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Abstract. In pig nutrition, there are some periods when natural alternatives to antibiotics are more required,
such as during suckling and weaning. Fructooligosaccharides (FOSs) are a group of prebiotics applied as feed
ingredients in animal nutrition since their positive effects on growth performance, immunological parameters,
intestinal microbiota, and gut morphology are reported. Accordingly, FOS may be candidate molecules to im-
prove the mentioned properties in pigs. Previous studies defined FOS as inhibiting the activity of pathogens and
increasing the colonization of beneficial bacteria in the gut, although metabolites of FOS decreased the intestinal
pH value. Beneficial effects on digestive-enzyme activities and on protein digestion were determined in some
studies. All of the three types of FOS (inulin, oligomeric fructans, and short-chain FOSs) promoted the microbial
composition of the gut by increasing the colonizations of Lactobacillus, Bifidobacterium, and Prevotella genus.
FOS also affected the immune response directly and indirectly and increased vaccine-specific IgA, serum IgG,
and IgE levels. Moreover, FOS enhanced the activation of T cells and altered the secretions of some cytokines.
Levels of vaccine-specific IgG could not be increased after FOS supplements. In most cases, FOS modified in-
testinal morphological parameters, such as longer villi, villus-height-to-crypt-depth ratio, and thicker mucosa,
which could suggest better absorptive functions. Results are contradictory on growth performance, which might
be influenced by the chemical structure, the duration, and the dose of FOS, so further studies are required. This
review aims to gather information regarding immunological, antimicrobial, intestine morphological, and growth
performance properties of fructooligosaccharides in pigs.

ing, alteration in feed and environment causes a stressful life-

EU legislation prohibits the use of feed antibiotics; therefore,
it is necessary to find alternatives which aim to maintain gut
health in pigs (Loh et al., 2006; Verdonk et al., 2005). Fre-
quently, antibiotics have been substituted with nutritional al-
ternatives in recent years (Yang et al., 2009; Khodambashi
Emami et al., 2012). For pigs, substitution is more required
since they are threatened in critical periods, such as suck-
ling or weaning. In the early postnatal period of pigs, gut-
associated lymphoid tissues (GALTs) are undeveloped and
microbial colonization in the gut does not occur. At wean-

time and results in a microbial imbalance which induces a
lower immune response, more sensitiveness to illness, and a
loss in production performance (Inman et al., 2005; Jacela
et al., 2010). Accordingly, it is necessary to improve intesti-
nal health and performance. Several herbs and feed addi-
tives contain important bioactive compounds, the effects of
which are often investigated with regard to the physiology
of livestock species, including porcine ones (Demir et al.,
2010; Flickinger et al., 2003). In most cases, feed ingredi-
ents target the microbiota of the gastrointestinal tract, since
its composition correlates with health status, nutrient absorp-

Published by Copernicus Publications on behalf of the Leibniz Institute for Farm Animal Biology (FBN).

MBINSY



326 B. Csernus and L. Czeglédi: Effects of fructooligosaccharides in pigs

tion, and weight gain (Yang et al., 2009; Barrow, 1992).
One of the possible natural alternatives is prebiotics, i.e.,
indigestible, fermentable feed additives which enhance the
growth of beneficial bacteria, such as Lactobacillus and Bi-
fidobacterium, which can prevent diarrhoea and support in-
testinal integrity (Gibson and Roberfroid, 1995; Gibson et
al., 2004; Zhao et al., 2019). Improved intestinal integrity can
help to increase the colonization of Prevotella spp., which
maintain intestinal homeostasis (Zhao et al., 2019). Fruc-
tooligosaccharides (FOSs) can reduce harmful pathogens of
the microbiome as well, therefore resulting in a better health
status of the host (Salminen et al., 1998; Micciche et al.,
2018). FOSs are a well-known group of prebiotics (Gib-
son and Roberfroid, 1995). In addition to their prebiotic ef-
fects, they are also applied as food ingredients or functional
food (Gibson and Roberfroid, 1995; Singh et al., 2016).
They are non-digestible oligosaccharides consisting of B-(2-
1)-linked fructosyl units with a glucose unit as a terminate
(Roberfroid et al., 2010). The appearance of FOS takes three
forms: inulin, oligofructose, and short-chain fructooligosac-
charides (scFOSs) (Roberfroid and Delzenne, 1998). FOS
can support the microbiota in the intestine of pigs, which
is consistent with the status of the immune system (Shim
et al., 2005; Babu et al., 2012). These prebiotics are useful
as anti-inflammatory agents, as they can boost both innate
and acquired immune responses (Khodambashi Emami et al.,
2012). As well as immunological effects, microbial fermen-
tation enhances the absorption of some minerals, such as cal-
cium, magnesium, and iron (Yu Wang et al., 2010). In addi-
tion, FOS have the potential to improve mucosa structurally
(Xu et al., 2003). Equally important, production performance
in porcine animals may be higher after FOS supplementation
(Estrada et al., 2001; He et al., 2002; Chang et al., 2018).

2 Chemical structure and sources of
fructooligosaccharides

Fructooligosaccharides are classified as a group of inulin-
type oligosaccharides known as fructans and consist of 2
to 60 D-fructose units with 8-(2,1) linkages (Apolindrio et
al., 2014; Gibson and Roberfroid, 1995; Sabater-Molina et
al., 2009). They are naturally occurring short-chain carbo-
hydrates with a D glucosyl ending and are widely found in
plants such as chicory root, onion, garlic, beet, cane sugar,
asparagus, artichoke, banana, wheat, and yacén root (Mic-
ciche et al., 2018; Yun, 1996; Vandeplas et al., 2009; Cae-
tano et al., 2016; Williams et al., 2009). There are three types
of fructooligosaccharides which have variant polymerization
degrees, and they are also different in origin and structure.
Linear long-chain fructans are mostly extracted from chicory
roots and are called inulin, which is usually composed of
12 fructose units. Oligomeric fructans (degree of polymer-
ization from 3 to 9), usually called oligofructose or fruc-
tooligosaccharides, are mostly obtained from the hydroly-
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sis of inulin or enzymatic synthesis from sucrose (beet or
cane). Oligofructose consists of fructosyl chains and end in
fructose or glucose monomers. Short-chain fructooligosac-
charides (scFOS) are the third type of fructooligosaccha-
rides and consist of different fructosyl chains with a glucose
monomer at the end (Roberfroid and Delzenne, 1998; Rober-
froid, 2005). Based on B-(2,1) linkages, fructooligosaccha-
rides are difficult to be digested by small intestinal enzymes,
so they reach the large intestine and are degraded by intesti-
nal bacteria (Langen and Dieleman, 2009). Fructooligosac-
charides may be solubilized in water, and the sweetness of
FOS is 0.3-0.6 fold higher than the sweetness of sucrose,
which is impacted by the polymerization degree of oligosac-
charides (Crittenden and Playne, 1996; Yun, 1996). Water-
holding capacity and thermal stability are also high in FOS,
and they are stable in a pH range of 4 to 7 (Yun, 1996;
Mussatto and Mancilha, 2007). FOS also have properties
such as low sweetness intensity and being calorie-free and
non-cariogenic (Yun, 1996; Rivero-Urgell and Santamaria-
Orleans, 2001).

3 Effect on digestion

Fructooligosaccharides (Meiji Seika Kaisya, Ltd., Tokyo,
Japan; 97.2 % FOS content; GF,, GF3, and GF4 amount to
46.8 %, 39.3 %, and 11.1 %, respectively) at 4 and 6 gkg ™!
in the diet supported the activities of digestive enzymes such
as total protease, trypsin, and amylase measured in the small
intestinal contents of growing barrows at experimental day
42 (Xu et al., 2002). These changes may contribute to the
altered microbial ecosystem and the presence of FOS which
stimulates Lactobacillus and Bifidobacterium, i.e., those bac-
teria which colonize in the intestine, transfer enzymes, and
enhance digestive-enzyme activities (Sissons, 1989). In the
same study, FOS did not affect chymotrypsin, lipase, or any
of the digestive-enzyme activities in the pancreas (Xu et al.,
2002). Shim (2005) reported that neither 0.25 % nor 3 % FOS
affected maltase, lactase, or sucrose activities in the duode-
num, jejunum, or ileum in male pigs (weaned at 24.2 d old) at
the end of a 3-week feeding trial. However, enzyme activities
tended to increase in the duodenal site of the small intestine
in FOS-treated pigs, a phenomenon which may be caused by
the increased feed intake and the higher disaccharide content,
since the activity of these enzymes depends on the presence
of substrates. The activity of disaccharidases is important in
the enzymatic breakdown of carbohydrates, which influence
nutritional processes (Shim, 2005). In the same study, the di-
gestion of crude protein was higher in FOS-treated pigs com-
pared to the control: digestibility was 75.8 %, 72.5 %, and
68.4 % in pigs fed with a FOS-supplemented diet at 0.25 %,
3 %, and 0 %, respectively. Ileal digestion of protein indicates
the utilization of amino acids through the intestinal villi.
The effect of FOS on digestion is different among experi-
ments, which may be related to the alterations in the micro-
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bial ecosystems, disaccharidase contents of the diet, and the
presence of different substrates.

4 Gut microbiota composition

Intestinal microbial fermentation is beneficial for the ac-
tivity of the microbial population: Lactobacillus and Bifi-
dobacterium have the ability to ferment fructooligosaccha-
rides, but less is known about which strains could ferment
these oligosaccharides. Kaplan and Hutkins (2000) identi-
fied Lactobacillus acidophilus strains, especially DDS-1 and
NCFM, L. plantarum MR240, L. casei MR191, and 685.
Bifidobecterium adolescentis, B. breve, B. infantis, and B.
longum are those able to metabolize fructooligosaccharides.
In porcine animals, FOSs are metabolized mainly in the ce-
cum and colon but also in the stomach or ileum harbor (Con-
way, 1994; Jensen and Jorgensen, 1994). They are fermented
into several metabolites, mainly short-chain fatty acids (SC-
FAs). FOS fermentation results in the stimulation of the ac-
tivities of probiotic bacteria, such as Lactobacillus and Bi-
fidobacterium, which are part of the intestinal commensal
microbiota (Salminen et al., 1998; Macfarlane and Cum-
mings, 1999; Boguslawska-Tryk et al., 2012). Consequently,
cecal SCFA and lactate content increase, thereby inhibiting
the activity of harmful bacteria such as Escherichia coli or
Salmonella species in the gut (Hidaka et al., 1986; Choi et
al., 1994; Bunce et al., 1995; Roberfroid et al., 1998; Fukata,
1999; Xu et al., 2002). Xu et al. (2002) confirmed the same
when 4 and 6 gkg~! FOS (type is described in Sect. 3) sup-
plementation in the diet of growing barrows (average body
weight of 20.8 kg) increased the colonization of Lactobacil-
lus and Bifidobacterium and decreased the cell numbers of
Clostridium in the small intestine at the end of the experi-
ment (day 42). In the proximal colonic content, cell counts
of the beneficial bacteria were increased similarly by 4 and
6 gkg~! FOS addition, and colonization of Clostridium was
already decreased in pigs fed a 2 gkg~! FOS-supplemented
diet, and cell numbers of Escherichia coli were smaller in
4 gkg~! FOS-treated barrows. Shim (2005) determined that
Bifidobacterium cell numbers increased in the terminal ileum
of 21 d old piglets and the numbers of E. coli also decreased
in the colon when the diet contained 0.2 % oligofructose from
7 to 21d of age. In the same experiment, the number of
Lactobacillus acidophilus did not change in either the ileum
or the colon. Longer-chain fructans increased Lactobacillus
and decreased E. coli cell numbers in the feces of finishing
pigs at the end of week 6 when 1% and 2 % fructan was
added to their diet (Zhao et al., 2013). Microbiota composi-
tion could be modified in 21 d old suckling piglets when the
maternal diet was supplemented with scFOS (95 % scFOS
with molecular chain length between 3 and 5 monomeric
units) at 3.3 gkg~! during the last 4 weeks of gestation and
1.5gkg™! during the 4 weeks of lactation, as well. The rel-
ative proportion of bacteria from the Bacteroidetes phylum
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could increase, while the relative abundance of bacteria from
the Firmicutes phylum decreased. At the genus level, Pre-
votella, an unclassified genus belonging to the Bacteroidales
order, and the Treponema genus increased, while the Bac-
teroides genus and an unclassified genus belonging to the
Ruminococcaceae family were reduced after maternal diet
supplementation. In the same study, a high proportion of
the Bacteroidetes phylum, especially the Prevotella genus,
could be maintained in older pigs (at postnatal day 190) as
well. In addition, the proportion of an unclassified genus be-
longing to the Lachnospiraceae family was higher and de-
creased the unclassified genus belonging to the Bacteroidales
order, and an unclassified genus belonging to the Ruminococ-
caceae family was identified on the same experimental day.
Prevotella genus abundance was still higher and the propor-
tion of the Proteobacteria phylum was decreased at postnatal
day 211. (Le Bourgot et al., 2014; Le Bourgot et al., 2019).
ScFOS at 4 gkg™! in the diet could also alter gut microbiota
colonization in the colonic chyme of male piglets, such as an
increased relative abundance of the Bacteroidetes phylum,
Lactobacillus spp., Bifidobacterium spp., and Prevotella spp.
when the feeding trial was started at 28 d of age and lasted
for 28 d (Zhao et al., 2019).

However, populations of Lactobacillus and Bifidobac-
terium did not change in 42d old castrated growing pigs
when the diet included 10gkg™! FOS (Raftifeed®, OPS,
Orafti, Belgium) for 32 days (Mountzouris et al., 2006). A
number of Lactobacillus and Bifidobacterium were not stim-
ulated by inulin at 3 % in the diet fed for 3 and 6 weeks in
the intestinal contents of castrated pigs when the experimen-
tal period was started on the 42nd day of life (Loh et al.,
2006). Bacterial composition was not affected when inulin at
3 % for 3 and 6 weeks was used as supplementation starting
5 and 8 weeks after weaning (28 d), either (Eberhard et al.,
2007).

In most cases, FOS supplementation increased the col-
onization of beneficial bacteria, while the cell numbers of
harmful ones decreased, which may be due to the higher ce-
cal lactate- and SCFA concentration. All of the three types
of FOS (short-chain FOS, oligomeric fructans, and longer-
chain fructans) could aid beneficial microbial composition,
since they could promote the colonizations of Lactobacillus,
Bifidobacterium, or Prevotella genus and decrease the harm-
ful bacteria, such as Clostridium or Escherichia coli, in most
cases. The dosage and duration of the different types of FOS
may be influencing factors as well.

5 Metabolism of fructooligosaccharides and effects
on intestinal pH value

Fructooligosaccharides cannot be digested in the upper gas-
trointestinal tract because of the glycosidic linkages in the
molecule which contain 8 conformation of the C2 atom in
fructose units (Gibson and Roberfroid, 2008). They are hy-
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drolyzed by the intestinal bacteria since they produce en-
zymes, such as fructan-B-fructosidase or exo-inulase (Wang
and Gibson, 1993). Fructooligosaccharides are fermented
into several metabolites, such as SCFAs: primarily acetate,
propionate and butyrate (Cummings and Englyst, 1995; Van
Loo et al., 1999). Besides SCFAs, prebiotics are also con-
verted to biomass and gases, such as hydrogen, carbon diox-
ide, and methane (Van Loo et al., 1999; Ohta et al., 1995).
SCFAs can be absorbed rapidly and they have roles in bio-
logical processes. SCFAs, such as acetate and propionate, are
bacterial metabolites and promote the release of glucagon-
like peptide-1 (GLP-1) by distal small intestinal and prox-
imal colonic L cells since SCFAs activate the G-protein-
coupled free fatty-acid receptor 2 (Tolhurst et al., 2012).
GLP-1, namely incretin, induces B-cell mass and insulin
secretion capacity (Baggio and Drucker, 2007). This gut—
pancreas communication is important for maintaining glu-
cose homeostasis integrated during the enteroinsular axis.
Gut microbial composition is responsible for enteroinsular
communication, so it influences the glucose homeostasis (De
Filippo et al., 2010; Dominguez-Bello et al., 2010; Penders
et al., 2006). Butyrate is important for the energy metabolism
in large intestinal mucosa since it stimulates the growth of
epithelial cells (Roediger, 1980). Other fatty acids, including
propionate or butyrate, also serve as substrates for the liver,
and acetate is metabolized by the muscle and peripheral tis-
sues (Bergman, 1990; Salminen et al., 1998; Blaut, 2002).
Since acetate is strongly acidic, it provides a low pH value
which decreases the colonization of pathogens (Sabater-
Molina et al., 2009). For example, Houdijk et al. (2002)
measured a lower pH value in the ileum of weaner castrated
pigs supplemented by 40 gkg~! FOS (Raftilose P95® pow-
der with 90 % FOS) in the diet for 13d, and a feeding trial
was started at the age of 38 d. In the same study, the concen-
tration of acetic acid was lower, and propionic acid and lactic
acid concentrations were higher than in control pigs. Isova-
leric acid was also present at a higher concentration and may
denote intensified FOS fermentation. Shim et al. (2005) also
measured lower pH values in the cecum and proximal colon,
after FOS (Neosugar®, on a dry-matter basis was 95 % dry
matter, with 50 % of FOS with a terminal glucose and three
fructose units) at 3 % was supplemented for 21d in 24 d old
weaning pigs. This lower pH value may be parallel to the in-
creased volatile fatty-acid (VFA) content, mainly acetate and
lactate (Gibson and Roberfroid, 1995). In the same study,
concentrations of butyrate and isobutyrate decreased after
0.25 % FOS supplementation; the concentration of valerate
was lowered to a 3 % FOS addition. The contents of acetate
and isovalerate also decreased after both concentrations of
FOS. A lower intestinal pH value supports the activity of
Bifidobacterium but inhibits the growth of harmful bacte-
ria, such as Escherichia coli (Shim et al., 2005). An acidic
environment is also necessary for effective mineral solu-
bilization. Previous studies with rats mentioned oligofruc-
tose (Raftilose® P95 with 950 gkg~! oligofructose is made

Arch. Anim. Breed., 63, 325-335, 2020

with enzymatic hydrolysis of chicory inulin, with a degree
of polymerization ranging from 3 to 7, average of 4) and
long-chain inulin (Raftiline® HP with 955 gkg~! long-chain
chicory inulin with a degree of polymerization ranging from
10 to 60, average of 25) supplementation at 25 gkg~! during
the adaptation phase (7 d) and at 50 gkg~! during the exper-
imental phase (8 d); increased cecal contents (Kleesen et al.,
2001) and FOS (NutraFlora®) or oligofructose (Raftilose®)
at 6% in the diet increased cecal wall weight and cecal
total weight, which ensures a higher volume for mineral
absorption (Campbell et al., 1997). Although Tsukahara et
al. (2003) reported that the pH value was not changed in di-
gesta of 47 d old pigs after 10 % FOS (Meiji Seika Kaisya,
Ltd., Tokyo, Japan) supplementation for 10d, the concentra-
tion of n-butyrate was increased in the cecum and centripetal
gyri and n-valerate also tended to be higher.

Accordingly, the authors determined that FOS decreased
the pH value in most cases since the concentration of lactate
or lactic acid was increased. The effect of FOS on the pH
value may depend on the type of FOS such as the degree of
polymerization, the structure, the origin, the dose, and the
duration of supplementation.

6 Intestinal morphological effects

Morphological changes in the intestine can reveal the health
status of the gut. Stress factors can modify the mucosa layer
rapidly, since the digesta content and the mucosal surface are
so close to each other. Accordingly, smaller villus length and
deeper crypt depth may indicate toxin occurrence (Yason et
al., 1987). The health of the small intestinal surface is re-
lated to the appropriate absorption of nutrients. Therefore,
changes in the intestinal area, including greater villus length,
decreased crypt depth, and thicker mucosa, can influence ab-
sorption positively (Shang et al., 2015). In some studies, fruc-
tooligosaccharides modified these intestinal morphological
parameters. Fructooligosaccharide (FOS contained 1.83 %
monosaccharides, 1.13 % sucrose, 39.81 % kestose, 49.78 %
nystose, and 7.06 % furanosyl nystose for a total FOS of
96.65 %) at 0.4 % in the diet increased the villus length of
the jejunal and ileal mucosa in mixed-sex pigs when the ex-
periment lasted for 21 d (Xu et al., 2005). Similarly, FOS at
4 or 6 gkg™! in the diet of growing barrows induced a higher
jejunal villus length, and the villus height: crypt depth ra-
tio in the mucosal layer contrasted with the control group at
the end of the experiment (day 42) (Xu et al., 2002). Tsuka-
hara et al. (2003) determined thicker mucosa in the hindgut
of 47 d old weaning piglets, when the diet was supplemented
with 10 % FOS for 10d. Le Bourgot et al. (2017) measured
higher empty cecum weight in weaning pigs at postnatal day
56 when the maternal diet was supplemented with scFOS (in
the same way as described in Sect. 4) compared to the con-
trol maternal diet group. The empty colon weight and the
number of goblet cells in a crypt in the cecum also tended
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to increase with maternal scFOS supplementation. In con-
trast, relative small intestinal length and mucosa weight, ileal
villus length, and crypt depth did not differ in scFOS sup-
plemented piglets compared to control ones (Le Bourgot et
al., 2014). Villus heights were not altered in the duodenum
or ileum of weaning piglets, when the diet contained 0.25 %
oligofructose (Shim, 2005).

The effect of FOS on intestinal morphological parameters
was mostly positive and FOS could improve villus length,
mucosa thickness, and empty cecum weight. A beneficial
effect was shown by a concentration of 0.4 % and positive
changes were determined in mixed-sex pigs or barrows. FOS
could also alter a morphometric parameter in the intestine
indirectly when piglets’ mothers were fed scFOS supple-
mentation during the last 4 weeks of gestation and the 4-
week lactation periods. Impacts of the different types of FOS
were contradictory: oligomeric fructans (FOS) could pro-
mote longer villi and thicker mucosa, although villi length
was not affected in another study; short-chain FOS could
promote higher empty cecum weight, but villus length, crypt
depth, and relative small intestinal length were not affected
in any other experiment.

7 Immunological activity

Fructooligosaccharides can affect immune responses indi-
rectly (Caetano et al., 2016). Microbial fermentation of FOS
results in SCFA production, which changes the microbiota
in the intestine and influences immune responses (Caetano
et al., 2016; Babu et al., 2012). SCFAs can control inter-
leukin production and natural killer cell (NK cell) activ-
ity (Kim et al., 2014). FOS can also stimulate immune re-
sponses directly, through GALT (Peshev and Van den Ende,
2014). Molecules of fructans or polysaccharides may en-
hance the activation of specific cells of the immune system,
as macrophages, dendritic cells, lymphocytes, or neutrophils,
because pathogen-associated molecular patterns (PAMPs)
are bonded with toll-like receptors (TLRs), which result in
immunostimulation (Liu et al., 2011). For example, a yacén
(which contains FOS) treatment increased TLR-4 expression
in baby mice (Delgado et al., 2012; Velez et al., 2013). Levels
of total immunoglobulin G and immunoglobulin E in serum
were also increased in 32 d old barrows fed with a 0.6 % FOS
(Solarbio, Beijing, purity > 95 %) supplemented diet for 11 d
compared to control pigs (Chang et al., 2018). Le Bourgot
et al. (2014) measured higher serum IgA levels in sows be-
tween the 87th day and the 108th day of gestation when
the diet was supplemented with 3.3 gkg™! short-chain fruc-
tooligosaccharides (scFOS 95 % with molecular chain length
between 3 and 5 monomeric unity; Beghin-Meiji, Marck-
olsheim, France) during the last 4 weeks of gestation and
at 1.5gkg™! during the 4 weeks of lactation. The level of
serum IgG did not change in the scFOS-supplemented group
(Le Bourgot et al., 2014). A specific serum IgA response
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to the influenza vaccine could increase in sows after wean-
ing when the diet involved scFOS at 0.15 % (95 % of scFOS
with a molecular chain length between 3 and 5 monomeric
unity; Profeed P95® Beghin-Meiji, Marckolsheim, France)
during the post-weaning period and also when the mater-
nal diet involved scFOS at 3.3 gkg™! during gestation and
1.5gkg™" during lactation. In the same study, the specific
influenza IgA level was also increased in the feces of wean-
ing pigs at day 77 after diet was supplemented with scFOS at
a concentration of 0.15 %. Vaccine-specific IgG levels were
not affected by maternal or pig scFOS supplementation (Le
Bourgot et al., 2016). In another study, a vaccine-specific [gA
level could increase in serum and tended to increase in ileal
mucosa of piglets at postnatal day 54 when the same ma-
ternal scFOS diet was applied. A positive correlation was
also determined between total sIgA and vaccine-specific I[gA
in the ileal mucosa (p < 0.001, R = 0.84). Vaccine-specific
IgG was not influenced in serum at postnatal day 56 in this
study either (Le Bourgot et al., 2017). The addition of sc-
FOS to the maternal diet did not influence serum IgG and
IgA in piglets between postnatal days 7 and 21, compared to
the control piglets. In addition, levels of some cytokines were
measured and the secretion of interferon (IFN) y was higher
in jejunal and ileal Peyer’s patches and in mesenteric lymph
node cells of piglets at postnatal day 21 when scFOS supple-
mentation was applied in the maternal diet in the same way.
The concentrations of secreted interleukin (IL) 10 and tumor
necrosis factor (TNF) « did not differ between groups in the
same study (Le Bourgot et al., 2014). The density of mesen-
teric lymph node cells was also higher in piglets when mater-
nal feed contained scFOS, and this could be considered to be
a sign of a stimulated immune cell function of the intestinal
immune system development. The secretion of IgA was also
enhanced in ileal Peyer’s patches and tended to be enhanced
in the jejunal Peyer’s patches of scFOS treated pigs. Equally
important, scFOS-treated pigs showed an increased propor-
tion of activated CD25+CD4« + T cells among T helper
cells which was in positive correlation with the secreted
IFN-y level in ileal Peyer’s patch cells (p < 0.05, Pearson
R? = 0.29). This may signal more active CD4" T cells and
a better Th1 response polarization of Peyer’s patches and in
mesenteric lymph node cells and thereby a more effective
immunity against pathogens. The level of haptoglobins in
blood plasma was also increased at postnatal day 21 when
the scFOS maternal diet was applied, and it was discussed in
connection with the enhanced cellular immune response of
Th1 cells (Le Bourgot et al., 2014). In another study, TNF-
a expression could decrease in the visceral adipose tissue of
piglets when the maternal diet was supplemented with sc-
FOS at 3.3 gkg™! during the last 4 weeks of gestation and
1.5 gkg™! during the 4 weeks of lactation (Le Bourgot et al.,
2019). The secretion of IFN y was improved and interleukin-
4 (IL-4) tended to increase in the ileal mucosa of pigs
at postnatal day 56 after maternal scFOS supplementation.
Short-chain FOS supplementation in the post-weaning diet
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at 0.15 % tended to result in a lower concentration of ileal
TNF « in pigs (Le Bourgot et al., 2017). Immune factors,
such as lymphocytes, leukocytes, neutrophils, and CD4"
T cells tended to be enhanced when a combination of FOS
(Raftilose P95®) at 3 g per animal per day and Lactobacillus
paracasei (1.10° CFU g~!) in powder milk at a dose of 2 g
per animal per day were applied for 10d after birth (Herich
et al., 2002). Blood lymphocyte and neutrophil concentra-
tions were measured in another study, and higher concentra-
tions were expected as a sign of enhanced immune response,
though concentrations were not changed in 46 d old weaning
piglets after 0.2 % oligofructose (95 % dry matter (GF;: 1-
kestose 35 %, GFs:nystose 50%, and GFjy: 1-fructosyl-
nystose 10%)+5 % of glucose + fructose + sucrose) sup-
plementation for 21 d (Shim, 2005).

Accordingly, FOS could affect the immune response di-
rectly through enhancing the levels of IgE and IgG in the
serum of barrows, even at a concentration of 0.6 % in the
diet. Short-chain FOS could also enhance immunity both
directly and indirectly by increasing the levels of vaccine-
specific IgA and other immunoglobulins, such as IgA, IgG,
and IgE in serum. Immunological activity was further in-
creased indirectly when the scFOS addition altered the lev-
els of some cytokines, and IFN y was higher and the ex-
pression level of TNF o was lower or tended to be lower
in piglets. scFOS supplementation induced a higher propor-
tion of CD25 + CD4« + T cells in piglets directly and hap-
toglobin levels were also observed after maternal scFOS sup-
plementation. Vaccine-specific IgG could not be altered in
most cases after scFOS additions.

8 Effect on growth performance

Several studies refer to the positive effect of FOS on growth
performance of porcine animals. Chang et al. (2018) experi-
enced a higher body weight gain in 32d old barrows after
0.6 % FOS (Solarbio, Beijing, purity > 95 %) supplemen-
tation compared to an allergy group, which was sensitized
with soybeans. In addition, FOS (97.2% FOS amount) sup-
plementation at 4 and 6 gkg~! in the diet could increase av-
erage daily gain (ADG) and feed conversion ratio in grow-
ing barrows compared to the control pigs at the end of the
experiment (day 42) (Xu et al., 2002). ADG of porcine ani-
mals weaned early was also higher when fructooligosaccha-
ride supplementation at a concentration of 0.5 % was applied
for 21 d (Estrada et al., 2001). Le Bourgot et al. (2016) deter-
mined increased growth performance of weaned pigs on ex-
perimental day 56 and 77 when the maternal diet contained
scFOS, as described above. Daily body weight gain was also
higher in maternal scFOS supplemented pigs compared to
the control over the post-weaning 7 weeks. Shim (2005) de-
termined higher pre-weaning body weight gain when the diet
of 46d old piglets was supplemented with 0.2 % oligofruc-
tose for 21 d. Shim also suggests using commercially avail-
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able FOS products from a concentration of 0.25 % to im-
prove the production performance at weaning. It was also
suggested that the effects of FOS may be influenced by sev-
eral factors, such as the chemical structure of the product,
the diet, the age, and the weight of the pig (Shim, 2005).
Fructan, which has a longer-chain, could also reach higher
ADG and gain: feed (G : F) ratio in 1 % and 2 % fructan sup-
plemented finishing pigs at the end of week 6 (Zhao et al.,
2013). ADG of piglets increased during the pre-starter pe-
riod, when the diet contained the same scFOS at 1.2 ¢ d-1.
ADG of piglets also increased during the starter period, when
sow diet involved the same scFOS at 10 g d~!. In addition,
average daily intake (ADI) decreased during the starter phase
when the maternal diet involved the same amount of scFOS.
The feed conversion ratio was also improved during the pre-
starter and starter phases when both the piglet and mater-
nal diets contained scFOS. Finally, body weight (BW) in-
creased during the pre-growing and growing periods, when
piglets received scFOS at 1.2 gd ™! during the pre-starter pe-
riod (Apper et al., 2016). In contrast with these results, Xu
et al. (2005) did not measure significant differences in the
weights of pigs fed FOS (contained 1.83 % monosaccha-
rides, 1.13 % sucrose, 39.81 % kestose, 49.78 % nystose, and
7.06 % furanosyl nystose for a total FOS of 96.65 %) at a
concentration of 0.4 % for 21 d. However, Xu et al. (2005)
noted a trending increase in weight gain. Le Bourgot et
al. (2017) did not observe body weight gain in piglets during
lactation when the maternal diet was supplemented with sc-
FOS, as described above, and neither maternal diet nor post-
weaning diet modified body weight gain at postnatal day 56.
Le Bourgot et al. (2014) did not experience enhanced pro-
duction performance in sows at the end of gestation or dur-
ing lactation when the maternal diet was supplemented with
3.3gkg™! short-chain fructooligosaccharides during gesta-
tion and 1.5gkg™! short-chain fructooligosaccharides dur-
ing lactation. In addition, the body weight of sows decreased
from day 80 of gestation to day 28 postpartum, and daily
feed intake was higher in scFOS supplemented sows at the
end of lactation. The BW and ADG of suckling piglets were
very similar in the treated and control groups when sow diets
contained 10gd_1 scFOS (Profeed P95, 95 % scFOS with
molecular chain length from 3 to 5; 37 % GF,, 53 % GFj3,
and 10 % GF4) (Apper et al., 2016).

Effects of FOS on growth performance are contradictory.
These differing results may be influenced by the different
chemical structures and chain length of FOS applied in the
studies and the occurrence of other fermentable components
in feed, such as non-starch polysaccharides (Shim, 2005).
Other studies are required to identify the precise concentra-
tion and duration of FOS to improve the growth parameters
of pigs.
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Table 1. Effects of fructooligosaccharides (FOSs) in different chemical structures on reviewed parameters.

Biological activity Effect®  Structure of Effect References
molecule mechanism®
Positive effect on + oligomeric FOS direct Xu et al. (2002), Shim (2005)
digestion
Improved gut + oligomeric FOS direct Xu et al. (2002), Shim (2005)
microbiota longer-chain FOS direct Zhao et al. (2013)
composition scFOS direct Zhao et al. (2019)
scFOS indirect Le Bourgot et al. (2019)
) oligomeric FOS direct Mountzouris et al. (2006)
longer-chain FOS direct Loh et al. (2006), Eberhard et al. (2007)
Effect on pH value + oligomeric FOS direct Houdijk et al. (2002), Shim et al. (2005)
) oligomeric FOS direct Tsukahara et al. (2003)
Positive intestinal + oligomeric FOS direct Xu et al. (2002, 2005), Tsukahara et al. (2003)
morphologic effects scFOS indirect Le Bourgot et al. (2017)
o oligomeric FOS direct Shim (2005)
scFOS indirect Le Bourgot et al. (2014)
Immunological activity — + oligomeric FOS direct Chang et al. (2018)
scFOS direct Le Bourgot et al. (2014), Le Bourgot et al. (2016)
scFOS indirect Le Bourgot et al. (2016, 2017, 2019)
) oligomeric FOS direct Herich et al. (2002), Shim (2005)
Effect on growth + oligomeric FOS direct Chang et al. (2018), Xu et al. (2002), Estrada et al.
performance (2001), Shim (2005)
scFOS direct Apper et al. (2016)
scFOS indirect Le Bourgot et al. (2016)
longer-chain FOS direct Zhao et al. (2013)
0 oligomeric FOS direct Xu et al. (2005)
scFOS direct Le Bourgot et al. (2017)
indirect Le Bourgot et al. (2014, 2017), Apper et al. (2016)

@ +: positive effect on traits/parameters; o: no significant effect was observed. b Direct: experiment animals were fed with diet containing FOS; indirect: maternal diet included

FOS.

9 Conclusions

The effect of FOS with different chemical structures (Ta-
ble 1) was reviewed in this study. Fructooligosaccharides are
inulin-type oligosaccharides consisting of fructose units with
B-(2,1) linkages, so they cannot be digested in the small in-
testine and molecules reach the cecum, where they are fer-
mented by intestinal microbiota. Through these mechanisms,
SCFAs and other metabolites are produced. SCFAs provide
an acidic environment as they decrease intestinal pH value,
which is beneficial for effective mineral solubilization and
pathogenic elimination. Prebiotic effects of fructooligosac-
charides not only result in a decrease in harmful pathogens,
such as E. coli in the gut, but all of the three forms (longer-
chain fructans, oligomeric fructans, and short-chain fruc-
tooligosaccharides) can enhance the activity and growth of
beneficial bacteria, such as Lactobacillus, Bifidobacterium,
or Prevotella. The effect of FOS on digestion differs, as
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based on some studies, which might be the result of the al-
tered microbiota in the gut or the presence of different sub-
strates. FOS supplementation — direct and indirect — can pro-
mote beneficially changed intestinal morphological param-
eters which are related to nutrient absorption. The immune
response may be affected directly and indirectly as well, by
increasing the levels of some immunoglobulins and altering
the levels of some cytokines even at a concentration of 0.4 %.
The effects of FOS on growth performance are contradic-
tory, which may be due to the differing chemical structures,
dosage, and duration of FOS. FOS represents a nutritional
strategy of interest in pigs to improve the beneficial bacteria
of the microbiota and stimulate their immune system, with
beneficial effects on health and growth.

Data availability. All data used in this paper are available in the
papers cited.
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