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Abstract: Prebiotics are either natural or synthetic non-digestible (non-)carbohydrate substances
that boost the proliferation of gut microbes. Undigested fructooligosaccharides in the large in-
testine are utilised by the beneficial microorganisms for the synthesis of short-chain fatty acids
for their own growth. Although various food products are now recognized as having prebiotic
properties, several others, such as almonds, artichoke, barley, chia seeds, chicory, dandelion greens,
flaxseeds, garlic, and oats, are being explored and used as functional foods. Considering the ben-
efits of these prebiotics in mineral absorption, metabolite production, gut microbiota modulation,
and in various diseases such as diabetes, allergy, metabolic disorders, and necrotising enterocolitis,
increasing attention has been focused on their applications in both food and pharmaceutical indus-
tries, although some of these food products are actually used as food supplements. This review aims
to highlight the potential and need of these prebiotics in the diet and also discusses data related
to the distinct types, sources, modes of action, and health benefits.

Keywords: prebiotics; dietary fiber; oligosaccharides; non-digestible carbohydrates; short-chain fatty acids

1. Introduction

Prebiotics are non-digestible carbohydrate (CHO) molecules, including sugar polyols,
poly and oligosaccharides, and resistant starches, as well as fiber that have a beneficial
role in both the maintenance and progression of gut microflora. Prebiotics are known
for their ability to nourish gut microbes present in the gastrointestinal tract (GIT) and sub-
stantially improve their metabolic activity, enhancing digestion, nutrient absorption ability,
and the immune system, while curbing the growth of pathogenic microbes [1]. These sig-
nificant improvements show a positive effect on human health [2]. The ability of prebiotics
to sustain themselves in acidic environments and remain resistant to distinct digestive
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enzymes in the small intestine make them an extraordinary tool to boost the growth of ben-
eficial gut microbes that ferment them, leading to the production of short-chain fatty acids
(SCFAs), vitamins, and other fragmented molecules [3].

Prebiotics are generally found in different food sources, such as chicory, chia seeds,
dandelion greens, flaxseeds, onion, garlic, almonds, artichoke, oats, barley, and many other
plants, although they can also be synthesized via enzymatic digestion of complex polysac-
charides [4]. Some common prebiotics, such as fructooligosaccharides (FOS), guar gum,
galactooligosaccharides (GOS), and inulin, are available on the market, whereas hydrolysed
xylan prebiotic products, such as xylooligosaccharides (XOS) are still in the development
stage. Because of the health benefits of prebiotics, many pharmaceutical industries have
gained interest in using prebiotics and have started manufacturing them at a cost-effective
ratio [5]. Nowadays, a synthetic approach involving enzymatic digestion is predominantly
used for the synthesis of high-quality prebiotics. However, the utilization of prebiotics
differs from microbe to microbe as the diverse gut microbes tend to have distinct nutri-
tional requirements to remain in the GIT. Generally, gut microbes use prebiotics as nutrient
sources for their proliferation and metabolic activity [6], so they have been extensively used
in food industries as functional food supplements in different preparations [7]. In this sense,
this review focuses on providing updated data about the need for prebiotics and covers
information related to their various types, sources, modes of action, and health benefits.

2. What Are Prebiotics?

Over the past decades, the term “prebiotics” has significantly evolved. The concept
of prebiotics was introduced in 1995 as “non-digestible food ingredients, which exhibit bene-
ficial effects on the host by selectively stimulating the growth and proliferation of one or spe-
cific bacteria in the colon that substantially improve the health of the host” [8]. During this
time, the substances able to improve the number of bacteria, mainly, Bifidobacteria and Lac-
tobacilli, were also considered prebiotics. However, in 2004, the definition was updated
to “selectively fermented ingredients that specifically improve the activity and compo-
sition of gastrointestinal microflora and provide benefits to host health and well-being”,
thus describing the conditions that exhibit beneficial effects on the host. According to
this, prebiotics should have the ability to resist host digestion and be fermented by in-
testinal microflora [9]. Some years later, in 2010, with the development in molecular
approaches and cumulative evidence about the density and diversity of bacterial communi-
ties, the International Scientific Association for Probiotics and Prebiotics (ISAPP) released
a solidarity statement revising the definition of dietary prebiotic as “a selectively fermented
ingredient that results in specific changes in the composition and activity of the gastroin-
testinal microbiota, thus conferring benefit(s) upon host health” [10]. This revised definition
involves the non-specific bacterial species, which expands the location of bacterial species
from only the colon to the entire GIT length. However, Bindels et al. (2015) proposed
the definition of prebiotics as “non-digestible compounds that, through their metaboliza-
tion by microorganisms in the gut, modulate the composition and/or activity of the gut
microbiota, thus conferring a beneficial physiological effect on the host”. This updated
definition eliminated the selective fermentation processes and microorganism specificity
as prerequisite requirements, but also limited the prebiotic interaction with gut micro-
biota without involving extra-intestinal habitats, such as the respiratory tract, vagina,
and skin [11]. More recently, with the progressive clinical development and latest scien-
tific development, ISAPP in 2017 again updated the prebiotic concept, and defined it as
“a substrate, i.e., selectively used by host microorganisms and conferring a health benefit(s)
to the host while retaining the microflora-mediated health benefits”. According to this
updated definition, prebiotics are not limited to carbohydrates and foods and are no longer
restrained to the GIT; instead, they also involve the non-food elements and extra-intestinal
tissues, with this updated definition now also being valid for animals [12].

Presently, the well-known prebiotics involve non-digestible carbohydrates, such as
FOS, GOS, inulin, and lactulose [13–16]. Additionally, other non-digestible carbohydrates,
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such as arabinoxylan, beta-glucans, isomalto-oligosaccharides (IMO), polydextrose, soy-
bean oligosaccharides, XOS, and xylo-polysaccharide (XPS), have also been claimed to ex-
hibit prebiotic potential based on clinical evidence [17], although most scientific literature
available concerning prebiotic potential is related to FOS and inulin [18].

3. Prebiotics and Dietary Fiber

In general, prebiotics are unique dietary fibers that act as a substrate for benefi-
cial bacteria in the human gut [4,19]. However, not all prebiotics are considered dietary
fiber, as not all dietary fibers tend to exhibit prebiotic effects. In 1953, the term “dietary
fiber” was coined, but before that few properties such as increasing stool weight, lax-
ative effects, and disease prevention were already associated with fibers [20]. In 2008,
the U.S. Food and Drug Administration (US-FDA) and American Dietetic Association (ADA)
stated that fibers could be divided into two categories: (i) dietary fibers which involve lignin
and non-digestible carbohydrate, are intact in plants, and intrinsic in nature; (ii) functional
fibers that are isolated from non-digestible carbohydrates which have beneficial effects
in humans [21]. The US-FDA has incorporated the definition of dietary fibers in the for-
mulation and nutrition facts of foods. This concept defines dietary fibers as “synthetic
or isolated carbohydrates with three or more monomeric units, that have a beneficial
physiological effect on human health” [22]. Currently, dietary fibers play a substantial
role in preventing metabolic (cancer, diabetes, and obesity) and cardiovascular (CVD)
diseases [20]. However, to date, there is no general definition of dietary fibers, with various
definitions being adopted in different parts of the world [23].

In 2009, the Codex Alimentarius Commission defined dietary fiber, and one year later,
the Ninth Vahouny Fiber Symposium added some information to the definition mentioned
above [24], according to which, undigestible carbohydrates with a degree of polymerisation
in the range of 3–9 were included in the category of dietary fibers. They were claimed
to exhibit beneficial effects on human health, including the ability to reduce blood glucose
and lipid levels, to decrease intestinal transit, and increase stool mass and microbiota
fermentability [24]. Some years later, in 2017, Codex Alimentarius Commission made
some additions to the definition of dietary fibers, in which the carbohydrate polymers
(10 or more monomeric units) were stated as non-hydrolysable through the action of en-
dogenous enzymes and were defined as naturally present in consumable food, thus being
placed in the category “edible carbohydrate polymers”. Indeed, carbohydrates polymer
are the polymers obtained from raw food materials via chemical, enzymatic or physical
means and are known to have beneficial effects on human health confirmed by competent
authorities. Synthetic carbohydrate polymers are chemically synthesised polymers which
also show beneficial physiological effects on human health affirmed by scientific evidence
generated by competent authorities [25].

Conventionally, dietary fibers are classified as soluble and insoluble fibers. The soluble
fibers are proclaimed to exert propitious effects on serum lipids, whereas insoluble fibers
produce laxative effects with an increase in stool weight. Furthermore, fibers are also
categorised according to fermentability and viscosity features, where fermentable fibers
are the ones that are readily metabolised via microbiota, while viscous fibers usually
form a gel in the GIT. It is noteworthy that there is not a firm classification for different
fibers [20]. Some dietary fibers are readily fermentable, such as partially hydrolysed guar
gum, Arabic gum, and soluble corn fibers. These are easily fermented in the gut and exert
beneficial effects. On the other hand, poorly fermented fibers include cellulose, which pro-
vides roughage but not the benefits that prebiotics display [26,27]. Arabic gum consists
mainly of arabinose and galactose and some glycoproteins, although there are conflicting
reports on their health benefits [28]. Partially hydrolysed guar gum is composed mainly
of hydrolysates of guar seeds rich in galactomannan, which is water-soluble (guar gum
is discussed in detail in Section 4.1.7).

To gain insight into dissimilarities between prebiotics and dietary fibers, it is essential
to state that human endogenous enzymes do not have the ability to break down various gly-
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cosidic bonds present in different polysaccharides, such as cellulose, lignin, hemicellulose,
pectin, and mucilage. These polysaccharides are not hydrolysed by endogenous enzymes
but are partly fermented in the GIT [29]. Few dietary fibers have beneficial effects as they
stimulate the activity and growth of gut bacteria potentially associated with well-being
and health, therefore acting as prebiotics [30].

The potential of dietary fiber consumption in modifying microbiota has been widely
proved. Moreover, it is well-versed that switching between a fiber-rich (>30 g·day−1) diet
and a meat-based diet often causes a change in bacterial diversity and the production
of fermented products, although not enough to exhibit a prebiotic effect. Therefore, it is
stated that the consumption of fiber helps to maintain a beneficial effect in humans [31].
Hiel and colleagues reported that the consumption of a diet with inulin-rich vegeta-
bles for three weeks substantially improved the levels of Bifidobacterium and Clostridiales
in the gut [32]. Indeed, the physical and chemical structures of dietary fiber impact which
microbes will be able to utilize and ferment it. Dietary fibers with complex chemical
structures such as those comprising different linkages, sugars, and branching patterns will
require the synergistic action of microbial enzymes for complete breakdown. The number
of gut microbes capable of fermenting dietary fibers is inversely proportional to the com-
plexity of dietary fibers. For example, many Bacteroides species are known to multiply
in media containing glucose and xylose while only a few taxa exhibit the potential to utilize
xyloglucans for multiplication [33].

4. Types of Prebiotics

Generally, non-digestible carbohydrates are considered prebiotic. However, all pre-
biotics should fulfil the following criteria: (i) they should be resistant to mammalian
enzymes and gastric acidity, (ii), they should be susceptible to gut microbes for fermenta-
tion, and (iii) they should improve the activity and the viability of beneficial microbes [34].
Different types of prebiotics exhibit distinct health benefits. For example, inulin, GOS,
and FOS have long been considered the chief prebiotics. However, various other com-
pounds and dietary fibers have emerged as candidate prebiotics offering multiple health
benefits to varying degrees. The following are eight categories of prebiotic dietary fiber that
have been evidenced in the literature to provide health benefits to the consumer. The most
commonly known prebiotics, their types, sources, structure production, and potential
benefits are shown in Table 1.
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Table 1. Types, structure, production, and potential benefits of prebiotics.

Types of Prebiotics Chemical Structure Production Methods Potential Benefits Reference

Fructooligosaccharides
(FOS)

Glucose and Fructose
units linked by β (2→1)

glycosidic linkages

Polymerization
of fructose monomers

Improve mineral absorption,
decrease triglycerides, improve
immunity, inhibit pathogenic

microorganisms, prevent cancer,
and control diabetes

[35–37]

Galactooligosaccharides
(GOS)

Galactose and Glucose
bound by β (1→3) and β

(1→4) linkages

Transgalactosylation
of lactose using
β-galactosidase

Increase bifidogenic activity [4,38]

Xylooligosaccharides
(XOS)

xylose units linked
through β (1→4) bonds

Enzymatic hydrolysis
of plant xylans

Non-carcinogenic nature, exhibit
a positive effect on the intestinal

flora, non-digestibility
[39,40]

Soybean oligosaccharides
(SOS)

galactose α-(1-6) linked
to glucose

(Raffinose)galactose
α-(1-6) linked to terminal

galactose (Stachyose)

NS
Increase the level of IgG, modulate

body weight
and the immune system

[41]

Isomalto-
oligosaccharides

(IMO)

Glucose bonds by α

(1→4) type
Transglucosylation
of liquefied starch Improve gastrointestinal flora [42]

Fructans fructose with β (2→1)
linkage

Enzymatic hydrolysis
using Fructozyme L

Modulate gut physiology
to provide protection from

pathogens, improve the level
of glucose

[43]

Guar gum

β-D-mannopyranosyl
(1-4) linked with

α-D-galactopyranosyl
(1-6) residues

Enzymatic hydrolysis
using cellulase Improve cholesterol, glycemia [44]

Pectinoligosaccharides
(POS)

(1-4)-α-D-GalA
(galacturonic acid)

-(1,2)-α-L-Rha

Enzymatic hydrolysis
by pectinase Anti-inflammatory effect [45]

NS, not specified.

4.1. Synthetic Prebiotics
4.1.1. Fructooligosaccharides (FOS)

FOS are also known by other names, such as oligofructan or oligofructose, as they
are low calorie-containing dietary fibers with prebiotic potential [46]. Presently, FOS
are considered natural food ingredients due to their various beneficial effects on animal
and human health [47]. They are found in the blue agave plant, cereal grains (barley, wheat,
oats), vegetables, and fruits (artichoke, asparagus, bananas, garlic, leeks, and onions) [48].
FOS are also proclaimed to be a significant class of bifidogenic oligosaccharides owing
to their high production volume [49]. Different pharmaceutical industries have raised
their FOS production through zero-waste production, as the waste feedstock is converted
into a nutraceutical product due to its prebiotic nature [50]. Oligosaccharide fructans are
employed as an alternative sweetener [35]. Different studies have reported that inulin
and FOS increase calcium absorption in the gut of both humans and animals [51]. FOS have
numerous beneficial properties; they act as a low-intensity sweetener, non-carcinogenic
calorie-free dietary fiber, curb the growth of pathogenic bacteria, improve immunity,
enhance mineral absorption, decrease cholesterol levels, promote vitamin B complex syn-
thesis, regulate obesity and diabetes, and prevent colon cancer progression [52]. Now, FOS
are added as supplements in infant formulas and food products to trigger beneficial gut
microbe growth, which further regulates pathogenic microbes [53].

Structurally, FOS are made up of linear chains of fructose joined via β (2-1) bonds,
where fructose units could range from 2–60 and terminate as glucose FOS (oligomers of β-
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d-fructofuranosyl units linked by (21) linkage) [54]. Moreover, in FOS synthesized from su-
crose via enzyme-catalyzed transglycosylation, the termination of the individual molecule
has a sucrose-containing reduced end [55]. During FOS synthesis from sucrose, the en-
zyme fructosyltransferase plays a critical role, whereas at a low sucrose concentration, this
enzyme exhibits hydrolytic activity [56]. On the other hand, transfructosylating activity
is observed when substrate concentration is high [57]. Briefly, this enzyme acts on su-
crose and cleaves β-(1–2) linkages and transfers the fructosyl group to the other acceptor
molecule, such as FOS and sucrose by releasing glucose as a by-product [58]. FOS syn-
thesized from sucrose encompasses 2-4 fructofuranosyl residues associated with β-(2–1)
bonds, having glucose at the terminal end linked by an α-(1–2) linkage [59]. Aspergillus spp.
and Aureobasidium pullulans have been widely exploited for fructosyltransferase enzyme
due to their ability to synthesize FOS from sucrose [35]. Indeed, low-cost by-products
and agro-wastes are now being increasingly used as a substrate to synthesize sucrose-based
FOS [60]. FOS are commercially produced, added as a supplement in various food prod-
ucts, and used as nutraceuticals as they pass through GIT undigested and reach the large
intestine where intestinal bacteria ferment them into SCFAs and lactate [31]. In addition,
FOS are now available on the market as functional food ingredients because they seem
to be an alternative for fat and prebiotic ingredients [6]. Besides this, FOS are also used
in ice-cream, jam, and confectionery product production [54].

4.1.2. Galactooligosaccharides (GOS)

Oligolactose, oligogalactose, and oligogalactosyllactose are GOS [61]. The transg-
lycosylation and isomerization of lactulose (cow milk) transform it into GOS [62]. GOS
are also prebiotic as they are not enzymatically digested, but are fermented by probiotic
Bifidobacteria, granting them a bifidogenic potential [20]. GOS are further categorized into
two sub-categories, i.e., GOS with excessive galactose at C3, C4 or C6 and GOS synthesized
from lactose through enzymatic transglycosylation [63]. In enzymatic transglycosyla-
tion, the end product is the amalgam of tri to pentasaccharides with galactose through
β (1→3), β (1→4), and β (1→6) linkages [64]. These GOS are also stated as transgalac-
tooligosaccharides (TOS). GOS have been shown to boost the multiplication of Lactobacilli
and Bifidobacteria [65]. In infants, Bifidobacteria show high growth upon GOS ingestion [66].
Moreover, Bacteroidetes, Enterobacteria, and Firmicutes also show proliferation in the presence
of GOS, although growth is slower than that of Bifidobacteria [67]. Lactulose has also been
used to form GOS derivatives, as lactulose-derived GOS are also considered prebiotics [68].

GOS were previously synthesized through electrophilic and nucleophilic displace-
ment, but this method is now uneconomical when employed at the industrial scale [69].
Galactosidase and galactosyl-transferase are operative enzymes involved in GOS forma-
tion. Galactosyl-transferase has been reported to synthesize GOS in large quantities [70].
However, a catalytic reaction involving galactosyl-transferase for GOS is quite an expen-
sive approach, as it requires nucleotide sugars as a donor [71]. Hence, to reduce costs,
oligosaccharides from human milk and globotriose production are commonly used [72].
As galactosidase synthesizes GOS in a low quantity, different approaches have been ex-
plored to improve GOS production [73]. The various techniques involved in increasing GOS
production include an increase in the number of acceptors and donors in the reaction, low-
ered water activity, direct shifting of the equilibrium reaction to the endpoint by eliminating
the intermediate molecules, and amending the reaction conditions [61]. An in vivo study
revealed that GOS supplementation effectively improved lipid metabolism and enriched
the microbiota involving Alloprevotella, Bacteroides, and Parasutterella in a mice model [74].
Furthermore, extensive research has been conducted to assess the effect of GOS in gut
microbes in older people, and results obtained from the study revealed that consumption
of Bimuno® GOS (B-GOS®) substantially improved the number of Bacteroides as well as
Bifidobacteria in the gut [66].
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4.1.3. Xylooligosaccharides (XOS)

XOS are formed through β-1-4 linkages among xylose molecules [75] and are found
in food material, such as bran, fruits, honey, and vegetables [76]. Both Lactobacilli and Bi-
fidobacteria possess the ability to hydrolyze the food material digested in the large intes-
tine [77]. In general, XOS are more beneficial than FOS, as they improved the count of Bifi-
dobacteria and reduced the count of pathogenic microbes [78]. In vitro studies conducted
in a batch experiment have also shown the selective nature of Bifidobacteria. Lecerf con-
ducted a parallel, double-blind, and placebo-controlled study of XOS on healthy humans
and found that XOS increased the number of Bifidobacterium and butyrate production
and also improved the activity of α-glucosidase and β-glucuronidase. On the other hand,
a reduction in the concentrations of acetate and p-cresol was also observed [79]. The stud-
ies highlighted the potential benefits of XOS on human health. These benefits involve
the anti-freezing nature, high water activity, non-digestible and non-carcinogenic nature,
the positive effect on gut microbiota, and their applicability in pharmaceutical indus-
tries [80]. Another 6-week randomized controlled study done with 20 healthy individuals
subjected to consuming porridge (150 g) supplemented with 1.2 g XOS daily resulted
in an increase in fecal Bifidobacterium and Lactobacilli counts. In contrast, a reduction
in the Clostridium count occurred, without any change in the anaerobic bacterial count
compared to those who only consumed rice porridge [81].

4.1.4. Fructans

Fructans are natural polymers found in different functional foods, such as artichoke,
asparagus, chicory roots, garlic, leek, and onion, and are widely used as prebiotics for im-
proving human health [82]. Structurally, they are formed of a polymer of fructose linked lin-
early via β2-1 linkages [83]. Fructans improve the gut physiology by enhancing the growth
of Bifidobacteria and Lactobacilli while providing protecting from pathogenic microbes [43].
In addition, the consumption of fructans as prebiotics is able to substantially improve
glucose levels and regulate lipid metabolism as well as decrease the level of lipopolysac-
charides (LPS) and diacylglycerol (DAG) in the plasma membrane [84].

4.1.5. Isomaltooligosaccharides (IMO)

Isomalto-oligosaccharides (IMO) are obtained following enzymatic treatment of corn-
starch with α-amylase, α-glucosidase, and pullulanase and are dissociated into main
components, such as isomaltotriose, isomaltose, and panose [85]. In general, IMO com-
prise glucose monomers formed by α (1-6) glycosidic linkages. The literature shows that
IMO positively impacts Bifidobacteria and are metabolized by various other microbes [86].
In another study, the synergistic effect of green tea extract (GTE) and IMO was assessed
in the production of pro-inflammatory cytokines, visceral adipose tissue, and glycemic
and lipid control. The results obtained were positive, revealing an improvement in the lev-
els of glucagon, insulin, and leptin. Moreover, the combination led to a positive effect
on microbiota (Akkermansia muciniphila, Bifidobacterium, Lactobacilli, and Roseburia) and im-
proved the Firmicutes/Bacteroidetes as well as the Prevotella/Bacteroidetes ratio [87].

4.1.6. Soybean Oligosaccharides (SOS)

The oligosaccharides that are found in soybean are termed soybean oligosaccharides
(SOS), which involve stachyose and raffinose. These oligosaccharides are not digested
by the stomach or intestine enzymes but are hydrolysed by gut microbiota [88]. SOS are
efficient in enhancing the proliferation of Bifidobacteria present in the large intestine [89].
Hence, they are also stated as bifidogenic and show the same effect as GOS [90]. SOS are
also known as α-galactosyl sucrose derivatives, as they are obtained from soybeans [91].
These oligosaccharides are also found in soy germ powder, whose fermentation prop-
erties have been assessed with Lactobacilli along with inoculums of fecal bacteria [92].
An in vitro study was conducted to evaluate the fermentation and prebiotic effect of soy-
bean Okara on healthy individuals’ fecal microbiota. The results showed an increase
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in Bifidobacteria and Lactobacilli growth, inhibiting the growth of harmful bacteria, such
as Bacteroides and some Clostridium species. Furthermore, Okara’s cell wall was chal-
lenging to digest in contrast to FOS, signifying the prolonged prebiotic effect compared
to other prebiotics [93].

4.1.7. Guar Gum

Guar gum is a biopolymer made up of a linear chain of β-1,4 mannose associated
with α-1,6 galactose units obtained from Cyamopsis tetragonolobus seeds [92]. It is col-
lected after separating the endospermic portion of the seed from the germ and husk [94].
The endosperm part of the seed is mainly composed of galactomannan and serves as di-
etary fiber in nutrition [95]. This gum acts as a thickener and stabilizer in several food
products, such as salad dressing, sauce, juice, and ice-cream [96]. In addition, guar gam has
a high water-binding capacity, making it a valuable food industry product [97]. A study
conducted to assess the prebiotic potential of partially hydrolysed guar gum (PHGG)
on the diversity and function of gut microbiota in humans found an increase in the number
of Bacteroides, Faecalibacterium, Fusicatenibacter, and Ruminococcus, along with a decrease
in the number of Blautia, Lachnospiracea, and Roseburia [98].

4.1.8. Pectin Oligosaccharides

Pectin is a complex structural molecule composed of galacturonic acid along with
abundant polysaccharide [99]. This molecule is further categorized into the following three
components, i.e., polygalacturonan (HGA), rhamnogalacturonan I (RG-I), and rhamno-
galacturonan II (RG-II) [100]. This pectin oligosaccharide is predominantly found in the cel-
lulosic components and cell walls of vascular plants [101]. All components, such as HGA,
RG-I, and RG-II, form pectin by linking to each other through covalent bonding [102].
According to the literature, an enzymatic method is a practical approach to synthesize
pectin oligosaccharides [103]. The enzymatic process involves the hydrolysis of apple
and citrus pectin in the membrane, which gives rise to oligosaccharides of 3–4 kDa molec-
ular weight [104]. The selectivity of Bacteroidetes and Firmicutes for growing on pectin
(substrate) suggests that pectin and its derivatives will gain significant attention as the ba-
sis for prebiotics [105]. Moreover, pectin and its oligosaccharides are useful in promoting
the anti-inflammatory potential of commensal microbes present in the colon of humans [45].

4.1.9. Other Polysaccharides

All starch-containing foods and cereal grains naturally contain resistant starch (RS). RS
is further classified into four subdivisions based on digestion resistance [106,107], with RS
capacity being influenced by the ratio of amylose and amylopectin, granule morphology,
and association with other constituent compounds [106]. A study reported the bifido-
genic effect of RS as it increased the concentration of Akkermansia, Allobactum, Bacteroidetes,
and Bifidobacteria species. Another in vitro study conducted in a mice model showed
that RS influenced the concentration of SCFAs [108–110]. Glucomannans, another neutral
polysaccharide, are found in a few plants, such as eastern white pine, orchid, and Kon-
jac/Oncophyllus (a member of the Amorphophallus family). Glucomannan is obtained
from konjac and is predominantly used as a food ingredient in Europe [23]. Konjac glu-
comannan (KGM) flour has various propitious effects, including reducing constipation,
improving blood cholesterol, and glycemia. Additionally, konjac glucomannan has also
been reported to stimulate the proliferation of beneficial gut microbes. Al-Ghazzewi and col-
leagues reported that konjac hydrolysate enhanced Bifidobacterium and Lactobacilli growth
compared to inulin present in Ultra-High Temperature (UHT) milk [111]. Numerous stud-
ies on KGM have reported a reduction in the count of Clostridium perfringens and Escherichia
coli [111–114]. Recently, an in vitro study was conducted using Porang glucomannan
(PGM) and inulin (positive control), low-density Konjac oligoglucomannan (LKOG), high-
density konjac oligo-glucomannan (HKOG), and KGM. The result showed an increase
in Bifidobacterium and Lactobacilli and a decrease in Bacteroides count [115].
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4.2. Sources of Natural Prebiotics

Various non-digestible carbohydrates are naturally found in different plants [116].
The systematic representation of different natural prebiotics and their associated benefits
is illustrated in Figure 1.

Figure 1. Diagrammatic illustration of sources and functions of prebiotics.

4.2.1. Dandelion Greens

Dandelion, also known as Taraxacum officinale, is a member of the Asteraceae fam-
ily and a perennial non-poisonous herbaceous weed [117]. It is also proclaimed to be
a natural diuretic and is useful in eliminating the body’s excessive retained fluid [118].
Different parts of dandelion plants are being studied for both nutritional and chemical
values [119]. Apart from being used as a therapeutic agent, the leaves, roots, and petals
of the dandelion plant are used in different food products [120]. For example, the leaves
are eaten as a salad in Vietnam and France, either alone or in combination with other
plants, such as chives and lettuce [121]. Furthermore, the leaves can be sprinkled with
spices, as they are a natural source of calcium, fiber, iron, magnesium, and vitamin A [122].
Dandelion is also rich in oligofructans and other prebiotic fibers [123]. Research has shown
the presence of such fibers and has underlined their role in modulating probiotic popula-
tions, such as Bifidobacteria [124]. Indeed, these fibers are known to enhance the growth
of intestinal microbiota and to positively affect lipid metabolism [125]. Dandelion has
been used in traditional medicine as well, as a hepatoprotective (liver tonic in Chinese,
Indian, and Russian traditional medicine) [126]. Moreover, dandelion roots contain in-
ulin with prebiotic potential, i.e., numerous beneficial effects such as curbing the growth
of pathogenic bacteria in the GIT and repressing cancer, obesity, and osteoporosis [127].
However, the inulin content varies with seasons, for instance, 2% secondary compounds
were measured in the spring season, whereas 40% was recorded in the autumn season [128].

4.2.2. Chicory Roots

Another Asteraceae family member is chicory, also known as Cichorium intybus, which
has excellent medicinal value [129]. Fresh chicory contains inulin (68%), sucrose (14%),
protein (6%), cellulose (5%), ash (4%), and other compounds (3%) in contrast to dried
chicory, which contains inulin (98%) and other compounds (2%) [130]. Other than phenolic
compounds, chicory leaves also contain minerals (calcium, phosphorus, and potassium)
and vitamins (A and C) [131]. Primarily, inulin is the non-digestible prebiotic found
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in chicory root, which is the polymer of fructose linked through the β (2-1) glycosidic link-
age, and it aids in nourishing probiotic bacteria [132]. Although inulin shares a similarity
with FOS, their chemical structure is quite distinct as molecular chains of FOS are shorter
than those of inulin [133]. Nowadays, inulin is used to replace sugar and fat in different
food products [134].

4.2.3. Chia Seeds

Chia is also known as Salvia hispanica, a Lamiaceae family member, and an annual
herbaceous plant [135]. The seeds are rich in proteins and fats, predominantly rich in var-
ious exogenous amino acids and dietary fibers [136]. Considering only the dietary fiber
content, chia seeds surpass cereals, dry fruits, and nuts [137]. Defining the features of chia
seeds, they contain chiefly α-linolenic acid (polyunsaturated fatty acids), which accounts
for 60% fatty acids, whereas other fatty acids, such as oleic, palmitic, and linoleic acids
are found in significantly lower amounts [138]. A study reported the effect of crude chia
mucilage on the growth of gut microbes and showed that the concentration of chia mu-
cilage did not affect the gut’s physical characteristics (viscosity) but did affect the growth
of colonic microorganisms [139]. Another study reported that incorporating chia seeds
in the diet can directly enhance gut health and functionality, as well as increase the absorp-
tion of zinc and iron [140].

4.2.4. Artichoke

Artichoke, also known as Cynara scolymus, is another food with medicinal value [141].
Artichoke is composed of carbohydrates (6.8%) and nitrogen compounds (2.9%), with a high
fiber content and low caloric value [142]. Moreover, it also contains other minerals, such as
calcium, potassium, and sodium, and in less abundance, iron, manganese, magnesium,
copper, and phosphorus [143]. Oligomers are predominantly found in artichoke, which are
non-digestible by gastric enzymes but are absorbed in the small intestine after reaching
the colon and show a prebiotic effect by promoting the growth of probiotic microbes [42].
It also contains polyphenols and inulin, which are known to exhibit anticancer, antioxidant,
and hepatoprotective activities [144]. It has also been proposed to use inulin from artichoke
as a prebiotic source with probiotic microbes to develop symbiotic food products [145].
Indeed, these prebiotics markedly increase probiotic viability during production, storage,
and in vitro digestion process [146].

4.2.5. Garlic

Garlic, scientifically known as Allium sativum, has been used to treat various dis-
eases such as the flu and GI disorders [147]. It is highly rich in FOS, which contribute
to the protection of GIT and the prevention of various diseases. Garlic fructan (GF) is
one of the significant components of garlic, accounting for nearly 75% of its dry weight,
and has been reported to possess prebiotic potential and to influence gut microbiota.
A study evaluating the effect of GF on gut microbiota revealed that GF selectively stim-
ulates the Bifidobacteria proliferation while represses the less desirable Clostridia species,
which can support the growth of other pathogens [148].

4.2.6. Almonds

Almonds (Amygdalus communis or Prunus amygdalus) are a member of the Rosaceae
family and belong to Prunus species [149]. In almonds seeds, the primary storage com-
ponent is lipids, which account for the 50% weight of seeds, whereas protein and dietary
fibers account for 25% and 12%, respectively [150]. They are considered an excellent source
of arginine, monounsaturated fatty acids (MUFA), magnesium, polyunsaturated fatty acids
(PUFA), and vitamin E [151]. They also contain a substantial amount of indigestible carbo-
hydrate and unsaturated fats (mono and poly), dietary fiber, vegetable proteins, vitamins,
polysterols, polyphenols, and other nutrients that influence the gut microbiome. The skin
of almonds is also said to have numerous nutritional benefits as it has a high content of di-



Biomolecules 2021, 11, 440 11 of 25

etary fiber and polyphenols [152]. A study evaluated the prebiotic potential of almond seeds
and assessed the impact on the metabolic activity and composition of the gut microflora.
Almonds seeds were found to improve the growth of Eubacterium rectale and Bifidobacteria
and produced a high prebiotic index of 4.43 [153]. Another study addressing the effect of al-
monds on gut microbiota showed an enhancement in Lactobacillus spp. and Bifidobacterium
spp. count and a marked decrease in the proliferation of pathogenic species, such as
Clostridium perfringens. Indeed, changes in the gut microbiome composition lead to varia-
tions in bacterial enzyme activities, including a decrease in nitroreductase, azoreductase,
and β-glucuronidase activities and an increase in β-galactosidase activity [154]. An in vivo
study analyzing the prebiotic effect of roasted and pre-digested raw almonds revealed
the promotion of the growth of Bifidobacterium breve (JCM 1192) and Lactobacillus acidophilus
(La-14) but a decrease in the proliferation of Enterococcus spp. Moreover, raw almonds were
found to significantly enhance the activity of β-galactosidase and intestinal lipase while
lowering the activity of azoreductase and β-glucuronidase [155].

4.2.7. Flaxseeds

Linseed is the other name for flaxseed (Linum usitatissimum) [156]. These seeds are
considered functional food because they are rich in nutrients and provide health bene-
fits [157]. They comprise various functional ingredients, such as minerals, soluble fibers,
high-quality protein, phenolic compounds, and α-linoleic acid [158]. A study showed that
the consumption of flaxseed could modify the colon’s microenvironment, significantly
enhancing the proliferation of Prevotella spp. up to 20 times while repressing the growth
of Akkermansia muciniphila by 30 times [159]. Another study showed that flaxseed consump-
tion can decrease the growth of Porphyromonadaceae and Proteobacteria in the gut and may
also positively affect the alcoholic liver condition [160].

4.2.8. Onion

Onion, also known as Allium cepa, is a member of the Liliaceae family [161]. It not
only has nutritional value, but also has medicinal properties [162]. For example, the con-
sumption of onion provides carbohydrates, dietary fibers, vitamins, and minerals [163].
Monosaccharides (glucose, fructose, and sucrose) and FOS are the chief soluble carbo-
hydrates found in the dry matter of onion [164] and show excellent prebiotic effects by
improving the health of gut microflora [165].

4.2.9. Oats

The scientific name of oats is Avena sativa and is a rich source of polysaccharides (non-
starch) [166]. Oats are considered to be healthy cereal grains as they contain a high amount
of fiber, minerals, vitamins, and proteins [167]. Moreover, β-glucan is the chief constituent
of soluble non-starch polysaccharides found in oats [168]. The ability of β-glucan to form
highly viscous solutions is claimed as a health benefit in the human gut [169]. Moreover, oats
also have a beneficial role in dyslipidemia, obesity, hypertension, and insulin resistance [170].

4.2.10. Barley

Barley is known by the name Hordeum vulgare and is a member of the Poaceae fam-
ily [171]. It is a crop with a low-fat content and high fiber, protein, and vitamin con-
tents [172]. Cereal grains, such as wheat, barley, and oats, have been assessed as po-
tential probiotic cultures in different food products, such as bread, biscuits, beverages,
breakfast cereals, and cereal bars [173]. The fermentation of these cereals via probiotic
microbes converts them into a digestible form able to boost the proliferation of gut mi-
crobes [174]. Barley contains polysaccharides, oligosaccharides, vitamins, and minerals,
such as calcium, iron, and zinc [175]. β-glucan is also the main component of barley
and exerts immunomodulatory effects by directly or indirectly regulating the gut micro-
biome [176]. Furthermore, barley has been shown to lower cholesterol levels in the blood,
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regulate the blood sugar level, and improve immunity [177]. Nowadays, it is being used as
raw material for developing functional foods in the food industry [178].

5. Mode of Action of Prebiotics

Prebiotics positively influence the proliferation of beneficial gut microflora and their
metabolic activities while also improving human health [179]. Generally, prebiotics are resistant
to digestion by host enzymes but are readily fermented via gut microbes [180]. They also
improve lipid metabolism, which then enhances the absorption of calcium ions that further
positively influence bowel and immunological activities [181]. Numerous trials have been
conducted on fish to assess the mechanistic action of prebiotics [5]. Specific prebiotics, such as
malto-oligosaccharides, GOS, and β-glucans, have been fed to Channastriata fingerlings to in-
vestigate the effect on their growth, digestibility of nutritional components, regulatory genes
of the immune system, and retention properties [182]. The defining mechanism underlying
the prebiotic action has not yet been illustrated. However, it is believed that prebiotics can
be used by distinct gut microbes as energy and carbon sources depending on their structural
and compositional features [96]. Various models have been used to check the effect of prebi-
otics on different organs of the body [183]. They have been shown to regulate the lipogenic
enzymes of the liver, which enhance SCFA production, such as butyric and propionic acids, due
to fermentation [31]. These fermented products increase the expression of transcriptional genes,
helping in the proliferation of beneficial gut microflora [184]. Prebiotics have advantages over
probiotics, as the target bacteria already exist in the host, but it should not be presumed that
organisms essential for promoting health are not present in the gut as sometimes prebiotics do
not show beneficial effects. Few studies have shown that prebiotics remain ineffective in reduc-
ing the number of bacteria such as Clostridia, Bacteroides, Enterococci, and Enterobacteria in gut,
which have been shown to exhibit detrimental effects on the host health. Clostridia species are
proclaimed to be toxic as they have the capability to degrade proteins and ferment their amino
acids, causing the synthesis of toxic metabolites such as ammonia, amines, H2S, thiols, indoles,
and phenols, that are involved in colorectal cancer. The sugar composition and polymerization
degree of prebiotics along with the available carbohydrates favor Bifidobacteria and allow them
to proliferate on these substrates [185].

Furthermore, prebiotics, such as FOS modulate mucin production and increase
the leukocyte and lymphocyte count in peripheral blood and gut-associated lymphoid
tissues (GALTs) [186]. GALTs further aid in the synthesis of immunoglobulin A (IgA),
which directly triggers the phagocytic action of intra-inflammatory macrophages [187].
Prebiotics also serve as nutrients for beneficial gut microbes, thereby increasing their abun-
dance at the epithelial level when compared to pathogenic microorganisms by synthesizing
certain antimicrobial compounds [188]. Numerous studies have reported the potential ef-
fect of prebiotics in modulating cytokine expression. Cani et al. conducted a study to assess
the effect of prebiotic carbohydrates on obese mice. The result obtained showed a reduced
expression of oxidative stress and inflammatory markers, low profile of plasma LPS, and in-
creased production of pro-inflammatory cytokines (INF-γ, IL-1a, IL-1b, IL-6, and TNF-α) [189].
Similar results have been reported in another study [190].

6. Health Benefits of Prebiotics

Prebiotics has been shown to exhibit different health benefits in humans (Figure 2).

6.1. Effect of Prebiotics on Gut Microbes

A healthy gut microbiome significantly improves the wellbeing and health of in-
dividuals [191], which is the primary target for dietary supplements. Lactobacilli, a sig-
nificant gut colonizer, has been reported to decrease gut mucosa inflammation [192],
degrade lactose in lactose-intolerant people, relieve constipation, prevent traveler’s diar-
rhea, and improve irritable bowel syndrome (IBS) [193]. Additionally, Bifidobacteria are
commonly found in the GIT of healthy humans and are useful in fermenting selective
oligosaccharides, making these microbes the usual markers for prebiotic potential [194].
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Commensal Clostridia, belonging to the phylum Firmicutes, are among the substantial colo-
nizers of the gut, which are known to play a crucial role in modulating immune, physiologic,
and metabolic processes [195]. Besides, C. butyricum and A. muciniphila have been reported
to synthesize SCFAs and to exert anti-inflammatory effects. In contrast, some Clostridium
and Bacillus strains have been known to positively influence gut health by constraining
the proliferation of pathogenic bacteria [195,196]. Additionally, A. muciniphila is believed
to exhibit an inverse relationship with diabetes, cardiovascular diseases, low-grade in-
flammation, and obesity [196]. Prebiotics promote the growth of these beneficial bacteria
in the gut and help to boost the immune system activity and treat numerous digestive
problems [78]. In addition, they also improve the absorption of calcium and magnesium,
control anxiety, enhance bone density, boost the immune system, decrease the triglyceride
level in blood, regulate weight and appetite, curb intestinal infection, improve bowel
regularity, and reduce inflammation of colon walls [197,198].

Figure 2. Effects of prebiotics on different organs in humans.

6.2. Effect of Prebiotics on Metabolite Production

Direct and indirect fermentation of specific compounds generates primary and sec-
ondary metabolites, which show health benefits in humans [199]. Microbes present
in the gut synthesize SCFAs via fermentation of carbohydrates, amino acids, and other
nutrients that are not absorbed in the small intestine [200]. Acetate, butyrate, and propi-
onate are SCFAs that are synthesized after primary anaerobic fermentation of prebiotics by
enteric microbes [201]. These SCFAs play a key role as a substrate for cholesterol, glucose,
and lipid metabolism. Acetate and propionate act as substrates for peripheral tissues [202];
butyrate plays a vital role as a primary nutrient for colonocytes and serves as a histone
deacetylase inhibitor. In addition, as they have ability to inhibit the NF-κB signalling
pathway in colonocytes; they contribute to reduce the levels of intestinal inflammation
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markers and maintain the barrier integrity [203,204]. Other than this, acetate, butyrate,
and propionate also boost the G-protein-coupled receptors (GPRs) that modulate the es-
sential metabolic hormones, including GLP-1 and peptide YY (PYY) [205]. Even though
SCFA production has numerous positive outcomes, there is a need for extensive research
to uncover the real potential [206,207].

6.3. Effect of Prebiotics on Mineral Absorption

The primary target of prebiotic consumption is to increase the absorption and bioavail-
ability of calcium to make bones healthy in infants and the elderly [207]. Worldwide, the con-
sumption of prebiotics has reduced the risk of bone fractures and osteoporosis [208].
Calcium is primarily absorbed in the distal intestine, which is stimulated by acidic fermen-
tation of prebiotic dietary fibers as well as chemical changes by numerous microbes [209],
although clinical evaluations related to mineral absorption in association with prebiotics
have provided mixed results [210]. Few studies related to oligofructose, GOS, inulin,
and FOS consumption have shown no significant changes in calcium absorption [211],
whereas some studies involving oligosaccharide components with lactulose have shown
a significant increase in calcium absorption [212].

6.4. Effect of Prebiotics on Allergies

Gut microflora play a crucial role in the development of many disorders. Indeed, a dis-
turbed gut microbiota with reduced microbial diversity can result in many inflamma-
tory and allergic diseases [213]. Various studies suggest that the cause of allergic dis-
eases in the first five years of life is attributed to a reduced colonization of Lactobacilli
and Bifidobacteria in the gut of affected children [214]. Different mechanisms have been
listed, all highlighting the immune-modulating effect as well as the importance of dietary
oligosaccharides [215]. A hypoallergenic formula containing GOS/FOS supplements has
been shown to exhibit protective abilities against allergies, especially against rhinoconjunc-
tivitis and eczema [216]. These reports have shown that infants consuming supplements
containing GOS/FOS have a reduced likelihood of developing eczema [217].

6.5. Effect of Prebiotics on Diabetes

Diabetes is a complex disease occurring via the interaction between environmental,
epigenetic, and genetic factors [218]. Prebiotics play an integral role in the regulation
of genes and dramatically impact metabolic functions [219]. Various dietary fibers and car-
bohydrates generate a link between polymorphisms, which inactivates the insulin-resistant
genes [220]. A study conducted on human gut microflora unveiled the interrelation of type
2 diabetes and gut microbiota [221]. Other studies claim the rise inflammatory stress is
the cause for the onset of diabetes. Indeed, the daily nutritional diet is believed to be a key
factor in the management of diabetes [222]. Studies have suggested that an appropriate diet
can significantly decrease the postprandial glucose response [223]. In this way, food items,
such as cereals, fruits, spices, and legumes, contain active ingredients such as polyphenols
and dietary fibers that aid in decreasing the glycemic index and insulin immune response
in patients with diabetes [224]. However, the type of carbohydrates, dosage, and source
determine their glucose-reducing effect [225]. For example, inulin-type fructans (ITF) are
non-digestible carbohydrate prebiotics with the ability to regulate the growth and com-
position of gut microbes while confering positive health effects [225]. Arabinoxylan (AX),
a prebiotic abundantly found in aleurone fractions and wheat bran, has been reported
to undergo fermentation in the colon via beneficial microbes and to positively influence
the hyperglycemic levels in diabetic patients [226]. A study conducted on a diabetic mouse
model revealed that an increase in the probiotic count in the colon due to supplementa-
tion of AX improved insulin resistance [227]. Furthermore, extensive studies are being
conducted to understand the impact of AX on gut microbes and to unveil the mechanism
of action of AX in lowering diabetic complications [228].
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6.6. Effect of Prebiotics on Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is a gastrointestinal disorder which predominantly affects
preterm infants [229], characterized by inflammation, local infection, and necrosis of the bowel
in affected patients, leading to high morbimortality rates [230]. Prebiotics, such as GOS and FOS,
can trigger the proliferation of beneficial gut microbiota (e.g., Bifidobacterium), thus impair-
ing the growth of gut pathogens in premature neonates, ultimately preventing NEC [231].
Additionally, SCFAs have been found to enhance the feeding tolerance in infants by improving
the bowel motility and emptying of gastric elements [232].

6.7. Effect of Prebiotics on Metabolic Disorders

Irritable bowel syndrome (IBS) is a disorder that adversely affects the intestinal gut
microbiota, being directly linked to abnormalities of the mucosa, nervous system, neu-
rotransmitters, immune system, and hormones [233]. Eating habits directly influence
the appearance of various symptoms, such as bloating, flatulence, and abdominal pain,
which can be curbed by incorporating prebiotics in the regular diet [234]. Several stud-
ies claim that the resultant modulation of gut microflora via the addition of prebiotics
in the diet reduces such adverse symptoms [235]. A study conducted on wheat bran
and guar gum reported that guar gum is more effective than wheat bran in symptom
management, such as irregular bowel movements, inflammation, abdominal pain, and ep-
ithelial injuries [236]. In addition, a study conducted to analyze the variation in the gut
microbiome in IBD patients revealed a reduced count of Faecalibacterium prausnitzii ob-
served in the fecal samples of IBD patients. Furthermore, in Crohn’s disease (CD), a type
of IBD, it was evaluated that the incidence of a misbalance in gut microbiota was high when
F. prausnitzii was observed [237]. Prebiotics have been used to control the adverse effects
in CD patients [238]. A study reported a decline in the number of Bacteroides in the fecal
matter of CD patients when they received inulin at 24 g/day [239].

6.8. Effect on Hepatic Encephalopathy

Lactulose is considered among the front-line therapeutic agents with effective results
in treating hepatic encephalopathy (neuropsychiatric condition), which often results in liver
dysfunction. Due to dysfunctional liver, our metabolic system is unable to clear ammonia
from the blood stream and it starts accumulating in the liver. The accumulated ammonia,
when it reaches a toxic level, has a detrimental effect on the central nervous system. The am-
monia is generated by microbiota of the intestine as a protein metabolism end-product.
Here, lactulose plays the imperative role by limiting the ammonia synthesis via micro-
biota and by absorbing the ammonia from the intestinal lumen. Inhibition of deaminating
and urease positive bacteria causes the protonation of ammonia to ammonium ions within
the intestinal lumen through the acidification of colonic lumen resulting from SCFA [240].

6.9. Effect on Female Reproductive Health

Lactobacilli species are predominant microbes that are found in the vaginal microenvi-
ronment since birth until puberty [241]. After puberty, the diversity of microbes is altered
because of hygiene, hormonal changes, menstruation, infections, and intercourse [242].
Owing to this, there is variation in the vaginal environment, which is the reason why
lactobacilli bacterial species are not predominant in most women [241]. Due to the non-
predominance of lactobacilli bacteria in the vaginal environment, there is increased suscepti-
bility to urogenital infections such as bacterial vaginosis and urinary tract infections [243].
Bacterial vaginosis (BV) has been stated to increase the chances of pre-mature delivery
and decrease the ability to conceive [244]. The utilization of probiotics has been found
effective in reducing the BV risk and preventing pre-mature labor and is supported by
a series of both animal and in-vitro studies [245].
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7. Conclusions

The acceptance of prebiotics as a dietary food ingredient has been found effective
in nourishing the gut microbiota. The chemical structure of prebiotics is short-chain
oligosaccharides that are fermented by the gut microbiota and enhance their growth. In-
corporation of these prebiotics in the diet improves human health and prevents the onset
of various diseases. Additionally, beneficial bacteria proliferate and inhibit pernicious
bacterial growth and maintain the intestinal balance. They are obtained from various
plant sources, but due to their high global demand, the production of such compounds
at industrial scales is required. Nowadays, enzymes and microbes are used to increase
the availability and variety of prebiotics, such as indigestible carbohydrates, instead of us-
ing these compounds in the food industries. Moreover, agro-industrial residues can also be
used as alternative substrates for prebiotic production, such as XOS. Synthesized biotics
are used to lower the cost of prebiotics on the market and also to improve their quality.
In addition, these indigestible carbohydrates can be used as ingredients for preparing differ-
ent food products, so that the final product has better sensorial and technological features.
Nonetheless, to decipher the exact mechanisms behind the beneficial impact of prebiotics
on human health is challenging because this depends on the gut microbiota involved in in-
digestible carbohydrate fermentation that ultimately provides health-promoting functions.
Another advantage of prebiotics is their texture-forming ability, which allows them to be
used as replacements for fat or sugar because of their exceptional organoleptic quality.
Thus, prebiotics can be used to produce various added-value food products due to their
bifidogenic properties, ultimately enabling food industries to create new functional foods
with unique ingredients, which will positively be accepted by consumers because of the as-
sociated health benefits. Also noteworthy is the symbiotic formulation, a different area
in this field that remains unexplored. In this approach, a different combination of prebiotics
and probiotics can be developed to vary the degree of the therapeutic effect. Thus, studies
of these formulations at the nutrigenomics level should be performed to provide deep
insights into the individual response to different nutrients.

Author Contributions: Conceptualization, D.K., K.K. and N.C.-M.; Manuscript writing, A.P.K., S.B.,
and D.S.D.; Manuscript editing, H.K., C.C., R.S., E.N., F.S, ., and R.V.; supervision, D.K., K.K., N.C.-M.,
and V.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Hradec Kralove (Faculty of Science VT2019-2021).

Acknowledgments: We acknowledge the University of Hradec Kralove and Portuguese Foundation
for Science and Technology for financial support. NCM acknowledges the Portuguese Foundation
for Science and Technology under the Horizon 2020 Program (PTDC/PSI-GER/28076/2017).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lockyer, S.; Stanner, S. Prebiotics—An added benefit of some fiber types. Nutr. Bull. 2019, 44, 74–91. [CrossRef]
2. Mohr, A.E.; Jäger, R.; Carpenter, K.C.; Kerksick, C.M.; Purpura, M.; Townsend, J.R.; West, N.P.; Black, K.; Gleeson, M.; Pyne, D.B.;

et al. The athletic gut microbiota. J. Int. Soc. Sports Nutr. 2020, 17, 1–33. [CrossRef] [PubMed]
3. Yadav, S.; Jha, R. Strategies to modulate the intestinal microbiota and their effects on nutrient utilization, performance, and health

of poultry. J. Anim. Sci. Biotechnol. 2019, 10, 1–11. [CrossRef] [PubMed]
4. Davani-Davari, D.; Negahdaripour, M.; Karimzadeh, I.; Seifan, M.; Mohkam, M.; Masoumi, S.J.; Berenjian, A.; Ghasemi, Y.

Prebiotics: Definition, types, sources, mechanisms, and clinical applications. Foods 2019, 8, 92. [CrossRef] [PubMed]
5. Khangwal, I.; Shukla, P. Prospecting prebiotics, innovative evaluation methods, and their health applications: A review. 3 Biotech

2019, 9, 1–7. [CrossRef]
6. Rolim, P.M. Development of prebiotic food products and health benefits. Food Sci. Technol. 2015, 35, 3–10. [CrossRef]
7. Al-Sheraji, S.H.; Ismail, A.; Manap, M.Y.; Mustafa, S.; Yusof, R.M.; Hassan, F.A. Prebiotics as functional foods: A review.

J. Funct. Foods 2013, 5, 1542–1553. [CrossRef]
8. Gibson, G.R.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota: Introducing the concept of prebiotics.

J. Nutr. 1995, 125, 1401–1412. [CrossRef]
9. Gibson, G.R.; Probert, H.M.; Van Loo, J.; Rastall, R.A.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota:

Updating the concept of prebiotics. Nutr. Res. Rev. 2004, 17, 259–275. [CrossRef]

http://doi.org/10.1111/nbu.12366
http://doi.org/10.1186/s12970-020-00353-w
http://www.ncbi.nlm.nih.gov/pubmed/32398103
http://doi.org/10.1186/s40104-018-0310-9
http://www.ncbi.nlm.nih.gov/pubmed/30651986
http://doi.org/10.3390/foods8030092
http://www.ncbi.nlm.nih.gov/pubmed/30857316
http://doi.org/10.1007/s13205-019-1716-6
http://doi.org/10.1590/1678-457X.6546
http://doi.org/10.1016/j.jff.2013.08.009
http://doi.org/10.1093/jn/125.6.1401
http://doi.org/10.1079/NRR200479


Biomolecules 2021, 11, 440 17 of 25

10. Gibson, G.R.; Scott, K.P.; Rastall, R.A.; Tuohy, K.M.; Hotchkiss, A.; Dubert-Ferrandon, A.; Gareau, M.; Murphy, E.F.; Saulnier, D.;
Loh, G.; et al. Dietary prebiotics: Current status and new definition. Food Sci. Technol. Bull. Funct. Foods 2010, 7, 1–19. [CrossRef]

11. Bindels, L.B.; Delzenne, N.M.; Cani, P.; Walter, J. Towards a more comprehensive concept for prebiotics. Nat. Rev.
Gastroenterol. Hepatol. 2015, 12, 303–310. [CrossRef] [PubMed]

12. 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.; et al. 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. 2017, 14, 491–502. [CrossRef]

13. Yang, F.; Wei, J.-D.; Lu, Y.-F.; Sun, Y.-L.; Wang, Q.; Zhang, R.-L. Galacto-oligosaccharides modulate gut microbiota dysbiosis
and intestinal permeability in rats with alcohol withdrawal syndrome. J. Funct. Foods 2019, 60, 103423. [CrossRef]

14. Zeng, J.; Song, M.; Jia, T.; Gao, H.; Zhang, R.; Jiang, J. Immunomodulatory influences of Sialylated lactuloses in mice.
Biochem. Biophys. Res. Commun. 2019, 514, 351–357. [CrossRef] [PubMed]

15. Xavier-Santos, D.; Bedani, R.; Perego, P.; Converti, A.; Saad, S.L. acidophilus La-5, fructo-oligosaccharides and inulin may
improve sensory acceptance and texture profile of a synbiotic diet mousse. LWT 2019, 105, 329–335. [CrossRef]

16. Dos Santos, D.X.; Casazza, A.A.; Aliakbarian, B.; Bedani, R.; Saad, S.M.I.; Perego, P. Improved probiotic survival to in vitro
gastrointestinal stress in a mousse containing Lactobacillus acidophilus La-5 microencapsulated with inulin by spray drying.
LWT 2019, 99, 404–410. [CrossRef]

17. Xavier-Santos, D.; Bedani, R.; Lima, E.D.; Saad, S.M.I. Impact of probiotics and prebiotics targeting metabolic syndrome.
J. Funct. Foods 2020, 64, 103666. [CrossRef]

18. Martinez, R.C.R.; Bedani, R.; Saad, S.M.I. Scientific evidence for health effects attributed to the consumption of probiotics
and prebiotics: An update for current perspectives and future challenges. Br. J. Nutr. 2015, 114, 1993–2015. [CrossRef]

19. Shortt, C.; Hasselwander, O.; Meynier, A.; Nauta, A.; Fernández, E.N.; Putz, P.; Rowland, I.; Swann, J.; Türk, J.; Vermeiren, J.; et al.
Systematic review of the effects of the intestinal microbiota on selected nutrients and non-nutrients. Eur. J. Nutr. 2017, 57, 25–49.
[CrossRef] [PubMed]

20. Slavin, J. Fiber and prebiotics: Mechanisms and health benefits. Nutrients 2013, 5, 1417–1435. [CrossRef]
21. Ashley, J.M.; Jarvis, W.T. Position of the American Dietetic Association: Health implications of dietary fiber. J. Am. Diet. Assoc.

2008, 108, 1716–1731. [CrossRef]
22. Food and Drug Administration (FDA). Food Labelling: Revision of the Nutrition and Supplement Facts Label 21 CFR 101; Food and Drug

Administration: Silver Spring, MD, USA, 2016.
23. Guarino, M.P.L.; Altomare, A.; Emerenziani, S.; Di Rosa, C.; Ribolsi, M.; Balestrieri, P.; Iovino, P.; Rocchi, G.; Cicala, M.

Mechanisms of action of prebiotics and their effects on gastro-intestinal disorders in adults. Nutrients 2020, 12, 1037. [CrossRef]
24. Howlett, J.F.; Betteridge, V.A.; Champ, M.; Craig, S.A.; Méheust, A.; Jones, J.M. The definition of dietary fiber—Discussions at

the Ninth Vahouny Fiber Symposium: Building scientific agreement. Food Nutr. Res. 2010, 54. [CrossRef] [PubMed]
25. Alimentarius, C. Guidelines on Nutrition Labelling CAC/GL 2-1985 as Last Amended 2010; FAO: Rome, Italy, 2010.
26. Dayib, M.; Larson, J.; Slavin, J. Dietary fibers reduce obesity-related disorders. Curr. Opin. Clin. Nutr. Metab. Care 2020, 23,

445–450. [CrossRef] [PubMed]
27. 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.; et al. Effect of fructans, prebiotics and fibers on the human gut microbiome assessed by 16S rRNA-based
ap-proaches: A review. Benef. Microbes 2020, 11, 101–129. [CrossRef] [PubMed]

28. Dashtdar, M.; Kardi, K. Benefits of gum arabic, for a solitary kidney under adverse conditions: A case study. Chin. Med. Cult.
2018, 1, 88. [CrossRef]

29. Presti, A.L.; Zorzi, F.; Del Chierico, F.; Altomare, A.; Cocca, S.; Avola, A.; De Biasio, F.; Russo, A.; Cella, E.; Reddel, S.; et al.
Fecal and mucosal microbiota profiling in irritable bowel syndrome and inflammatory bowel disease. Front. Microbiol. 2019, 10,
1655. [CrossRef] [PubMed]

30. Roberfroid, M.; Gibson, G.R.; Hoyles, L.; McCartney, A.L.; Rastall, R.; Rowland, I.; Wolvers, D.; Watzl, B.; Szajewska, H.; Stahl, B.;
et al. Prebiotic effects: Metabolic and health benefits. Br. J. Nutr. 2010, 104, S1–S63. [CrossRef]

31. Besten, G.D.; van Eunen, K.; Groen, A.K.; Venema, K.; Reijngoud, D.-J.; Bakker, B.M. The role of short-chain fatty acids
in the interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325–2340. [CrossRef] [PubMed]

32. Hiel, S.; Bindels, L.B.; Pachikian, B.D.; Kalala, G.; Broers, V.; Zamariola, G.; Chang, B.P.; Kambashi, B.; Rodriguez, J.; Cani, P.D.;
et al. Effects of a diet based on inulin-rich vegetables on gut health and nutritional behavior in healthy humans. Am. J. Clin. Nutr.
2019, 109, 1683–1695. [CrossRef]

33. Cantu-Jungles, T.M.; Hamaker, B.R. New view on dietary fiber selection for predictable shifts in gut microbiota. mBio 2020, 11.
[CrossRef]

34. Ibrahim, S.; Hayek, S.; Song, D. Recent application of probiotics in food and agricultural science. In Probiotics; Rigobelo, E.C., Ed.;
IntechOpen: London, UK, 2012.

35. Bali, V.; Panesar, P.S.; Bera, M.B.; Panesar, R. Fructo-oligosaccharides: Production, purification and potential applications.
Crit. Rev. Food Sci. Nutr. 2015, 55, 1475–1490. [CrossRef]

36. Khanvilkar, S.S.; Arya, S.S. Fructooligosaccharides: Applications and health benefits. Agro FOOD Ind. Hi Tech. 2015, 26, 6.
37. Aqil, F.; Munagala, R.; Agrawal, A.K.; Gupta, R. Anticancer Phytocompounds: Experimental and Clinical Updates; Elsevier Inc.:

Amsterdam, The Netherlands, 2018; ISBN 9780128146200.

http://doi.org/10.1616/1476-2137.15880
http://doi.org/10.1038/nrgastro.2015.47
http://www.ncbi.nlm.nih.gov/pubmed/25824997
http://doi.org/10.1038/nrgastro.2017.75
http://doi.org/10.1016/j.jff.2019.103423
http://doi.org/10.1016/j.bbrc.2019.04.157
http://www.ncbi.nlm.nih.gov/pubmed/31040021
http://doi.org/10.1016/j.lwt.2019.02.011
http://doi.org/10.1016/j.lwt.2018.10.010
http://doi.org/10.1016/j.jff.2019.103666
http://doi.org/10.1017/S0007114515003864
http://doi.org/10.1007/s00394-017-1546-4
http://www.ncbi.nlm.nih.gov/pubmed/29086061
http://doi.org/10.3390/nu5041417
http://doi.org/10.1016/j.jada.2008.08.007
http://doi.org/10.3390/nu12041037
http://doi.org/10.3402/fnr.v54i0.5750
http://www.ncbi.nlm.nih.gov/pubmed/21052531
http://doi.org/10.1097/MCO.0000000000000696
http://www.ncbi.nlm.nih.gov/pubmed/32925180
http://doi.org/10.3920/BM2019.0082
http://www.ncbi.nlm.nih.gov/pubmed/32073295
http://doi.org/10.4103/CMAC.CMAC_22_18
http://doi.org/10.3389/fmicb.2019.01655
http://www.ncbi.nlm.nih.gov/pubmed/31379797
http://doi.org/10.1017/S0007114510003363
http://doi.org/10.1194/jlr.R036012
http://www.ncbi.nlm.nih.gov/pubmed/23821742
http://doi.org/10.1093/ajcn/nqz001
http://doi.org/10.1128/mBio.02179-19
http://doi.org/10.1080/10408398.2012.694084


Biomolecules 2021, 11, 440 18 of 25

38. Alander, M.; Mättö, J.; Kneifel, W.; Johansson, M.; Kögler, B.; Crittenden, R.; Mattila-Sandholm, T.; Saarela, M. Effect of galacto-
oligosaccharide supplementation on human faecal microflora and on survival and persistence of Bifidobacterium lactis Bb-12
in the gastrointestinal tract. Int. Dairy J. 2001, 11, 817–825. [CrossRef]

39. Mohanty, D.; Misra, S.; Mohapatra, S.; Sahu, P.S. Prebiotics and synbiotics: Recent concepts in nutrition. Food Biosci. 2018, 26,
152–160. [CrossRef]

40. Lecerf, J.-M.; Dépeint, F.; Clerc, E.; Dugenet, Y.; Niamba, C.N.; Rhazi, L.; Cayzeele, A.; Abdelnour, G.; Jaruga, A.; Younes, H.; et al.
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. Br. J. Nutr. 2012, 108, 1847–1858. [CrossRef] [PubMed]

41. Patel, S.; Goyal, A. Functional oligosaccharides: Production, properties and applications. World J. Microbiol. Biotechnol. 2011, 27,
1119–1128. [CrossRef]

42. Sorndech, W.; Na Nakorn, K.; Tongta, S.; Blennow, A. Isomalto-oligosaccharides: Recent insights in production technology
and their use for food and medical applications. LWT 2018, 95, 135–142. [CrossRef]

43. Franco-Robles, E.; López, M.G. Implication of Fructans in health: Immunomodulatory and antioxidant mechanisms. Sci. World J.
2015, 2015, 1–15. [CrossRef]

44. Mudgil, D.; Barak, S.; Patel, A.; Shah, N. Partially hydrolyzed guar gum as a potential prebiotic source. Int. J. Biol. Macromol.
2018, 112, 207–210. [CrossRef]

45. Chung, W.S.F.; Meijerink, M.; Zeuner, B.; Holck, J.; Louis, P.; Meyer, A.S.; Wells, J.M.; Flint, H.J.; Duncan, S.H. Prebiotic potential
of pectin and pectic oligosaccharides to promote anti-inflammatory commensal bacteria in the human colon. FEMS Microbiol. Ecol.
2017, 93, 127. [CrossRef] [PubMed]

46. Louis, P.; Flint, H.J.; Michel, C. How to manipulate the microbiota: Prebiotics. In Advances in Experimental Medicine and Bi-
ology; Crusio, W.E., Dong, H., Lambris, J.D., Radeke, H.H., Rezaei, N., Eds.; Springer Science and Business Media LLC:
Berlin/Heidelberg, Germany, 2016; Volume 902, pp. 119–142.

47. Kumar, C.G.; Sripada, S.; Poornachandra, Y. Status and future prospects of fructooligosaccharides as nutraceuticals. In Role
of Materials Science in Food Bioengineering; Grumezescu, A.M., Holban, A.M., Eds.; Elsevier BV: Amsterdam, The Netherlands,
2018; pp. 451–503.

48. Sabater-Molina, M.; Larqué, E.; Torrella, F.; Zamora, S. Dietary fructooligosaccharides and potential benefits on health.
J. Physiol. Biochem. 2009, 65, 315–328. [CrossRef]

49. Sánchez-Martínez, M.J.; Soto-Jover, S.; Antolinos, V.; Martínez-Hernández, G.B.; López-Gómez, A. Manufacturing of short-chain
fructooligosaccharides: From laboratory to industrial scale. Food Eng. Rev. 2020, 12, 149–172. [CrossRef]

50. De La Rosa, O.; Flores-Gallegos, A.C.; Muñíz-Marquez, D.; Nobre, C.; Contreras-Esquivel, J.C.; Aguilar, C.N. Fructooligosaccha-
rides production from agro-wastes as alternative low-cost source. Trends Food Sci. Technol. 2019, 91, 139–146. [CrossRef]

51. Martin, B.R.; Braun, M.M.; Wigertz, K.; Bryant, R.; Zhao, Y.; Lee, W.; Kempa-Steczko, A.; Weaver, C.M. Fructo-oligosaccharides
and calcium absorption and retention in adolescent girls. J. Am. Coll. Nutr. 2010, 29, 382–386. [CrossRef] [PubMed]

52. Flores-Maltos, D.A.; Mussatto, S.I.; Contreras-Esquivel, J.C.; Rodríguez-Herrera, R.; Teixeira, J.A.; Aguilar, C.N. Biotechnological
production and application of fructooligosaccharides. Crit. Rev. Biotechnol. 2016, 36, 259–267. [CrossRef] [PubMed]

53. Akkerman, R.; Faas, M.M.; De Vos, P. Non-digestible carbohydrates in infant formula as substitution for human milk oligosac-
charide functions: Effects on microbiota and gut maturation. Crit. Rev. Food Sci. Nutr. 2019, 59, 1486–1497. [CrossRef]
[PubMed]

54. Mutanda, T.; Mokoena, M.P.; Olaniran, A.O.; Wilhelmi, B.S.; Whiteley, C.G. Microbial enzymatic production and applica-
tions of short-chain fructooligosaccharides and inulooligosaccharides: Recent advances and current perspectives. J. Ind.
Microbiol. Biotechnol. 2014, 41, 893–906. [CrossRef] [PubMed]

55. Tokunaga, T. Novel physiological function of fructooligosaccharides. BioFactors 2004, 21, 89–94. [CrossRef]
56. Singh, J.J.; Jadaun, J.S.; Narnoliya, L.K.; Pandey, A. Prebiotic oligosaccharides: Special focus on fructooligosaccharides, its

biosynthesis and bioactivity. Appl. Biochem. Biotechnol. 2017, 183, 613–635. [CrossRef]
57. Michel, M.R.; Rodríguez-Jasso, R.M.; Aguilar, C.N.; Gonzalez-Herrera, S.M.; Flores-Gallegos, A.C.; Rodríguez-Herrera, R.

Fructosyltransferase sources, production, and applications for prebiotics production. In Probiotics and Prebiotics in Human Nutrition
and Health; Rao, V., Rao, L., Eds.; InTech: London, UK, 2016.

58. Vallejo-García, L.C.; Rodríguez-Alegría, M.E.; Munguía, A.L. Enzymatic process yielding a diversity of inulin-type microbial
fructooligosaccharides. J. Agric. Food Chem. 2019, 67, 10392–10400. [CrossRef]

59. Monsan, P.F.; Ouarné, F. Oligosaccharides derived from sucrose. In Prebiotics and Probiotics Science and Technology; Rastall, R.A.,
Charalampopoulos, D., Eds.; Springer International Publishing: Geneva, Switzerland, 2009; pp. 293–336.

60. Lateef, A.; Oloke, J.; Gueguim-Kana, E.; Raimi, O. Production of fructosyltransferase by a local isolate of Aspergillus nigerin both
submerged and solid substrate media. Acta Aliment. 2012, 41, 100–117. [CrossRef]

61. Martins, G.N.; Ureta, M.M.; Tymczyszyn, E.E.; Castilho, P.C.; Gomez-Zavaglia, A. Technological aspects of the production
of fructo and galacto-oligosaccharides. Enzymatic synthesis and hydrolysis. Front. Nutr. 2019, 6, 78. [CrossRef] [PubMed]

62. Padilla, B.; Frau, F.; Ruiz-Matute, A.I.; Montilla, A.; Belloch, C.; Manzanares, P.; Corzo, N. Production of lactulose oligosaccha-
rides by isomerisation of transgalactosylated cheese whey permeate obtained by β-galactosidases from dairy Kluyveromyces.
J. Dairy Res. 2015, 82, 356–364. [CrossRef] [PubMed]

http://doi.org/10.1016/S0958-6946(01)00100-5
http://doi.org/10.1016/j.fbio.2018.10.008
http://doi.org/10.1017/S0007114511007252
http://www.ncbi.nlm.nih.gov/pubmed/22264499
http://doi.org/10.1007/s11274-010-0558-5
http://doi.org/10.1016/j.lwt.2018.04.098
http://doi.org/10.1155/2015/289267
http://doi.org/10.1016/j.ijbiomac.2018.01.164
http://doi.org/10.1093/femsec/fix127
http://www.ncbi.nlm.nih.gov/pubmed/29029078
http://doi.org/10.1007/BF03180584
http://doi.org/10.1007/s12393-020-09209-0
http://doi.org/10.1016/j.tifs.2019.06.013
http://doi.org/10.1080/07315724.2010.10719855
http://www.ncbi.nlm.nih.gov/pubmed/21041813
http://doi.org/10.3109/07388551.2014.953443
http://www.ncbi.nlm.nih.gov/pubmed/25519697
http://doi.org/10.1080/10408398.2017.1414030
http://www.ncbi.nlm.nih.gov/pubmed/29333864
http://doi.org/10.1007/s10295-014-1452-1
http://www.ncbi.nlm.nih.gov/pubmed/24793124
http://doi.org/10.1002/biof.552210117
http://doi.org/10.1007/s12010-017-2605-2
http://doi.org/10.1021/acs.jafc.9b03782
http://doi.org/10.1556/AAlim.41.2012.1.12
http://doi.org/10.3389/fnut.2019.00078
http://www.ncbi.nlm.nih.gov/pubmed/31214595
http://doi.org/10.1017/S0022029915000217
http://www.ncbi.nlm.nih.gov/pubmed/26004434


Biomolecules 2021, 11, 440 19 of 25

63. Torres, D.P.; Gonçalves, M.D.P.F.; Teixeira, J.A.; Rodrigues, L.R. Galacto-oligosaccharides: Production, properties, applications,
and significance as prebiotics. Compr. Rev. Food Sci. Food Saf. 2010, 9, 438–454. [CrossRef] [PubMed]

64. Palmacci, E.R.; Plante, O.J.; Hewitt, M.C.; Seeberger, P.H. Automated synthesis of oligosaccharides. Helv. Chim. Acta 2003, 86,
3975–3990. [CrossRef]

65. Macfarlane, G.T.; Steed, H.; Macfarlane, S. Bacterial metabolism and health-related effects of galacto-oligosaccharides and other
prebiotics. J. Appl. Microbiol. 2007, 104, 305–344. [CrossRef]

66. O’Callaghan, A.; van Sinderen, D. Bifidobacteria and their role as members of the human gut microbiota. Front. Microbiol. 2016,
7, 925.

67. Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What is the healthy gut
microbiota composition? A Changing ecosystem across age, environment, diet, and diseases. Microorganisms 2019, 7, 14.
[CrossRef]

68. Marín-Manzano, M.C.; Abecia, L.; Hernández-Hernández, O.; Sanz, M.L.; Montilla, A.; Olano, A.; Rubio, L.A.; Moreno, F.J.;
Clemente, A. Galacto-oligosaccharides derived from lactulose exert a selective stimulation on the growth of bifidobacterium
animalis in the large intestine of growing rats. J. Agric. Food Chem. 2013, 61, 7560–7567. [CrossRef]

69. Palcic, M.M. Biocatalytic synthesis of oligosaccharides. Curr. Opin. Biotechnol. 1999, 10, 616–624. [CrossRef]
70. Gänzle, M.G. Enzymatic synthesis of galacto-oligosaccharides and other lactose derivatives (hetero-oligosaccharides) from lactose.

Int. Dairy J. 2012, 22, 116–122. [CrossRef]
71. Weijers, C.A.; Franssen, M.C.; Visser, G.M. Glycosyltransferase-catalyzed synthesis of bioactive oligosaccharides. Biotechnol. Adv.

2008, 26, 436–456. [CrossRef] [PubMed]
72. Oliveira, D.L.; Wilbey, R.A.; Grandison, A.S.; Roseiro, L.B. Milk oligosaccharides: A review. Int. J. Dairy Technol. 2015, 68, 305–321.

[CrossRef]
73. Zeuner, B.; Teze, D.; Muschiol, J.; Meyer, A.S. Synthesis of human milk oligosaccharides: Protein engineering strategies

for improved enzymatic transglycosylation. Molecules 2019, 24, 2033. [CrossRef]
74. Cheng, W.; Lu, J.; Lin, W.; Wei, X.; Li, H.; Zhao, X.; Jiang, A.; Yuan, J. Effects of a galacto-oligosaccharide-rich diet on fecal

microbiota and metabolite profiles in mice. Food Funct. 2018, 9, 1612–1620. [CrossRef]
75. Karlsson, E.N.; Schmitz, E.; Linares-Pastén, J.A.; Adlercreutz, P. Endo-xylanases as tools for production of substituted xylooligosac-

charides with prebiotic properties. Appl. Microbiol. Biotechnol. 2018, 102, 9081–9088. [CrossRef]
76. Jain, I.; Kumar, V.; Satyanarayana, T. Xylooligosaccharides: An economical prebiotic from agroresidues and their health benefits.

Indian J. Exp. Boil. 2015, 53, 131–142.
77. Zúñiga, M.; Monedero, V.; Yebra, M.J. Utilization of host-derived glycans by intestinal lactobacillus and bifidobacterium species.

Front. Microbiol. 2018, 9, 1917. [CrossRef]
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135. Kulczyński, B.; Kobus-Cisowska, J.; Taczanowski, M.; Kmiecik, D.; Gramza-Michałowska, A. The chemical composition and nu-

tritional value of chia seeds—Current state of knowledge. Nutrients 2019, 11, 1242. [CrossRef]
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