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Abstract

Fructans are carbohydrates consisting of fructose monomers linked by (3-2,1- and/or (3-2,6-glycosidic bonds with linear or
branched structure. These carbohydrates belong to the group of prebiotic dietary fibre with health-promoting potential for
humans and mammals due to their indigestibility and selective stimulation of microorganisms in the gastrointestinal tract. This
makes fructans interesting mainly for healthy food as well as animal feed applications. As a consequence of a growing public
awareness for animal welfare, dietary fibre and thus fructans move into the focus as a fibre-rich feeding improving not only
animals’ health but also their well-being. Against this background, this paper summarises the known effects of fructans focusing
on pigs and highlights the state of the art in fructan production processes from plant material as well as selected current research
lines. Additionally, an attempt is made to assess the potential of European fructan production for an application as animal feed.
Based on this, challenges in the field of fructan production are addressed and alternative substrates for fructans are discussed and

pointed out.
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1 Introduction

Fructans, also referred to as polyfructoses or fructosans, are
oligo- and polysaccharides naturally occurring in specific
plants (e.g., chicory, wheat), where they serve as storage car-
bohydrates. Additionally, fructans play a role in the metabo-
lism of bacteria and fungi (e.g., as an outer protection layer).
After starch and sucrose, fructans are the most abundant non-
structural polysaccharides in nature.

Carbohydrates containing almost exclusively fructose
monomers are referred to as fructans, while short-chain
fructans with a degree of polymerisation (DP) lower than 10
are often called fructooligosaccharides (FOS) or
oligofructose. Depending on their type of bond, fructans with
only 3-2,1 glycosidic bonds are called inulin-type showing a
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linear chemical structure. This unbranched fructan type plays
the most important role in plant-based fructan production and
thus is preferentially required.

Due to the lack of appropriate digestive enzymes, fructans
are non-digestible for humans as well as for some farm ani-
mals (e.g., pigs). In contrast, these carbohydrates are
metabolised by the intestinal microbiome. Consequently,
fructans belong to the group of dietary fibre, i.e. they are
neither digested nor absorbed in the mouth, stomach or small
intestine of humans and specific mammals as these are not
able to hydrolyse the glycosidic bonds within these fructans.
Hence, the amount of fructan, which enters the large intestine,
is almost the same as initially ingested (> 90% in case of
humans [1]). As fructans are soluble, they are easily
metabolised by the located microbiota in the large intestine
and hence can be classified as prebiotics, i.e. they are positive-
ly affecting the gastrointestinal microbiota by inducing their
growth or activity and thus increase the welfare and health of
the host. Besides the type of glycosidic bond, the DP influ-
ences the health-promoting effects. This is especially true for
the prebiotic effects being particularly enhanced by long-chain
inulin [2—4].

As many properties of fructans are similar to sucrose,
their handling is comparable in terms of processing, and
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their colour and odour are food compatible. Consequently,
fructans are well suited for food applications. The highly
soluble short-chain FOS taste sweet, similar to sucrose
(about 30 to 60% sweetness of sucrose), while fructans
with a higher DP are tasteless and moderately soluble in
water (at room temperature). Sheared in water or milk,
long-chain fructans create a smooth creamy texture and
create a fat-like mouthfeel in food applications due to
higher water-binding capacities compared to sucrose. As
a result, fructans with a DP above 10 can be used as a fat
replacer. Simultaneously, fructans show very low caloric
values making them an interesting sweetener (in case of
FOS) or a tasteless filler (in case of long-chain fructans).
Fructans are stable at temperatures typically used for food
processing (below 100 °C) and are stable in a pH range of 5
to 10 [1, 5-7].

Functional foods (e.g., desserts, yoghurt, dietary products,
meat substitutes) are the main application for industrially pro-
duced fructans, where they function as fat or sugar substitutes
or enrich the fibre content. Here fructans achieve prices of
about 3 €/kg for inulin-type fructans [8], about 35 €/kg for
pure inulin [9] and up to 150 €/kg for FOS [10]. The most
important markets for functional food are found in the USA
and in Japan [6, 10, 11].

All these characteristics outlined above make fructans at-
tractive not only for food applications, but also for animal feed
in terms of fibre-enrichment. The latter is especially true with
regard to an increasing interest in animal welfare due to nu-
merous complaints of NGOs and the resulting growing public
awareness for this topic, mainly within the EU. This results
not only in a public demand for better conditions in animal
husbandry (e.g. fibre-rich feeding by fructans [12]), but also in
an increasing demand for meat substitutes (e.g. in Germany
[13]). For all these reasons, the demand for fructans and their
application in feed and functional foods is expected to rise in
the coming years [14].

Against this background, this paper envisages to give an
overview of fructan effects in monogastric animals focus-
ing on pigs, showing their importance for animal welfare
and production. Additionally, conventional fructan pro-
duction options and the different industrial scale produc-
tion pathways are highlighted focusing on the provision
from plant material. Furthermore, the current status in the
field of production is presented. In this light, the potential
of conventional fructan production for animal feed appli-
cation is estimated and assessed, as it is shown that
fructans can decisively contribute to improve the current
situation in animal husbandry. Based on these consider-
ations, open research challenges in alternative fructan pro-
duction are presented. Together with alternative raw mate-
rials for fructans, these challenges are discussed, providing
a possible solution for meeting the increasing demand for
fructans [13].
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2 Prebiotics in monogastric animals,
especially in pigs

In the public debate about livestock production, some over-
riding issues become increasingly urgent in recent years.
Especially for pig production, there are topics like natural
living conditions, outdoor access and some others that can
be assigned mainly to the overarching aspect “animal welfare”
[15, 16]. Besides, many consumers demand products
characterised by high food safety and quality [16].
Therefore, animal health and consumer protection [17, 18]
as well as food quality such as avoidance of boar taint are
further challenges [19, 20]. For some of these challenges men-
tioned above, the use of specific carbohydrates, namely pre-
biotics, can be particularly interesting.

2.1 General aspects of prebiotics

Since the end of the last millennium, a class of compounds
called prebiotics has been recognised for its ability to manip-
ulate the microbiota in the intestinal tract to the benefit of the
host [21]. At that time, prebiotics were first defined as indi-
gestible food components that favourably affect the host by
selectively stimulating the growth and activity of one or a
limited number of colon bacterial species to improve the
host’s health [22]. Only a few years ago, the International
Scientific Association on Probiotics and Prebiotics (ISAPP)
has updated this definition [21]: a substrate that is selectively
utilised by microorganisms conferring a health benefit for the
host. This definition differs from the original version.
Prebiotics thus also include potentially non-carbohydrate sub-
stances. Prebiotics are supposed to induce targeted metabolic
processes and thus bring health benefits to the host’s ecosys-
tem [23]. Some of the benefits have already been scientifically
tested.

In this context, the use of indigestible oligosaccharides
such as fructans and galactans should be highlighted [24].
This is due to the specific structure of FOS and galacto-
oligosaccharides (GOS). As mammal intestinal enzymes act
specifically on certain «-glycosidic bonds (e.g. in starch), they
are not able to hydrolyse the (3-configuration in fructans or
galactans. However, these are easily degraded by certain en-
zymes such as 3-fructanosidase and {3-galactosidase, which
are frequently found in bacteria of the genus Bifidobacterium.
Nowadays, FOS, GOS and inulin, but also isomaltooligosac-
charides (IMO), xylooligosaccharides (XOS), lacticol,
lactulose, cereal fibre, are commonly used in livestock [23].

Symbiotic microorganisms extend the digestive physiolo-
gy of mammals by forming an armamentarium of various
polysaccharide-degrading enzymes that are largely absent in
the genomes of mammals. Therefore, the ability to adapt to
different carbohydrate nutrients in a very short time is possi-
ble, possibly within hours [25]. It is even argued that the start
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inoculum has a greater effect on the fermentation of these
substances than the polysaccharide structure itself and deter-
mines more or less a distinct fermentation characteristics [26].
Research on the human microbiome has led to the conclusion
that symbiotic microorganisms have the ability to pick up new
traits by lateral gene transfer and therefore gut microbes en-
able adaption over time periods as long as centuries and
millennia by adjusting their relevant gene content for
degrading enzymes to reflect cultural dietary trends [25].

Fermentations of dietary polysaccharides by microbes in
the large intestine of mammals produces biologically active
short-chain fatty acids (SCFA) as major metabolites [26].
Acetate is a common endpoint of fermentation in the hindgut,
the succinate pathway is the most important route for propio-
nate production from most hexoses and pentoses. The forma-
tion of the SCFA butyrate can be catalysed directly from hex-
ose fermentation or via the utilisation of exogenous sources of
acetate [26]. Fermentation of prebiotic dietary fibres and thus
SCFA production promotes many beneficial health outcomes
to the host [27].

The fermentation of twelve different fibre sources has been
examined using pig and human faecal inoculum [28]. These
fibres (or carbohydrates) were grouped into mannans (guar
gum, konjac glucomannan), homoglucans (cellulose,
retrograded tapioca starch, retrograded maize starch, oat f3-
glucan), fructans (inulin, FOS), polyuronides (high methyl
esterified citrus pectin, alginate) and complex heteroglycans
(xanthan gum, soy pectin), based on their sugar composition,
regardless of the glycosidic bond. Soy pectin and xanthan
gum were grouped as complex heteroglycans because they
contained both uronic acids and neutral sugars. Gas produc-
tion is a result of the microbial fermentation differing depend-
ing on the substrate; for example, a maximum cumulative gas
production has been shown for oat 3-glucan at 15.3 h and for
cellulose at 64.0 h [28]. In the early stages of fermentation,
most of the fibres are present as polymers, which are not
readily available as an energy source. Therefore, the microbi-
ota tends to produce acetate but also lactate can be detected in
the early stage of fermentation [28]. As the fermentation con-
tinues, the proportion of acetate decreases while the propio-
nate proportion generally increases. Lactate is an intermediate
fermentation product, which can be converted to propionate
and butyrate. The kind of inoculum (human or pig) also de-
termines the composition of fermentation products for defined
fibre sources. On the one hand, there is a comparable compo-
sition of the fermentation products (acetate:propionate:
butyrate) for fast degrading FOS in case of humans
(51:39:10) and pigs (53:35:12). On the other hand, there is a
huge difference reported for cellulose and the respective fer-
mentation products (human: 63:21:15; pig: 50:44:6) [28]. In
general, this experiment has shown that sugar and linkage
composition as well as the DP affect fibre degradation and
the composition of the resulting fermentation products [28].

XOS composed of xylose units are another potential candidate
group for the production of beneficial SCFA. In a study [27]
on potential prebiotic effects and fermentability of five com-
monly consumed fibres, inter alia, XOS, pure inulin and pure
[3-glucan have been investigated. In so doing, an in vitro fer-
mentation system has been used for measuring changes in
faecal microbiota, total gas production and formation of
SCFA. The results show that XOS fermentation results in less
gas production than inulin, and more gas production than f3-
glucan. In vivo, a high gas production potential can result in
mild negative gastrointestinal symptoms. The inulin samples
showed the highest average production of butyrate, and were
similar to the ones from XOS [27].

Also depending on the fibre source, the time required for
fibre degradation may differ and might be too high in mono-
gastric animals (in comparison to the passage rate of the in-
testinal content). Therefore, one approach is to process raw
materials in order to improve their fermentability and to pro-
duce desired fermentation products such as butyrate [29].

2.2 Effects of plant-based fructans in pig’s gut

Fructans affect the conditions in the gastrointestinal tract of
pigs including the microbiota, their metabolites, the morpho-
logical structures and also indirect mechanisms on the behav-
iour [30-33].

Cereals with a high content of specific dietary fibres not
digested in the small intestine are specifically interesting in
terms of animal health and welfare due to direct effects in
the gut and indirect effects of the metabolites. For example,
rye contains 3.6 to 6.6% fructans based on dry matter (DM),
whereas fructan concentrations in wheat grains, more often
used for feed, are lower varying between 0.7 and 2.9%
(DM). Depending on their nature, the fructans are partly or
totally decomposed and metabolised by microorganisms in
the hind gut only [32].

In pig production, leaving the sow, accompanied by nutri-
tional, emotional and environmental stress factors, is a critical
stage with an enhanced susceptibility to intestinal pathogens
for young piglets [34, 35]. This is induced by a disrupted state
of the microbiota, or a dysbiosis [34] opening up possibilities
for dietetic concepts [18, 34]. Thus, adding cereal grains with
high contents of fermentable carbohydrates to the feed, is a
sustainable option to increase microbial diversity and benefi-
cial microbes [18] and therefore can help to prevent incidence
of post-weaning diarrhoea, and decrease subtherapeutic anti-
biotic use.

By fermentation of the dietary fibres, the hind gut’s micro-
organisms produce beneficial substances mainly acetic,
propionic and butyric acid (i.e. SCFA) [35, 36]. Also in pigs,
the amount of fermentation products depends on the raw ma-
terial and its composition; for example, chicory root and pulp
produce lower amounts of total SCFA and especially butyrate
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compared to purified FOS and inulin-type fructans as sub-
strates [35]. To maintain the gut mucous membrane healthy,
the intestinal epithelium must be supplied constantly with en-
ergy for regeneration, which is achieved by the major symbi-
otic function of the gut microbiota through their ability to
provide energy to the intestinal epithelium as SCFA. The
SCFA butyrate is the preferred energy substrate for intestinal
cells, promoting normal proliferation and differentiation [18,
37].

There are also positive effects of butyrate apart from the
intestine wall, for example, positive effects on satiety, activity
and the social behaviour of pigs. Fermentable fibres, particu-
larly if resulting in the production of high butyrate amounts,
enhance satiety in adult pigs, which may affect long-term
energy intake and body weight development [36].
Ethopathies in pregnant sows have been known for decades
and are still present if sows are only provided with concentrat-
ed feed in accordance with their relatively low energy and
nutrient requirements and only quantities of 2.5 to 3.0 kg per
animal and day are used [38]. The following section addresses
two common challenges in pig production against the back-
ground of prebiotics:

Salmonella Salmonella is one of the main causes of food-
borne diseases in humans, especially caused by the serovars
Salmonella Enteritidis and Salmonella Typhimurium [39, 40].
Most salmonella infections in pigs are subclinical and preva-
lent among all age groups and in different production stages,
i.e. identifying infected pigs on farms can be difficult and
costly [41]. Correlations between salmonella prevalence on
pig farms and carcass contamination demonstrate the major
importance of implementing control mechanisms at the farm
level [42, 43].

It has been demonstrated that the concentrations of certain
volatile fatty acids in the surrounding milieu act as a signal for
salmonella in terms of their adhesion and reproduction/
metabolic activity [44]. Higher butyrate contents in the chyme
tend to have an inhibiting or reducing effect on adhesion and
proliferation and seem to act in lowering salmonella preva-
lence in practice [43, 44]. As the caccum is the main refuge for
salmonella [45], dietetics which act in this location are of
special importance.

Inulin-type fructans are reported to be beneficial for buty-
rate production in the gut [37]. Strategic feeding of sodium
butyrate to finishing pigs for a relatively short period of time
(below 30 days) immediately prior to slaughter was effective
in reducing salmonella shedding in a trial without other com-
plication (Lawsonia intracellularis infection) [46]. It has been
supposed that inulin, lactulose, exopolysaccharide from pro-
biotic bacteria or dietary fibre such as wheat bran or locust
bean are efficient against Sa/monella species [47]. However,
there are still no studies testing this on a larger scale in
practice.
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Boar taint The “boar taint” is caused by two components,
namely by androstenone (pheromone formed in the testicles)
and skatole [48].

+ Common methods to prevent the androstenone-related
boar taint are surgical or immunologically induced castra-
tion. Surgical castration of nearly all male suckling piglets
is done up to now in most European countries [49].
However, this procedure is highly controversial discussed
in public [19].

» Skatole is a product formed in the intestinal tract by mi-
crobial decomposition of the amino acid tryptophan [48].
The skatole production can significantly be influenced by
the feeding strategy. These effects are based on carbohy-
drates (e.g. resistant starch) not digested in the small in-
testine but in the hind gut [48, 50, 51].

Most of the studies which were effective in reducing ska-
tole formation and deposition in adipose tissue increased en-
ergy availability and shifted microbial metabolism from pro-
teolytic to saccharolytic [48]. Among others, this has been
confirmed by trials with potato starch [48, 50, 52]. By using
30% of crude potato starch in the compound feed 7 days prior
slaughter, the skatole tissue concentrations were significantly
reduced (p = 0.04, 0.22 pg/g lipid versus 0.85 ng/g lipid) [52].
The addition of fermentable carbohydrates to diets for pigs has
also shown to raise SCFA production in the hind gut [50],
thus, also butyric acid arises. These higher concentrations of
butyric acid in the chyme are supposed to promote the supply
of the mucosa. This applies in particular in such a way that the
epithelial losses (endogenous protein) already decrease (pos-
sibly also as a result of a relatively changed apoptosis rate) and
thus less tryptophan is produced [50] resulting in less skatole
production. As a consequence, less skatole is absorbed and
can be stored in the body fat tissue. It is still completely open
whether this is really only about the butyrate content or not
about very specific changes within the colon flora. Whereas
many bacteria are able to metabolise tryptophan to indole and
indole acetic acid, the key precursor of skatole, only a few
specialised gut bacteria, mainly from the Clostridium and
Bacteroides genera, can catalyse the steps from indole acetic
acid (IAA) to skatole [48]. For example, declining germ
counts of clostridia were observed with increasing inulin con-
tents in the feed [51], therefore the mechanism named above
[48].

3 Fructan production

In the following section, conventional fructan production is
described. The different production pathways (Fig. 1) for
fructans can be distinguished with regard to the basic
substrate:
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* Fructans are extracted from plant material and, if desired,
are partially hydrolysed to FOS by enzymes (Fig. 1,
pathways A to C).

*  Fructans, mainly short-chain FOS, are systematically built
up from sucrose by enzymes (Fig. 1, pathway D).

* Fructans are chemically synthesised from saccharide
units, i.e. fructose and glucose (Fig. 1, pathway E).

Chemical synthesis of fructans (Fig. 1, pathway E) is men-
tioned for the sake of completeness. However, this chemical
glycosylation pathway has hardly played a role in literature
and research up to now and thus is considered to be irrelevant
(for fructans) at this time. In brief, this complex multi-stage
process starts from a glycosyl donor and a glycosyl acceptor.
The glycosyl donors is a sugar with a specific leaving group
(e.g. halides, thioalkyl groups) being activated prior to glyco-
sylation (i.e. elimination of the leaving group). The glycosyl
acceptors are sugars with partially protected hydroxyl groups
(e.g. by acetyl groups). The protection groups are necessary in
order to stereo selectively couple the saccharides either with a
[3-2,1- or a 3-2,6-glycosidic bond (in case of fructans). As a
result, oligo- or polysaccharides can be obtained after removal
of the protective groups. In contrast to the biochemical path-
ways (Fig. 1, pathways A to D), a chemical synthesis of
fructans and FOS has been graded as being not economically
feasible for the moment [53-56].

Below, the conventional fructan production and its differ-
ent process steps are described in detail and the corresponding
research activities are discussed.

3.1 Production from plant material by extraction
In case of plant-based fructans, the production process usually

comprises three to four steps: (1) extraction of fructans from
the raw plant material, (2) subsequent purification, (3)

Fig. 1 Fructan production Plant material,
pathways, modified from [3] e.g. chicory

(FOS: Fructooligosaccharides) l

depolymerisation in case of FOS and finally (4) a spray-
drying step (Fig. 1, pathways A to C) [8].

Artichoke (mainly Helianthus tuberosus) and chicory
(mainly Chichorium intybus var. sativum) but also agave
are the most important raw materials for the industrial scale
production of fructans [57]. Besides plants of natural ori-
gin, genetically modified plants are subject of research [58,
59].

The obtained fructan type, its average degree of polymeri-
sation (DP,,) and the respective distribution depend on the
raw material. Table 1 gives an overview of the properties of
some industrially relevant fructan-containing plants; for ex-
ample linear inuline-type fructans can be extracted from arti-
choke. However, only about 20% of these fructans show a DP
above 10. Therefore, these artichoke fructans do not have the
desired properties (e.g. fat-like behaviour) and thus are not
suitable for many food applications. Highly branched fructans
can be obtained from agave commonly used for Tequila pro-
duction. Apart from these fructan sources, there are several
other mentionable plants such as cereals, garlic and onions
with high fructan contents [60, 61, 65—67].

Within the EU, the roots of chicory are more or less exclu-
sively processed for fructan provision. However, the fructan
production process using other plants (e.g. agave) is analo-
gous to that of chicory. The chicory plant is native to this
latitude and shows only a limited sensitivity to coldness. The
shape of the chicory root is quite similar to that of sugar beets
and comprises for about 30% of the whole chicory plant with a
fructan content above 70% related to dry mass (DM) or 15 to
20% related to the fresh mass (FM). In contrast to the chicory
salad production (Chichorium intybus var. foliosum), the chic-
ory roots intended for fructan production are not forced (a
specific growing method) prior to processing. During forcing,
typically in a cool and dark environment, the targeted long-
chain fructans are degraded and the fructan mono- and dimers
(glucose, fructose, sucrose) accumulate within the chicory

Sucrose

l

Hot water extraction © Partial enzymatic Enzymatic synthesis
hydrolysis of fructans
Purification Purification (D)
(B)
v
A Removal oflow | _ _ _ _ _ _ >
DP fructans

Spray-drying Spray-drying Evaporation Spray-drying

Fructan Long-chain fructan FOS syrup FOS powder
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Table 1  Properties of selected fructan-producing plants and the distribution of the DP of these fructans (M fresh mass, DP degree of polymerisation)
[1, 4, 60-64]
Plant Crop yield Fructan content ~ FructanDP 2-19  FructanDP 19-40  FructanDP >40  Fructan type
int(FM)Yha  in % (FM)
Artichoke  35-60 14-19 74% 20% 6% Linear inulin-type
Chicory 25-75 15-20 55% 28% 17% Linear inulin-type
Agave 10-25 13-17 Mixed-type (3-2,1 and 3-2,6 bonds)
Wheat 2-9 0.5-1.5 100%* Mixed-type (3-2,1 and 3-2,6 bonds)

*Wheat fructan DP distribution: 30% DP 3, 13% DP 4, 6% DP 5, 50% DP 6-9

roots. Thus, forced chicory roots are poorly suited for fructan
production [3, 68-70].

3.1.1 Fructan extraction

Industrial scale process (Fig. 2, stage 1) The industrial scale
production of fructans from plants closely resembles the su-
crose production from sugar beets. The corresponding process
(Orafti-process, Fig. 2) is split into two stages starting on the
fields with harvesting the roots of the chicory plant and their
transportation to the manufacturing site. Harvesting, transpor-
tation and storage have to be done quickly (below 7 days) in
order to minimise fructan loses due to natural degradation
within the plant. In practice, losses of 0.05 up to 0.1%
(w/w)/day occur during storage under a controlled atmosphere
at temperatures of about 10 °C [60, 71].

In the production plant, stones, sand and other impurities
are removed and the cleaned roots are sliced. Then the
fructans are extracted with hot water in a counter current pro-
cess (e.g. tower extractor) with yields of inuline-type fructans
up to 92% [69]. The provided dark liquid contains about 10%
of interfering sugars (mono-, di- and small oligosaccharides).
The remaining extracted plant material is pressed, dried and
used as animal feed afterwards [60, 69, 72].

Laboratory research In general, the fructan-rich parts of the
plant (mostly tubers or roots) are cleaned, cut into pieces and
grounded in order to increase their specific surface area and to
break the plant cells prior to extraction. Typically, hot water is
used for extraction in laboratory scale as well, since fructan
solubility increases significantly with the temperature; for ex-
ample, the solubility of native chicory fructans (inulin-type) in
water improves from 60 g/L at 10 °C up to 330 g/L at 90 °C
[73]. Hot water extraction processes are usually performed at
temperatures from 70 to almost 100 °C using extraction times
of 1 to 2 h with fructan recoveries ranging from 88 to 93% [70,
74].

Moreover, multistage extraction has been investigated on a
laboratory scale; for example, a hot water treatment is carried
out in order to inactivate degrading enzymes initially (e.g.
polyphenol oxidases responsible for browning of the plant
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material [75]). Higher fructan yields and less fructan degrada-
tion as well as being water-saving and energy efficient can be
clear advantages of such multistage extraction processes.
However, polar solvents favour the (co-)extraction of mono-
saccharides and low molecular oligosaccharides resulting in a
higher purification effort.

The usage of non-polar solvents (e.g. ethanol) leads to a
decreased solubility of higher-molecular fructans while low
molecular saccharides remain dissolved. This effect can also
be used in multistage extraction in order to remove mono-, di-
and lower-molecular saccharides first (e.g. ethanol 80% (v/v))
simplifying the purification step [76]. Subsequently, fructans
are extracted with hot water. Besides the reduced effort for
low-molecular saccharide removal, the usage of heated aque-
ous alcoholic solutions (mostly ethanol or methanol) at 80 to
90 °C promotes the deactivation of the plant-based enzymes
and thus reduces degradation of the fructans.

Plant material,
primarily chicory

}

Cleaning and crushing
of the plant material

}

Hot water extraction
and filtration

Ca(OH), and CO, treatment:
Removal of impurities by CaCO;

l

Filtration, ion-exchange and
active carbon treatment

}

0.2 pm filtration (sterilisation),
evaporation and spray-drying

“ :

Fructan powder

2)

Fig. 2 Orafti-process, modified from [68] (1) extraction and (2)
downstreaming
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On a laboratory scale, several modifications like ultra-
sound-, microwave-, or enzyme-assisted extraction (e.g. cel-
lulases, hemicellulases) have been investigated [68, 74, 77,
78]. All these methods have in common that plants’ cell walls
are destroyed to improve fructan extractability. Moreover, su-
percritical fluid extraction and pulsed-electric field-assisted
extraction have been studied finding pulsed-electric field ex-
traction as one of the most promising alternatives in compar-
ison to conventional hot water extraction [74, 79].

Important factors determining the fructan extraction yield
are extraction time, type of solvent as well as the solvent-to-
solid ratio and the pH value. The solvent-to-solid ratio is typ-
ically varied between 1:1 and 10:1 (w/v) in laboratory scale,
and the pH is usually adjusted in a range between 6 and 7 in
order to avoid fructan hydrolysis. Besides, fructan-degrading
enzymes partly being present in samples may lower fructan
yields. Elevated temperatures and alcohols can be used for
enzyme deactivation [68, 70, 74, 80].

3.1.2 Fructan downstreaming

Industrial scale process (Fig. 2, stage 2) Subsequent to extrac-
tion (analogous to sucrose production from sugar beet), the
fructan raw juice is filtered and refined. The first purification
step uses lime (Ca(OH),) and carbon dioxide (CO,) leading to
the formation of calcium carbonate (CaCOs). The formed mi-
crocrystalline calcium carbonate particles precipitate, while
impurities like proteins, anions (e.g. phosphate) and insoluble
material are adsorbed or trapped in the flocks and co-precipi-
tated. Subsequent filtration separates these impurities together
with the CaCOj3 from the fructan juice. This side-product can
be used for soil improvement due to its high calcium and
organic matter content [60].

Remaining dry matter, dissolved colour and odour com-
pounds, organic acids and salts are removed in the second
purification step by means of cationic and anionic ion-ex-
change, adsorption, filtration and/or active carbon treatment.
The resulting juice has a purity of > 99.5% carbohydrates.
Accrued material streams, resulting from the regeneration of
the purification process (e.g. ion-exchange) by means of
sulphuric acid (H,SO,4) and ammonia (NH3), contain ammo-
nium sulphate (NH4),SO,4 and potassium sulphate (K,SO,)
being a valuable resource for fertiliser production [60].

The obtained enriched and purified fructan solution is then
sterilised by ultrafiltration (< 0.2 um), evaporated and spray-
dried to stabilise the final product in the form of a powder (Fig.
1, pathway A). The chain-length of these fructans is in the
range of the naturally occurring fructans in the underlying
plant material (e.g. in the case of chicory roots the DP,, ranges
from 10 to 12 [60]). Obtained fructans have purities of 92 to
99.5% with mainly smaller saccharides as impurities [69, 74].

For the industrial production of short-chain FOS enzymes
of Aspergillus niger and Aspergillus fumigatus are mainly

used (Fig. 1, pathway C). Visa versa, physical separation
(e.g. filtration) is used for the aimed production of long-
chain inulin (high-performance inulin) by separating low mo-
lecular FOS (Fig. 1, pathway B).

Finally, the provided product inulin typically has a compo-
sition 0f 93% inulin (DP > 3), 5% dimeric saccharides and 2%
monomeric saccharides. The majority of global plant-based
fructan production takes place in Belgium (e.g. Beneo-
Orafti), and most of the products are inuline-type fructans
forming a white, odourless powder. Commercial fructan pro-
ducers comprise Beneo-Orafti (Siidzucker AG), Cosucra SA,
Sensus (Cosun UA) or GTC Nutrition, producing fructans as
functional food ingredients [3, 10, 68, 69, 71, 74, 81-83].

Laboratory research After extraction, the subsequent process
steps aim to concentrate and purify the extracted fructans by
removal of impurities such as proteins, monosaccharides,
lipids and salts. For the production of highly pure fructans,
interfering oligo- and polysaccharides (e.g. hemicellulose)
need to be removed as well. The selected processes depend
on the desired properties (mainly chain-length) of the target
product and its desired purity, which in turn depends on the
aimed application (e.g. tasteless fibre enrichment, sweetener).

As a first step, usually insoluble but suspended material is
removed by solid-liquid separation processes (e.g. centrifuga-
tion, filtration). For the subsequent purification of the resulting
fructan extract, available processes are presented below. The
major points of concern are again the pH value, the process
temperature and the residence time under fructan-degrading
conditions.

*  Precipitation is a commonly performed process step for
isolation of saccharides and thus fructans. Generally, pre-
cipitation (crystallisation from solution) can be achieved
by temperature reduction (cooling crystallisation [84, 85]),
solvent evaporation (evaporation crystallisation) and/or
use of different solvents (displacement crystallisation
[68, 72, 77, 86]).

However, for the (selective) precipitation of fructans
from an aqueous solution, organic solvents like methanol,
ethanol, propanol, acetone and acetonitrile are typically
used. Thereby, acetone followed by ethanol and methanol
shows the best results with respect to the preservation of
the initial DP in the precipitate [77, 87]. Keeping the sub-
sequent solvent separation and recycling in mind, acetone
is technically and energetically easier to recover due to its
comparatively low boiling point. Nevertheless, ethanol is
the most appropriate solvent for precipitation among
others for safety reasons and to enable food-grade process-
es. Precipitation is especially interesting for fructans with
a high DP as their solubility is lower (in comparison to
low-molecular fructans) in organic solvents. Thus, long-
chain fructans precipitate easier while the low-molecular
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and monomeric saccharides remain dissolved. In case of
ethanol, 80% (v/v) are typically adjusted for the removal
of low-molecular saccharides. After the precipitation step,
a solid-liquid-separation (e.g. centrifugation, decantation)
is conducted in order to separate the precipitated,
crystallised fructans from the extract. Subsequently, the
solvent is removed and can be recycled. Analogous to
industry, liming may be used for purification in order to
remove impurities by the formed and precipitated calcium
carbonate (CaCOs). Additionally in laboratory scale pre-
cipitation of proteins with trichloroacetic acid and subse-
quent centrifugation is commonly utilised for fructan pu-
rification as well [68, 74, 75, 77, 88].

Selective fermentation is a microbial treatment for purify-
ing fructan-containing solutions by means of microorgan-
isms. Co-cultivation of microorganisms (e.g. Pichia p.
X-33 [63], Aspergillus p. [89]) in the fructan-containing
extract selectively eliminates interfering mono- and disac-
charides (e.g. glucose, fructose, sucrose). These mono-
and disaccharides are process-related co-extracted and
co-precipitated [89]. However, the used microorganisms
obviously should not be able to degrade fructans. After an
appropriate incubation time, the microorganisms are re-
moved by centrifugation and/or filtration [63]. It has been
shown that microbial treatment increases the fructan con-
tent by removing interfering saccharides [90].
Nevertheless, an additional separation step is needed in
order to remove the microorganisms and their fermenta-
tion products (e.g., ethanol) after selective fermentation.
Membrane processes like ultrafiltration (molecular weight
cut-off: 10 to 100 kDa) and nanofiltration (molecular
weight cut-off: 300 to 1,000 Da) are basically a cost-
effective option. Filtration can be used for the removal
of interfering substances (e.g. monosaccharides) as well
as for the fractionation of fructans according to their chain-
length [91]. Both, different membranes as well as different
operation modes (dead-end or cross-flow process) have
been used successfully on a laboratory and pilot scale for
oligosaccharide separation (mainly FOS from model sugar
solutions containing glucose, fructose and sucrose)
[92-98]. Choosing the appropriate membrane depends
on the respective task as well as the sample matrix, fouling
potential, etc.

Adsorption and chromatography. Adsorption on activated
charcoal is another possibility of fructan purification com-
monly used in sugar processing for pre-purified media
[53, 99]. With increasing saccharide-chain-length, the hy-
drophobic character increases and hence the adsorption of
long-chain fructans on the charcoal surface is increased in
comparison to small sugar molecules or salts. Therefore,
activated charcoal can be used for demineralisation and
removal of mono- and disaccharides. Using an ethanol
gradient for fructan desorption allows for a fractionation
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of fructans according to their chain-length [90]. By means
of an ethanol gradient, FOS have been separated using
carbon-celite columns [100].

Ion exchange chromatography is also a common tech-
nique in the field of sugar separation for impurity removal
being investigated intensively in a small scale (analytical
chromatography). In this context, diethylaminoethyl cel-
lulose with positively charged groups in the stationary
phase is a frequently used and commercially available
resin [77]. Nonetheless, usually strong acidic cation resins
(calcium, sodium, etc.) are applied. However, size exclu-
sion is an important separation mechanism in the context
of sugar chromatography as well [101, 102]. Typically,
chromatography like the use of activated charcoal is
process-related not operated continuously, as both pro-
cesses require a regeneration step.

Simulated moving bed (SMB) chromatography is one
of the most complex and sophisticated separation tech-
niques investigated in the context of fructan purification.
This process allows for a continuous chromatographic
separation and has been used successfully for sugar sepa-
ration on an industrial scale [103]. This is in particular true
for the separation of glucose and fructose mixtures in or-
der to obtain high fructose corn syrup. SMB chromatog-
raphy was used for the purification of short-chain FOS by
a Japanese company firstly, but was found to be not ap-
plicable for industrial scale back in the 1980s [6].
However, research on SMB chromatography for fructan
separation continued and has been investigated via simu-
lation by designing and modelling a SMB chromatogra-
phy process for the separation of FOS from a model sugar
mixture [104, 105]. Thereby, using a cation exchange res-
in has led to separation yields of 95% and FOS with less
than 5% mono- and disaccharide impurities. Moreover,
upstream purification prior to SMB chromatography has
been investigated in order to improve its efficiency [89].
Fructooligosaccharide (FOS) production by targeted
hydrolysis. Fructan production from plant material usually
envisages to obtain high-molecular fructans. Depending
on their designated application (e.g. short-chain FOS as
a sweetener), an additional depolymerisation step might
be required in order to shorten the fructan chains. As the
obtained natural plant-based fructans differ in chain-
length and partially in type of linkage, it might be neces-
sary to create a more uniform DP distribution. This can be
achieved by targeted hydrolysis, i.e. the glycosidic bonds
and thus the fructan chains are partly cleaved (Fig. 1,
pathway C).

By means of chemical (mild acidic hydrolysis) or en-
zymatic (from microorganisms) hydrolysis, fructans are
systematically broken down with the purpose of obtaining
short-chain FOS. For this controlled partial hydrolysis,
enzymes are usually preferred allowing to avoid undesired
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parallel and consecutive reactions. Especially in the case
of linear fructans (e.g., from artichoke), inulinases have
been found to be suitable, while in the case of branched
fructans (e.g. from agave), the partial enzymatic hydroly-
sis has been inefficient. Also for cost reasons, thermal
acidic hydrolysis is an alternative to such an enzyme ap-
plication, which can be performed by addition of hydro-
chloric or sulphuric acid or by the usage of acidic cation-
exchange resins. During acidic hydrolysis, unwanted
hydroxymethylfurfural (HMF) formation is a crucial
point, especially in the case of food applications.
Autohydrolysis at temperatures between 130 and 230
°C, as it is mainly used for hemicellulose liquefaction,
might be an alternative for short-chain FOS production
not requiring any additional chemicals [63, 68, 106, 107].
As a result of such a partial hydrolysis, a mixture of
FOS is obtained containing GF,,-type FOS (fructans with a
terminal glucose (G) unit) as well as F,-type FOS
(fructans only comprising fructose (F) units). In contrast
to this mixture comprising pure fructose fragments (F,),
natural plant-based fructans are exclusively of GF -type.
*  Drying. Depending on the desired product (syrup or pow-
der), a concentration step for fructan enrichment may be
needed using evaporation analogously to sucrose produc-
tion providing a syrup. A dried product might be obtained
by spray-drying or freeze-drying resulting in a fructan
powder allowing for a long-term storage [102]. Spray-
drying has been optimised for inulin-concentrates from
chicory in laboratory scale [108]. For sterilisation of the
product either heat, ultraviolet radiation or sterile filtration
is used [6].

3.2 Production from sucrose by enzymatic synthesis

The FOS production path via enzymes yields FOS with a
DP of 2 to 5. In contrast to the direct production of fructans
from plant material, discussed above, the production path-
way by means of enzymes starts indirectly from plants
(Fig. 1, pathway D). The raw material is already isolated
sucrose from sugar factories originating from sugar cane or
sugar beet. With the help of food-grade microbial, mostly
fungal, enzymes fructose molecules from the precursor su-
crose are linked together. Simultaneously, the by-product
glucose is produced. In the process, transfructosylation en-
zymes cleave the (3-2,1-linkage of the substrate sucrose
and transfer the released fructosyl group to an acceptor
(here: sucrose) while eliminating glucose. Thus, enzyme
type and synthesis conditions allow to control the chain-
length of the resulting FOS.

Figure 3 gives a schematic overview of enzymatic FOS
production. The respective production pathways can be dif-
ferentiated in batch processes (Fig. 3, pathway A and B) and

continuous processes using immobilised enzymes or
immobilised microorganisms (Fig. 3, pathway C and D) [10,
100, 109]. Below, industrially relevant fructan production pro-
cesses using enzymes and their different process steps are
elucidated as well as corresponding research activities.

3.2.1 Enzyme production and enzymatic synthesis of fructans

Industrial scale process Besides the plant-based production,
short-chain FOS are also produced industrially based on su-
crose by means of enzymes. This is especially true in Japan
due to a large market for prebiotic food ingredients. Even most
of the short-chain oligosaccharides (not only FOS) used as
prebiotic ingredients are produced via enzymatic technolo-
gies. Commercially, the 3-2,1-type FOS are mainly produced,
whereas the production of high-molecular branched fructans
is not economically feasible and thus is commonly realised by
extraction from plant material [6, 59].

*  Batch processes (Fig. 3, pathway A and B) can be further
differentiated regarding their process steps. Firstly, a one-
stage process without enzyme purification is performed,
i.e. the whole microorganism is directly used for synthesis
(Fig. 3, pathway A). Therefore, lower temperatures (25 to
35 °C) are adjusted with starting sucrose concentrations of
approx. 15% (w/w) and residence times of 16 to 48 h
[110]. Secondly, a two-stage process is performed com-
prising one step for enzyme production and subsequent
enzyme purification prior to the synthesis step (Fig. 3,
pathway B). Thereby, the step of enzyme production starts
with high sucrose concentrations (30 to 40% (w/w)) at 50
to 60 °C and pH values of 5 to 7 with residence times of 24
to 120 h. The most appropriate enzymes are originated
from fungi such as Aspergillus niger or Aureobasidium
pullulans [6, 110].

In the subsequent synthesis, purified enzymes (or the
microorganisms) are filled into a stirred tank reactor with a
solution of 50 to 70% (w/w) sucrose. The process operates
atpH 5.5 to 6.0 and at temperatures between 50 and 60 °C.
The reaction is stopped by enzyme deactivation (heating
to 90 °C for 30 min). The resulting solution, containing
FOS, glucose and non-converted sucrose, is cooled, clar-
ified by filtration, deionised by ion-exchange and evapo-
rated in order to obtain a FOS concentrate (75% (w/w)).
Further purification is realised by subsequent chromato-
graphic methods with the purpose of removing residual
saccharides.

*  Continuous process (Figure 3, pathway C and D).
Apart from batch operation, continuous industrial pro-
cesses exist using immobilised enzymes or entire
immobilised cells [6]. Such an industrial scale contin-
uous production process for FOS has already been de-
veloped for the first time in the early 1980s. Thereby, a
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Fig. 3 Schematic overview of
enzymatic fructooligosaccharide
(FOS) synthesis, modified from
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Enzyme immobilisation
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Enzyme extraction

Enzyme extraction

packed bed reactor is used with an immobilised
Aspergillus niger cultivation (producing the needed en-
zymes) fixed in calcium alginate gel. Later, a similar
process has been designed with Aureobasidium
pullulans operating since 1990. Such conventional
fixed bed reactors in fructan industry have volumes
ranging from 1 to 2 m® operating at temperatures of
about 50 °C with flow rates of 0.15 to 0.3 BV/h (bed
volumes per hour) in case of fixed cells and 1 to 2 BV/h
in case of immobilised enzymes [6, 111].

Laboratory research Several fungi like Aspergillus species and
Penicillium species as well as bacteria such as Zymomonas
mobilis and Arthrobacter species and yeasts like
Saccharomyces cerevisiae produce fructosyl-transferase-
enzymes for the production of FOS. Many microorganisms
with transfructosylation activity suited for the synthesis of
FOS are known and assessed [112]. The cultivation of these
microorganisms is usually realised in an aerobic submerged
environment, within a fluid-bed cultivation or simply in a
broth. Temperatures during cultivation are typically adjusted
to around 30 °C with a pH value around 6 in order to create
optimal conditions.

* Batch processes (Fig. 3, pathway A and B). After cul-
tivation, the microbial cells are separated by centrifu-
gation or harvested with a basket either for direct use in
synthesis (Fig. 3, pathway A) or previous enzyme ex-
traction (Fig. 3, pathway B). In case of enzyme extrac-
tion, collected microbial cells are washed, and their
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Enzymatic FOS synthesis

:

Purification

v

Concentration, sterilisation
and drying

FOS powder

structure is disrupted by either ultrasonic treatment,
use of lysozymes and/or grinding. Afterwards, insolu-
ble material is removed by centrifugation or filtration.
Subsequent ultrafiltration may be used for further puri-
fication resulting in a crude enzyme solution [6, 113].
Reported FOS yields range from 30 to 60% (gros/
Esucrose)- Lhese yields strongly depend on the microor-
ganisms used for enzyme production [109]. In batch
operation, the maximum FOS yield is limited due to
the formation of the inevitable by-product glucose
inhibiting the transfructosylation reaction. A maximum
theoretical FOS yield of 55 to 60% (gros/gsucrose) fOr
batch processing has been reported, limited by the in-
evitably co-produced glucose [59, 109].

Continuous process (Fig. 3, pathway C and D). Besides
batch operation, cell immobilisation (Fig. 3, pathway D)
by entrapping cells with calcium alginate has been studied
intensively [6] as well as solid-state fermentation [10]
allowing for a continuous process.

Solid-state fermentation is a common immobilisation
concept for microorganisms intending their growth on
moist solid material (in the absence of a free aqueous
phase). Solid-state fermentation conditions correspond to
the natural living conditions of many fungi and thus offer
well-suited growth conditions. Further advantages of
solid-state fermentation are a comparatively low water
and energy consumption. Additionally, high volumetric
productivity and a high product concentration can be
achieved resulting in a simplified downstreaming [10,
110]. The main disadvantages, however, are the scale-up
of such solid-state fermentation processes due to heat and
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mass transfer gradients occurring in such heterogeneous
systems and the danger of irreversible dehydration. Thus,
solid-state fermentation has not yet found a broad use on
an industrial scale and is interesting only for small scale
operation primarily in research. Reported FOS overall
yields are in the range of 60 to 70% (gros/Zsucrose) [10]-
Enzyme immobilisation has been assessed as it has
some advantages over cell immobilisation like a higher
volumetric activity and less mass transport limitation.
Enzyme immobilisation may be achieved by anion ex-
change resins with amines as functional groups by mixing
previously purified enzymes with the corresponding resin
[6]. Immobilisation with chitosan is another possibility for
continuous FOS production [114]. However, all these
concepts have in common to be complex and laborious.

3.2.2 Fructan downstreaming

After enzymatic FOS synthesis, subsequent downstreaming
processes are comparable with and analogous to the fructan
processing from plant material as described above [4, 71, 90,
105, 109, 115]. Additionally, with the intention of increasing
production yields, a continuous removal of the co-product
glucose and/or the product FOS from the fermentation is en-
visaged to avoid both substrate and product inhibition [10,
89].

A continuous removal of glucose (inevitable by-
product) is thus desirable in order to increase the fructan
yield. Several methods like simultaneous selective fermen-
tation by microorganisms (e.g. by Saccharomyces
cerevisiae), enzyme usage (e.g. glucose oxidase), mem-
brane techniques or activated charcoal exist in order to
remove the inhibiting substances within the process
[116]. Moreover, continuous glucose removal from enzy-
matic FOS production in a membrane reactor using
nanofiltration has been investigated [96]. As a result, a
significant increase of the FOS yield was found (90% in
comparison to 55 to 60% in conventional batch mode)
[117]. Another possibility of inhibitor removal is the use
of glucose oxidase in the fermentation media leading to the
formation of gluconic acid and thus a reduction of the
glucose content [10].

The obtained sucrose-based FOS are very similar to
those produced from long-chain fructans by partial hydro-
lysis. However, all sucrose-based FOS contain a terminal
glucose monomer (GF,-type), while FOS obtained from
hydrolysis (and thus long-chain fructans) additionally
comprise fructans built only from fructose (F,-type) [10].
Both plant-based and sucrose-based FOS products are usu-
ally provided with purity levels ranging between 80 and
99%.

4 Potential of current fructan production
capacities for European animal production

4.1 Assessment of the conventional production from
chicory

Fructans can play an important role in animal nutrition.
However, the respective contribution has not been completely
investigated nor fully understood yet [23, 118, 119]. The
growing public awareness for animal welfare results in a call
for better husbandry conditions comprising a species-
appropriate feeding and thus shifting away from a
performance-orientated feeding regime [120]. Therefore, the
usage of prebiotics in animal feeding and thus fructans as a
prebiotic additive might become an interesting or rather prom-
ising field of application especially within the EU on the back-
ground of the growing public demand related to such aspects.

Below, the current potential of the fructan production vol-
ume inside the EU is estimated in order to assess whether
conventional fructan production (as described above) could
fulfil such an increased demand or not. As chicory is the main
fructan resource within the EU so far, the current fructan pro-
duction capacities are supposed to be estimated based on the
current chicory production and assessed with regard to a po-
tential usage as a feed additive. Figure 4 gives an overview of
this estimation.

The total amount of chicory produced within the EU sums
up to about 1.2 Mt/a (average of 2016 to 2018) comprising
both chicory for food and for processing [121]. For a first
rough estimation, it is assumed that this total amount is used
exclusively for fructan production and the whole chicory plant
is fully processed. The overall yield of such an industrial
fructan production from this plant is calculated based on sugar
beet processing (in Germany) achieving approx. 85% overall
yield (sugar beet to sucrose) [122]. Based thereupon and with
a fructan content of 15 to 20% (FM) [60], the maximum
amount of producible fructans within the EU sums up to about
160 to 210 kt/a.

As outlined above, fructan production strongly resembles
sucrose production. However, as fructans are more likely de-
graded during transportation, storage and subsequent process-
ing, the overall yield presented above is most likely
overestimated. This means that the overall fructan yield is
expected to be lower in reality due to the described effects.
Additionally, any other use of chicory (e.g. salad production)
is neglected here; however, about 50% of the produced chic-
ory is used for fresh consumption [121]. This adds up to the
assumption that the figures outlined above are clearly an
overestimation.

With about 245 million slaughtered animals per year (av-
erage of 2016 to 2018), pigs are the largest population of
livestock (except poultry) within the EU [123] and thus being
the target market for fructan-containing feed additives.
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About 1,200 kt chicory per year within the EU

I

About 245 million pigs within the EU

M nd

ca. 5-20 kg fructans per pig required

ca. 160 - 210 kt/a maximum fructan production
capacity

~

ca. 1 kg fructans per pig potentially available

«

About 1,200 - 5,100 kt fructans required for the entire pig production

o

approx. 1,000 - 4,900 kt fructans missing
per year alone for European pig production

Fig. 4 Overview of the estimated fructan production capacities within the EU and their potential for a use in pig feed based on figures for 2016 to 2018

Sticking to the (most likely overestimated) figures above, up
to 0.9 kg (fructan) per pig would be available at most. This
neglects that there is already today a (high-price) market for
fructans especially for human nutrition on the one side and
pigs are not the only commercially kept animals within the EU
on the other side. Therefore, it is unlikely that the available
amount of fructans accessible on the market today might be
available as an additive to fodder for animals.

According to current knowledge at least 20 to 80 g/kg
(per fodder) of inulin-type fructans are required in order to
obtain positive effects by feeding (here: microbial SCFA
production analogous to the discussion above) [124].
However, in this context, reliable figures for pig diet are
rare and respective figures strongly differ depending on the
examined effect in the pigs (e.g., SCFA production, growth
of the intestinal microorganisms, colon cancer prevention)
[124-126].

Depending on their phase of life, pigs require feed amounts
of about 1 to 3 kg/day and thus overall about 260 kg fodder
per fattening pig [127]. Assuming the outlined consumption
per pig, there would be a demand for fructans (only for pigs)
of about 1200 to 5100 kt/a (respectively 5 to 20 kg/pig) within
the EU. In comparison to the estimated maximum fructan
production capacity of 160 to 210 kt/a (respectively up to
0.9 kg/pig) based on chicory (neglecting the fact that these
amounts are not available for this purpose for the time being),
this results in a significant gap. Together with the clear decline
in arable land throughout the EU [128], this gap between
supply (fructans based on chicory) and demand (animal feed,
food) is expected to be even larger than shown in Fig. 4. This
is especially true since other farm animals such as poultry (if
the attempt to increase animal welfare is treated seriously)
have a potential demand for fructans as well. And last but
not the least, the need of many other fructan applications es-
pecially for human nutrition (e.g. functional foods) should
neither be forgotten nor neglected [119, 129].
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4.2 Prospective need for research concerning fructan
production

Obviously, fructans are not the only prebiotic substance avail-
able in nature, but this group of biopolymers is comparatively
well studied. Thus, a major contribution of fructans to fibre-
enrichment of food and animal feed is clearly foreseeable.
And, as outlined above, a significantly increasing fructan de-
mand could only be partly satisfied by the currently existing
fructan production capacity. Based on this, below the need for
research in the field of fructan production and especially al-
ternative fructan substrates is addressed and discussed.

Alternative fructan sources The public discussion about ani-
mal welfare is a current topic and thus improving animals’
lives as well as a resulting, growing demand for fibre-
enrichment in feed are expected to become an increasingly
tackled issue [130, 131]. One consequence might be a strongly
increasing demand for (low-priced) fructans from the animal
feed industry. Simultaneously, the already existing and most
likely also growing fructan demand for direct use in foods has
to be covered and kept in mind. For these reasons, additional
(low-priced) fructan resources have to be exploited, if the EU
wants to improve the current situation in animal breeding (e.g.
pig production) by providing sufficient amounts of prebiotic
dietary fibre (mainly fructans) for feeding, without imports
from third countries. The estimated fructan production capac-
ities (based on chicory) as outlined above indicate that cur-
rently available fructan processes and resources are not able to
fulfil a significant growth in demand (Fig. 4).

Since most relevant fructan-rich plants are already known
and their use is limited due to cultivation, harvest and storage
conditions [132], one of the main topics in current fructan
research (from a production point of view) is the search for
alternative (new) raw materials (i.e. substitutes for chicory)
being ideally more sustainable. Especially in the context of
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animal feed, low-priced fructans are required and thus expen-
sive enzymatic pathways towards fructans are probably not
economically feasible. Potential sources like residues from
the food and agricultural sector (e.g. cereal brans) or
(bio)ethanol industry (e.g., stillage) are available in huge
quantities at very low prices. But these have not or hardly been
researched with respect to fructans or rather fructan produc-
tion especially in a large scale yet. Next to economic benefits,
the utilisation of residues promises clear environmental ad-
vantages like reducing waste disposal problems and saving
arable land. On the other hand, for some of these residue
streams already strongly established competitive utilisation
pathways have been developed and implemented within the
market. Here, the thermal or energetic utilisation (e.g., cereal
bran) as well as a direct use as low value animal feed (e.g.,
dried distiller’s grains with solubles (DDGS)) are only some
typical examples. Nonetheless, fructans offer the potential of a
higher-value utilisation and open the option to diversify the
product portfolio of the respective processes (e.g., bioethanol
production).

Potential residue streams for fructan production are shown
in Table 2 together with an estimation of the potential fructan
production volume thereof. This first and certainly rough es-
timation shows that cereal bran, especially from wheat, has
high potential for fructan production with regard to the respec-
tive production volumes. Fructan separation (for analytical
purposes) from wheat bran has been investigated in laboratory
scale obtaining a fructan extract with a purity of about 75%
and a yield based on used bran of 3.7% (w/w) [133].
Nevertheless, cereal bran is a product obtained from milling,
typically a strict dry process and thus an additional wet pro-
cessing chain would be necessary in order to extract the
fructans. However, further research is needed in this context
for a further assessment.

Moreover, Table 2 shows the fructan content of stillage, the
main by-product of bioethanol production [136]. The shown
amounts are comparatively low. However, from the process
engineering point of view, the bioethanol production process
offers the great advantage that the fructans are already dis-
solved and accessible for separation. By this, an additional
pretreatment (e.g., milling) and extraction step is unnecessary.
In contrast, fructan separation might be impeded as bioethanol

stillage, a fermentation broth, typically comprises microorgan-
isms and partly their metabolites from alcoholic fermentation
and thus further impurities. Such a novel process for fructan
production and especially the downstreaming can be oriented
towards the established fructan processing. So far, no investi-
gation or assessment of fructan production from ethanol
stillages has been published.

The presented figures (Fig. 4 and Table 2) indicate that
residues, especially bran, can make an important contribution
to the outlined lack of fructans in pig production. However,
this would still not be sufficient. Therefore, additional fructan-
containing sources or rather residues originating from food
processing are needed; for example, artichoke with a global
production quantity of ca. 1.6 Mt in 2018 [139] and its resi-
dues. Usually about 80% (w/w) of the whole artichoke plant is
waste comprising 5 to 28% (DM) fructans making this residue
also a potential source of an increased fructan production
[140, 141]. However, the utilisation of such “new” resources
requires further research activities. This is also true for the
types of fructan (originating from cereals) and their suitability
for the discussed applications.

Apart from the exploitation of natural sources, genetically
modified plants are investigated as they offer the potential of
synthesising tailor-made fructans [58]. However, genetically
engineered plans as well as all genetically modified organisms
(GMO) are highly controversial in public being particularly
true for the EU characterised by strong NGOs.

Outlook for further research topics Besides new raw mate-
rials, novel prebiotics other than fructans are in the focus of
research and have the potential to help closing the shown gap
between supply and probably growing demand. As outlined
above, XOS and GOS are potential alternatives [23]. In this
context, lignocellulose-based prebiotics like XOS (e.g. from
straw) are particularly interesting as their origin does not com-
pete with food. In general, the pentose-containing (mainly
xylose, arabinose) oligo- and polysaccharides (pentosans)
are promising prebiotics. According to current knowledge,
the required daily dose for achieving a prebiotic effect is lower
for XOS than for fructans [142]. In this context, targeted mod-
ification of prebiotics is also an interesting field allowing for
an improved prebiotic effect; for example, enzymatically

Table 2 Potential fructan and dietary fibre sources within the EU (DM: dry matter)

Plant Fructan content in % EU production volume in Mt (2016) Estimated maximum fructan production volume® in kt/a
Wheat bran® 3-5[133, 134] 130 (FM) [123] 500-800

Rye bran® 67 [66, 135] 7.5 (FM) [123] 55-67

Bioethanol stillage 1.5-2.5° 4.7 (DM) [136] 60-100

# Assuming 85% overall yield (cf. chapter 4.1) and a typical storage moisture of 14.5% for cereals

® Assuming bran comprises 15% of the cereal grain [137].

¢ Laboratory measurement using Megazyme Fructan Kit [138] and grain-based bioethanol stillage, based on DM

@ Springer



Biomass Conv. Bioref.

modified arabinoxylans from bran have been investigated and
found to be promoting the growth of specific butyrate-
producing bacteria in the human gut [29]. As outlined above,
the extent to which the fibrous material can be fermented in
the intestinal tract depends on the microbiota but also on the
passage rate, i.e. how long the intestinal content remains in the
large intestine. This is a limiting factor for some substrates.
Therefore, corresponding (biotechnological) pre-processing
of fibrous material could be an option enabling the availability
of alternative substances with significant prebiotic effects.

Besides the development of appropriate production pro-
cesses and their approval for food and feed (e.g. by the
European Food Safety Authority (EFSA)), it is especially im-
portant to fully understand the mechanisms of action of pre-
biotic substances in humans and animals in order to permit a
clear declaration as a prebiotic substance [113, 142, 143].

The search for novel food-grade enzymes selectively hy-
drolysing or synthesising fructans is also a research area tack-
led at the moment. Hereby, open research questions address
the reaction mechanisms of the corresponding enzymes as
well as their control and regulation (e.g. by temperature)
[144, 145]. However, enzymatic fructan synthesis is more
likely suited for high-value food applications rather than for
the supply of the feed market requiring huge quantities of low-
priced fructans.

5 Conclusion

Besides the description of the state of knowledge on fructans
in pig diet, the aim of this paper was to give an overview of
fructan production, the corresponding state of technology and
research as well as a rough assessment of a potential fructan
utilisation in European pig production.

* Fructans in pig diet. Fructans are classified as prebiotics
and thus are an attractive ingredient for animal feed and
human food offering great potential for health and well-
being. Due to their structure and their resulting indigest-
ibility for pigs, fructans enhance the production of short-
chain fatty acids (SCFA) by the intestinal microbiota. As
outlined above, SCFA positively influence the boar taint
and promote salmonella reduction in pigs.

*  Fructan production. Industrial fructan production is state
of the art mainly using two pathways differing with regard
to the product. On the one side, extraction from plant
material (typically chicory) leads to comparatively long-
chain fructans. On the other hand, targeted enzymatic syn-
thesis from sucrose results in short-chain fructooligosac-
charides (FOS). Subsequently, there are several feasible
downstream processes available for fructans differing in

@ Springer

complexity and efficiency depending on the desired purity
of the resulting fructans.

*  Fructan production for pig feed in the EU. Based on the
presented estimation of the fructan production within the
EU using conventional production methods and raw ma-
terials (here: chicory), the provision of sufficient amounts
of fructans for humans and especially farm animals is
unfeasible. However, fructans are comparatively well in-
vestigated prebiotics with established applications and
thus have an advantage over alternative prebiotics.

Larger quantities of fructans can be produced theoreti-
cally by expanding chicory cultivation or other plants with
a high fructan content. However, this competes not only
with other chicory utilisation but also for arable land.
Therefore, alternative resources for fructans, especially
for the low-price application in animal feed, are expected
to be required in the future due to the growing awareness
for animal welfare in animal production. This goes hand in
hand with the need for the development of appropriate
production process requiring further R&D activities.

» Alternatives to conventional fructans from chicory. The
residues cereal bran and bioethanol stillage (Table 2)
are potential substrates for fructan production occurring
in large quantities. Even though, the utilisation of both
substrates (cereal bran and stillage) is partly in compe-
tition with an energetic utilisation and to some extent
also with direct use in animal feed. Nonetheless, both
residue streams are assessed to be a promising fructan
source and thus for thorough research. This is especial-
ly true as a higher-value utilisation is desirable not only
from an economic point of view (e.g. in comparison to
the thermal utilisation of cereal bran) but also against
the background of expanding the product portfolio
(mainly bioethanol production / biorefinery).

As shown, despite the currently occurring quantities of
bran and stillage, further fructan-containing substrates or
rather preferably residues are required in order to fulfil the
potential need for low-priced fructans, exemplified by the
EU pig production. In order to close this gap between
demand and supply, additional alternative low-price pre-
biotics with similar properties are of particular interest,
promising representatives are xylooligosaccharides
(XOS) and comparable pentosans.
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