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Research characterising the gut microbiota in different populations and diseases has mushroomed since the advent of next-generation sequencing techniques. However, there has been
less emphasis on the impact of dietary ﬁbres and other dietary components that inﬂuence gut
microbial metabolic activities. Dietary ﬁbres are the main energy source for gut bacteria.
However, ﬁbres differ in their physicochemical properties, their effects on the gut and
their fermentation characteristics. The diversity of carbohydrates and associated molecules
in ﬁbre-rich foods can have a major inﬂuence on microbiota composition and production
of bioactive molecules, for example SCFAs and phenolic acids. Several of these microbial
metabolites may inﬂuence the functions of body systems including the gut, liver, adipose tissues and brain. Dietary ﬁbre intake recommendations have recently been increased (to 30 g
daily) in response to growing obesity and other health concerns. Increasing intakes of
speciﬁc ﬁbre and plant food sources may differentially inﬂuence the bacteria and their
metabolism. However, in vitro studies show great individual variability in the response of
the gut microbiota to different ﬁbres and ﬁbre combinations, making it difﬁcult to predict
which foods or food components will have the greatest impact on levels of bioactive molecules produced in the colon of individuals. Greater understanding of individual responses to
manipulation of the diet, in relation to microbiome composition and production of metabolites with proven beneﬁcial impact on body systems, would allow the personalised approach
needed to best promote good health.
Dietary ﬁbre: Gut microbiota: Colonic fermentation

The relationship between dietary ﬁbre and the gut microbiota is complex, and there is still much that we do not
understand. The physiological impact of this relationship
can vary depending on many different factors including
the type of ﬁbre consumed, background diet, gut microbiota composition as well as variations in how these
affect digestive function and sensitivity along the gastrointestinal tract of individuals.
Dietary ﬁbre is a diverse group of non-digestible carbohydrates that differ in structure, physicochemical characteristics and physiological effects. Similarly, the gut
microbiota is a highly complex, varied and dynamic

ecosystem that differs considerably between individuals
and in response to extrinsic and intrinsic factors. The
composition of the microbiota is thought to be mostly
stable in adulthood (60 % over 5 years(1,2)), but there
may be more changes in metabolic activity than seen in
microbiome composition due to functional redundancy
and the response to dietary and other perturbations
may be difﬁcult to predict for an individual. There is
much interaction between bacterial species and groups;
some collaborating in the metabolism of carbohydrates
and other molecules through cross feeding(3,4).
Competition between species can occur by the
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production of bacteriocins, inhibitory metabolites and
low pH as well as by occupying and blocking binding
sites on foods particles and mucosa. A varied diet may be
more important for determining diversity and stability of
the microbiota than supplementation with single foods(5).
Diet in early life, both breastfeeding and weaning,
clearly plays an important role in gut colonisation in
the human infant(6). Less is understood about later determinants of gut microbiome composition, but diet is likely
to be one of the biggest inﬂuences. Several dietary components could inﬂuence individual bacteria species directly or via alterations in gut transit and digestive
functions but the main inﬂuence is likely to be through
dietary ﬁbre. Although dietary ﬁbre and the gut microbiota have their own well established physiological
effects, it is the interaction between these two that has
drawn growing interest(7–9).

Dietary ﬁbres and their properties
The term dietary ﬁbre encompasses a wide range of carbohydrates and associated molecules in naturally occurring
plant structures or as extracted or synthesised molecules.
Dietary ﬁbre was originally deﬁned as carbohydrate polymers within plant cell wall structures that escape digestion
and absorption in the small intestine(10). However, the
deﬁnition was later expanded to include non-digestible
polysaccharides that are not situated within plant cell
walls, including storage polysaccharides (galactomannans), exudates (gum arabic) and mucilages (ispaghula).
There is also a signiﬁcant proportion of starch in the
diet (approximately 10 %) which is resistant to digestion
(resistant starch) by being entrapped in the seed,
plant cellular structure or otherwise structurally unavailable to amylase in the gut(11,12). In addition, there are
smaller non-digestible carbohydrates in food such as oligosaccharides including those from inulin. Further nondigestible carbohydrates can be synthesised chemically
or modiﬁed from existing carbohydrates including
starch(13). There are also non-carbohydrate molecules
such as lignin and non-extractable polyphenols that are
hard to separate from the ﬁbre and which moreover inﬂuence and are metabolised by the gut microbiota. The
international CODEX Alimentarius Commission debated
a new deﬁnition for dietary ﬁbre for over 15 years. The
ﬁnal agreed deﬁnition (2009)(14) is detailed below and
was used as the basis of the European Food Safety
Authority deﬁnition of dietary ﬁbre in their scientiﬁc opinion on dietary reference values for carbohydrates and dietary ﬁbre(15) and in the UK Scientiﬁc Advisory Committee
on Nutrition 2015 report on carbohydrates and health(16):
Non-starch polysaccharides, all resistant starches, all nondigestible oligosaccharides with three or more monomeric
units and other non-digestible, but quantitatively minor components that are associated with dietary ﬁbre polysaccharides, especially lignin.

Additional European Union regulation outlines three
categories to which substances classiﬁed as dietary ﬁbre
must belong(17):
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edible carbohydrate polymers naturally occurring in
the food as consumed,
edible carbohydrate polymers which have been
obtained from food raw material by physical, enzymatic or chemical means and which have a beneﬁcial
physiological effect demonstrated by generally
accepted scientiﬁc evidence and
edible synthetic carbohydrate polymers which have a
beneﬁcial physiological effect demonstrated by generally accepted scientiﬁc evidence.
Recommended ﬁbre intakes and why it is
difﬁcult to meet them

Current dietary guidelines recommend adults consume at
least 30 g ﬁbre daily. Data from the National Diet and
Nutrition Survey shows that average intake of dietary
ﬁbre in UK adults aged 19–64 is 19⋅7 g with only 9 %
meeting the recommendation(18). Fibre intake in childhood is also low although current recommendations are
extrapolated from adults rather than based on robust evidence(19). Nevertheless, early dietary exposure in infancy,
e.g. human milk and diet diversity including complex
carbohydrates, promotes a more diverse microbiome
from early years(20). Even when the 30 g daily recommendation is presented in terms of actual food intake, such as
by the British Nutrition Foundation’s diet plan(21), it is
clear that the nations’ current average dietary pattern is
far from ideal in terms of ﬁbre intake. Currently, the
main sources of ﬁbre in the diets of UK adults are cereals
and cereal products (38 %), vegetables and potatoes
(30 %), meat and meat products (12 %) and fruit (8 %)(18).
Inclusion of ﬁbres in processed foods or ﬁbre supplements may aid individuals in meeting this target but
these should not be relied on as primary ﬁbre sources.
Naturally, ﬁbre-rich foods have lower energy density
and are often sources of vitamins, minerals, as well as
other potential microbial substrates such as polyphenols.
Ideally, ﬁbre intake should be sourced from a range of
different foods throughout the day which will provide a
variety of fuel and nutrients for the microbiota and promote bacterial diversity(22,23).
However, it is important to understand the barriers to
increased ﬁbre consumption, these are complex and
often associated with social determinants of health but
also with understanding and beliefs that can be modiﬁed.
These include limited knowledge of the impact of ﬁbre on
health and its role in promoting a healthy gut microbiome,
resistance to behaviour change, hedonic preferences, negative perceptions of insoluble ﬁbre-rich foods and perceived
cost and food preparation barriers(24). Some ﬁbre-rich
foods may also initially increase gut symptoms related to
microbial gas production discouraging ﬁbre intake.
Moreover, there are many smaller non-digestible carbohydrates in food, including inulin-type oligosaccharides and
poorly absorbed sugars and polyols, which increase symptoms in irritable bowel syndrome(25). These fermentable
oligosaccharides, disaccharides, monosaccharides and
polyols can have osmotic effects in the intestine leading
to increased ﬂuid retention and are also rapidly fermented
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by the intestinal bacteria producing gas causing distension,
ﬂatulence and discomfort.
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Fibre consumption and interactions with other food
components
As with other dietary components and nutrients, ﬁbres
are not generally consumed in isolation. Fibres are usually present in our diet as mixtures and complexes; it is
rare to eat isolated types of ﬁbre unless as a supplement.
When consumed in whole foods or meals, ﬁbres are generally present as integrated complex matrices of nondigestible components. Healthful dietary components
such as polyphenols, vitamins and minerals such as calcium are also associated with ﬁbrous foods. The ﬁbre
matrix can trap these components, preventing absorption
in the upper intestinal tract. In the colon, bacterial degradation of ﬁbre can release these trapped molecules
allowing absorption into the circulation before or after
further metabolism by the microbiota. It is difﬁcult to
separate the impact of dietary ﬁbre and non-extractable
polyphenols (those integrated into the ﬁbre structure
and not released in the small intestine) on the gut microbiome and some of the related potential health beneﬁts
suggested for dietary ﬁbre(26). Moreover, there are clear
interactions between polyphenols and ﬁbre which affect
the production of bioactive phenolic catabolites by the
gut microbiota(27). Inhibition of phenolic acid production
by incubations of human faecal bacteria was greatest for
raftiline and pectin in comparison with ispaghula(28).
More fermentable ﬁbres such as inulin and resistant maltodextrin had the greatest impact on bacterial catabolism of
rutin increasing the production of bioactive phenolic acids
e.g. 3,4-dihydroxyphenylacetic acid in vitro(29). Individual
polyphenols may have a key role in determining composition of the microbiota as some have potential anti-bacterial
properties(30) but others may act as probiotics(31,32). Little
effect of polyphenols on SCFA production from ﬁbre
in vitro has been reported(28,29).
It is becoming more common for ﬁbres to be present in
our diet as additional ingredients in processed food products(33). This can serve several purposes; to replace fat,
reduce sugar and provide texture, emulsiﬁcation or stability. The amount may be very low as a stabiliser (e.g.
guar gum in ice cream) or more signiﬁcant as with nutrient replacers. The increasing prevalence of diet-related
health conditions such as obesity and type 2 diabetes,
coupled with increasingly poor diets globally, has necessitated greater focus on reformulation strategies such as
these. Moreover, including higher levels of ﬁbre in foods,
such as added inulin now being seen in some breakfast cereal brands, may provide added health impact and in future
could also be part of the functional food market when
sufﬁcient evidence for those products is available.
Not all ﬁbres are the same
Physicochemical structure
There is an extensive variety of different ﬁbres in our diets.
These ﬁbres differ in physicochemical characteristics, food
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matrix, source (natural or synthetic), purity and the dose
we are likely to consume. Dietary ﬁbres include nondigestible oligosaccharides (e.g. fructo-oligosaccharides,
FOS, and galacto-oligosaccharides) which may be natural
or synthetically produced, long chain fructans (e.g. inulin),
gums and heteropolymers (e.g. pectin), non-starch polysaccharides (e.g. cellulose), hemicellulose, β-glucans and
resistant starch. Traditionally, ﬁbres are classiﬁed based
on solubility; soluble ﬁbres include pectin, β-glucan and
oat ﬁbre, and insoluble ﬁbres include cellulose, wheat
bran and resistant starch. Solubility does not necessarily
determine how a ﬁbre will behave in the gut; soluble
ﬁbres do not all share the same physicochemical properties
and similarly with insoluble ﬁbres. Broadly speaking,
when soluble ﬁbres such as pectin and β-glucan mix
with water, they become viscous (to varying degrees
depending on the ﬁbre and dose). This viscosity largely
determines the health effects of soluble ﬁbres, such as
blood glucose and cholesterol level moderation by reducing the rate of absorption from the small intestine.
However, SCFA produced in the colon from the fermentation of dietary ﬁbre can also impact many aspects of
lipid and glucose metabolism through interaction with
SCFA-activated receptors FFAR2 and 3 in the gut, pancreas and adipose tissues(34) as well inﬂuencing liver
metabolism(35). Insoluble ﬁbres can also hold water but
not as much as viscous soluble ﬁbres such as ispaghula
(approximately 8⋅6 g water/g ﬁbre) and β-glucan (approximately 4⋅6 g/g)(36). This can be beneﬁcial in normalising
stool form and preventing constipation if the ﬁbre is not
totally fermented in the colon. Ispaghula is a great stool
bulker whereas pectin and guar gum are not as they are
more readily fermented in the proximal colon and their
water-holding capacity is lost.(37). However, wheat bran
is less well fermented so its presence in the colon can
stimulate propulsion and increase stool output despite a
relatively low water-holding capacity.
Natural plant ﬁbre-rich foods v. processed foods
Fibre-rich foods such as cereals, legumes, pulses, fruit
and vegetables generally contain a mixture of soluble
and insoluble ﬁbres in different ratios. Foods with
added ﬁbre could have one or many different types of
soluble or insoluble ﬁbre added for functional, structural
or sensory reasons. The structural food matrix will determine the impact ﬁbre has on the gut and how accessible it
is to the gut microbiota for fermentation. Plant food
structure may differ from processed food structure in
this sense. Fibres in plant foods may be tightly integrated
in the structural matrix of the plant cell wall, bound to
minerals, polyphenols or chemically combined to other
components limiting exposure to the intestinal lumen
and the gut microbiota(38). Conversely, in some processed foods, ﬁbres are more likely to be dispersed
throughout the food structure, making it easier for bacteria to access and degrade them. Fibres dispersed
throughout foods will be more exposed to the contents
of the intestinal lumen. This could mean they have an
increased impact on other dietary components present in
the gut and greater potential to exert osmotic activity and
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inﬂuence motility. Low-molecular weight oligosaccharides
and fermentable oligosaccharides, disaccharides, monosaccharides and polyols, often used in food products
but also found in fruits, legumes, wheat and onions,
will have a greater osmotic effect on the gut than highmolecular weight ﬁbres(39). This can lead to increased
water retention in the intestine, which may induce symptoms in individuals, such as those with irritable bowel
syndrome who are more sensitive to increased lumenal
pressure. The accessibility of ﬁbre in a food will also
determine whether any physicochemical interactions
between different ﬁbres can take place.
Fibre is increasingly present in processed foods with
reduced sugar/fat foods and plant-based meat alternatives where ﬁbre is used to provide texture and simulate
the sensory or functional properties of the reduced or
replaced ingredient. The use of ﬁbres with prebiotic properties, such as inulin, FOS or galacto-oligosaccharides, in
food products or supplements is also becoming more
popular as evidence supporting the health beneﬁts of
the interaction between these ﬁbres and the gut microbiota grows. The amount of added ﬁbre can be relatively
high, within the context of average daily consumption,
when used for their prebiotic properties(40). Average
daily consumption of inulin and FOS is estimated to be
3–11 g in Europe(41) and 1–4 g in the United States(42).
When inulin and/or FOS are used in the usual concentration in foods and dietary supplements this could equate
to the consumption of an additional 5–20 g daily(40).
Types of ﬁbre and their interactions may be more
important that total amount
Both the overall dose and types of ﬁbre consumed are
important when considering the impact on gut function.
The exact weight of ﬁbre may be less important than the
type of ﬁbre eaten when considering individual health
effects. For example, β-glucan reduces plasma lipids(43)
whereas wheat bran may have much less effect.
Similarly, β-glucan is readily fermented by the microbiota whereas wheat bran may be only partially fermented. You cannot equate these effects to the total number
of g of ﬁbre. For example, high-molecular weight barley
β-glucan was more viscous per g than low-molecular
weight barley β-glucan and had more effect on gastric
emptying and postprandial glycaemia for the same number of g eaten(44). The ﬁbre composition and content of
natural foods may vary depending on species, the part of
the plant consumed and stage of maturity. Although
there is a degree of variation, certain types of foods will
generally be good sources of ﬁbres; for example, high levels
of the insoluble ﬁbre cellulose, β-glucans and pectin are
generally found in cereals and grains, oats, citrus fruits
and apples respectively. The dose of ﬁbre in processed
foods may be far more variable, however(40). The typical
level of inulin and oligofructose in foods can range from
2 to 30 % and 2 to 50 % weight/weight, respectively(45).
The relative contribution of different ﬁbres, from whole
or puriﬁed sources, to the overall ﬁbre dose consumed
will determine the predominant impacts on gut function
and fermentative activity of the colonic bacteria.
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It is also important to consider that in the large intestine ﬁbres may interact with each other. Thus, ﬁbre combinations in one meal may affect the microbiota
differently than each ﬁbre eaten alone(46). Moreover,
the ﬁbre present in the colon at any one time may be
an accumulation of ﬁbre consumed over days from different meals depending on the transit time of the individual. In addition, the movement of viscous substances in
the small intestine will generally be slower than nonviscous ones(47) which can inﬂuence the delivery of
entrapped nutrients and associated molecules to the
colon(47). Inter-meal mixing of ﬁbres with different viscosities can alter transit times of these substances and
inﬂuence the accessibility of bacteria for fermentation.
The length of time a ﬁbre remains in the colon will
depend on many factors including the fermentability
and physicochemical characteristics of the ﬁbre itself
and that of other ﬁbres, and the presence of other dietary
components including water in the colon. The individual’s colonic bacterial composition is a major determinant as well as their colonic motility and sensitivity to
distension and lumenal stimulants. Less fermentable
ﬁbres such as wheat bran may stimulate colonic motility
and move the fermentation of other ﬁbres further around
the colon. They can also provide more binding sites and
surfaces for bacteria so biomass could be increased.
The colonic environment is inﬂuenced by the presence
and fermentability of ﬁbres and other dietary components
that reach it. If a highly fermentable ﬁbre/oligosaccharide
which transits quickly through the small intestine due to
large osmotic load enters the colon, this changes the environment for the fermentation of other ﬁbres. Dominant bacterial fermenters may switch their activity to focus on the
highly fermentable ﬁbre and, over time, dominant ﬁbre
sources. Fermentative activity inﬂuences colonic pH,
which subsequently impacts bacterial growth and metabolism. Some bacteria, such as Bacteroides, can survive over a
range of pH values whereas others, including Streptococcus,
are inhibited by acidic conditions. A decrease in pH can
support the growth of beneﬁcial bacteria such as the butyrate producing Firmicutes (Roseburia)(48).
Impact of ﬁbre on gut microbiota, fermentation and gut
function
Dietary ﬁbre is important for the gut microbiota and gut
function in several different ways. As the primary fuel
source for bacterial fermentation, ﬁbre promotes the
growth of bacterial populations in the gut and stimulates
production of beneﬁcial metabolites such as SCFA and
bioactive phenolic acids. Fibre is also a source of molecular structures and provides a solid surface for bacteria to
bind on to. This enhances the ability of bacteria to
remain in the gut and may be important in the production of bioﬁlms. Dietary ﬁbre also functions as a modulator of gut motility. Viscous ﬁbre, by slowing down
mixing of the contents of the small intestine and reducing
the absorption of a variety of molecules including glucose, fats, polyphenols, calcium and magnesium, may
bring more material into the large intestine than is
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Fig. 1. Impacts of ﬁbre on the gut microbiota and gut function. GI, gastrointestinal; SI, small intestine; SCFA, short-chain
fatty acid; WHC, water-holding capacity. Most fermentation takes place in the proximal colon where the liquid content of
the colon is higher. The proposed mechanism by which SCFA beneﬁcially impact gut mucosal thickness and integrity is
through inducing mucosal healing and suppressing inﬂammation. When ﬁbre in the diet is lacking, bacteria degrade the
colonic mucus layer. When the diet is rich in ﬁbre, the proportion of mucus degrading bacteria decreases, and the
thickness of the colonic mucus layer is re-established. The presence of unfermented remnants and ﬁbres with a large
particle size, such as wheat bran will stimulate colonic motility throughout the colon.

contained in the ﬁbre itself. Poorly fermented ﬁbres can
speed up motility, which in turn may reduce time available for fermentation and the absorption of microbial
products. The presence of ﬁbres may also inﬂuence the
thickness of the gut mucosal layer, the efﬁciency of lumenal mixing and the strength of the smooth muscle(49,50)
(Fig. 1).
Fibre selectivity and the gut microbiota
Individual ﬁbres, if eaten in sufﬁcient amounts may select
for certain bacterial species, mainly by acting as an
energy source for that species. Examples of studies in
which the impact of individual ﬁbres or ﬁbre-rich sources
on the composition of the human gut microbiota was
studied are presented in Table 1. This has mostly been
evidenced for the effects of prebiotics on the microbiota(51). Prebiotics are essentially non-digestible food
ingredients that can confer beneﬁcial health effects on
the consumer by selectively stimulating the growth and/
or activity of certain colonic bacteria, in most cases
increasing the levels of biﬁdobacteria or lactobacilli(52)
(Fig. 2). However, dominance of a single-ﬁbre source
could also reduce bacterial diversity. Other molecules
metabolised by the bacteria, including polyphenols, and
phenolic acids can also act to increase or inhibit individual bacterial species(53,54). Having a diversity of ﬁbres in
the diet will promote a richly diverse, potentially more
stable bacterial population(55–59) (Fig. 3). This is crucial
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in maintaining a healthy colonic mucus layer which
plays important roles in pathogen defence, protection
of the intestinal cells against mechanical and chemical
damage and maintaining intestinal homoeostasis(60).
When the diet is lacking in ﬁbre, the proportion of
mucus-degrading bacteria increases reducing the thickness of the mucus layer which compromises its functionality. If the diet is rich in ﬁbre, the quality of the gut
microbiota improves (increased diversity, stability and
reduced mucus degrading bacteria), and the mucus
layer is re-established.
Microbial fermentation of different types of ﬁbre
The proﬁle of fermentation differs depending on the type
of ﬁbre; patterns of SCFA production, the speed and
extent of ﬁbre fermentation and the site of fermentation
may all vary. Oligosaccharides and lactulose are rapidly
fermented whereas cellulose is hardly fermented at all.
Generally, soluble ﬁbres are more rapidly fermented
than insoluble ﬁbres, however, this does not hold true
for the soluble ﬁbre gellan which is poorly fermented.
Much of the variation will be due to the microbiota composition(61). The fermentability of a ﬁbre determines the
site of fermentation which is important in terms of location of metabolite production and subsequent physiological effects. The more fermentable a ﬁbre is, the
more proximally in the colon it will be fermented.
Slowly fermented ﬁbres may stimulate colonic motility

Table 1. Examples of human studies investigating the impact of isolated ﬁbres and cereal ﬁbres on the gut microbiota
Fibre

Dose (g
daily)

Consumption

Design

Control

Duration
(weeks)

Population (Human subjects)

Isolated ﬁbres
None
Powder dissolved R, X
in water (2× daily)
and in biscuits
(4× daily)
Powder dissolved R, Pa, Maltodextrin (5
in water (2× daily) Pl, DB g)

4

Overweight and obese (BMI:
25–40 kg/m2) (36–52 years)

4

IBS (18–60 years)

Inulin (oligofructose enriched) 8

Powder dissolved R, DB, Maltodextrin
in water (1× daily) Pl
(3⋅3 g)

16

Obese (≥85th BMI percentile)
(7–12 years)

RS4

33

Crackers (100 g
daily)

β-Glucans (barley, HMW)

3

Breakfast foods
R, X,
Wheat and rice
(crepes, tortillas, SB, Pl
porridge and
chips)

10⋅4
Arabinoxylan-oligosaccharides
(AXOS)
FOS (short-chain)

5

R, X,
DB

Intact cereal ﬁbres
Barley (WGB), brown rice (BR) 60 (or
Whole grain barley R, X
and combination of both (BR + equal
ﬂakes or brown
WGB)
mix of
rice ﬂakes
both:
30 + 30)

3
Native wheat
starch crackers
(100 g)

None

Healthy (23–28 years)

N

Measures

Microbiome changes

Ref.

15 16s rRNA (shotgun ↑ Actinobacteria spp.,
sequencing
Biﬁdobacteriaceae spp.,
(Illumina))
Biﬁdobacterium spp. and Prevotella
spp.
68 qPCR
↑ Biﬁdobacteria (+0⋅34 log10 copies of
16s rRNA gene/g faeces compared to
control)
38 16s rRNA (amplicon ↑ Actinobacteria and Biﬁdobacterium
sequencing
(+4⋅9 and 4 mean % bacterial
(Illumina))
abundance compared to initial
respectively)
10 16s rRNA (454
↑ Actinobacteria and Bacteroidetes
pyro-sequencing)
(+7⋅3 and 5⋅9 % (proportion of
bacterial taxa) compared to control), ↓
Firmicutes (−14 %)
19 16s rRNA (amplicon ↑ Bacteroidetes (+9⋅23 % relative
sequencing
abundance in faeces compared to
(Illumina)
control)), Bacteroides spp. (+6⋅3 %), ↓
Firmicutes (−11⋅78 %), Streptococcus
spp. (−0⋅235 %)

(73)

All ↑ relative abundance (% of total
microbiota in faeces) of Firmicutes
(BR: +7⋅76 %, WGB: +8⋅12 %, BR +
WGB: +8⋅23 %) and ↓ Bacteroidetes
(BR: −7⋅25 %, WGB: −7⋅67 %, BR +
WGB: −8⋅14 %)
30 FISH
WGO ↑ Biﬁdobacterium spp. (+0⋅38),
Lactobacillus spp. (+0⋅16) and total
bacterial count (+0⋅11) (log10 cells/g
faeces). NWG ↓ biﬁddobacteria
(−0⋅12) and total bacterial count
31 FISH
↑ Biﬁdobacterium spp. (WG: +0⋅8 (log10
cells/g faeces)), Lactobacilli/
enterococci (WG: +0⋅6, WB: +0⋅4)
(signiﬁcantly greater ↑ with WG
compared to WB)
68 16s rRNA (amplicon WG: ↑ relative abundance of
sequencing
Bacteroidetes (9⋅6–14⋅5 %) and
(Illumina))
Firmicutes (75⋅3–79⋅7 %) and ↓
Clostridium (3⋅1–1⋅6 %)

(74)

(75)

(76)

(77)

5

Metabolic syndrome (TC: 5–8
mM) (27–78 years)

4

Healthy (mean age: 25⋅9 years) 28 16s rRNA (454
pyro-sequencing)

(78)

(79)

Whole grain oat (WGO)
granola

45

Granola breakfast R, Pl, Non-whole grain 6
cereal
DB, X (NWG)
breakfast
cereal (45 g)

Mild hyperglycaemia or mild
hyper-cholesterolaemia
(mean age: 42) (mean BMI:
26⋅4)

Wholegrain (WG) wheat
breakfast cereal

48

Breakfast cereal

Healthy (mean age: 32 years)

Whole grain (WG) wheat
(Shredded wheat)

70

WG: biscuits, RW: R, Pl, P Reﬁned wheat
crackers and
(RW) (70 g)
toast

R, DB, Wheat bran (WB) 3
X
breakfast
cereal (48 g)

8

Overweight and obese (mean
BMI: 30) (mean age: 38⋅5
years)

Fibre and gut microbiota
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(80)

(81)

AXOS, arabinoxylan-oligosaccharides; FOS, fructo-oligosaccharides; RS4, resistant starch type 4; HMW, high-molecular weight; IBS, irritable bowel syndrome; R, randomised; X, crossover; Pa, parallel; Pl, placebo;
DB, double blind.
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Fig. 2. Fibre selectivity and the gut microbiota. To be classiﬁed as a prebiotic a ﬁbre must be shown to
be selectively utilised by host microorganisms conferring a health beneﬁt. The most extensively studied
ﬁbres classed as prebiotics are inulin, fructo-oligosaccharides (FOS) and galacto-oligosaccharides (GOS).
Natural sources of these ﬁbres include chicory root, Jerusalem artichoke, wheat, onions, garlic and beans.
GOS also occur naturally in human milk.

Fig. 3. Dietary ﬁbre and gut microbiota diversity. To promote a diverse and stable gut microbiota
population the diet should be rich in a diverse selection of ﬁbres. The foods we consume should
contain a range of ﬁbres with different physicochemical properties: solubility, viscosity,
water-holding capacity, binding abilities, fermentability, monosaccharide composition, molecular
weight and chain length. Many ﬁbrous foods also contain bioactive molecules such as polyphenols
which will promote bacterial diversity in the gut e.g. berries, cocoa powder and dark chocolate,
beans and fruits including blackcurrants, plums and apples.

and promote fermentation in the distal colon. Slowly
fermented ﬁbres may also push material through the
colon and the fermentation of rapidly fermented
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carbohydrates may be delayed as a result(62). This may
spread the production site of SCFA throughout the
length of the colon, potentially increasing their beneﬁts.
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Products of fermentation
The production of SCFA can be inﬂuenced by the dietary ﬁbre source. It is clear that the proportion of acetic,
propionic and butyric acids can be characteristic of different ﬁbres. The molar proportion of acetate is increased
by pectin fermentation, the proportion of propionate is
increased by β-glucan, pyrodextrins and laminarins
amongst others(63) whereas resistant starch and FOS
increase the molar proportion of butyrate. The reasons
for this selectivity are not clear. In the case of glucosebased polysaccharides, the solubility of the ﬁbre may
be key and also the presence of β bonds between the constituent sugars in polysaccharides such as β-glucans, and
pyrodextrins in contrast to the α bonds between the glucose units in starch(13). To try and understand the factors
inﬂuencing propionate production a series of in vitro fermentation studies were carried out with all possible α and
β bonds (bar one) with glucose disaccharides(64).
However, there was no clear pattern of the impact of
bond type and the relative production of propionate. In
a recent systematic scoping review(63), the impact of the
fermentation of individual carbohydrates on the pattern
of SCFA production in vitro was examined. Secondary
analysis was used to convert the data in the studies
found to normalise the unit of production to either
mmol SCFA/g carbohydrate daily or per hour as different studies use a variety of ﬁbre doses, culture
volumes and fermentation times which make it difﬁcult
to compare their results directly. Twenty-nine substrates
were considered. Although some ﬁbres ranked higher
for butyrate (galacto-oligosaccharides) or propionate
(rhamnose), choosing a substrate to enhance the total
amount of a particular SCFA was difﬁcult.
Different ﬁbres and their breakdown products are fermented by individual species or by consortia of bacteria.
Primary degraders initially depolymerise polysaccharides
forming smaller units that can either be utilised by themselves or processed by secondary degraders(3). The metabolic products of this process can go through various
stages of transformation. Additionally, some bacteria
can metabolise products such as acetate and lactate from
primary degraders and convert them into other molecules
such as butyrate(65). Intestinal absorption of SCFA promotes water absorption(66), therefore, if SCFA production
is spread throughout the colon this may aid in stool softness(37). The process of fermentation also alters the physical structure of ﬁbres and can reduce the water-holding
capacity of readily fermented ﬁbres such as pectin and
guar. As a result, they have very little effect on stool output and are mostly fermented in the proximal colon. The
production of SCFA can impact bacterial composition;
beneﬁcial bacteria such as lactobacilli and biﬁdobacteria
prefer a more acidic pH whereas less desirable bacteria
tend to prefer a slightly neutral or alkali pH.
There is growing interest in the health effects of individual SCFA through their potential roles in modulating
metabolic health, gut barrier function, glucose homoeostasis, immune function, obesity and appetite regulation(67). Butyrate is the main fuel for colonocytes and
has potential anti-inﬂammatory and anti-carcinogenic
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roles(68). Acetate and propionate may inﬂuence satiety
through the stimulation of G-protein coupled receptors
in the colon (FFAR2) promoting the release of the hormones PYY and GLP-1(34). Acetate can also increase
hepatic lipogenesis whereas propionate may inhibit cholesterol and lipid synthesis, increase gut cell proliferation
and increase insulin sensitivity(35).
The polyphenols often associated with ﬁbre are metabolised by the bacteria to a range of phenolic acids such
as 3,4-dihydroxyphenylacetic acid from quercetin, which
may inﬂuence key functions in the body such as inhibition of platelet aggregation(57), suppression of
pro-inﬂammatory cytokines(58) and inhibition of protein
glycation(55,59). Many other bacterial products (e.g. phenols and cresols and hydrogen sulphide) which may be
both positive or harmful in the body may be affected
by ﬁbre fermentation(69) but their impact on health is
not yet clear. Bacterial enzymes for some potential reactions may also need to be induced by exposure to particular substrates or bonds from recent dietary intake.

Conclusion
Variability in human guts and their microbiome may
require a personalised approach
It is clear that dietary ﬁbre and the gut microbiota are
important moderators of gut health and the production
of a range of molecules that could inﬂuence the function
of many body systems. However, it is difﬁcult to establish
which ﬁbres should be eaten to gain the best overall
impact on the microbiota and health. Inter- and
intra-individual variability presents a signiﬁcant challenge
in nutritional science. Variability may be a considerable
grievance to nutrition researchers trying to identify the
effects of interventions, but it is increasingly evident that
variation is an inevitable part of human studies.
Individuals can have signiﬁcantly different gut microbiota
composition and background diets. These differences may
be related to age and sex(70,71). The response to ﬁbre and
polyphenol intake also varies considerably between individuals(29). Individuals could also have inherent differences
in gut physiology such as gut muscle tone, receptor
proﬁles and pain perception leading to differences in tolerance of ﬁbre doses and gas production, and/or digestive
symptoms. Bacterial metabolite proﬁles differ among individuals fed the same diets and subsequent physiological
responses to those metabolites may also vary(29,72). The
factors which determine this individual variability need
further research. However, this may indicate the need
for a more personalised approach in identifying the best
dietary ﬁbre and polyphenol sources and doses for promoting a healthy gut microbiota and those bioactive
microbial products most likely to have a profound effect
on human health throughout the human body and
through the gut brain axis.
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30. Olszewska MA, Gędas A & Simões M (2020)
Antimicrobial polyphenol-rich extracts: applications and
limitations in the food industry. Food Res Int 134, 109214.
31. Tzounis X, Rodriguez-Mateos A, Vulevic J et al. (2011)
Prebiotic evaluation of cocoa-derived ﬂavanols in healthy
humans by using a randomized, controlled, double-blind,
crossover intervention study. Am J Clin Nutr 93, 62–72.
32. Bialonska D, Kasimsetty SG, Schrader KK et al. (2009)
The effect of pomegranate (Punica granatum L.) byproducts and ellagitannins on the growth of human gut bacteria. J Agric Food Chem 57, 8344–8349.
33. Bingley C (2020) The technological challenges of
reformulating with different dietary ﬁbres. Nutr Bull 45,
328–331.
34. Bolognini D, Dedeo D & Milligan G (2021) Metabolic and
inﬂammatory functions of short-chain fatty acid receptors.
Curr Opin Endocr Metab Res 16, 1–9.
35. Morrison DJ & Preston T (2016) Formation of short chain
fatty acids by the gut microbiota and their impact on
human metabolism. Gut Microbes 7, 189–200.
36. McBurney MI (1991) Potential water-holding capacity and
short-chain fatty acid production from puriﬁed ﬁber
sources in a fecal incubation system. Nutrition 7, 421–424.
37. Edwards CA & Eastwood MA (1995) Caecal and faecal
short-chain fatty acids and stool output in rats fed on

Fibre and gut microbiota

38.
39.
40.

41.

Proceedings of the Nutrition Society

42.
43.

44.

45.
46.
47.
48.
49.
50.

51.
52.

53.

54.

55.

diets containing non-starch polysaccharides. Br J Nutr 73,
773–781.
Williams B, Grant L, Gidley M et al. (2017) Gut fermentation of dietary ﬁbres: physico-chemistry of plant cell walls
and implications for health. Int J Mol Sci 18, 2203.
Grabitske HA & Slavin JL (2009) Gastrointestinal effects
of low-digestible carbohydrates. Crit Rev Food Sci Nutr
49, 327–360.
Stephen AM, Champ MM-J, Cloran SJ et al. (2017)
Dietary ﬁbre in Europe: current state of knowledge on
deﬁnitions, sources, recommendations, intakes and relationships to health. Nutr Res Rev 30, 149–190.
Carabin IG & Flamm WG (1999) Evaluation of safety of
inulin and oligofructose as dietary ﬁber. Regul Toxicol
Pharmacol 30, 268–282.
Moshfegh AJ, Friday JE, Goldman JP et al. (1999)
Presence of inulin and oligofructose in the diets of
Americans. J Nutr 129, 1407S–1411S.
EFSA (2011) Scientiﬁc opinion on the substantiation of
health claims related to beta-glucans from oats and
barley and maintenance of normal blood LDL-cholesterol
concentrations (ID 1236, 1299), increase in satiety leading
to a reduction in energy intake (ID 851, 852. EFSA J 9,
2207.
Thondre PS, Shafat A & Clegg ME (2013) Molecular
weight of barley β-glucan inﬂuences energy expenditure,
gastric emptying and glycaemic response in human subjects. Br J Nutr 110, 2173–2179.
Franck A (2002) Technological functionality of inulin and
oligofructose. Br J Nutr 87, 287–291.
Khan KM & Edwards CA (2005) In vitro fermentation
characteristics of a mixture of raftilose and guar gum by
human faecal bacteria. Eur J Nutr 44, 371–376.
Lentle RG & de Loubens C (2015) A review of mixing and
propulsion of chyme in the small intestine: fresh insights
from new methods. J Comp Physiol B 185, 369–387.
Ilhan ZE, Marcus AK, Kang D-W et al. (2017)
pH-Mediated microbial and metabolic interactions in
fecal enrichment cultures. mSphere 2, e00047–17.
Chen T, Chen D, Tian G et al. (2019) Soluble ﬁber and
insoluble ﬁber regulate colonic microbiota and barrier
function in a piglet model. Biomed Res Int 2019, 7809171.
Schroeder BO, Birchenough GMH, Ståhlman M et al.
(2018) Biﬁdobacteria or ﬁber protects against diet-induced
microbiota-mediated colonic mucus deterioration. Cell
Host Microbe 23, 27–40, e7.
Cantu-Jungles TM & Hamaker BR (2020) New view on
dietary ﬁber selection for predictable shifts in gut microbiota. MBio 11, e02179–19.
Gibson GR, Hutkins R, Sanders ME et al. (2017) Expert
consensus document: the International Scientiﬁc
Association for Probiotics and Prebiotics (ISAPP) consensus statement on the deﬁnition and scope of prebiotics.
Nat Rev Gastroenterol Hepatol 14, 491–502.
Singh DP, Singh S, Bijalwan V et al. (2018)
Co-supplementation of isomalto-oligosaccharides potentiates metabolic health beneﬁts of polyphenol-rich cranberry
extract in high fat diet-fed mice via enhanced gut butyrate
production. Eur J Nutr 57, 2897–2911.
Vanegas SM, Meydani M, Barnett JB et al. (2017)
Substituting whole grains for reﬁned grains in a 6-wk randomized trial has a modest effect on gut microbiota and
immune and inﬂammatory markers of healthy adults. Am
J Clin Nutr 105, 635–650.
Vlassopoulos A, Lean MEJ & Combet E (2013) Role of
oxidative stress in physiological albumin glycation: a
neglected interaction. Free Radic Biol Med 60, 318–324.

https://doi.org/10.1017/S0029665121002834 Published online by Cambridge University Press

407

56. Tang Y, Nakashima S, Saiki S et al. (2016)
3,4-Dihydroxyphenylacetic acid is a predominant biologically-active catabolite of quercetin glycosides. Food Res Int
89, 716–723.
57. Rechner AR & Kroner C (2005) Anthocyanins and colonic
metabolites of dietary polyphenols inhibit platelet function.
Thromb Res 116, 327–334.
58. Monagas M, Khan N, Andrés-Lacueva C et al. (2009)
Dihydroxylated phenolic acids derived from microbial
metabolism reduce lipopolysaccharide-stimulated cytokine
secretion by human peripheral blood mononuclear cells.
Br J Nutr 102, 201–206.
59. Pashikanti S, de Alba DR, Boissonneault GA et al. (2010)
Rutin metabolites: novel inhibitors of nonoxidative advanced
glycation end products. Free Radic Biol Med 48, 656–663.
60. Paone P & Cani PD (2020) Mucus barrier, mucins and gut
microbiota: the expected slimy partners? Gut 69, 2232–2243.
61. Feng G, Mikkelsen D, Hoedt EC et al. (2020) In vitro fermentation outcomes of arabinoxylan and galactoxyloglucan depend on fecal inoculum more than substrate
chemistry. Food Funct 11, 7892–7904.
62. Morita T, Kasaoka S, Hase K et al. (1999) Psyllium shifts
the fermentation site of high-amylose cornstarch toward
the distal colon and increases fecal butyrate concentration
in rats. J Nutr 129, 2081–2087.
63. Harris HC, Morrison DJ & Edwards CA (2020) Impact of
the source of fermentable carbohydrate on SCFA production by human gut microbiota in vitro – a systematic scoping review and secondary analysis. Crit Rev Food Sci Nutr.
doi: 101.080/104083982.0201.809991
64. Harris H, Edwards C & Morrison D (2017) Impact of
glycosidic bond conﬁguration on short chain fatty acid production from model fermentable carbohydrates by the
human gut microbiota. Nutrients 9, 26.
65. Morrison DJ, Mackay WG, Edwards CA et al. (2006)
Butyrate production from oligofructose fermentation by
the human faecal ﬂora: what is the contribution of extracellular acetate and lactate? Br J Nutr 96, 570–577.
66. Ruppin H, Bar-Meir S, Soergel KH et al. (1980) Absorption
of short-chain fatty acids by the colon. Gastroenterology 78,
1500–1507.
67. Chambers ES, Preston T, Frost G et al. (2018) Role of gut
microbiota-generated short-chain fatty acids in metabolic
and cardiovascular health. Curr Nutr Rep 7, 198–206.
68. Cao M, Zhang Z, Han S et al. (2019) Butyrate inhibits the
proliferation and induces the apoptosis of colorectal cancer
HCT116 cells via the deactivation of mTOR/S6K1 signaling mediated partly by SIRT1 downregulation. Mol Med
Rep 19, 3941–3947.
69. Verbeke KA, Boobis AR, Chiodini A et al. (2015) Towards
microbial fermentation metabolites as markers for health
beneﬁts of prebiotics. Nutr Res Rev 28, 42–66.
70. Alkhaldy A, Edwards CA & Combet E (2019) The urinary
phenolic acid proﬁle varies between younger and older adults
after a polyphenol-rich meal despite limited differences in in
vitro colonic catabolism. Eur J Nutr 58, 1095–1111.
71. Resch C, Parikh M, Austria JA et al. (2021) The inﬂuence
of diet and sex on the gut microbiota of lean and obese
JCR:LA-cp Rats. Microorganisms 9, 1037.
72. Rinninella E, Raoul P, Cintoni M et al. (2019) What is the
healthy gut Microbiota composition? A changing ecosystem
across age, environment, diet, and diseases. Microorganisms
7, 14.
73. Benítez-Páez A, Kjølbæk L, Gómez del Pulgar EM et al.
(2019) A multi-omics approach to unraveling the
microbiome-mediated effects of arabinoxylan oligosaccharides in overweight humans. mSystems 4, e00209–19.

408

C. Thomson et al.

Proceedings of the Nutrition Society

74. Azpiroz F, Dubray C, Bernalier-Donadille A et al. (2017)
Effects of scFOS on the composition of fecal microbiota
and anxiety in patients with irritable bowel syndrome: a
randomized, double blind, placebo controlled study.
Neurogastroenterol Motil 29, e12911.
75. Nicolucci AC, Hume MP, Martínez I et al. (2017)
Prebiotics reduce body fat and alter intestinal microbiota
in children who are overweight or with obesity.
Gastroenterology 153, 711–722.
76. Martínez I, Kim J, Duffy PR et al. (2010) Resistant
starches types 2 and 4 have differential effects on the composition of the fecal microbiota in human subjects. PLoS
One 5, e15046.
77. Wang Y, Ames NP, Tun HM et al. (2016) High molecular
weight barley β-glucan alters gut microbiota toward
reduced cardiovascular disease risk. Front Microbiol 7, 129.

https://doi.org/10.1017/S0029665121002834 Published online by Cambridge University Press

78. Martínez I, Lattimer JM, Hubach KL et al. (2013)
Gut microbiome composition is linked to whole graininduced immunological improvements. ISME J 7, 269–280.
79. Connolly ML, Tzounis X, Tuohy KM et al. (2016)
Hypocholesterolemic and prebiotic effects of a whole-grain
Oat-based granola breakfast cereal in a cardio-metabolic
‘At Risk’ population. Front Microbiol 7, 1–9.
80. Costabile A, Klinder A, Fava F et al. (2008) Whole-grain
wheat breakfast cereal has a prebiotic effect on the
human gut microbiota: a double-blind, placebo-controlled,
crossover study. Br J Nutr 99, 110–120.
81. Vitaglione P, Mennella I, Ferracane R et al. (2015) Wholegrain wheat consumption reduces inﬂammation in a randomized controlled trial on overweight and obese subjects with
unhealthy dietary and lifestyle behaviors: role of polyphenols
bound to cereal dietary ﬁber. Am J Clin Nutr 101, 251–261.

