen, S.J., Ouwehand, A.C., Poulsen, 
M. and Licht, T.R., 2009. Some putative prebiotics increase the 
severity of Salmonella enterica serovar Typhimurium infection 
in mice. BMC Microbiology 9: 245. https://doi.org/10.1186/1471-
2180-9-245

Petzelbauer, I., Zeleny, R., Reiter, A., Kulbe, K.D. and Nidetzky, 
B., 2000. Development of an ultra-high-temperature process 
for the enzymatic hydrolysis of lactose: II. Oligosaccharide 
formation by two thermostable β-glycosidases. Biotechnology and 
Bioengineering 69: 140-149. https://doi.org/10.1002/(sici)1097-
0290(20000720)69:2<140::Aid-bit3>3.0.Co;2-r

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1038/nmicrobiol.2017.57
https://doi.org/10.1038/nmicrobiol.2017.57
https://doi.org/10.1093/glycob/4.4.397
https://doi.org/10.1093/glycob/4.4.397
https://doi.org/10.1016/j.carbpol.2016.06.031
https://doi.org/10.1016/j.carbpol.2016.06.031
https://doi.org/10.1080/08923970600809363
https://doi.org/10.1080/08923970600809363
https://doi.org/10.12938/bifidus1982.9.2_77
https://doi.org/10.1016/j.immuni.2008.06.004
https://doi.org/10.1016/b978-0-12-461012-5.50018-5
https://doi.org/10.1016/b978-0-12-461012-5.50018-5
https://doi.org/10.1016/S0008-6215(96)90791-0
https://doi.org/10.1016/S0008-6215(96)90791-0
https://doi.org/10.1002/eji.200838950
https://doi.org/10.1016/j.copbio.2005.01.007
https://doi.org/10.1134/s0006297906050117
https://doi.org/10.1134/s0006297906050117
https://doi.org/10.1021/ac801024r
https://doi.org/10.1080/00032717508058200
https://doi.org/10.1080/00032717508058200
https://doi.org/10.1002/jctb.1453
https://doi.org/10.1016/j.ijbiomac.2017.02.043
https://doi.org/10.1016/j.ijbiomac.2016.09.100
https://doi.org/10.1016/j.ijbiomac.2016.09.100
https://doi.org/10.1021/jf901397b
https://doi.org/10.1021/jf901397b
https://doi.org/10.1111/j.1574-6941.2012.01330.x
https://doi.org/10.1038/nature18646
https://doi.org/10.1016/0008-6215(96)00139-5
https://doi.org/10.1038/s41467-020-20737-5
https://doi.org/10.1038/s41467-020-20737-5
https://doi.org/10.1186/1471-2180-9-245
https://doi.org/10.1186/1471-2180-9-245
https://doi.org/10.1002/(sici)1097-0290(20000720)69:2<140::Aid-bit3>3.0.Co;2-r
https://doi.org/10.1002/(sici)1097-0290(20000720)69:2<140::Aid-bit3>3.0.Co;2-r


R.A. Rastall et al.

160 Beneficial Microbes 13(2)

Phillips, J., Muir, J.G., Birkett, A., Lu, Z.X., Jones, G.P., O’Dea, K. 
and Young, G.P., 1995. Effect of resistant starch on fecal bulk and 
fermentation-dependent events in humans. The American Journal of 
Clinical Nutrition 62: 121-130. https://doi.org/10.1093/ajcn/62.1.121

Pianta, A., Arvikar, S., Strle, K., Drouin, E.E., Wang, Q., Costello, 
C.E. and Steere, A.C., 2017. Evidence of the immune relevance 
of prevotella copri, a gut microbe, in patients with rheumatoid 
arthritis. Arthritis and Rheumatology 69: 964–975. https://doi.
org/10.1002/art.40003

Pintauro, S.J. and Gilbert, S.W., 1990. The effects of carrageenan on 
drug-metabolizing enzyme system activities in the guinea-pig. Food 
and Chemical Toxicology 28: 807-811. https://doi.org/10.1016/0278-
6915(90)90053-p

Plamada, D. and Vodnar, D.C., 2021. Polyphenols-gut microbiota 
interrelationship: a transition to a new generation of prebiotics. 
Nutrients 14: 137. https://doi.org/10.3390/nu14010137

Plato, A., Willment, J.A. and Brown, G.D., 2013. C-type lectin-like 
receptors of the dectin-1 cluster: ligands and signaling pathways. 
International Reviews of Immunology 32: 134-156. https://doi.org
/10.3109/08830185.2013.777065

Plüddemann, A., Mukhopadhyay, S. and Gordon, S., 2006. The 
interaction of macrophage receptors with bacterial ligands. Expert 
Reviews in Molecular Medicine 8: 1-25. https://doi.org/10.1017/
s1462399406000159

Possemiers, S., Bolca, S., Eeckhaut, E., Depypere, H. and Verstraete, 
W., 2007. Metabolism of isoflavones, lignans and prenylflavonoids 
by intestinal bacteria: producer phenotyping and relation with 
intestinal community. FEMS Microbiology Ecology 61: 372-383. 
https://doi.org/10.1111/j.1574-6941.2007.00330.x

Possemiers, S., Rabot, S., Espín, J.C., Bruneau, A.l., Philippe, C., 
González-Sarrías, A., Heyerick, A., Tomás-Barberán, F.A., De 
Keukeleire, D. and Verstraete, W., 2008. Eubacterium limosum 
activates isoxanthohumol from hops (Humulus lupulus L.) into the 
potent phytoestrogen 8-prenylnaringenin in vitro and in rat intestine. 
Journal of Nutrition 138: 1310-1316. https://doi.org/10.1093/
jn/138.7.1310

Putaala, H., Mäkivuokko, H., Tiihonen, K. and Rautonen, N., 2011. 
Simulated colon fiber metabolome regulates genes involved in cell 
cycle, apoptosis, and energy metabolism in human colon cancer 
cells. Molecular and Cellular Biochemistry 357: 235-245. https://
doi.org/10.1007/s11010-011-0894-2

Radtke, A.L., Wilson, J.W., Sarker, S. and Nickerson, C.A., 2010. 
Analysis of interactions of Salmonella type three secretion mutants 
with 3-D intestinal epithelial cells. PLoS ONE 5: e15750. https://
doi.org/10.1371/journal.pone.0015750

Rajilić-Stojanović, M., Maathuis, A., Heilig, H.G.H.J., Venema, K., De 
Vos, W.M. and Smidt, H., 2010. Evaluating the microbial diversity 
of an in vitro model of the human large intestine by phylogenetic 
microarray analysis. Microbiology 156: 3270-3281. https://doi.
org/10.1099/mic.0.042044-0

Ramberg, J.E., Nelson, E.D. and Sinnott, R.A., 2010. Immunomodulatory 
dietary polysaccharides: a systematic review of the literature. 
Nutrition Journal 9: 54. https://doi.org/10.1186/1475-2891-9-54

Rao, M., Gao, C., Xu, L., Jiang, L., Zhu, J., Chen, G., Law, B.Y.K. and Xu, 
Y., 2019. Effect of inulin-type carbohydrates on insulin resistance 
in patients with Type 2 diabetes and obesity: a systematic review 
and meta-analysis. Journal of Diabetes Research 2019: 5101423. 
https://doi.org/10.1155/2019/5101423

Rastall, R.A., 2010. Functional oligosaccharides: application and 
manufacture. Annual Review of Food Science and Technology 
1: 305-339. https://doi.org/10.1146/annurev.food.080708.100746

Rehman, A., Heinsen, F.-A., Koenen, M.E., Venema, K., Knecht, H., 
Hellmig, S., Schreiber, S. and Ott, S.J., 2012. Effects of probiotics and 
antibiotics on the intestinal homeostasis in a computer controlled 
model of the large intestine. BMC Microbiology 12: 47. https://doi.
org/10.1186/1471-2180-12-47

Remoroza, C., Buchholt, H.C., Gruppen, H. and Schols, H.A., 2014. 
Descriptive parameters for revealing substitution patterns of sugar 
beet pectins using pectolytic enzymes. Carbohydrate Polymers 101: 
1205-1215. https://doi.org/10.1016/j.carbpol.2013.10.034

Remoroza, C.A., Mak, T.D., De Leoz, M.L.A., Mirokhin, Y.A. and 
Stein, S.E., 2018. Creating a mass spectral reference library for 
oligosaccharides in human milk. Analytical Chemistry 90: 8977-
8988. https://doi.org/10.1021/acs.analchem.8b01176

Rescigno, M., 2014. Dendritic cell-epithelial cell crosstalk in the gut. 
Immunological Reviews 260: 118-128. https://doi.org/10.1111/
imr.12181

Rice, P.J., Adams, E.L., Ozment-Skelton, T., Gonzalez, A.J., Goldman, 
M.P., Lockhart, B.E., Barker, L.A., Breuel, K.F., DePonti, W.K., 
Kalbfleisch, J.H., Ensley, H.E., Brown, G.D., Gordon, S. and Williams, 
D.L., 2005. Oral delivery and gastrointestinal absorption of soluble 
glucans stimulate increased resistance to infectious challenge. 
Journal of Pharmacology and Experimental Therapeutics 314: 
1079-1086. https://doi.org/10.1124/jpet.105.085415

Riede, L., Grube, B. and Gruenwald, J., 2013. Larch arabinogalactan 
effects on reducing incidence of upper respiratory infections. 
Current Medical Research and Opinion 29: 251-258. https://doi.
org/10.1185/03007995.2013.765837

Ríos-Covián, D., Ruas-Madiedo, P., Margolles, A., Gueimonde, M., 
De Los Reyes-Gavilán, C.G. and Salazar, N., 2016. Intestinal short 
chain fatty acids and their link with diet and human health. Frontiers 
in Microbiology 7: 185. https://doi.org/10.3389/fmicb.2016.00185

Rivière, A., Selak, M., Geirnaert, A., Van den Abbeele, P., De Vuyst, L. 
and Björkroth, J., 2018. Complementary mechanisms for degradation 
of inulin-type fructans and arabinoxylan oligosaccharides among 
bifidobacterial strains suggest bacterial cooperation. Applied and 
Environmental Microbiology 84: e02893-17. https://doi.org/10.1128/
aem.02893-17

Rivière, A., Selak, M., Lantin, D., Leroy, F. and De Vuyst, L., 2016. 
Bifidobacteria and butyrate-producing colon bacteria: importance 
and strategies for their stimulation in the human gut. Frontiers in 
Microbiology 7: 979. https://doi.org/10.3389/fmicb.2016.00979

Roberfroid, M., Gibson, G.R., Hoyles, L., McCartney, A.L., Rastall, R., 
Rowland, I., Wolvers, D., Watzl, B., Szajewska, H., Stahl, B., Guarner, 
F., Respondek, F., Whelan, K., Coxam, V., Davicco, M.-J., Léotoing, 
L., Wittrant, Y., Delzenne, N.M., Cani, P.D., Neyrinck, A.M. and 
Meheust, A., 2010. Prebiotic effects: metabolic and health benefits. 
British Journal of Nutrition 104: S1-S63. https://doi.org/10.1017/
s0007114510003363

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1093/ajcn/62.1.121
https://doi.org/10.1002/art.40003
https://doi.org/10.1002/art.40003
https://doi.org/10.1016/0278-6915(90)90053-p
https://doi.org/10.1016/0278-6915(90)90053-p
https://doi.org/10.3390/nu14010137
https://doi.org/10.3109/08830185.2013.777065
https://doi.org/10.3109/08830185.2013.777065
https://doi.org/10.1017/s1462399406000159
https://doi.org/10.1017/s1462399406000159
https://doi.org/10.1111/j.1574-6941.2007.00330.x
https://doi.org/10.1093/jn/138.7.1310
https://doi.org/10.1093/jn/138.7.1310
https://doi.org/10.1007/s11010-011-0894-2
https://doi.org/10.1007/s11010-011-0894-2
https://doi.org/10.1371/journal.pone.0015750
https://doi.org/10.1371/journal.pone.0015750
https://doi.org/10.1099/mic.0.042044-0
https://doi.org/10.1099/mic.0.042044-0
https://doi.org/10.1186/1475-2891-9-54
https://doi.org/10.1155/2019/5101423
https://doi.org/10.1146/annurev.food.080708.100746
https://doi.org/10.1186/1471-2180-12-47
https://doi.org/10.1186/1471-2180-12-47
https://doi.org/10.1016/j.carbpol.2013.10.034
https://doi.org/10.1021/acs.analchem.8b01176
https://doi.org/10.1111/imr.12181
https://doi.org/10.1111/imr.12181
https://doi.org/10.1124/jpet.105.085415
https://doi.org/10.1185/03007995.2013.765837
https://doi.org/10.1185/03007995.2013.765837
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.1128/aem.02893-17
https://doi.org/10.1128/aem.02893-17
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.1017/s0007114510003363
https://doi.org/10.1017/s0007114510003363


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 161

Roberfroid, M.B., 2007. Inulin-type fructans: functional food 
ingredients. Journal of Nutrition 137: 2493S-2502S. https://doi.
org/10.1093/jn/137.11.2493S

Rocklin, R.D. and Pohl, C.A., 1983. Determination of carbohydrates 
by anion exchange chromatography with pulsed amperometric 
detection. Journal of Liquid Chromatography 6: 1577-1590. https://
doi.org/10.1080/01483918308064876

Rodríguez-Daza, M.C., Pulido-Mateos, E.C., Lupien-Meilleur, J., 
Guyonnet, D., Desjardins, Y. and Roy, D., 2021. Polyphenol-mediated 
gut microbiota modulation: toward prebiotics and further. Frontiers 
in Nutrition 8: 689456. https://doi.org/10.3389/fnut.2021.689456

Rodríguez-Gómez, R., Jiménez-Díaz, I., Zafra-Gómez, A. and Morales, 
J.C., 2015. Improved sample treatment for the determination 
of fructooligosaccharides in milk related products by liquid 
chromatography with electrochemical and refractive index detection. 
Talanta 144: 883-889. https://doi.org/10.1016/j.talanta.2015.07.042

Roediger, W.E., 1980. Role of anaerobic bacteria in the metabolic 
welfare of the colonic mucosa in man. Gut 21: 793-798. https://doi.
org/10.1136/gut.21.9.793

Roeselers, G., Bouwman, J., Venema, K. and Montijn, R., 2012. The 
human gastrointestinal microbiota – an unexplored frontier for 
pharmaceutical discovery. Pharmacological Research 66: 443-447. 
https://doi.org/10.1016/j.phrs.2012.09.007

Rose, C.S., Kuhn, R., Zilliken, F. and Gyorgy, P., 1954. Bifidus factor. V. 
The activity of alpha- and-beta-methyl-N-acetyl-D-glucosaminides. 
Archives of Biochemistry and Biophysics 49: 123-129. https://doi.
org/10.1016/0003-9861(54)90173-3

Rose, D.J., Patterson, J.A. and Hamaker, B.R., 2010. Structural 
differences among alkali-soluble arabinoxylans from maize (Zea 
mays), rice (Oryza sativa), and wheat (Triticum aestivum) brans 
influence human fecal fermentation profiles. Journal of Agricultural 
and Food Chemistry 58: 493-499. https://doi.org/10.1021/jf9020416

Ross, G.D., Cain, J.A., Myones, B.L., Newman, S.L. and Lachmann, 
P.J., 1987. Specificity of membrane complement receptor type 
three (CR3) for ß-glucans. Complement 4: 61-74. https://doi.
org/10.1159/000463010

Ross, G.D., Větvička, V., Yan, J., Xia, Y. and Větvičková, J., 1999. 
Therapeutic intervention with complement and β-glucan in cancer. 
Immunopharmacology 42: 61-74. https://doi.org/10.1016/s0162-
3109(99)00013-2

Ruhaak, L.R., Stroble, C., Underwood, M.A. and Lebrilla, C.B., 
2014. Detection of milk oligosaccharides in plasma of infants. 
Analytical and Bioanalytical Chemistry 406: 5775-5784. https://
doi.org/10.1007/s00216-014-8025-z

Ruhaak, L.R., Xu, G., Li, Q., Goonatilleke, E. and Lebrilla, C.B., 2018. 
Mass spectrometry approaches to glycomic and glycoproteomic 
analyses. Chemical Reviews 118: 7886-7930. https://doi.org/10.1021/
acs.chemrev.7b00732

Ruiz-Matute, A.I., Hernández-Hernández, O., Rodríguez-Sánchez, 
S., Sanz, M.L. and Martínez-Castro, I., 2011. Derivatization 
of carbohydrates for GC and GC-MS analyses. Journal of 
Chromatography B 879: 1226-1240. https://doi.org/10.1016/j.
jchromb.2010.11.013

Rumney, C.J. and Rowland, I.R., 1992. In vivo and in vitro models 
of the human colonic flora. Critical Reviews in Food Science and 
Nutrition 31: 299-331. https://doi.org/10.1080/10408399209527575

Rumpagaporn, P., Reuhs, B.L., Kaur, A., Patterson, J.A., Keshavarzian, 
A. and Hamaker, B.R., 2015. Structural features of soluble 
cereal arabinoxylan fibers associated with a slow rate of in vitro 
fermentation by human fecal microbiota. Carbohydrate Polymers 
130: 191-197. https://doi.org/10.1016/j.carbpol.2015.04.041

Ryan, S.a.M., Fitzgerald, G.F. and Van Sinderen, D., 2005. Transcriptional 
regulation and characterization of a novel β-fructofuranosidase-
encoding gene from Bifidobacterium breve UCC2003. Applied and 
Environmental Microbiology 71: 3475-3482. https://doi.org/10.1128/
aem.71.7.3475-3482.2005

Sabater, C., Prodanov, M., Olano, A., Corzo, N. and Montilla, 
A., 2016. Quantification of prebiotics in commercial infant 
formulas. Food Chemistry 194: 6-11. https://doi.org/10.1016/j.
foodchem.2015.07.127

Sahasrabudhe, N.M., Beukema, M., Tian, L., Troost, B., Scholte, J., 
Bruininx, E., Bruggeman, G., Van den Berg, M., Scheurink, A., 
Schols, H.A., Faas, M.M. and De Vos, P., 2018. Dietary fiber pectin 
directly blocks toll-like receptor 2-1 and prevents doxorubicin-
induced ileitis. Frontiers in Immunology 9: 383. https://doi.
org/10.3389/fimmu.2018.00383

Sahasrabudhe, N.M., Dokter-Fokkens, J. and De Vos, P., 2016a. 
Particulate beta-glucans synergistically activate TLR4 and dectin-1 
in human dendritic cells. Molecular Nutrition and Food Research 
60: 2514-2522. https://doi.org/10.1002/mnfr.201600356

Sahasrabudhe, N.M., Schols, H.A., Faas, M.M. and De Vos, P., 2016b. 
Arabinoxylan activates dectin-1 and modulates particulate beta-
glucan-induced dectin-1 activation. Molecular Nutrition and Food 
Research 60: 458-467. https://doi.org/10.1002/mnfr.201500582

Sako, T., Matsumoto, K. and Tanaka, R., 1999. Recent progress on 
research and applications of non-digestible galacto-oligosaccharides. 
International Dairy Journal 9: 69-80. https://doi.org/10.1016/s0958-
6946(99)00046-1

Sakurai, M., Matsumoto, T., Kiyohara, H. and Yamada, H., 1996. 
Detection and tissue distribution of anti-ulcer pectic polysaccharides 
from Bupleurum falcatum by a polyclonal antibody. Planta Medica 
62: 341-346. https://doi.org/10.1055/s-2006-957898

Sakurai, M.H., Kiyohara, H., Matsumoto, T., Tsumuraya, Y., Hashimoto, 
Y. and Yamada, H., 1998. Characterization of antigenic epitopes 
in anti-ulcer pectic polysaccharides from Bupleurum falcatum L. 
using several carbohydrases. Carbohydrate Research 311: 219-229. 
https://doi.org/10.1016/s0008-6215(98)00217-1

Salli, K., Anglenius, H., Hirvonen, J., Hibberd, A.A., Ahonen, I., 
Saarinen, M.T., Tiihonen, K., Maukonen, J. and Ouwehand, A.C., 
2019. The effect of 2'-fucosyllactose on simulated infant gut 
microbiome and metabolites; a pilot study in comparison to GOS 
and lactose. Scientific Reports 9: 13232. https://doi.org/10.1038/
s41598-019-49497-z

Samuel, T.M., Binia, A., De Castro, C.A., Thakkar, S.K., Billeaud, C., 
Agosti, M., Al-Jashi, I., Costeira, M.J., Marchini, G., Martínez-Costa, 
C., Picaud, J.C., Stiris, T., Stoicescu, S.M., Vanpeé, M., Domellöf, M., 
Austin, S. and Sprenger, N., 2019. Impact of maternal characteristics 
on human milk oligosaccharide composition over the first 4 months 
of lactation in a cohort of healthy European mothers. Scientific 
Reports 9: 11767. https://doi.org/10.1038/s41598-019-48337-4

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1093/jn/137.11.2493S
https://doi.org/10.1093/jn/137.11.2493S
https://doi.org/10.1080/01483918308064876
https://doi.org/10.1080/01483918308064876
https://doi.org/10.3389/fnut.2021.689456
https://doi.org/10.1016/j.talanta.2015.07.042
https://doi.org/10.1136/gut.21.9.793
https://doi.org/10.1136/gut.21.9.793
https://doi.org/10.1016/j.phrs.2012.09.007
https://doi.org/10.1016/0003-9861(54)90173-3
https://doi.org/10.1016/0003-9861(54)90173-3
https://doi.org/10.1021/jf9020416
https://doi.org/10.1159/000463010
https://doi.org/10.1159/000463010
https://doi.org/10.1016/s0162-3109(99)00013-2
https://doi.org/10.1016/s0162-3109(99)00013-2
https://doi.org/10.1007/s00216-014-8025-z
https://doi.org/10.1007/s00216-014-8025-z
https://doi.org/10.1021/acs.chemrev.7b00732
https://doi.org/10.1021/acs.chemrev.7b00732
https://doi.org/10.1016/j.jchromb.2010.11.013
https://doi.org/10.1016/j.jchromb.2010.11.013
https://doi.org/10.1080/10408399209527575
https://doi.org/10.1016/j.carbpol.2015.04.041
https://doi.org/10.1128/aem.71.7.3475-3482.2005
https://doi.org/10.1128/aem.71.7.3475-3482.2005
https://doi.org/10.1016/j.foodchem.2015.07.127
https://doi.org/10.1016/j.foodchem.2015.07.127
https://doi.org/10.3389/fimmu.2018.00383
https://doi.org/10.3389/fimmu.2018.00383
https://doi.org/10.1002/mnfr.201600356
https://doi.org/10.1002/mnfr.201500582
https://doi.org/10.1016/s0958-6946(99)00046-1
https://doi.org/10.1016/s0958-6946(99)00046-1
https://doi.org/10.1055/s-2006-957898
https://doi.org/10.1016/s0008-6215(98)00217-1
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-48337-4


R.A. Rastall et al.

162 Beneficial Microbes 13(2)

Sanches Lopes, S.M., Francisco, M.G., Higashi, B., De Almeida, R.T.R., 
Krausová, G., Pilau, E.J., Gonçalves, J.E., Gonçalves, R.A.C. and 
De Oliveira, A.J.B., 2016. Chemical characterization and prebiotic 
activity of fructo-oligosaccharides from Stevia rebaudiana (Bertoni) 
roots and in vitro adventitious root cultures. Carbohydrate Polymers 
152: 718-725. https://doi.org/10.1016/j.carbpol.2016.07.043

Sancho, D. and Reis e Sousa, C., 2012. Signaling by myeloid C-type 
lectin receptors in immunity and homeostasis. Annual Review 
of Immunology 30: 491-529. https://doi.org/10.1146/annurev-
immunol-031210-101352

Sandvik, A., Wang, Y.Y., Morton, H.C., Aasen, A.O., Wang, J.E. and 
Johansen, F.E., 2007. Oral and systemic administration of β-glucan 
protects against lipopolysaccharide-induced shock and organ injury 
in rats. Clinical and Experimental Immunology 148: 168-177. https://
doi.org/10.1111/j.1365-2249.2006.03320.x

Sangeetha, P.T., Ramesh, M.N. and Prapulla, S.G., 2005. Recent 
trends in the microbial production, analysis and application of 
fructooligosaccharides. Trends in Food Science and Technology 
16: 442-457. https://doi.org/10.1016/j.tifs.2005.05.003

Sanz, M.L., Ruiz-Matute, A.I., Corzo, N. and Martínez-Castro, I., 
2009. Analysis of prebiotic oligosaccharides. In: Charalampopoulos, 
D. and Rastall, R.A. (eds.) Prebiotics and probiotics science and 
technology. Springer, New York, NY, USA, pp. 465-534. https://
doi.org/10.1007/978-0-387-79058-9_13

Sarker, S.D. and Nahar, L., 2006. Hyphenated techniques. In: Sarker, 
S.D., Latif, Z. and Gray, A.I. (eds.) Natural products isolation. 
Methods in biotechnology. Vol. 20. Humana Press, Totowa, NJ, 
USA, pp. 233-267. https://doi.org/10.1385/1-59259-955-9:233

Sastre Toraño, J., Gagarinov, I.A., Vos, G.M., Broszeit, F., Srivastava, 
A.D., Palmer, M., Langridge, J.I., Aizpurua-Olaizola, O., Somovilla, 
V.J. and Boons, G.J., 2019. Ion-mobility spectrometry can assign 
exact fucosyl positions in glycans and prevent misinterpretation of 
mass-spectrometry data after gas-phase rearrangement. Angewandte 
Chemie 58: 17616-17620. https://doi.org/10.1002/anie.201909623

Sato, K., Yang, X.-L., Yudate, T., Chung, J.-S., Wu, J., Luby-Phelps, K., 
Kimberly, R.P., Underhill, D., Cruz, P.D. and Ariizumi, K., 2006. 
Dectin-2 is a pattern recognition receptor for fungi that couples 
with the fc receptor γ chain to induce innate immune responses. 
Journal of Biological Chemistry 281: 38854-38866. https://doi.
org/10.1074/jbc.M606542200

Sato, T., Vries, R.G., Snippert, H.J., Van de Wetering, M., Barker, N., 
Stange, D.E., Van Es, J.H., Abo, A., Kujala, P., Peters, P.J. and Clevers, 
H., 2009. Single Lgr5 stem cells build crypt-villus structures in vitro 
without a mesenchymal niche. Nature 459: 262-265. https://doi.
org/10.1038/nature07935

Saulnier, D.M.A., Molenaar, D., De Vos, W.M., Gibson, G.R. and 
Kolida, S., 2007. Identification of prebiotic Fructooligosaccharide 
metabolism in Lactobacillus plantarum WCFS1 through 
microarrays. Applied and Environmental Microbiology 73: 1753-
1765. https://doi.org/10.1128/aem.01151-06

Scalabrin, D.M.F., Mitmesser, S.H., Welling, G.W., Harris, C.L., 
Marunycz, J.D., Walker, D.C., Bos, N.A., Tölkkö, S., Salminen, S. 
and Vanderhoof, J.A., 2012. New prebiotic blend of polydextrose and 
galacto-oligosaccharides has a bifidogenic effect in young infants. 
Journal of Pediatric Gastroenterology and Nutrition 54: 343-352. 
https://doi.org/10.1097/MPG.0b013e318237ed95

Schlee, M., Harder, J., Köten, B., Stange, E.F., Wehkamp, J. and 
Fellermann, K., 2008. Probiotic lactobacilli and VSL#3 induce 
enterocyte β-defensin 2. Clinical and Experimental Immunology 
151: 528-535. https://doi.org/10.1111/j.1365-2249.2007.03587.x

Schmid, J., Heider, D., Wendel, N.J., Sperl, N. and Sieber, V., 2016. 
Bacterial glycosyltransferases: challenges and opportunities of a 
highly diverse enzyme class toward tailoring natural products. 
Frontiers in Microbiology 7: 182. https://doi.org/10.3389/
fmicb.2016.00182

Schmidgall, J. and Hensel, A., 2002. Bioadhesive properties of 
polygalacturonides against colonic epithelial membranes. 
International Journal of Biological Macromolecules 30: 217-225. 
https://doi.org/10.1016/s0141-8130(02)00036-3

Schols, H.A., Kabel, M., Bakx, E., Daas, P.J.H., Alebeek, G.J.W.M. and 
Voragen, F., 2000. HPLC of oligosaccharides: new developments in 
detection and peak identification. In: Association Andrew van Hook, 
Comptes Rendus, 7th Symposium International, Les séparations 
chromatographiques dans l’analyse et les process sucriers: 7th 
Symposium International, Les séparations chromatographiques 
dans l’analyse et les process sucriers. Association Andrew van Hook, 
Reims, France, pp. 39-45.

Schupfer, E., Pak, S.C., Wang, S., Micalos, P.S., Jeffries, T., Ooi, S.L., 
Golombick, T., Harris, G. and El-Omar, E., 2021. The effects and 
benefits of arabinoxylans on human gut microbiota – a narrative 
review. Food Bioscience 43: 101267. https://doi.org/10.1016/j.
fbio.2021.101267

Scott, K.P., Antoine, J.-M., Midtvedt, T. and Van Hemert, S., 2015. 
Manipulating the gut microbiota to maintain health and treat 
disease. Microbial Ecology in Health and Disease 26: 25877.

Scott, K.P., Martin, J.C., Duncan, S.H. and Flint, H.J., 2014. Prebiotic 
stimulation of human colonic butyrate-producing bacteria and 
bifidobacteria, in vitro. FEMS Microbiology Ecology 87: 30-40. 
https://doi.org/10.1111/1574-6941.12186

Searle, L.E.J., Best, A., Nunez, A., Salguero, F.J., Johnson, L., Weyer, 
U., Dugdale, A.H., Cooley, W.A., Carter, B., Jones, G., Tzortzis, 
G., Woodward, M.J. and La Ragione, R.M., 2009. A mixture 
containing galactooligosaccharide, produced by the enzymic activity 
of Bifidobacterium bifidum, reduces Salmonella enterica serovar 
Typhimurium infection in mice. Journal of Medical Microbiology 
58: 37-48. https://doi.org/10.1099/jmm.0.004390-0

Seger, C., Sturm, S. and Stuppner, H., 2013. Mass spectrometry and 
NMR spectroscopy: modern high-end detectors for high resolution 
separation techniques – state of the art in natural product HPLC-MS, 
HPLC-NMR, and CE-MS hyphenations. Natural Product Reports 
30: 970-987. https://doi.org/10.1039/c3np70015a

Selak, M., Rivière, A., Moens, F., Van den Abbeele, P., Geirnaert, A., 
Rogelj, I., Leroy, F. and De Vuyst, L., 2016. Inulin-type fructan 
fermentation by bifidobacteria depends on the strain rather than 
the species and region in the human intestine. Applied Microbiology 
and Biotechnology 100: 4097-4107. https://doi.org/10.1007/s00253-
016-7351-9

Shen, X.J., Rawls, J.F., Randall, T.A., Burcall, L., Mpande, C., Jenkins, 
N., Jovov, B., Abdo, Z., Sandler, R.S. and Keku, T.O., 2010. Molecular 
characterization of mucosal adherent bacteria and associations 
with colorectal adenomas. Gut Microbes 1: 138-147. https://doi.
org/10.4161/gmic.1.3.12360

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1016/j.carbpol.2016.07.043
https://doi.org/10.1146/annurev-immunol-031210-101352
https://doi.org/10.1146/annurev-immunol-031210-101352
https://doi.org/10.1111/j.1365-2249.2006.03320.x
https://doi.org/10.1111/j.1365-2249.2006.03320.x
https://doi.org/10.1016/j.tifs.2005.05.003
https://doi.org/10.1007/978-0-387-79058-9_13
https://doi.org/10.1007/978-0-387-79058-9_13
https://doi.org/10.1385/1-59259-955-9
https://doi.org/10.1002/anie.201909623
https://doi.org/10.1074/jbc.M606542200
https://doi.org/10.1074/jbc.M606542200
https://doi.org/10.1038/nature07935
https://doi.org/10.1038/nature07935
https://doi.org/10.1128/aem.01151-06
https://doi.org/10.1097/MPG.0b013e318237ed95
https://doi.org/10.1111/j.1365-2249.2007.03587.x
https://doi.org/10.3389/fmicb.2016.00182
https://doi.org/10.3389/fmicb.2016.00182
https://doi.org/10.1016/s0141-8130(02)00036-3
https://doi.org/10.1016/j.fbio.2021.101267
https://doi.org/10.1016/j.fbio.2021.101267
https://doi.org/10.1111/1574-6941.12186
https://doi.org/10.1099/jmm.0.004390-0
https://doi.org/10.1039/c3np70015a
https://doi.org/10.1007/s00253-016-7351-9
https://doi.org/10.1007/s00253-016-7351-9
https://doi.org/10.4161/gmic.1.3.12360
https://doi.org/10.4161/gmic.1.3.12360


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 163

Shin, H.-Y., Park, S.-Y., Sung, J.H. and Kim, D.-H., 2003. Purification 
and characterization ofα -l-arabinopyranosidase and α-l-
arabinofuranosidase from Bifidobacterium breve K-110, a human 
intestinal anaerobic bacterium metabolizing ginsenoside Rb2 and 
Rc. Applied and Environmental Microbiology 69: 7116-7123. https://
doi.org/10.1128/aem.69.12.7116-7123.2003

Shoaf, K., Mulvey, G.L., Armstrong, G.D. and Hutkins, R.W., 
2006. Prebiotic galactooligosaccharides reduce adherence of 
enteropathogenic Escherichia coli to tissue culture cells. Infection 
and Immunity 74: 6920-6928. https://doi.org/10.1128/iai.01030-06

Silk, D.B.A., Davis, A., Vulevic, J., Tzortzis, G. and Gibson, G.R., 2009. 
Clinical trial: the effects of a trans-galactooligosaccharide prebiotic 
on faecal microbiota and symptoms in irritable bowel syndrome. 
Alimentary Pharmacology and Therapeutics 29: 508-518. https://
doi.org/10.1111/j.1365-2036.2008.03911.x

Sinclair, H.R., De Slegte, J., Gibson, G.R. and Rastall, R.A., 2009. 
Galactooligosaccharides (GOS) inhibit Vibrio cholerae toxin binding 
to its GM1 receptor. Journal of Agricultural and Food Chemistry 
57: 3113-3119. https://doi.org/10.1021/jf8034786

Slyter, L.L., Nelson, W.O. and Wolin, M.J., 1964. Modifications of 
a device for maintenance of the rumen microbial population in 
continuous culture. Journal of Applied Microbiology 12: 374-377.

Smestad Paulsen, B. and Barsett, H., 2005. Bioactive pectic 
polysaccharides, polysaccharides I. Advances in polymer science. 
Springer, Cham, Switzerland, pp. 69-101. https://doi.org/10.1007/
b136817

Smith, E.A. and Macfarlane, G.T., 1996. Enumeration of human colonic 
bacteria producing phenolic and indolic compounds: effects of 
pH, carbohydrate availability and retention time on dissimilatory 
aromatic amino acid metabolism. Journal of Applied Bacteriology 
81: 288-302. https://doi.org/10.1111/j.1365-2672.1996.tb04331.x

Smith, P.M., Howitt, M.R., Panikov, N., Michaud, M., Gallini, C.A., 
Bohlooly-Y, M., Glickman, J.N. and Garrett, W.S., 2013. The 
microbial metabolites, short-chain fatty acids, regulate colonic 
Treg cell homeostasis. Science 341: 569-573. https://doi.org/10.1126/
science.1241165

Snart, J., Bibiloni, R., Grayson, T., Lay, C., Zhang, H., Allison, G.E., 
Laverdiere, J.K., Temelli, F., Vasanthan, T., Bell, R. and Tannock, 
G.W., 2006. Supplementation of the diet with high-viscosity beta-
glucan results in enrichment for lactobacilli in the rat cecum. 
Applied and Environmental Microbiology 72: 1925-1931. https://
doi.org/10.1128/aem.72.3.1925-1931.2006

Snelders, J., Olaerts, H., Dornez, E., Van de Wiele, T., Aura, A.-M., 
Vanhaecke, L., Delcour, J.A. and Courtin, C.M., 2014. Structural 
features and feruloylation modulate the fermentability and evolution 
of antioxidant properties of arabinoxylanoligosaccharides during 
in vitro fermentation by human gut derived microbiota. Journal of 
Functional Foods 10: 1-12. https://doi.org/10.1016/j.jff.2014.05.011

So, D., Whelan, K., Rossi, M., Morrison, M., Holtmann, G., Kelly, J.T., 
Shanahan, E.R., Staudacher, H.M. and Campbell, K.L., 2018. Dietary 
fiber intervention on gut microbiota composition in healthy adults: 
a systematic review and meta-analysis. The American Journal of 
Clinical Nutrition 107: 965-983. https://doi.org/10.1093/ajcn/nqy041

Song, J.-F., Weng, M.-Q., Wu, S.-M. and Xia, Q.-C., 2002. Analysis of 
neutral saccharides in human milk derivatized with 2-aminoacridone 
by capillary electrophoresis with laser-induced fluorescence 
detection. Analytical Biochemistry 304: 126-129. https://doi.
org/10.1006/abio.2001.5589

Sousa, T., Paterson, R., Moore, V., Carlsson, A., Abrahamsson, B. and 
Basit, A.W., 2008. The gastrointestinal microbiota as a site for the 
biotransformation of drugs. International Journal of Pharmaceutics 
363: 1-25. https://doi.org/10.1016/j.ijpharm.2008.07.009

Splechtna, B., Nguyen, T.-H., Steinböck, M., Kulbe, K.D., Lorenz, W. and 
Haltrich, D., 2006. Production of prebiotic galacto-oligosaccharides 
from lactose using β-galactosidases from Lactobacillus reuteri. 
Journal of Agricultural and Food Chemistry 54: 4999-5006. https://
doi.org/10.1021/jf053127m

Sprenger, R.R. and Roepstorff, P., 2012. Mass spectrometry 
i n s t r u m e nt at i o n  i n  p ro te o m i c s .  e L S .  h t tp s : / / d o i .
org/10.1002/9780470015902.a0006194.pub2

Srivastava, P. and Malviya, R., 2011. Sources of pectin, extraction and 
its applications in pharmaceutical industry − an overview. Indian 
Journal of Natural Products and Resources 2: 10-18.

Stahl, B., Linos, A., Karas, M., Hillenkamp, F. and Steup, M., 1997. 
Analysis of fructans from higher plants by matrix-assisted laser 
desorption/ionization mass spectrometry. Analytical Biochemistry 
246: 195-204. https://doi.org/10.1006/abio.1997.2011

Steliou, K., Boosalis, M.S., Perrine, S.P., Sangerman, J. and Faller, D.V., 
2012. Butyrate histone deacetylase inhibitors. BioResearch 1: 192-
198. https://doi.org/10.1089/biores.2012.0223

Stephen, A.M., Champ, M.M.J., Cloran, S.J., Fleith, M., Van Lieshout, L., 
Mejborn, H. and Burley, V.J., 2017. Dietary fibre in Europe: current 
state of knowledge on definitions, sources, recommendations, 
intakes and relationships to health. Nutrition Research Reviews 
30: 149-190. https://doi.org/10.1017/s095442241700004x

Strube, M.L., Jensen, T.K., Meyer, A.S. and Boye, M., 2015a. In situ 
prebiotics: enzymatic release of galacto-rhamnogalacturonan from 
potato pulp in vivo in the gastrointestinal tract of the weaning piglet. 
AMB Express 5: 66. https://doi.org/10.1186/s13568-015-0152-1

Strube, M.L., Ravn, H.C., Ingerslev, H.-C., Meyer, A.S., Boye, M. and 
Macfarlane, G.T., 2015b. In situ prebiotics for weaning piglets: in vitro 
production and fermentation of potato galacto-rhamnogalacturonan. 
Applied and Environmental Microbiology 81: 1668-1678. https://
doi.org/10.1128/aem.03582-14

Sun, J. and De Vos, P., 2019. Editorial: Immunomodulatory Functions 
of Nutritional Ingredients in Health and Disease. Frontiers in 
Immunology 10: 50. https://doi.org/10.3389/fimmu.2019.00050

Sun, Y., He, Y., Wang, F., Zhang, H., De Vos, P. and Sun, J., 2017. 
Low-methoxyl lemon pectin attenuates inflammatory responses 
and improves intestinal barrier integrity in caerulein-induced 
experimental acute pancreatitis. Molecular Nutrition and Food 
Research 61: 1600885. https://doi.org/10.1002/mnfr.201600885

Swanson, K.S., De Vos, W.M., Martens, E.C., Gilbert, J.A., Menon, R.S., 
Soto-Vaca, A., Hautvast, J., Meyer, P.D., Borewicz, K., Vaughan, E.E. 
and Slavin, J.L., 2020. Effect of fructans, prebiotics and fibres on the 
human gut microbiome assessed by 16S rRNA-based approaches: 
a review. Beneficial Microbes 11: 101-129. https://doi.org/10.3920/
bm2019.0082

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1128/aem.69.12.7116-7123.2003
https://doi.org/10.1128/aem.69.12.7116-7123.2003
https://doi.org/10.1128/iai.01030-06
https://doi.org/10.1111/j.1365-2036.2008.03911.x
https://doi.org/10.1111/j.1365-2036.2008.03911.x
https://doi.org/10.1021/jf8034786
https://doi.org/10.1007/b136817
https://doi.org/10.1007/b136817
http://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1126/science.1241165
https://doi.org/10.1126/science.1241165
https://doi.org/10.1128/aem.72.3.1925-1931.2006
https://doi.org/10.1128/aem.72.3.1925-1931.2006
https://doi.org/10.1016/j.jff.2014.05.011
https://doi.org/10.1093/ajcn/nqy041
https://doi.org/10.1006/abio.2001.5589
https://doi.org/10.1006/abio.2001.5589
https://doi.org/10.1016/j.ijpharm.2008.07.009
https://doi.org/10.1021/jf053127m
https://doi.org/10.1021/jf053127m
https://doi.org/10.1002/9780470015902.a0006194.pub2
https://doi.org/10.1002/9780470015902.a0006194.pub2
https://doi.org/10.1006/abio.1997.2011
https://doi.org/10.1089/biores.2012.0223
https://doi.org/10.1017/s095442241700004x
https://doi.org/10.1186/s13568-015-0152-1
https://doi.org/10.1128/aem.03582-14
https://doi.org/10.1128/aem.03582-14
https://doi.org/10.3389/fimmu.2019.00050
https://doi.org/10.1002/mnfr.201600885
https://doi.org/10.3920/bm2019.0082
https://doi.org/10.3920/bm2019.0082


R.A. Rastall et al.

164 Beneficial Microbes 13(2)

Tachado, S.D., Zhang, J., Zhu, J., Patel, N., Cushion, M. and Koziel, 
H., 2007. Pneumocystis-mediated IL-8 release by macrophages 
requires coexpression of mannose receptors and TLR2. Journal of 
Leukocyte Biology 81: 205-211. https://doi.org/10.1189/jlb.1005580

Taguchi, I., Kiyohara, H., Matsumoto, T. and Yamada, H., 2004. 
Structure of oligosaccharide side chains of an intestinal immune 
system modulating arabinogalactan isolated from rhizomes of 
Atractylodes lancea DC. Carbohydrate Research 339: 763-770. 
https://doi.org/10.1016/j.carres.2004.01.003

Tan, J., McKenzie, C., Potamitis, M., Thorburn, A.N., Mackay, C.R. 
and Macia, L., 2014. The role of short-chain fatty acids in health 
and disease. Advances in Immunology 121: 91-119. https://doi.
org/10.1016/b978-0-12-800100-4.00003-9

Tanhatan-Nasseri, A., Crépeau, M.-J., Thibault, J.-F. and Ralet, M.-C., 
2011. Isolation and characterization of model homogalacturonans 
of tailored methylesterification patterns. Carbohydrate Polymers 
86: 1236-1243. https://doi.org/10.1016/j.carbpol.2011.06.019

Tao, N., DePeters, E.J., Freeman, S., German, J.B., Grimm, R. and 
Lebrilla, C.B., 2008. Bovine milk glycome. Journal of Dairy Science 
91: 3768-3778. https://doi.org/10.3168/jds.2008-1305

Tao, N., Ochonicky, K.L., German, J.B., Donovan, S.M. and Lebrilla, 
C.B., 2010. Structural determination and daily variations of porcine 
milk oligosaccharides. Journal of Agricultural and Food Chemistry 
58: 4653-4659. https://doi.org/10.1021/jf100398u

Tap, J., Derrien, M., Törnblom, H., Brazeilles, R., Cools-Portier, S., 
Doré, J., Störsrud, S., Le Nevé, B., Öhman, L. and Simrén, M., 2017. 
Identification of an intestinal microbiota signature associated with 
severity of irritable bowel syndrome. Gastroenterology 152: 111-123.
e118. https://doi.org/10.1053/j.gastro.2016.09.049

Taylor, P., Gordon, S. and Martinezpomares, L., 2005. The mannose 
receptor: linking homeostasis and immunity through sugar 
recognition. Trends in Immunology 26: 104-110. https://doi.
org/10.1016/j.it.2004.12.001

Taylor, P.R., Brown, G.D., Reid, D.M., Willment, J.A., Martinez-
Pomares, L., Gordon, S. and Wong, S.Y.C., 2002. The β-glucan 
receptor, dectin-1, is predominantly expressed on the surface of 
cells of the monocyte/macrophage and neutrophil lineages. The 
Journal of Immunology 169: 3876-3882. https://doi.org/10.4049/
jimmunol.169.7.3876

Ten Bruggencate, S.J., Bovee-Oudenhoven, I.M., Lettink-Wissink, M.L. 
and Van der Meer, R., 2003. Dietary fructo-oligosaccharides dose-
dependently increase translocation of Salmonella in rats. Journal 
of Nutrition 133: 2313-2318. https://doi.org/10.1093/jn/133.7.2313

Thirawong, N., Kennedy, R.A. and Sriamornsak, P., 2008. Viscometric 
study of pectin-mucin interaction and its mucoadhesive bond 
strength. Carbohydrate Polymers 71: 170-179. https://doi.
org/10.1016/j.carbpol.2007.05.026

Thirawong, N., Nunthanid, J., Puttipipatkhachorn, S. and Sriamornsak, 
P., 2007. Mucoadhesive properties of various pectins on 
gastrointestinal mucosa: an in vitro evaluation using texture analyzer. 
European Journal of Pharmaceutics and Biopharmaceutics 67: 132-
140. https://doi.org/10.1016/j.ejpb.2007.01.010

Thomassen, L.V., Vigsnæs, L.K., Licht, T.R., Mikkelsen, J.D. and Meyer, 
A.S., 2011. Maximal release of highly bifidogenic soluble dietary 
fibers from industrial potato pulp by minimal enzymatic treatment. 
Applied Microbiology and Biotechnology 90: 873-884. https://doi.
org/10.1007/s00253-011-3092-y

Thurl, S., Munzert, M., Henker, J., Boehm, G., Müller-Werner, 
B., Jelinek, J. and Stahl, B., 2010. Variation of human milk 
oligosaccharides in relation to milk groups and lactational periods. 
British Journal of Nutrition 104: 1261-1271. https://doi.org/10.1017/
s0007114510002072

Tian, L., Bruggeman, G., Van den Berg, M., Borewicz, K., Scheurink, 
A.J.W., Bruininx, E., De Vos, P., Smidt, H., Schols, H.A. and 
Gruppen, H., 2017. Effects of pectin on fermentation characteristics, 
carbohydrate utilization, and microbial community composition in 
the gastrointestinal tract of weaning pigs. Molecular Nutrition and 
Food Research 61: 1600186. https://doi.org/10.1002/mnfr.201600186

Tobacman, J.K., 2001. Review of harmful gastrointestinal effects 
of carrageenan in animal experiments. Environmental Health 
Perspectives 109: 983-994. https://doi.org/10.1289/ehp.01109983

Tonon, K.M., De Morais, M.B., Abrão, A.C.F.V., Miranda, A. and 
Morais, T.B., 2019. Maternal and infant factors associated with 
human milk oligosaccharides concentrations according to secretor 
and lewis phenotypes. Nutrients 11: 1358. https://doi.org/10.3390/
nu11061358

Topping, D.L. and Clifton, P.M., 2001. Short-chain fatty acids and 
human colonic function: roles of resistant starch and nonstarch 
polysaccharides. Physiological Reviews 81: 1031-1064. https://doi.
org/10.1152/physrev.2001.81.3.1031

Torres, D.P.M., Gonçalves, M.d.P.F., Teixeira, J.A. and Rodrigues, L.R., 
2010. Galacto-oligosaccharides: production, properties, applications, 
and significance as prebiotics. Comprehensive Reviews in Food 
Science and Food Safety 9: 438-454. https://doi.org/10.1111/j.1541-
4337.2010.00119.x

Tosh, S., 2004. Structural characteristics and rheological properties of 
partially hydrolyzed oat β-glucan: the effects of molecular weight 
and hydrolysis method. Carbohydrate Polymers 55: 425-436. https://
doi.org/10.1016/j.carbpol.2003.11.004

Totten, S.M., Zivkovic, A.M., Wu, S., Ngyuen, U., Freeman, S.L., Ruhaak, 
L.R., Darboe, M.K., German, J.B., Prentice, A.M. and Lebrilla, C.B., 
2012. Comprehensive profiles of human milk oligosaccharides yield 
highly sensitive and specific markers for determining secretor status 
in lactating mothers. Journal of Proteome Research 11: 6124-6133. 
https://doi.org/10.1021/pr300769g

Truchado, P., Hernandez-Sanabria, E., Salden, B.N., Van den Abbeele, 
P., Vilchez-Vargas, R., Jauregui, R., Pieper, D.H., Possemiers, S. and 
Van de Wiele, T., 2017. Long chain arabinoxylans shift the mucosa-
associated microbiota in the proximal colon of the simulator of 
the human intestinal microbial ecosystem (M-SHIME). Journal 
of Functional Foods 32: 226-237. https://doi.org/10.1016/j.
jff.2017.02.004

Udani, J.K., 2013. Immunomodulatory effects of ResistAid™: a 
randomized, double-blind, placebo-controlled, multidose study. 
Journal of the American College of Nutrition 32: 331-338. https://
doi.org/10.1080/07315724.2013.839907

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1189/jlb.1005580
https://doi.org/10.1016/j.carres.2004.01.003
https://doi.org/10.1016/b978-0-12-800100-4.00003-9
https://doi.org/10.1016/b978-0-12-800100-4.00003-9
https://doi.org/10.1016/j.carbpol.2011.06.019
https://doi.org/10.3168/jds.2008-1305
https://doi.org/10.1021/jf100398u
https://doi.org/10.1053/j.gastro.2016.09.049
https://doi.org/10.1016/j.it.2004.12.001
https://doi.org/10.1016/j.it.2004.12.001
https://doi.org/10.4049/jimmunol.169.7.3876
https://doi.org/10.4049/jimmunol.169.7.3876
https://doi.org/10.1093/jn/133.7.2313
https://doi.org/10.1016/j.carbpol.2007.05.026
https://doi.org/10.1016/j.carbpol.2007.05.026
https://doi.org/10.1016/j.ejpb.2007.01.010
https://doi.org/10.1007/s00253-011-3092-y
https://doi.org/10.1007/s00253-011-3092-y
https://doi.org/10.1017/s0007114510002072
https://doi.org/10.1017/s0007114510002072
https://doi.org/10.1002/mnfr.201600186
https://doi.org/10.1289/ehp.01109983
https://doi.org/10.3390/nu11061358
https://doi.org/10.3390/nu11061358
https://doi.org/10.1152/physrev.2001.81.3.1031
https://doi.org/10.1152/physrev.2001.81.3.1031
https://doi.org/10.1111/j.1541-4337.2010.00119.x
https://doi.org/10.1111/j.1541-4337.2010.00119.x
https://doi.org/10.1016/j.carbpol.2003.11.004
https://doi.org/10.1016/j.carbpol.2003.11.004
https://doi.org/10.1021/pr300769g
https://doi.org/10.1016/j.jff.2017.02.004
https://doi.org/10.1016/j.jff.2017.02.004
https://doi.org/10.1080/07315724.2013.839907
https://doi.org/10.1080/07315724.2013.839907


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 165

Udani, J.K., Singh, B.B., Barrett, M.L. and Singh, V.J., 2010. Proprietary 
arabinogalactan extract increases antibody response to the 
pneumonia vaccine: a randomized, double-blind, placebo-controlled, 
pilot study in healthy volunteers. Nutrition Journal 9: 32. https://
doi.org/10.1186/1475-2891-9-32

Valdés-Varela, L., Ruas-Madiedo, P. and Gueimonde, M., 2017. In vitro 
fermentation of different fructo-oligosaccharides by Bifidobacterium 
strains for the selection of synbiotic combinations. International 
Journal of Food Microbiology 242: 19-23. https://doi.org/10.1016/j.
ijfoodmicro.2016.11.011

Van De Pol, M.A., Lutter, R., Smids, B.S., Weersink, E.J.M. and Van 
der Zee, J.S., 2011. Synbiotics reduce allergen-induced T-helper 2 
response and improve peak expiratory flow in allergic asthmatics. 
Allergy 66: 39-47. https://doi.org/10.1111/j.1398-9995.2010.02454.x

Van de Wiele, T., Boon, N., Possemiers, S., Jacobs, H. and Verstraete, 
W., 2007. Inulin-type fructans of longer degree of polymerization 
exert more pronounced in vitro prebiotic effects. Journal of 
Applied Microbiology 102: 452-460. https://doi.org/10.1111/j.1365-
2672.2006.03084.x

Van den Abbeele, P., Belzer, C., Goossens, M., Kleerebezem, M., De 
Vos, W.M., Thas, O., De Weirdt, R., Kerckhof, F.-M. and Van de 
Wiele, T., 2012a. Butyrate-producing Clostridium cluster XIVa 
species specifically colonize mucins in an in vitro gut model. The 
ISME Journal 7: 949-961. https://doi.org/10.1038/ismej.2012.158

Van den Abbeele, P., Gérard, P., Rabot, S., Bruneau, A., El Aidy, 
S., Derrien, M., Kleerebezem, M., Zoetendal, E.G. Smidt, H., 
Verstraete, W., Van de Wiele, T. and Possemiers, S., 2011. 
Arabinoxylans and inulin differentially modulate the mucosal and 
luminal gut microbiota and mucin-degradation in humanized rats. 
Environmental Microbiology 13: 2667-2680. https://doi.org/10.1111/
j.1462-2920.2011.02533.x

Van den Abbeele, P., Grootaert, C., Marzorati, M., Possemiers, S., 
Verstraete, W., Gerard, P., Rabot, S., Bruneau, A.Â.Â.l., El Aidy, S., 
Derrien, M., Zoetendal, E., Kleerebezem, M., Smidt, H. and Van de 
Wiele, T., 2010. Microbial community development in a dynamic 
gut model is reproducible, colon region specific, and selective for 
bacteroidetes and Clostridium cluster IX. Applied and Environmental 
Microbiology 76: 5237-5246. https://doi.org/10.1128/aem.00759-10

Van den Abbeele, P., Roos, S., Eeckhaut, V., MacKenzie, D.A., Derde, 
M., Verstraete, W., Marzorati, M., Possemiers, S., Vanhoecke, B., Van 
Immerseel, F. and Van de Wiele, T., 2012b. Incorporating a mucosal 
environment in a dynamic gut model results in a more representative 
colonization by lactobacilli. Microbial Biotechnology 5: 106-115. 
https://doi.org/10.1111/j.1751-7915.2011.00308.x

Van den Abbeele, P., Venema, K., Van de Wiele, T., Verstraete, W. 
and Possemiers, S., 2013. Different human gut models reveal the 
distinct fermentation patterns of arabinoxylan versus inulin. Journal 
of Agricultural and Food Chemistry 61: 9819-9827. https://doi.
org/10.1021/jf4021784

Van den Abbeele, P., Verstrepen, L., Ghyselinck, J., Albers, R., Marzorati, 
M. and Mercenier, A., 2020. A novel non-digestible, carrot-derived 
polysaccharide (cRG-I) selectively modulates the human gut 
microbiota while promoting gut barrier integrity: an integrated in 
vitro approach. Nutrients 12: 1917.

Van der Aa, L.B., Van Aalderen, W.M.C., Heymans, H.S.A., Henk 
Sillevis Smitt, J., Nauta, A.J., Knippels, L.M.J., Ben Amor, K. and 
Sprikkelman, A.B., 2011. Synbiotics prevent asthma-like symptoms 
in infants with atopic dermatitis. Allergy 66: 170-177. https://doi.
org/10.1111/j.1398-9995.2010.02416.x

Van der Sluis, M., Bouma, J., Vincent, A., Velcich, A., Carraway, 
K.L., Büller, H.A., Einerhand, A.W.C., Van Goudoever, J.B., Van 
Seuningen, I. and Renes, I.B., 2008. Combined defects in epithelial 
and immunoregulatory factors exacerbate the pathogenesis of 
inflammation: mucin 2-interleukin 10-deficient mice. Laboratory 
Investigation 88: 634-642. https://doi.org/10.1038/labinvest.2008.28

Van der Sluis, M., De Koning, B.A.E., De Bruijn, A.C.J.M., Velcich, 
A., Meijerink, J.P.P., Van Goudoever, J.B., Büller, H.A., Dekker, J., 
Van Seuningen, I., Renes, I.B. and Einerhand, A.W.C., 2006. Muc2-
deficient mice spontaneously develop colitis, indicating that MUC2 
is critical for colonic protection. Gastroenterology 131: 117-129. 
https://doi.org/10.1053/j.gastro.2006.04.020

Van der Waaij, L.A., Limburg, P.C., Mesander, G. and Van der Waaij, 
D., 1996. In vivo IgA coating of anaerobic bacteria in human faeces. 
Gut 38: 348-354. https://doi.org/10.1136/gut.38.3.348

Van Laere, K.M.J., Abee, T., Schols, H.A., Beldman, G. and Voragen, 
A.G.J., 2000a. Characterization of a novel β-galactosidase 
from Bifidobacterium adolescentis DSM 20083 active towards 
transgalactooligosaccharides. Applied and Environmental 
Microbiology 66: 1379-1384. https://doi.org/10.1128/aem.66.4.1379-
1384.2000

Van Laere, K.M.J., Hartemink, R., Bosveld, M., Schols, H.A. and 
Voragen, A.G.J., 2000b. Fermentation of plant cell wall derived 
polysaccharides and their corresponding oligosaccharides by 
intestinal bacteria. Journal of Agricultural and Food Chemistry 
48: 1644-1652. https://doi.org/10.1021/jf990519i

Van Laere, K.M.J.V., Beldman, G. and Voragen, A.G.J., 1997. A new 
arabinofuranohydrolase from Bifidobacterium adolescentis able to 
remove arabinosyl residues from double-substituted xylose units in 
arabinoxylan. Applied Microbiology and Biotechnology 47: 231-235. 
https://doi.org/10.1007/s002530050918

Van Leeuwen, S.S., 2019. Challenges and pitfalls in human milk 
oligosaccharide analysis. Nutrients 11: 2684. https://doi.org/10.3390/
nu11112684

Van Leeuwen, S.S., Kuipers, B.J.H., Dijkhuizen, L. and Kamerling, 
J.P., 2014a. Development of a 1 H NMR structural-reporter-group 
concept for the analysis of prebiotic galacto-oligosaccharides of 
the [β-d-Gal p-(1→x)]n-d-Glc p type. Carbohydrate Research 400: 
54-58. https://doi.org/10.1016/j.carres.2014.08.011

Van Leeuwen, S.S., Kuipers, B.J.H., Dijkhuizen, L. and Kamerling, J.P., 
2014b. 1 H NMR analysis of the lactose/β-galactosidase-derived 
galacto-oligosaccharide components of Vivinal® GOS up to DP5. 
Carbohydrate Research 400: 59-73. https://doi.org/10.1016/j.
carres.2014.08.012

Van Leeuwen, S.S., Kuipers, B.J.H., Dijkhuizen, L. and Kamerling, J.P., 
2016. Comparative structural characterization of 7 commercial 
galacto-oligosaccharide (GOS) products. Carbohydrate Research 
425: 48-58. https://doi.org/10.1016/j.carres.2016.03.006

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1186/1475-2891-9-32
https://doi.org/10.1186/1475-2891-9-32
https://doi.org/10.1016/j.ijfoodmicro.2016.11.011
https://doi.org/10.1016/j.ijfoodmicro.2016.11.011
https://doi.org/10.1111/j.1398-9995.2010.02454.x
https://doi.org/10.1111/j.1365-2672.2006.03084.x
https://doi.org/10.1111/j.1365-2672.2006.03084.x
https://doi.org/10.1038/ismej.2012.158
https://doi.org/10.1111/j.1462-2920.2011.02533.x
https://doi.org/10.1111/j.1462-2920.2011.02533.x
https://doi.org/10.1128/aem.00759-10
https://doi.org/10.1111/j.1751-7915.2011.00308.x
https://doi.org/10.1021/jf4021784
https://doi.org/10.1021/jf4021784
https://doi.org/10.1111/j.1398-9995.2010.02416.x
https://doi.org/10.1111/j.1398-9995.2010.02416.x
https://doi.org/10.1038/labinvest.2008.28
https://doi.org/10.1053/j.gastro.2006.04.020
https://doi.org/10.1136/gut.38.3.348
https://doi.org/10.1128/aem.66.4.1379-1384.2000
https://doi.org/10.1128/aem.66.4.1379-1384.2000
https://doi.org/10.1021/jf990519i
https://doi.org/10.1007/s002530050918
https://doi.org/10.3390/nu11112684
https://doi.org/10.3390/nu11112684
https://doi.org/10.1016/j.carres.2014.08.011
https://doi.org/10.1016/j.carres.2014.08.012
https://doi.org/10.1016/j.carres.2014.08.012
https://doi.org/10.1016/j.carres.2016.03.006


R.A. Rastall et al.

166 Beneficial Microbes 13(2)

Van Leeuwen, S.S., Schoemaker, R.J., Gerwig, G.J., Van Leusen-Van 
Kan, E.J., Dijkhuizen, L. and Kamerling, J.P., 2014. Rapid milk group 
classification by 1H NMR analysis of Le and H epitopes in human 
milk oligosaccharide donor samples. Glycobiology 24: 728-739. 
https://doi.org/10.1093/glycob/cwu036

Van Leeuwen, S.S., Stoutjesdijk, E., Ten Kate, G.A., Schaafsma, A., 
Dijck-Brouwer, J., Muskiet, F.A.J. and Dijkhuizen, L., 2018. Regional 
variations in human milk oligosaccharides in Vietnam suggest FucTx 
activity besides FucT2 and FucT3. Scientific Reports 8: 16790. 
https://doi.org/10.1038/s41598-018-34882-x

Van Nuenen, M.H.M.C., Diederick Meyer, P. and Venema, K., 
2003. The effect of various inulins and Clostridium difficile on 
the metabolic activity of the human colonic microbiota in vitro. 
Microbial Ecology in Health and Disease 15: 137-144. https://doi.
org/10.1080/08910600310018959

Van Nuenen, M.H.M.C., Ligt, R.A.F., Doornbos, R.P., Woude, J.C.J., 
Kuipers, E.J. and Venema, K., 2005. The influence of microbial 
metabolites on human intestinal epithelial cells and macrophages 
in vitro. FEMS Immunology and Medical Microbiology 45: 183-189. 
https://doi.org/10.1016/j.femsim.2005.03.010

Van Nuenen, M.H.M.C., Venema, K., Van der Woud, J.C.J. and 
Kuipers, E.J., 2004. The metabolic activity of fecal microbiota 
from healthy individuals and patients with inflammatory bowel 
disease. Digestive Diseases and Sciences 49: 485-491. https://doi.
org/10.1023/b:Ddas.0000020508.64440.73

Van Zanten, G.C., Knudsen, A., Roytio, H., Forssten, S., Lawther, 
M., Blennow, A., Lahtinen, S.J., Jakobsen, M., Svensson, B. and 
Jespersen, L., 2012. The effect of selected synbiotics on microbial 
composition and short-chain fatty acid production in a model system 
of the human colon. PLoS ONE 7: e47212. https://doi.org/10.1371/
journal.pone.0047212

Vandeputte, D., Falony, G., Vieira-Silva, S., Wang, J., Sailer, M., Theis, S., 
Verbeke, K. and Raes, J., 2017. Prebiotic inulin-type fructans induce 
specific changes in the human gut microbiota. Gut 66: 1968-1974. 
https://doi.org/10.1136/gutjnl-2016-313271

Vanhoutvin, S.A.L.W., Troost, F.J., Kilkens, T.O.C., Lindsey, P.J., Hamer, 
H.M., Jonkers, D.M.A.E., Venema, K. and Brummer, R.J.M., 2009. 
The effects of butyrate enemas on visceral perception in healthy 
volunteers. Neurogastroenterology and Motility 21: 952-976. https://
doi.org/10.1111/j.1365-2982.2009.01324.x

Varasteh, S., Braber, S., Garssen, J. and Fink-Gremmels, J., 2015. 
Galacto-oligosaccharides exert a protective effect against heat stress 
in a Caco-2 cell model. Journal of Functional Foods 16: 265-277. 
https://doi.org/10.1016/j.jff.2015.04.045

Velázquez-Martínez, J., González-Cervantes, R., Hernández-Gallegos, 
M., Mendiola, R., Aparicio, A. and Ocampo, M., 2014. Prebiotic 
potential of Agave angustifolia haw fructans with different degrees of 
polymerization. Molecules 19: 12660-12675. https://doi.org/10.3390/
molecules190812660

Velez, E., Castillo, N., Mesón, O., Grau, A., Bibas Bonet, M.E. 
and Perdigón, G., 2012. Study of the effect exerted by fructo-
oligosaccharides from yacon (Smallanthus sonchifolius) root flour 
in an intestinal infection model with Salmonella Typhimurium. 
British Journal of Nutrition 109: 1971-1979. https://doi.org/10.1017/
s0007114512004230

Venema, K. and Van den Abbeele, P., 2013. Experimental models 
of the gut microbiome. Best Practice and Research Clinical 
Gastroenterology 27: 115-126. https://doi.org/10.1016/j.
bpg.2013.03.002

Venema, K., 2010. Role of gut microbiota in the control of energy 
and carbohydrate metabolism. Current Opinion in Clinical 
Nutrition and Metabolic Care 13: 432-438. https://doi.org/10.1097/
MCO.0b013e32833a8b60

Venema, K., 2012. Intestinal fermentation of lactose and prebiotic 
lactose derivatives, including human milk oligosaccharides. 
International Dairy Journal 22: 123-140. https://doi.org/10.1016/j.
idairyj.2011.10.011

Venema, K., Van Nuenen, M.H.M.C., Van den Heuvel, E.G. Pool, W. 
and Van der Vossen, J.M.B.M., 2003. The effect of lactulose on the 
composition of the intestinal microbiota and short-chain fatty acid 
production in human volunteers and a computer-controlled model 
of the proximal large intestine. Microbial Ecology in Health and 
Disease 15: 94-105. https://doi.org/10.1080/08910600310019895

Verbeke, K.A., Boobis, A.R., Chiodini, A., Edwards, C.A., Franck, A., 
Kleerebezem, M., Nauta, A., Raes, J., Van Tol, E.A.F. and Tuohy, 
K.M., 2015. Towards microbial fermentation metabolites as markers 
for health benefits of prebiotics. Nutrition Research Reviews 28: 
42-66. https://doi.org/10.1017/s0954422415000037

Vermeiren, J., Van den Abbeele, P., Laukens, D., Vigsnaes, L.K., 
Vos, M., Boon, N. and Wiele, T., 2012. Decreased colonization 
of fecal Clostridium coccoides/Eubacterium rectale species from 
ulcerative colitis patients in an in vitro dynamic gut model with 
mucin environment. FEMS Microbiology Ecology 79: 685-696. 
https://doi.org/10.1111/j.1574-6941.2011.01252.x

Verspreet, J., Dornez, E., Van den Ende, W., Delcour, J.A. and Courtin, 
C.M., 2015. Cereal grain fructans: structure, variability and potential 
health effects. Trends in Food Science and Technology 43: 32-42. 
https://doi.org/10.1016/j.tifs.2015.01.006

Vetvicka, V., Dvorak, B., Vetvickova, J., Richter, J., Krizan, J., Sima, 
P. and Yvin, J.-C., 2007. Orally administered marine (1→3)-β-d-
glucan Phycarine stimulates both humoral and cellular immunity. 
International Journal of Biological Macromolecules 40: 291-298. 
https://doi.org/10.1016/j.ijbiomac.2006.08.009

Vigsnaes, L.K., Van den Abbeele, P., Sulek, K., Frandsen, H.L., 
Steenholdt, C., Brynskov, J., Vermeiren, J., Van de Wiele, T. and 
Licht, T.R., 2013. Microbiotas from UC patients display altered 
metabolism and reduced ability of LAB to colonize mucus. Scientific 
Reports 3: 1110. https://doi.org/10.1038/srep01110

Vinolo, M.A.R., Rodrigues, H.G., Nachbar, R.T. and Curi, R., 2011. 
Regulation of inflammation by short chain fatty acids. Nutrients 
3: 858-876. https://doi.org/10.3390/nu3100858

Vital, M., Howe, A., Bergeron, N., Krauss, R.M., Jansson, J.K. and Tiedje, 
J.M., 2018. Metagenomic insights into the degradation of resistant 
starch by human gut microbiota. Applied and Environmental 
Microbiology 84: e01562-18. https://doi.org/10.1128/AEM.01562-18

Vogt, L., Ramasamy, U., Meyer, D., Pullens, G., Venema, K., Faas, M.M., 
Schols, H.A. and De Vos, P., 2013. Immune modulation by different 
types of β2→1-fructans is toll-like receptor dependent. PLoS ONE 
8: e68367. https://doi.org/10.1371/journal.pone.0068367

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1093/glycob/cwu036
https://doi.org/10.1038/s41598-018-34882-x
https://doi.org/10.1080/08910600310018959
https://doi.org/10.1080/08910600310018959
https://doi.org/10.1016/j.femsim.2005.03.010
https://doi.org/10.1023/b:Ddas.0000020508.64440.73
https://doi.org/10.1023/b:Ddas.0000020508.64440.73
https://doi.org/10.1371/journal.pone.0047212
https://doi.org/10.1371/journal.pone.0047212
https://doi.org/10.1136/gutjnl-2016-313271
https://doi.org/10.1111/j.1365-2982.2009.01324.x
https://doi.org/10.1111/j.1365-2982.2009.01324.x
https://doi.org/10.1016/j.jff.2015.04.045
https://doi.org/10.3390/molecules190812660
https://doi.org/10.3390/molecules190812660
https://doi.org/10.1017/s0007114512004230
https://doi.org/10.1017/s0007114512004230
https://doi.org/10.1016/j.bpg.2013.03.002
https://doi.org/10.1016/j.bpg.2013.03.002
https://doi.org/10.1097/MCO.0b013e32833a8b60
https://doi.org/10.1097/MCO.0b013e32833a8b60
https://doi.org/10.1016/j.idairyj.2011.10.011
https://doi.org/10.1016/j.idairyj.2011.10.011
https://doi.org/10.1080/08910600310019895
https://doi.org/10.1017/s0954422415000037
https://doi.org/10.1111/j.1574-6941.2011.01252.x
https://doi.org/10.1016/j.tifs.2015.01.006
https://doi.org/10.1016/j.ijbiomac.2006.08.009
https://doi.org/10.1038/srep01110
https://doi.org/10.3390/nu3100858
https://doi.org/10.1128/AEM.01562-18
https://doi.org/10.1371/journal.pone.0068367


 Structure and function of non-digestible carbohydrates

Beneficial Microbes 13(2) 167

Vogt, L.M., Elderman, M.E., Borghuis, T., De Haan, B.J., Faas, M.M. 
and De Vos, P., 2017. Chain length-dependent effects of inulin-type 
fructan dietary fiber on human systemic immune responses against 
hepatitis-B. Molecular Nutrition and Food Research 61: 1700171. 
https://doi.org/10.1002/mnfr.201700171

Vogt, L.M., Meyer, D., Pullens, G., Faas, M.M., Venema, K., Ramasamy, 
U., Schols, H.A. and De Vos, P., 2014. Toll-like receptor 2 activation 
by β2→1-fructans protects barrier function of T84 human intestinal 
epithelial cells in a chain length-dependent manner. Journal of 
Nutrition 144: 1002-1008. https://doi.org/10.3945/jn.114.191643

Vogt, L.M., Sahasrabudhe, N.M., Ramasamy, U., Meyer, D., Pullens, 
G., Faas, M.M., Venema, K., Schols, H.A. and De Vos, P., 2016. The 
impact of lemon pectin characteristics on TLR activation and T84 
intestinal epithelial cell barrier function. Journal of Functional Foods 
22: 398-407. https://doi.org/10.1016/j.jff.2016.02.002

Voltolini, C., Battersby, S., Etherington, S.L., Petraglia, F., Norman, 
J.E. and Jabbour, H.N., 2012. A novel anti inflammatory role for the 
short-chain fatty acids in human labor. Endocrinology 153: 395-403. 
https://doi.org/10.1210/en.2011-1457

Voragen, A.G.J., Coenen, G.-J., Verhoef, R.P. and Schols, H.A., 2009. 
Pectin, a versatile polysaccharide present in plant cell walls. 
Structural Chemistry 20: 263-275. https://doi.org/10.1007/s11224-
009-9442-z

Vulevic, J., Drakoularakou, A., Yaqoob, P., Tzortzis, G. and Gibson, 
G.R., 2008. Modulation of the fecal microflora profile and immune 
function by a novel trans-galactooligosaccharide mixture (B-GOS) 
in healthy elderly volunteers. American Journal of Clinical Nutrition 
88: 1438-1446. https://doi.org/10.3945/ajcn.2008.26242

Vulevic, J., Juric, A., Tzortzis, G. and Gibson, G.R., 2013. A mixture 
of trans-galactooligosaccharides reduces markers of metabolic 
syndrome and modulates the fecal microbiota and immune function 
of overweight adults. Journal of Nutrition 143: 324-331. https://doi.
org/10.3945/jn.112.166132

Walker, A.W., Duncan, S.H., McWilliam Leitch, E.C., Child, M.W. and 
Flint, H.J., 2005. pH and peptide supply can radically alter bacterial 
populations and short-chain fatty acid ratios within microbial 
communities from the human colon. Applied and Environmental 
Microbiology 71: 3692-3700. https://doi.org/10.1128/aem.71.7.3692-
3700.2005

Walters, W.A., Xu, Z. and Knight, R., 2014. Meta-analyses of human 
gut microbes associated with obesity and IBD. FEBS Letters 588: 
4223-4233.

Walton, G.E., Van den Heuvel, E.G.H.M., Kosters, M.H.W., Rastall, 
R.A., Tuohy, K.M. and Gibson, G.R., 2012. A randomised crossover 
study investigating the effects of galacto-oligosaccharides on the 
faecal microbiota in men and women over 50 years of age. British 
Journal of Nutrition 107: 1466-1475. https://doi.org/10.1017/
s0007114511004697

Wang, J., Zhao, J., Nie, S., Xie, M. and Li, S., 2021. Mass spectrometry 
for structural elucidation and sequencing of carbohydrates. Trends 
in Analytical Chemistry 144: 116436.

Wang, L., Yang, H., Huang, H., Zhang, C., Zuo, H.-X., Xu, P., Niu, 
Y.-M. and Wu, S.-S., 2019. Inulin-type fructans supplementation 
improves glycemic control for the prediabetes and type 2 diabetes 
populations: results from a GRADE-assessed systematic review and 
dose-response meta-analysis of 33 randomized controlled trials. 
Journal of Translational Medicine 17: 410. https://doi.org/10.1186/
s12967-019-02159-0

Wehkamp, J., Harder, J., Wehkamp, K., Von Meissner, B.W., Schlee, M., 
Enders, C., Sonnenborn, U., Nuding, S., Bengmark, S., Fellermann, 
K., Schröder, J.M. and Stange, E.F., 2004. NF-κB- and AP-1-mediated 
induction of human beta defensin-2 in intestinal epithelial cells by 
Escherichia coli Nissle 1917: a novel effect of a probiotic bacterium. 
Infection and Immunity 72: 5750-5758. https://doi.org/10.1128/
iai.72.10.5750-5758.2004

Westphal, Y., Schols, H.A., Voragen, A.G.J. and Gruppen, H., 2010. 
Introducing porous graphitized carbon liquid chromatography 
with evaporative light scattering and mass spectrometry detection 
into cell wall oligosaccharide analysis. Journal of Chromatography 
A 1217: 689-695. https://doi.org/10.1016/j.chroma.2009.12.005

Whistler, R.L. and Durso, D.F., 1950. Chromatographic separation of 
sugars on charcoal1. Journal of the American Chemical Society 72: 
677-679. https://doi.org/10.1021/ja01158a009

Wiese, M., Khakimov, B., Nielsen, S., Sørensen, H., Van den Berg, F. 
and Nielsen, D.S., 2018. CoMiniGut – a small volume in vitro colon 
model for the screening of gut microbial fermentation processes. 
PeerJ 6: e4268. https://doi.org/10.7717/peerj.4268

Williams, B.A., Mikkelsen, D., Le Paih, L. and Gidley, M.J., 2011. In 
vitro fermentation kinetics and end-products of cereal arabinoxylans 
and (1,3;1,4)-β-glucans by porcine faeces. Journal of Cereal Science 
53: 53-58. https://doi.org/10.1016/j.jcs.2010.09.003

Williams, N.C., Johnson, M.A., Shaw, D.E., Spendlove, I., 
Vulevic, J., Sharpe, G.R. and Hunter, K.A., 2016. A prebiotic 
galactooligosaccharide mixture reduces severity of hyperpnoea-
induced bronchoconstriction and markers of airway inflammation. 
British Journal of Nutrition 116: 798-804. https://doi.org/10.1017/
s0007114516002762

Wismar, R., Brix, S., Frøkiaer, H. and Laerke, H.N., 2010. Dietary fibers 
as immunoregulatory compounds in health and disease. Annals 
of the New York Academy of Sciences 1190: 70-85. https://doi.
org/10.1111/j.1749-6632.2009.05256.x

Wismar, R., Brix, S., Laerke, H.N. and Frøkiaer, H., 2011. Comparative 
analysis of a large panel of non-starch polysaccharides reveals 
structures with selective regulatory properties in dendritic cells. 
Molecular Nutrition and Food Research 55: 443-454. https://doi.
org/10.1002/mnfr.201000230

Wlodarska, M., Willing, B., Keeney, K.M., Menendez, A., Bergstrom, 
K.S., Gill, N., Russell, S.L., Vallance, B.A., Finlay, B.B. and Bäumler, 
A.J., 2011. Antibiotic treatment alters the colonic mucus layer 
and predisposes the host to exacerbated Citrobacter rodentium-
induced colitis. Infection and Immunity 79: 1536-1545. https://doi.
org/10.1128/iai.01104-10

Wolf, S., Mouille, G. and Pelloux, J., 2009. Homogalacturonan methyl-
esterification and plant development. Molecular Plant 2: 851-860. 
https://doi.org/10.1093/mp/ssp066

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
21

.0
09

0 
- 

W
ed

ne
sd

ay
, J

un
e 

22
, 2

02
2 

8:
16

:0
3 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

R
ea

di
ng

 I
P 

A
dd

re
ss

:1
34

.2
25

.4
6.

13
9 

https://doi.org/10.1002/mnfr.201700171
https://doi.org/10.3945/jn.114.191643
https://doi.org/10.1016/j.jff.2016.02.002
https://doi.org/10.1210/en.2011-1457
https://doi.org/10.1007/s11224-009-9442-z
https://doi.org/10.1007/s11224-009-9442-z
https://doi.org/10.3945/ajcn.2008.26242
https://doi.org/10.3945/jn.112.166132
https://doi.org/10.3945/jn.112.166132
https://doi.org/10.1128/aem.71.7.3692-3700.2005
https://doi.org/10.1128/aem.71.7.3692-3700.2005
https://doi.org/10.1017/s0007114511004697
https://doi.org/10.1017/s0007114511004697
https://doi.org/10.1186/s12967-019-02159-0
https://doi.org/10.1186/s12967-019-02159-0
https://doi.org/10.1128/iai.72.10.5750-5758.2004
https://doi.org/10.1128/iai.72.10.5750-5758.2004
https://doi.org/10.1016/j.chroma.2009.12.005
https://doi.org/10.1021/ja01158a009
https://doi.org/10.7717/peerj.4268
https://doi.org/10.1016/j.jcs.2010.09.003
https://doi.org/10.1017/s0007114516002762
https://doi.org/10.1017/s0007114516002762
https://doi.org/10.1111/j.1749-6632.2009.05256.x
https://doi.org/10.1111/j.1749-6632.2009.05256.x
https://doi.org/10.1002/mnfr.201000230
https://doi.org/10.1002/mnfr.201000230
https://doi.org/10.1128/iai.01104-10
https://doi.org/10.1128/iai.01104-10
https://doi.org/10.1093/mp/ssp066


R.A. Rastall et al.

168 Beneficial Microbes 13(2)

Wu, D., Cui, L., Yang, G., Ning, X., Sun, L. and Zhou, Y., 2018. Preparing 
rhamnogalacturonan II domains from seven plant pectins using 
Penicillium oxalicum degradation and their structural comparison. 
Carbohydrate Polymers 180: 209-215. https://doi.org/10.1016/j.
carbpol.2017.10.037

Wu, S., Grimm, R., German, J.B. and Lebrilla, C.B., 2011. Annotation 
and structural analysis of sialylated human milk oligosaccharides. 
Journal of Proteome Research 10: 856-868. https://doi.org/10.1021/
pr101006u

Wu, S., Tao, N., German, J.B., Grimm, R. and Lebrilla, C.B., 2010. 
Development of an annotated library of neutral human milk 
oligosaccharides. Journal of Proteome Research 9: 4138-4151. 
https://doi.org/10.1021/pr100362f

Xiao, L., Worp, W.R.P.H., Stassen, R., Maastrigt, C., Kettelarij, N., 
Stahl, B., Blijenberg, B., Overbeek, S.A., Folkerts, G., Garssen, J. 
and Van’t Land, B., 2019. Human milk oligosaccharides promote 
immune tolerance via direct interactions with human dendritic 
cells. European Journal of Immunology 49: 1001-1014. https://doi.
org/10.1002/eji.201847971

Yamada, F., Endo, N., Miyatake, S., Ebisu, G. and Hino, K., 2018. Enteral 
feeding with low-methoxyl pectin accelerates colonic anastomosis 
healing in rats. Nutrition 45: 94-98. https://doi.org/10.1016/j.
nut.2017.07.013

Yamada, H., Hirano, M. and Kiyohara, H., 1991. Partial structure of 
an anti-ulcer pectic polysaccharide from the roots of Bupleurum 
falcatum L. Carbohydrate Research 219: 173-192. https://doi.
org/10.1016/0008-6215(91)89050-p

Yamasaki, S., Matsumoto, M., Takeuchi, O., Matsuzawa, T., Ishikawa, 
E., Sakuma, M., Tateno, H., Uno, J., Hirabayashi, J., Mikami, Y., 
Takeda, K., Akira, S. and Saito, T., 2009. C-type lectin Mincle is an 
activating receptor for pathogenic fungus, Malassezia. Proceedings 
of the National Academy of Sciences of the USA 106: 1897-1902. 
https://doi.org/10.1073/pnas.0805177106

Yap, A.-T. and Ng, M.-L., 2003. Immunopotentiating properties of 
lentinan (1-3)-b-D-glucan extracted from culinary-medicinal shiitake 
mushroom Lentinus edodes (Berk.) Singer (Agaric. International 
Journal of Medicinal Mushrooms 5. https://doi.org/10.1615/
InterJMedicMush.v5.i4.20

Yapo, B.M., 2009. Pineapple and banana pectins comprise fewer 
homogalacturonan building blocks with a smaller degree of 
polymerization as compared with yellow passion fruit and lemon 
pectins: implication for gelling properties. Biomacromolecules 10: 
717-721. https://doi.org/10.1021/bm801490e

Yapo, B.M., 2011a. Pectin rhamnogalacturonan II: on the ‘small stem 
with four branches’ in the primary cell walls of plants. International 
Journal of Carbohydrate Chemistry, Article ID: 964521. https://doi.
org/10.1155/2011/964521

Yapo, B.M., 2011b. Rhamnogalacturonan-I: a structurally puzzling 
and functionally versatile polysaccharide from plant cell walls and 
mucilages. Polymer Reviews 51: 391-413. https://doi.org/10.1080
/15583724.2011.615962

Yu, K.W., Kiyohara, H., Matsumoto, T., Yang, H.C. and Yamada, H., 
1998. Intestinal immune system modulating polysaccharides from 
rhizomes of Atractylodes lancea. Planta Medica 64: 714-719. https://
doi.org/10.1055/s-2006-957564

Yu, K.W., Kiyohara, H., Matsumoto, T., Yang, H.C. and Yamada, H., 
2001. Characterization of pectic polysaccharides having intestinal 
immune system modulating activity from rhizomes of Atractylodes 
lancea DC. Carbohydrate Polymers 46: 125-134. https://doi.
org/10.1016/s0144-8617(00)00292-7

Yun, C.-H., Estrada, A., Kessel, A., Park, B.-C. and Laarveld, B., 2003. 
Beta-glucan, extracted from oat, enhances disease resistance 
against bacterial and parasitic infections. FEMS Immunology and 
Medical Microbiology 35: 67-75. https://doi.org/10.1016/s0928-
8244(02)00460-1

Zaporozhets, T.S., Besednova, N.N., Kuznetsova, T.A., Zvyagintseva, 
T.N., Makarenkova, I.D., Kryzhanovsky, S.P. and Melnikov, V.G., 
2014. The prebiotic potential of polysaccharides and extracts of 
seaweeds. Russian Journal of Marine Biology 40: 1-9. https://doi.
org/10.1134/s1063074014010106

Zelensky, A.N. and Gready, J.E., 2004. C-type lectin-like domains in 
Fugu rubripes. BMC Genomics 5: 51. https://doi.org/10.1186/1471-
2164-5-51

Zenhom, M., Hyder, A., De Vrese, M., Heller, K.J., Roeder, T. 
and Schrezenmeir, J., 2011. Prebiotic oligosaccharides reduce 
proinflammatory cytokines in intestinal caco-2 cells via activation of 
PPARγ and peptidoglycan recognition protein 3. Journal of Nutrition 
141: 971-977. https://doi.org/10.3945/jn.110.136176

Zhang, B., Li, L.Q., Liu, F. and Wu, J.Y., 2022. Human milk 
oligosaccharides and infant gut microbiota: molecular structures, 
utilization strategies and immune function. Carbohydrate Polymers 
276: 118738. https://doi.org/10.1016/j.carbpol.2021.118738

Zhang, W., Wang, T., Chen, X., Pang, X., Zhang, S., Obaroakpo, J.U., 
Shilong, J., Lu, J. and Lv, J., 2019. Absolute quantification of twelve 
oligosaccharides in human milk using a targeted mass spectrometry-
based approach. Carbohydrate Polymers 219: 328-333. https://doi.
org/10.1016/j.carbpol.2019.04.092

Zhang, X., Xie, J., Chen, T., Ma, D., Yao, T., Gu, F., Lim, J., Tuinstra, M.R. 
and Hamaker, B.R., 2021. High arabinoxylan fine structure specificity 
to gut bacteria driven by corn genotypes but not environment. 
Carbohydrate Polymers 257: 117667. https://doi.org/10.1016/j.
carbpol.2021.117667

Zhu, W., Gu, B., Miao, J., Lu, J. and Zou, S., 2011. Dectin1 activation 
of β-(1-3)/(1-6)-d-glucan produces an anti-mastitis effect in rats. 
Inflammation Research 60: 937-945. https://doi.org/10.1007/s00011-
011-0354-1

Zihler, A., Gagnon, M., Chassard, C. and Lacroix, C., 2011. Protective 
effect of probiotics on Salmonella infectivity assessed with combined 
in vitro gut fermentation-cellular models. BMC Microbiology 11: 
264. https://doi.org/10.1186/1471-2180-11-264

Zihler, A., Gagnon, M., Chassard, C., Hegland, A., Stevens, M.J.A., 
Braegger, C.P. and Lacroix, C., 2010. Unexpected consequences of 
administering bacteriocinogenic probiotic strains for Salmonella 
populations, revealed by an in vitro colonic model of the child gut. 
Microbiology 156: 3342-3353. https://doi.org/10.1099/mic.0.042036-0 h

ttp
s:

//w
w

w
.w

ag
en

in
ge

na
ca

de
m

ic
.c

om
/d

oi
/p

df
/1

0.
39

20
/B

M
20

21
.0

09
0 

- 
W

ed
ne

sd
ay

, J
un

e 
22

, 2
02

2 
8:

16
:0

3 
A

M
 -

 U
ni

ve
rs

ity
 o

f 
R

ea
di

ng
 I

P 
A

dd
re

ss
:1

34
.2

25
.4

6.
13

9 

https://doi.org/10.1016/j.carbpol.2017.10.037
https://doi.org/10.1016/j.carbpol.2017.10.037
https://doi.org/10.1021/pr101006u
https://doi.org/10.1021/pr101006u
https://doi.org/10.1021/pr100362f
https://doi.org/10.1002/eji.201847971
https://doi.org/10.1002/eji.201847971
https://doi.org/10.1016/j.nut.2017.07.013
https://doi.org/10.1016/j.nut.2017.07.013
https://doi.org/10.1016/0008-6215(91)89050-p
https://doi.org/10.1016/0008-6215(91)89050-p
https://doi.org/10.1073/pnas.0805177106
https://doi.org/10.1615/InterJMedicMush.v5.i4.20
https://doi.org/10.1615/InterJMedicMush.v5.i4.20
https://doi.org/10.1021/bm801490e
https://doi.org/10.1155/2011/964521
https://doi.org/10.1155/2011/964521
https://doi.org/10.1080/15583724.2011.615962
https://doi.org/10.1080/15583724.2011.615962
https://doi.org/10.1055/s-2006-957564
https://doi.org/10.1055/s-2006-957564
https://doi.org/10.1016/s0144-8617(00)00292-7
https://doi.org/10.1016/s0144-8617(00)00292-7
https://doi.org/10.1016/s0928-8244(02)00460-1
https://doi.org/10.1016/s0928-8244(02)00460-1
https://doi.org/10.1134/s1063074014010106
https://doi.org/10.1134/s1063074014010106
https://doi.org/10.1186/1471-2164-5-51
https://doi.org/10.1186/1471-2164-5-51
https://doi.org/10.3945/jn.110.136176
https://doi.org/10.1016/j.carbpol.2021.118738
https://doi.org/10.1016/j.carbpol.2019.04.092
https://doi.org/10.1016/j.carbpol.2019.04.092
https://doi.org/10.1016/j.carbpol.2021.117667
https://doi.org/10.1016/j.carbpol.2021.117667
https://doi.org/10.1007/s00011-011-0354-1
https://doi.org/10.1007/s00011-011-0354-1
https://doi.org/10.1186/1471-2180-11-264
https://doi.org/10.1099/mic.0.042036-0

	Structure and function of non-digestible carbohydrates in the gut microbiome
	Abstract
	1. Introduction
	2. Effect of non-digestible carbohydrates on the gut microbiota
	3. Effects of carbohydrate fermentation in the gut
	4. Potential for manufacture of second-	generation prebiotics
	5. Non-microbiota mediated effects of fermentable carbohydrates on gut physiology
	6. Analysis of non-digestible carbohydrates
	7. Model systems to study carbohydrate fermentation in the gut
	8. Recommendations and hypotheses for future research
	References

	Structure and function of non-digestible carbohydrates in the gut microbiome
	R.A. Rastall1*, M. Diez-Municio2, S.D. Forssten3, B. Hamaker4, A. Meynier5, F. Javier Moreno2, F. Respondek6, B. Stahl7,8, K. Venema9 and M. Wiese10

