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Simple Summary: The use of antibiotics in animal feeds has been phased out due to concerns
surrounding microbial resistance to antibiotics. 3-glucans have been shown to improve the intestinal
health and growth performance of nursery pigs. 3-glucans are non-starch polysaccharides originating
from the cell walls of various sources including yeast, bacteria, fungi, and cereal grains. Depending
on the sources and dose levels of 3-glucans, however, their impacts on intestinal health and growth
were not consistent due to the quantitative, compositional, and structural differences of 3-glucans.
Cereal grains-based diets provide high amounts of soluble fractions of 3-glucans, causing digesta
viscosity in the GIT of pigs and interfering with the nutrient digestion and intestinal health of pigs.
Microbial B-glucans, however, showed positive effects on the intestinal health and growth of nursery
pigs. Microbial 3-glucans affect the intestinal immune system through activating dectin-1 and toll-
like receptors related to the intestinal health of nursery pigs. Therefore, this review investigated
the quantitative, compositional, and structural differences of 3-glucans and the functional roles of
-glucans in the intestinal health and growth efficiency of nursery pigs.

Abstract: The objectives of this review are to investigate the quantitative, compositional, and structural
differences of 3-glucans and the functional effects of 3-glucans on the intestinal health and growth of
nursery pigs. Banning antibiotic feed supplementation increased the research demand for antibiotic
alternatives to maintain the intestinal health and growth of nursery pigs. It has been proposed that
B-glucans improve the growth efficiency of nursery pigs through positive impacts on their intesti-
nal health. However, based on their structure and source, their impacts can be extensively different.
B-glucans are non-starch polysaccharides found in the cell walls of yeast (Saccharomyces cerevisiae),
bacteria, fungi (Basidiomycota), and cereal grains (mainly barley and oats). The total 3-glucan content
from cereal grains is much greater than that of microbial 3-glucans. Cereal 3-glucans may interfere
with the positive effects of microbial 3-glucans on the intestinal health of nursery pigs. Due to their
structural differences, cereal 3-glucans also cause digesta viscosity, decreasing feed digestion, and
decreasing nutrient absorption in the GIT of nursery pigs. Specifically, cereal 3-glucans are based on
linear glucose molecules linked by (-(1,3)- and [3-(1,4)-glycosidic bonds with relatively high water-
soluble properties, whereas microbial (3-glucans are largely linked with 3-(1,3)- and 3-(1,6)-glycosidic
bonds possessing insoluble properties. From the meta-analysis, the weight gain and feed intake of
nursery pigs increased by 7.6% and 5.3%, respectively, through the use of yeast -glucans (from
Saccharomyces cerevisiae), and increased by 11.6% and 6.9%, respectively, through the use of bacterial
B-glucans (from Agrobacterium sp.), whereas the use of cereal 3-glucans did not show consistent re-
sponses. The optimal use of yeast 3-glucans (Saccharomyces cerevisiae) was 50 mg/kg in nursery pig diets
based on a meta-analysis. Collectively, use of microbial 3-glucans can improve the intestinal health
of nursery pigs, enhancing immune conditions, whereas the benefits of cereal 3-glucans on intestinal
health were not consistent.
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1. Introduction

Weaning is considered the most critical period for nursery pigs, as piglets are exposed
to a new environment, are separated from their dam, struggle with new pen mates, and
transition from milk to solid feeds, which all negatively affect their overall health, intestinal
immune status, and growth performance [1,2]. Antibiotics have been used in nursery feeds
to mitigate the negative effects of weaning stress and to improve the intestinal health and
growth of nursery pigs. Due to concerns about antibiotic-resistant bacteria, however, the
use of antibiotics in feeds has been phased out in many countries [3]. Thus, there is a
demand for the investigation of feed additives to reduce the usage of antibiotics and to
improve the growth rate of pigs [4]. 3-glucans, non-starch polysaccharides (NSP) in cereal
grains and microorganisms, have been proposed as a potential means of improving the
intestinal health and growth of nursery pigs [5,6]. However, cereal and microbial 3-glucans
(yeast, bacteria, and other origins) have compositional and structural differences [7].

Cereal 3-glucans are based on linear glucose molecules linked by (3-(1,3)- and (3-(1,4)-
glycosidic bonds with relatively high water-soluble properties, whereas yeast [3-glucans
(from Saccharomyces cerevisiae) are largely linked with (3-(1,3)- and p-(1,6)-glycosidic bonds
possessing insoluble properties [8,9]. Moreover, the total 3-glucan content from microbial
-glucans (yeast, bacteria, and algae) is lower compared with the levels found in cereal
grain-based diets. Due to these differences, cereal (3-glucans can cause increased viscosity
of digesta and negatively impact feed digestion in nursery pigs [10], whereas microbial
B-glucans may not have those effects. Therefore, the objectives of this review are to
investigate the compositional and structural differences between cereal and microbial
-glucans, to provide an overview of the functional effects of microbial 3-glucans on
intestinal health and growth of nursery pigs, and to investigate the potential application of
microbial (3-glucans as a feed additive for growth of nursery pigs.

2. Difference of Composition and Structure of 3-Glucans Influence Viscosity of
Digesta in GIT of Nursery Pigs

3-glucans are NSP that make up a component of cell walls. 3-glucans are derived
from yeast (Saccharomyces cerevisiae), bacteria, fungi, and cereal grains (mainly from barley
and oats) [7]. Those (3-glucan sources can cause increased viscosity of digesta in the
gastrointestinal tract (GIT) of pigs. Viscosity of digesta in the GIT of nursery pigs, however,
can be influenced by the structure, amounts, purity, and molecular weight of 3-glucans [9].
Therefore, understanding the compositional and structural differences in 3-glucan sources
is critical to investigating their effects on the intestinal health and growth of nursery pigs.

Structural and Compositional Difference of B-Glucans

Barley and oats contain generally higher content of 3-glucans than other cereal feed-
stuffs [11]. The B-glucan content from barley was 5 to 11%, and 3 to 7% from oats [12]. In
cereal grains, 3-glucans are present in endosperm and sub-aleurone cell walls [7], which
require breakdown during the digestion process in pigs.

Cereal 3-glucans are based on linear glucose molecules linked with (3-(1,3)- and 3-(1,4)-
glycosidic bonds with relatively high water-soluble properties in the digesta of animals [7]
(Figure 1). However, the 3-(1,3)- to 3-(1,4)-glycosidic bonds ratio of barley is greater than
that of oats. In 3-glucans, the 3-(1,3)-glycosidic bonds are relatively more fermentable than
3-(1,4)-glycosidic bonds in the digesta, and the lower molecular weight of 3-glucans also
increases the fermentation in the digesta of pigs [13]. Barley had a greater proportion of
3-(1,3)-glycosidic bonds and a lower molecular weight than oats [14], which may result
in higher water-soluble digesta in pigs fed barley-based diets than that in pigs fed oat-
based diets [15]. A previous study showed that the 3-glucans of barley are already 80%
depolymerized in the small intestine of pigs [13]. Moreover, the ileal digestibility of barley
-glucans ranged from 63 to 72%, and the total tract digestibility ranged from 89 to 93%,
indicating that most of the 3-glucans in barley are digested in the small intestine of pigs [16].
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Thus, 3-glucans in barley may have greater water solubility in the GIT of pigs compared
with that in oats.

Unlike cereal 3-glucans, yeast 3-glucans (from Saccharomyces cerevisiae) are largely linked
with 3-(1,3)- and (-(1,6)-glycosidic bonds, which contain 53 to 83% of the insoluble fraction [7].
However, structural differences also exist within the microbial 3-glucans, which can affect the
viscosity in the digesta of nursery pigs. The 3-(1,3)-glycosidic bonds are relatively soluble,
whereas 3-(1,6)-glycosidic bonds are less soluble in the digesta of pigs [17]. Laminarin, a
B-glucan derived from algae, is extensively linked with (3-(1,3)-glycosidic bonds randomly
attached to 3-(1,6)-glycosidic bonds, making it relatively soluble and thus causing viscosity
in the digesta of pigs. However, laminarin from Laminaria hyperborean is interestingly less
fermentable due to fewer (3-(1,3)-bonds not causing viscous digesta in pigs [18]. The B-glucans
from yeast (Saccharomyces cerevisiae) mainly consist of branched 3-(1,3)-linkage bonds and
generally have greater molecular weight compared with Laminarin [19]. The structure of
the bacterial 3-glucan (from Agrobacterium sp.) mainly consists of linear (3-(1,3)-glycosidic
bonds. Therefore, considering the structural difference among the microbial (3-glucans, yeast
-glucans (from Saccharomyces cerevisiae) generally have less soluble properties than algal and
bacterial (3-glucans in the GIT of nursery pigs.

a) Cereal [%—glucan b) Yeast [,%—glucan C) Bacterial B-glucan

Figure 1. Structural and branching degree of 3-glucans from different sources: (a) cereal 3-glucans
(linked with (-(1,3)- and (3-(1,4)-glycosidic bonds); (b) yeast 3-glucans (linked with (3-(1,3)- and
3-(1,6)-glycosidic bonds); and (c) bacterial 3-glucans (linked with 3-(1,3)-glycosidic bonds). The
concept used in this figure was adapted from Du et al. [20].

Quantitative contributions of 3-glucans in typical feed fed to pigs are mainly from
cereal grains (~30 g/kg feed) [21-23] rather than microbial feed additives (~1 g/kg feed)
(Tables 1-3). Considering the property of 3-glucans from microorganisms, the use of
microbial feed additives would not cause viscosity issues in the GIT of pigs. Viscosity refers
to the ability of mixed fluids (digesta) and soluble polysaccharides such as gums, pectin,
and (-glucans to thicken or form gels in the GIT of pigs [24]. In pigs fed diets with highly
soluble NSP, the viscosity of digesta was increased [25,26]. Specifically, in pigs fed barley-
based diets, the viscosity of digesta in the stomach and ileum was greater when compared
with corn-based diets [27]. This is likely due to the high content of soluble NSP in barley [28].
Moreover, barley-based diets also increased the viscosity of digesta in the small intestine
of nursery pigs, which can result in a higher incidence of enterotoxigenic Escherichia coli
(ETEC) infections [29] and reduced feed digestion [30]. Exogenous enzymes can degrade
the NSP fractions to reduce viscosity of digesta of nursery pigs [30,31]. However, the
viscosity of digesta was not decreased by enzyme supplementation of nursery pigs fed
diets containing 50% barley [32]. Additionally, 10% oat-derived 3-glucans did not affect
the viscosity of digesta, except in the stomach [33]. The possibility of diverse outcomes is
likely due to the high depolymerization of the 3-glucans from various sources in the GIT of
pigs [34]. The depolymerization of cereal 3-glucans occurs in the stomach [35], and a high
proportion of 3-glucans are hydrolyzed in the small intestine of pigs [16,36]. Therefore,
some 3-glucans in cereal grain-based diet such as processed barley could decrease the



Animals 2023, 13, 2236

40f12

intestinal health of nursery pigs by increasing viscosity, whereas microbial 3-glucans may
not cause increased viscosity and decreased feed digestion.

3. Effects of Dietary 3-Glucans on Intestinal Microbiota and Intestinal Health of
Nursery Pigs

The intestinal tract is where feed digestion and absorption occur. Intestinal health is
inclusive of seven major criteria: (1) mucosal and luminal microbiota; (2) mucosal inflam-
mation; (3) mucosal oxidative stress; (4) morphological damages and mucosal integrity;
(5) crypt stem cell proliferation and tissue repair; (6) effective digestion and absorption of
nutrients; and (7) overall well-being and growth efficiency [37]. Among the factors that
influence the intestinal health of nursery pigs, feed is highly influential on the intestinal
microbiota, intestinal immune responses, and digestion and absorption of nutrients [34,38].
Both cereal and microbial 3-glucans (from yeast and bacteria) have been shown to im-
prove the intestinal health of nursery pigs [6,39]. However, some previous studies have
not detected the positive effects of dietary (3-glucans on intestinal health of nursery pigs,
raising questions about the efficacy of 3-glucans on the improving intestinal health of pigs.
Therefore, this section is focused on the potential of 3-glucans to improve the intestinal
health of nursery pigs.

3.1. Effects of Cereal B-Glucans on Intestinal Health of Nursery Pigs

Supplementation of exogenous (-glucans extracted from cereal grains at 3.5% in-
creased the beneficial microbiota in the ileum, cecum, and colon of pigs [40]. Additionally,
barley-derived B-glucans decreased K88-ETEC adhesion to the enterocytes of nursery
pigs [41], reducing pathogenic infection in the small intestine. In pigs fed exogenous oat
B-glucans, the abundance of Lactobacillus spp. and Bifidobacteria spp. was greater than in
pigs fed exogenous barley 3-glucans [40]. Oat -glucans also increased populations of
Bifidobacteria spp. and Lactobacillus spp. in the stomach and colon of nursery pigs [42]. The
reason for different results from (-glucans from cereal grains may be due to the higher
insoluble fractions of oats than barley [13]. These studies indicate that cereal 3-glucans
possess prebiotic effects, modulating the intestinal microbiota and mitigating the negative
effects of pathogenic bacterial infection in the GIT of pigs, but the effects of cereal (3-glucans
could vary. Prebiotics are non-digestible soluble NSP and are fermented by gut microbiota,
which potentially enhance the beneficial microbiota in the GIT of pigs [4,43]. However, high
levels of soluble 3-glucans from barley, especially in processed barley, can cause increased
viscosity of digesta and negatively affect microbiota in the GIT of pigs [44]. Moreover,
increased viscosity could result in the increased fermentation of pathogenic bacteria related
to the post-weaning diarrhea (PWD) of nursery pigs [29,45]. Both barley and oat 3-glucan
extracts may have beneficial effects on the intestinal microbiota of nursery pigs, but high
inclusion rates of high-3-glucan barley in feeds, especially in processed barley, should be
used with caution on account of increased digesta viscosity.

3.2. Effects of Microbial B-Glucans on Intestinal Health and Growth Performance of Nursery Pigs

Microbial (yeast and bacteria) and algal 3-glucans decreased the population of pathogenic
bacteria (Enterobacteria) in the ileum and colon of pigs [39], indicating the potential role of
microbial 3-glucans in improving the intestinal health of nursery pigs.

Biological indicators used to determine the inflammation status of the intestine of
nursery pigs include decreased levels of pro-inflammatory cytokines (TNF-«, IL-8, IL-
6, IL-13, and IFN-y) and increased levels of anti-inflammatory cytokines (IL-4, IL-10,
and IL-13) [4]. After weaning, the mRNA expression of pro-inflammatory cytokines was
increased [46], indicating that weaning stress affects cytokine signaling modulation in
the small intestine of nursery pigs [47]. Supplementation of yeast (3-glucans reduced
pro-inflammatory cytokines and increased anti-inflammatory cytokines in the jejunum of
nursery pigs [48]. The potential of microbial 3-glucans to improve the immune response
may be attributed to the activation of dectin-1 receptor in the intestine through 3-(1,3)-
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glycosidic bonds present in 3-glucans [6,49]. The increased dectin-1 receptor stimulation
by microbial 3-glucans (yeast and bacteria) increased phagocytosis in the immune cells
and increased cytokines, modulating the immune response through humoral immunity
in pigs [50]. As a result, microbial 3-glucans reduce the energy cost of the immune
response through the activation of dectin-1 receptor, decrease inflammation in the GIT, and
improve the growth rate of nursery pigs [51,52]. Therefore, supplementation of microbial
-glucans could reduce enteric inflammation in the GIT and improve the growth rate of
nursery pigs [34].

The effects of microbial 3-glucans include (1) reduced pathogenic microbiota in the GIT;
(2) increased immune responses (pro-inflammatory cytokines); (3) increased mucosa protein
and tight junction protein of enterocytes; and (4) improved morphology of nursery pigs.
The possibility for these effects is mainly due to the prevention of enterocyte inflammation
in nursery pigs, which increases growth performance [6,10,53]. However, the optimal use
of 3-glucans may be variable depending on (3-glucan sources due to differences in the
purity, molecular weight, conformation, chemical structure, and solubility of 3-glucans in
nursery diets [6]. Therefore, this section investigates the effects of microbial 3-glucans on
the intestinal health and growth of nursery pigs.

3.2.1. Yeast (Saccharomyces cerevisiae)

The use of yeast B-glucans (from Saccharomyces cerevisiae) has positive effects on the
intestinal health and growth performance of nursery pigs, with an increase in weight gain of
7.6% and an increase in feed intake of 5.3% (Table 1). Yeast (3-glucans decreased Enterobacte-
ria spp. in the ileum and proximal colon [39]. Additionally, yeast 3-glucans improved the
morphology parameters of nursery pigs such as VH:CD and jejunum goblet cells [54] and
increased the digestibility of nutrients for nursery pigs [55]. The reason for the improvement
in the intestinal health of nursery pigs is likely due to the activation of the dectin-1 receptor in
the small intestine. However, yeast 3-glucans (from Saccharomyces cerevisiae) did not linearly
improve the growth performance of nursery pigs with increasing 3-glucan levels [10,53]. The
reason for the growth of pigs showing quadratic changes through yeast 3-glucans (from
Saccharomyces cerevisiae) could be due to high immune stimulation increasing energy use for
body maintenance [52,56,57]. During the period of high immune stimulation, proinflam-
matory cytokines such as TNF-«, IL-6, and IL-1 are released to activate macrophages for
defense against infection in pigs [10,58,59]. The supplementation of yeast 3-glucans (from
Saccharomyces cerevisine) showed quadratic responses in the growth performance, IL-1, and
TNF-o in broiler chickens [57]. In the case of an in vitro study using macrophages from
mice, zymosan (a form of yeast 3-glucan) increased TNF-« secretion [60]. The optimal use of
yeast 3-glucans (from Saccharomyces cerevisiae) could be considered to improve the immune
responses of nursery pigs related to growth performance. In this review, the optimal use
of yeast 3-glucans (from Saccharomyces cerevisiae) was determined as 50 mg/kg of nursery
diets (Figure 2). In summary, yeast 3-glucans (from Saccharomyces cerevisiae) have the po-
tential to increase the intestinal health and growth performance of nursery pigs, showing
decreased pathogenic bacteria in the GIT, improved morphology parameters, and increased
nutrient digestibility.

600

®Dritzetal. (Exp. 1)
Dritz et al. (Exp. 2)
Dritz et al. (Exp. 3)
Hiss and Saurwein

®Lictal. (Exp.1)

®Lietal. (Exp.2)

®Hahn et al. (Exp. 1)

®Hahn et al. (Exp.2)

200 ! : T T T T 2 ®Liuetal.

0 100 200 300 400 500 ®Lee etal.
Beta-glucan content, mg/kg

Average daily gain, g/d

Figure 2. Improvement in body weight gain of nursery pigs fed diets with increasing quantities of
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yeast (Saccharomyces cerevisiae) B-glucans (0 to 1000 mg/kg) using a linear broken line analysis. The
meta-analysis is conducted by Proc NLMIXED to determine the breakpoint on the regression of body-
weight gain in nursery pigs based on the data from six published studies (ten experiments with a
non-challenged period). The breakpoint (a one-slope broken line analysis) was 50 mg/kg (standard
error = 0.561; p < 0.05) of B-glucan content in nursery pig diets. The equation for body weight gain
in nursery pigs was ADG, g/d = 404.1 — 0.235 x z1 (B-glucan content, mg/kg), R? = 0.87 if B-glucan
content is >breakpoint, then z1 = 0. Due to the lack of published data for other microbial 3-glucans, a
meta-analysis was not conducted [10,55,58,61,62].

A meta-analysis was conducted to determine the optimal use of yeast 3-glucans (from
Saccharomyces cerevisiae) in feeds based on the growth performance data of nursery pigs. A total
of 29 datasets with body weight (BW), average daily gain (ADG), average daily feed intake
(ADFI), and gain to feed ratio (G:F) from six published research papers with ten experiments
were used. For the literature search in PubMed, Web of Science, and Google Scholar, the
used keywords were (3-glucans, growth performance, intestinal health, and nursery pigs.
The found papers were manually screened based on the title and experimental procedures.
During this screening process, data from growing pigs or sows were excluded. Additionally,
papers which did not contain information about specific levels of 3-glucans in the test product
were not included in the meta-analysis. For the meta-analysis, the inclusion rate of yeast
-glucans (from Saccharomyces cerevisiae) with respect to the growth response was evaluated
with a one-slope broken line analysis using the Proc NLMIXED procedure in SAS (SAS Inst.
Inc., Cary, NC, USA) [63]. Using a one-slope broken line analysis, the optimal use of yeast
B-glucans in feeds for the ADG of nursery pigs was obtained. Statistical significance and
tendency were declared at p < 0.05 and 0.05 < p < 0.10, respectively. The optimal use of yeast
(Saccharomyces cerevisiae) p-glucans in nursery pig diets was 50 mg/kg (Figure 2). For other
microbial 3-glucans, a meta-analysis of their optimal use was not conducted due to the limited
amount of data.

Table 1. Effects of the use of yeast 3-glucans (from Saccharomyces cerevisiae) on the intestinal health
and growth performance of nursery pigs 1"2.

B-Glucan

Initial BW Experimental B3-Glucan
Item . Compound Results Reference
(kg) or Age (d) Period (d) (mg/kg) (mg/kg)
Increased jejunal goblet cells, tended to decrease diarrhea
during d 0 to 14, tended to increase VH:CD, and tended )
8.0kg 28 500 141 to increase apparent ileal and total tract digestibility (54]
of energy
Intestinal 6.4 k 35 B 100, 200, 300, Linearly increased apparent total tract digestibility [55]
health ] and 400 of nutrients -
5.8 kg 21 - 50, 110 50(') and Increased villus height and VH:CD on the jejunum [61]
153 kg 8 ) 250 Decreased Enterohqcterza spp. In ileum and [39]
proximal colon
" . B-glucan B o o,
Ttem Initial BW Expel.'lmental compound B-glucan ADG (% ADFI (% G:F (% change) Reference
(kg) or age (d) period (d) (mg/kg) (mg/kg) change) change)
49kg 28 - 250 19.9 ** 23.2%* -11
500 7.7 11.6 -11 58]
5.0kg 28 - 1000 -19 —7.1% 2.6
1000 0 —1.5** 0
Growth 28d 28 - 150 10.6 74 0 [62]
performance 300 15.8 15.4% 0
87%kg 28 - 25 11.4 7.5 3.1
50 14.8 11.6 2.7
100 -3 —4.6 0.6 [10]
200 —4.8 —-37 -1.3
8.2kg 28 - 50 12.7 ** 11.5** 1.3
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Table 1. Cont.

o, . B-glucan o o
Initial BW Experimental B-glucan ADG (% ADFI (% B
Item (kg) or age (d) period (d) compound (mg/kg) change) change) G:F (% change) Reference
(mg/kg)
64%kg 35 - 100 4.7 32 1.6
200 10.5 9 0
300 11 6.8 3.2 [55]
400 10.7 5.4 4.8
6.2 kg 35 - 200 59 1.8 42
58kg 21 - 50 8.4 2.4 59
erGf;(ngrllce 100 12.9 #* 6.0 6.6 [61]
P 150 123 8.8 32
8.0kg 28 500 141 6.7* 2.8 3.8 [54]
6.0kg 35 2000 NA 74 6.5** 0.9 [64]
6.0kg 48 2000 NA —55 —6.9 1.6 [65]
Average % change: 7.6 53 1.9

BW, body weight; NA, not available; VH:CD, villus height to crypt depth ratio. 1 Asterisk marks (*, **) represent
statistical tendency (p < 0.10) and significant difference (p < 0.05), respectively. 2 The percentage increase or
decrease in the average daily gain (ADG), average daily feed intake (ADFI), and gain-to-feed ratio (G:F) was
determined in beta-glucan supplementation groups relative to the control group. * B-glucan supplementation
contents quadratically increased (p < 0.05) the ADG of nursery pigs. * -glucan supplementation contents linearly
tended to increase (p < 0.10) the ADG of nursery pigs.

3.2.2. Bacteria (Agrobacterium sp.)

The supplementation of bacterial 3-glucans (from Agrobacterium sp.) showed positive
effects on the intestinal health and growth performance of nursery pigs, resulting in an 11.6% in-
crease in weight gain and a 6.9% increase in the feed intake of nursery pigs (Table 2). Specifically,
the supplementation of 50 mg/kg bacterial 3-glucans (from Agrobacterium sp. ZX09) in feeds
increased villus height, decreased crypt depth, and increased VH:CD after lipopolysaccharide
(LPS) challenge [6]. Moreover, the 50 mg/kg of bacterial 3-glucans (from Agrobacterium sp.
ZX09) decreased the intestinal permeability of the small intestine of nursery pigs [61]. The
intestinal permeability function can be determined by tight junction proteins such as occludin,
claudin, and MUCI1 and 2. High tight junction protein complexes between intestinal cells
inhibit the paracellular flow, thus enhancing pathogen prevention [4]. Additionally, the highly
viscous mucus in the intestine, consisting of cross-linked mucins, antimicrobial factors, and
trefoil peptides, acts as an additional physical and chemical intestinal barrier and prevents
microorganisms from making contact with the intestinal epithelium [48]. The reason for the
decrease in intestinal permeability is likely the activation of dectin-1 receptor. The increase
in dectin-1 receptor in the intestine can increase phagocytosis in immune cells and cytokine
production, which can improve the intestinal health of nursery pigs. Lastly, bacterial 3-glucans
(from Agrobacterium sp.) linearly increased IL-10 and linearly decreased TNF-« in the jejunum
mucosa of nursery pigs. As prebiotics effects of 3-glucans in the intestinal microbiota of pigs,
supplementation with 200 mg/kg of bacterial 3-glucans (from Agrobacterium sp.) increased
the relative abundance of Fournierella, Parabacteria, and Alistipes in the ileum, providing growth
substrates with alpha-glucosidase activity, and increased Oscillospira, a butyrate-producing
bacteria [66]. Additionally, supplementation with 300 mg/kg of bacterial 3-glucans (from
Agrobacterium sp.) showed interaction with morphological parameters (villus height), the ex-
pression genes related to intestinal integrity (Z0-1, Occludin-1, and MUC2), and the growth
performance of nursery pigs challenged with ETEC [67], indicating that bacterial 3-glucans can
be highly effective under challenged conditions in mitigating pathogenic bacteria infection [48].
In terms of the growth of nursery pigs, bacterial 3-glucans (from Agrobacterium sp.) also showed
a quadratic response (as was shown in the yeast 3-glucans (from Saccharomyces cerevisiae)) [6],
which indicates that bacterial 3-glucans also require optimal usage in order to improve intestinal
health and growth. However, due to the lack of published data, the optimal use of bacterial
-glucans cannot be determined. In summary, bacterial 3-glucans can decrease intestinal per-
meability, which can prevent pathogenic bacteria infections and improve the intestinal health
and growth performance of nursery pigs.
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Table 2. Effects of the use of bacterial 3-glucans (from Agrobacterium sp. and Paenibacillus polymyxa)

on the intestinal health and growth performance of nursery pigs .
o, . B-Glucan ~
Item Initial BW Expel:lmental Compound B-Glucan Results Reference
(kg) or Age (d) Period (d) (mg/kg) (mg/kg)
Increased villus height, decreased crypt depth,
and increased VH:CD after LPS challenge;
Intestinal health increased mRNA abundance representing
Bacteria 21d 28 - 50 intestinal permeability (Z0-1, occludin, claudin, [48]
(Agrobacterium sp.) and MUC1 and 2), and decreased
malondialdehyde in the jejunal mucosa after LPS
challenge
50, 100, and Linearly increased IL-10 and linearly decreased
70kg 8 B 200 TNF-« level of jejunal mucosa [l
100 Increased MUC1 and 2 to (3-actin mRNA ratio [6]
Increased VH:CD in jejunum and increased
6.1kg 21 - 200 mRNA abundance of an intestinal permeability [66]
parameter (occludin)
Increased VH:CD in jejunum, increased mRNA
abundance of intestinal permeability parameter in
6.1kg 21 500 300 jejunum (Z0-1, claudin-1, and MUC2), and [67]
increased Lactobacillus spp. and propionic acid in
cecum digesta after ETEC challenge
Decreased malondialdehyde, TNF-«, and IL-6 in [68]
jejunum after ETEC challenge
Initial BW Experimental B-glucan B3-glucan ADG (% ADFI (% G:F (%
Item . compound Reference
(kg) or age (d) period (d) (mg/kg) (mg/kg) change) change) change)
Growth 21d 21 - 50 21.6** 11.0* 9.2 [48]
performance
Bacteria
(Agrobacterium sp.) 50 141 8.2 66
7.0% kg 28 - 25 25 2.8 0.6 161
50 104 8.0 2.4 161
100 15.7 10.2 49
200 -0.9 1.0 —2.3
6.1kg 21 - 200 17.6 6.9 43 [66]
Average % change 11.6 6.9 3.5
Bacteria
(Paenibacillus 5.6 kg 28 400 5.8* —0.8 6.6 [69]
polymyxa)

BW, body weight; NA, not available; MUC, mucin; LPS, lipopolysaccharide; VH:CD, villus height to crypt depth
ratio; IL-10, interleukin-10; TNF-«, tumor necrosis factor-«; Z0-1, zonula occludens-1. ! Asterisk marks (*, **)
represent statistical tendency (p < 0.10) and significant difference (p < 0.05), respectively. 2 The percentage increase
or decrease in the average daily gain (ADG), average daily feed intake (ADFI), and gain to feed ratio (G:F) is
determined in beta-glucan supplementation groups relative to the control group. ® B-glucan supplementation
contents linearly (p < 0.05) and quadratically (p < 0.05) increased the ADG of nursery pigs.

3.2.3. Algae (Euglena gracilis, Laminaria digitata, and Laminaria hyperborea)

The use of algal 3-glucans has been shown to improve the intestinal health of nursery
pigs by decreasing intestinal permeability in jejunal mucosa and decreasing pathogenic
bacteria such as Enterobacteria spp. (Table 3), but it did not improve growth performance [54].
Specifically, 54 mg/kg of algal 3-glucans increased mRNA abundance, representing a decrease
in intestinal permeability (claudin, occludin, and MUC2) in the jejunal mucosa of nursery
pigs [49]. Additionally, 108 mg/kg of algal 3-glucans increased the mRNA abundance of
dectin-1 receptors in the jejunal mucosa, and 141 mg/kg of -glucans also increased the
relative gene expression of tight junction proteins (claudin, occludin, and MUC1) in the
jejunum of nursery pigs. Lastly, microbiota data showed that 250 mg/kg of 2 algal (3-glucans
(from Laminaria digitata and Laminaria hyperborea) decreased Enterobacteria spp. In the ileum
and proximal colon of nursery pigs. Several studies showed improvements in the growth
performance and intestinal health in pigs fed seaweed extract-supplemented diets (from
Laminaria spp.) [70-72]. However, information on the algal (3-glucans content in the seaweed
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extract was not available. Further research is needed to investigate the effects of algal (3-
glucans on the growth performance of nursery pigs.

Table 3. Effects of the use of algal 3-glucans (from Euglena gracilis, Laminaria digitata, and Laminaria
hyperborea) on the intestinal health of nursery pigs.

Item

Initial BW (kg) or Age Experimental Period
(d)

B-Glucan (mg/kg) Results Reference

(d)

Algae (Euglena gracilis)

7.7kg 17 54

Increased mRNA
abundance representing
intestinal permeability
(claudin, occludin, and
MUC2) in jejunal
mucosa on d 12

Increased mRNA
abundance representing
intestinal permeability
108 (dectin) in jejunal
mucosa ond 5and 12.
Decreased transcellular
permeability.

Algae (Laminaria
digitata)

153 kg 28 250

Decreased Enterobacteria
spp. in ileum and
proximal colon;
increased acetic acid
and decreased

propionic acid in ileum [39]

Algae (Laminaria
hyperborea)

Decreased Enterobacteria
spp. in ileum and

153 kg 28 250 proximal colon;

decreased total volatile
fatty acid in the ileum

MUC, mucin; mRNA, messenger ribonucleic acid.

4. Conclusions

Due to their quantitative, compositional, and structural differences, cereal 3-glucans
have relatively high water-soluble properties, whereas microbial (3-glucans (yeast and
bacteria) have water-insoluble properties in the digesta of nursery pigs. The high water-
soluble properties of cereal 3-glucans, if fed in ample amounts, are shown to cause digesta
viscosity, negatively affecting the intestinal health and nutrient utilization in nursery pigs.
In contrast, the use of microbial 3-glucans showed positive effects on the intestinal health
of nursery pigs at an optimal level through mainly activating the dectin-1 receptor and
prebiotic effects without causing digesta viscosity. From this review, it is evident that the
use of microbial 3-glucans can improve intestinal health and nutrient utilization, which, in
turn, can improve the growth efficiency of nursery pigs.

Author Contributions: Conceptualization, H.C. and S.W.K,; methodology, S.W.K,; formal analysis,
H.C. and S.W.K,; investigation, H.C.; data curation, H.C. and S.W.K,; writing—original draft prepara-
tion, H.C.; writing—review and editing, H.C. and S.W.K,; supervision, 5.W.K. All authors have read
and agreed to the published version of the manuscript.

Funding: North Carolina Agricultural Foundation (#660101, Raleigh, NC, USA) and USDA-NIFA
Hatch (#02893, Washington DC, USA).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: All the members of Kim Lab at North Carolina State University.

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



Animals 2023, 13, 2236 10 of 12

References

1. Flis, M.; Sobotka, W.; Antoszkiewicz, Z. Fiber substrates in the nutrition of weaned piglets—A review. Ann. Anim. Sci. 2017, 17,
627-644. [CrossRef]

2. Zheng, L.; Duarte, M.E,; Sevarolli Loftus, A.; Kim, S.W. Intestinal health of pigs upon weaning: Challenges and nutritional
intervention. Front. Vet. Sci. 2021, 8, 628258. [CrossRef] [PubMed]

3. Casewell, M,; Friis, C.; Marco, E.; McMullin, P; Phillips, I. The European ban on growth-promoting antibiotics and emerging
consequences for human and animal health. J. Antimicrob. Chemother. 2003, 52, 159-161. [CrossRef] [PubMed]

4. Kim, S.W.; Duarte, M.E. Understanding intestinal health in nursery pigs and the relevant nutritional strategies. Anim. Biosci. 2021,
34, 338. [CrossRef] [PubMed]

5. LiJ;Xing, J; Li, D.; Wang, X.; Zhao, L.; Lv, S.; Huang, D. Effects of 3-glucan extracted from Saccharomyces cerevisiaze on humoral
and cellular immunity in weaned piglets. Arch. Anim. Nutr. 2005, 59, 303-312. [CrossRef]

6. Luo, J; Liu, S; Yu, B.; He, J.; Mao, X.; Cheng, L.; Chen, D. Beta-glucan from Agrobacterium sp. ZX09 improves growth performance
and intestinal function in weaned piglets. . Anim. Physiol. Anim. Nutr. 2019, 103, 1818-1827. [CrossRef]

7.  Suchecka, D.; Gromadzka-Ostrowska, J.; Zyia, E.; Harasym, J.; Oczkowski, M. Selected physiological activities and health
promoting properties of cereal beta-glucans. A review. . Anim. Feed Sci. 2017, 26, 183-191. [CrossRef]

8. Volman, J.J.; Ramakers, ].D.; Plat, J. Dietary modulation of immune function by -glucans. Physiol. Behav. 2008, 94, 276-284.
[CrossRef] [PubMed]

9.  Kaur, R;; Sharma, M.; Ji, D.; Xu, M.; Agyei, D. Structural features, modification, and functionalities of beta-glucan. Fibers 2019, 8, 1.
[CrossRef]

10. Li,J.; Li, D.E; Xing, ].J.; Cheng, Z.B.; Lai, C.H. Effects of 3-glucan extracted from Saccharomyces cerevisize on growth performance,
and immunological and somatotropic responses of pigs challenged with Escherichia coli lipopolysaccharide. J. Anim. Sci. 2006, 84,
2374-2381. [CrossRef]

11.  Jha, R.; Rossnagel, B.; Pieper, R.; Van Kessel, A.; Leterme, P. Barley and oat cultivars with diverse carbohydrate composition alter
ileal and total tract nutrient digestibility and fermentation metabolites in weaned piglets. Animal 2010, 4, 724-731. [CrossRef]
[PubMed]

12.  Skendi, A.; Biliaderis, C.G.; Lazaridou, A.; Izydorczyk, M.S. Structure and rheological properties of water soluble 3-glucans from
oat cultivars of Avena sativa and Avena bysantina. J. Cereal Sci. 2003, 38, 15-31. [CrossRef]

13. Holtekjolen, A.K.; Vhile, S.G.; Sahlstrem, S.; Knutsen, S.H.; Uhlen, A.K.; Assveen, M.; Kjos, N.P. Changes in relative molecular
weight distribution of soluble barley beta-glucan during passage through the small intestine of pigs. Livest. Sci. 2014, 168, 102-108.
[CrossRef]

14. Lambo, AM.; Oste, R; Nyman, M.E.L. Dietary fibre in fermented oat and barley 3-glucan rich concentrates. Food Chem. 2005, 89,
283-293. [CrossRef]

15.  Wood, PJ. Oat and rye p-glucan: Properties and function. Cereal Chem. 2010, 87, 315-330. [CrossRef]

16. Hogberg, A.; Lindberg, ].E. Influence of cereal non-starch polysaccharides and enzyme supplementation on digestion site and gut
environment in weaned piglets. Anim. Feed Sci. Technol. 2004, 116, 113-128. [CrossRef]

17.  MacArtain, P; Gill, C.I.; Brooks, M.; Campbell, R.; Rowland, LR. Nutritional value of edible seaweeds. Nutr. Rev. 2007, 65,
535-543. [CrossRef]

18. Read, S.M.; Currie, G.; Bacic, A. Analysis of the structural heterogeneity of laminarin by electrospray-ionisation-mass spectrometry.
Carbohydr. Res. 1996, 281, 187-201. [CrossRef]

19. Manners, D.J.; Masson, A.].; Patterson, ].C. The structure of a 3-(1—3)-D-glucan from yeast cell walls. Biochem. J. 1973, 135, 19-30.
[CrossRef]

20. Du, B;; Meenu, M,; Liu, H.; Xu, B. A concise review on the molecular structure and function relationship of 3-glucan. Int. J. Mol.
Sci. 2019, 20, 4032. [CrossRef]

21. Zhou, X,; Beltranena, E.; Zijlstra, R.T. Effect of feeding wheat- or barley-based diets with low or and high nutrient density on
nutrient digestibility and growth performance in weaned pigs. Anim. Feed Sci. Technol. 2016, 218, 93-99. [CrossRef]

22. Nasir, Z.; Wang, L.E; Young, M.G.; Swift, M.L.; Beltranena, E.; Zijlstra, R.T. The effect of feeding barley on diet nutrient digestibility
and growth performance of starter pigs. Anim. Feed Sci. Technol. 2015, 210, 287-294. [CrossRef]

23. Che, TM,; Perez, V.G.; Song, M.; Pettigrew, ].E. Effect of rice and other cereal grains on growth performance, pig removal, and
antibiotic treatment of weaned pigs under commercial conditionsl. J. Anim. Sci. 2012, 90, 4916-4924. [CrossRef]

24. Dikeman, C.L.; Fahey, G.C,, Jr. Viscosity as related to dietary fiber: A review. Crit. Rev. Food Sci. Nutr. 2006, 46, 649-663.
[CrossRef] [PubMed]

25. Owusu-Asiedu, A.; Patience, J.F; Laarveld, B.; Van Kessel, A.G.; Simmins, P.H.; Zijlstra, R.T. Effects of guar gum and cellulose on
digesta passage rate, ileal microbial populations, energy and protein digestibility, and performance of grower pigs. J. Anim. Sci.
2006, 84, 843-852. [CrossRef] [PubMed]

26. Hooda, S.; Matte, ].].; Vasanthan, T.; Zijlstra, R.T. Dietary oat 3-glucan reduces peak net glucose flux and insulin production and
modulates plasma incretin in portal-vein catheterized grower pigs. J. Nutr. 2010, 140, 1564-1569. [CrossRef] [PubMed]

27.  Willamil, J.; Badiola, I.; Devillard, E.; Geraert, P.A.; Torrallardona, D. Wheat-barley-rye-or corn-fed growing pigs respond

differently to dietary supplementation with a carbohydrase complex. J. Anim. Sci. 2012, 90, 824-832. [CrossRef]


https://doi.org/10.1515/aoas-2016-0077
https://doi.org/10.3389/fvets.2021.628258
https://www.ncbi.nlm.nih.gov/pubmed/33644153
https://doi.org/10.1093/jac/dkg313
https://www.ncbi.nlm.nih.gov/pubmed/12837737
https://doi.org/10.5713/ab.21.0010
https://www.ncbi.nlm.nih.gov/pubmed/33705620
https://doi.org/10.1080/17450390500247832
https://doi.org/10.1111/jpn.13163
https://doi.org/10.22358/jafs/70066/2017
https://doi.org/10.1016/j.physbeh.2007.11.045
https://www.ncbi.nlm.nih.gov/pubmed/18222501
https://doi.org/10.3390/fib8010001
https://doi.org/10.2527/jas.2004-541
https://doi.org/10.1017/S1751731109991510
https://www.ncbi.nlm.nih.gov/pubmed/22444125
https://doi.org/10.1016/S0733-5210(02)00137-6
https://doi.org/10.1016/j.livsci.2014.06.027
https://doi.org/10.1016/j.foodchem.2004.02.035
https://doi.org/10.1094/CCHEM-87-4-0315
https://doi.org/10.1016/j.anifeedsci.2004.03.010
https://doi.org/10.1111/j.1753-4887.2007.tb00278.x
https://doi.org/10.1016/0008-6215(95)00350-9
https://doi.org/10.1042/bj1350019
https://doi.org/10.3390/ijms20164032
https://doi.org/10.1016/j.anifeedsci.2016.05.011
https://doi.org/10.1016/j.anifeedsci.2015.10.014
https://doi.org/10.2527/jas.2011-4916
https://doi.org/10.1080/10408390500511862
https://www.ncbi.nlm.nih.gov/pubmed/17092830
https://doi.org/10.2527/2006.844843x
https://www.ncbi.nlm.nih.gov/pubmed/16543561
https://doi.org/10.3945/jn.110.122721
https://www.ncbi.nlm.nih.gov/pubmed/20660287
https://doi.org/10.2527/jas.2010-3766

Animals 2023, 13, 2236 11 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Knudsen, K.E.B. Carbohydrate and lignin contents of plant materials used in animal feeding. Anim. Feed Sci. Technol. 1997, 67,
319-338. [CrossRef]

Hopwood, D.E.; Pethick, D.W.; Pluske, J.R.; Hampson, D.]. Addition of pearl barley to a rice-based diet for newly weaned piglets
increases the viscosity of the intestinal contents, reduces starch digestibility and exacerbates post-weaning colibacillosis. Br. J.
Nutr. 2004, 92, 419-427. [CrossRef]

Passos, A.A.; Park, I; Ferket, P.; Von Heimendahl, E.; Kim, S.W. Effect of dietary supplementation of xylanase on apparent ileal
digestibility of nutrients, viscosity of digesta, and intestinal morphology of growing pigs fed corn and soybean meal based diet.
Anim. Nutr. 2015, 1, 19-23. [CrossRef]

Chen, H.; Zhang, S.; Kim, S.W. Effects of supplemental xylanase on health of the small intestine in nursery pigs fed diets with
corn distillers” dried grains with solubles. J. Anim. Sci. 2020, 98, skaal85. [CrossRef]

Medel, P; Baucells, E,; Gracia, M.L; De Blas, C.; Mateos, G.G. Processing of barley and enzyme supplementation in diets for young
pigs. Anim. Feed Sci. Technol. 2002, 95, 113-122. [CrossRef]

Schop, M.; Jansman, A.; de Vries, S.; Gerrits, W. Increased diet viscosity by oat 3-glucans decreases the passage rate of liquids in
the stomach and affects digesta physicochemical properties in growing pigs. Animal 2020, 14, 269-276. [CrossRef] [PubMed]
Baker, ].T.; Duarte, M.E.; Holanda, D.M.; Kim, S.W. Friend or foe? Impacts of dietary xylans, xylooligosaccharides, and xylanases
on intestinal health and growth performance of monogastric animals. Animals 2021, 11, 609. [CrossRef] [PubMed]

Johansen, H.N.; Bach Knudsen, K.E.; Wood, P.J.; Fulcher, R.G. Physico-chemical properties and the degradation of oat bran
polysaccharides in the gut of pigs. J. Sci. Food Agric. 1997, 73, 81-92. [CrossRef]

Thacker, P.A.; Campbell, G.L.; Grootwassink, J. The effect of organic acids and enzyme supplementation on the performance of
pigs fed barley-based diets. Can. J. Anim. Sci. 1992, 72, 395-402. [CrossRef]

Bischoff, S.C. ‘Gut health”: A new objective in medicine? BMC Med. 2011, 9, 24. [CrossRef]

Bach Knudsen, K.E.; Hedemann, M.S.; Leerke, H.N. The role of carbohydrates in intestinal health of pigs. Anim. Feed Sci. Technol.
2012, 173, 41-53. [CrossRef]

Sweeney, T.; Collins, C.B.; Reilly, P; Pierce, K.M.; Ryan, M.; O’doherty, ].V. Effect of purified -glucans derived from Laminaria
digitata, Laminaria hyperborea and Saccharomyces cerevisiae on piglet performance, selected bacterial populations, volatile fatty
acids and pro-inflammatory cytokines in the gastrointestinal tract of pigs. Br. J. Nutr. 2012, 108, 1226-1234. [CrossRef]

Reilly, P.; Sweeney, T.; O’Shea, C.; Pierce, KM.; Figat, S.; Smith, A.G.; Gahan, D.A.; O'Doherty, J.V. The effect of cereal-derived
beta-glucans and exogenous enzyme supplementation on intestinal microflora, nutrient digestibility, mineral metabolism and
volatile fatty acid concentrations in finisher pigs. Anim. Feed Sci. Technol. 2010, 158, 165-176. [CrossRef]

Ewaschuk, ].B.; Johnson, LR.; Madsen, K.L.; Vasanthan, T.; Ball, R.; Field, C.J. Barley-derived (3-glucans increases gut permeability,
ex vivo epithelial cell binding to E. coli, and naive T-cell proportions in weanling pigs1,2. . Anim. Sci. 2012, 90, 2652-2662.
[CrossRef]

Metzler-Zebeli, B.U.; Zijlstra, R.T.; Mosenthin, R.; Ginzle, M.G. Dietary calcium phosphate content and oat 3-glucan influence
gastrointestinal microbiota, butyrate-producing bacteria and butyrate fermentation in weaned pigs. FEMS Microbiol. Ecol. 2011,
75,402-413. [CrossRef]

Liu, Y.; Espinosa, C.D.; Abelilla, ].J.; Casas, G.A.; Lagos, L.V.; Lee, S.A.; Kwon, W.B.; Mathai, ].K.; Navarro, D.M.; Jaworski, N.W.
Non-antibiotic feed additives in diets for pigs: A review. Anim. Nutr. 2018, 4, 113-125. [CrossRef] [PubMed]

Metzler-Zebeli, B.U.; Zebeli, Q. Cereal 3-glucan alters nutrient digestibility and microbial activity in the intestinal tract of pigs,
and lower manure ammonia emission: A meta-analysis. J. Anim. Sci. 2013, 91, 3188-3199. [CrossRef]

McDonald, D.E.; Pethick, D.W.; Mullan, B.P.; Hampson, D.J. Increasing viscosity of the intestinal contents alters small intestinal
structure and intestinal growth, and stimulates proliferation of enterotoxigenic Escherichia coli in newly-weaned pigs. Br. |. Nutr.
2001, 86, 487-498. [CrossRef]

Hu, C.H,; Xiao, K,; Luan, Z.S.; Song, J. Early weaning increases intestinal permeability, alters expression of cytokine and tight
junction proteins, and activates mitogen-activated protein kinases in pigs1. J. Anim. Sci. 2013, 91, 1094-1101. [CrossRef]
Moeser, A J.; Pohl, C.S.; Rajput, M. Weaning stress and gastrointestinal barrier development: Implications for lifelong gut health
in pigs. Anim. Nutr. 2017, 3, 313-321. [CrossRef]

Luo, J.; Chen, D.; Mao, X.; He, J.; Yu, B.; Cheng, L.; Zeng, D. Purified -glucans of different molecular weights enhance growth
performance of LPS-challenged piglets via improved gut barrier function and microbiota. Animals 2019, 9, 602. [CrossRef]
[PubMed]

Kim, K,; Ehrlich, A,; Perng, V.; Chase, ]J.A.; Raybould, H.; Li, X.; Atwill, E.R.; Whelan, R.; Sokale, A.; Liu, Y. Algae-derived
B-glucan enhanced gut health and immune responses of weaned pigs experimentally infected with a pathogenic E. coli. Anim.
Feed Sci. Technol. 2019, 248, 114-125. [CrossRef]

Drummond, R.A.; Brown, G.D. The role of Dectin-1 in the host defence against fungal infections. Curr. Opin. Microbiol. 2011, 14,
392-399. [CrossRef] [PubMed]

Huntley, N.E; Nyachoti, C.M.; Patience, J.F. Lipopolysaccharide immune stimulation but not 3-mannanase supplementation
affects maintenance energy requirements in young weaned pigs. J. Anim. Sci. Biotechnol. 2018, 9, 47. [CrossRef]

Van der Meer, Y.; Jansman, A.J.M.; Gerrits, W.]J.J. Low sanitary conditions increase energy expenditure for maintenance and
decrease incremental protein efficiency in growing pigs. Animal 2020, 14, 1811-1820. [CrossRef] [PubMed]


https://doi.org/10.1016/S0377-8401(97)00009-6
https://doi.org/10.1079/BJN20041206
https://doi.org/10.1016/j.aninu.2015.02.006
https://doi.org/10.1093/jas/skaa185
https://doi.org/10.1016/S0377-8401(01)00347-9
https://doi.org/10.1017/S1751731119001824
https://www.ncbi.nlm.nih.gov/pubmed/31405398
https://doi.org/10.3390/ani11030609
https://www.ncbi.nlm.nih.gov/pubmed/33652614
https://doi.org/10.1002/(SICI)1097-0010(199701)73:1&lt;81::AID-JSFA695&gt;3.0.CO;2-Z
https://doi.org/10.4141/cjas92-047
https://doi.org/10.1186/1741-7015-9-24
https://doi.org/10.1016/j.anifeedsci.2011.12.020
https://doi.org/10.1017/S0007114511006751
https://doi.org/10.1016/j.anifeedsci.2010.04.008
https://doi.org/10.2527/jas.2011-4381
https://doi.org/10.1111/j.1574-6941.2010.01017.x
https://doi.org/10.1016/j.aninu.2018.01.007
https://www.ncbi.nlm.nih.gov/pubmed/30140751
https://doi.org/10.2527/jas.2012-5547
https://doi.org/10.1079/BJN2001416
https://doi.org/10.2527/jas.2012-5796
https://doi.org/10.1016/j.aninu.2017.06.003
https://doi.org/10.3390/ani9090602
https://www.ncbi.nlm.nih.gov/pubmed/31450592
https://doi.org/10.1016/j.anifeedsci.2018.12.004
https://doi.org/10.1016/j.mib.2011.07.001
https://www.ncbi.nlm.nih.gov/pubmed/21803640
https://doi.org/10.1186/s40104-018-0264-y
https://doi.org/10.1017/S1751731120000403
https://www.ncbi.nlm.nih.gov/pubmed/32248872

Animals 2023, 13, 2236 12 0of 12

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Shen, Y.B.; Piao, X.S.; Kim, SSW.; Wang, L.; Liu, P; Yoon, I.; Zhen, Y.G. Effects of yeast culture supplementation on growth
performance, intestinal health, and immune response of nursery pigs. J. Anim. Sci. 2009, 87, 2614-2624. [CrossRef] [PubMed]
Lee, J.J.; Kyoung, H.; Cho, J.H.; Choe, J.; Kim, Y; Liu, Y.; Kang, J.; Lee, H.; Kim, H.B.; Song, M. Dietary yeast cell wall improves
growth performance and prevents of diarrhea of weaned pigs by enhancing gut health and anti-Inflammatory immune responses.
Animals 2021, 11, 2269. [CrossRef] [PubMed]

Hahn, T.-W.; Lohakare, ].D.; Lee, S.L.; Moon, W.K.; Chae, B.J. Effects of supplementation of 3-glucans on growth performance,
nutrient digestibility, and immunity in weanling pigs. . Anim. Sci. 2006, 84, 1422-1428. [CrossRef] [PubMed]

Blecha, F.; Reddy, D.N.; Chitko-McKown, C.G.; McVey, D.S.; Chengappa, M.M.; Goodband, R.D.; Nelssen, J.L. Influence of
recombinant bovine interleukin-1f and interleukin-2 in pigs vaccinated and challenged with Streptococcus suis. Vet. Immunol.
Immunopathol. 1995, 44, 329-346. [CrossRef]

Zhang, B.; Guo, Y.; Wang, Z. The modulating effect of -1, 3/1, 6-glucan supplementation in the diet on performance and
immunological responses of broiler chickens. Asian Australas. |. Anim. Sci. 2008, 21, 237-244. [CrossRef]

Dritz, S.S.; Shi, J.; Kielian, T.L.; Goodband, R.D.; Nelssen, ].L.; Tokach, M.D.; Chengappa, M.M.; Smith, ]J.E.; Blecha, F. Influence of
dietary 3-glucan on growth performance, nonspecific immunity, and resistance to Streptococcus suis infection in weanling pigs.
J. Anim. Sci. 1995, 73, 3341-3350. [CrossRef]

Duarte, M.E.; Stahl, C.H.; Kim, S.W. Intestinal damages by F18+ Escherichia coli and its amelioration with an antibacterial bacitracin
fed to nursery pigs. Antioxidants 2023, 12, 1040. [CrossRef]

Young, S.-H.; Ye, J.; Frazer, D.G,; Shi, X.; Castranova, V. Molecular mechanism of tumor necrosis factor-o production in 1—3-
B-glucan (zymosan)-activated macrophages. J. Biol. Chem. 2001, 276, 20781-20787. [CrossRef]

Liu, G,; Yu, L.; Martinez, Y.; Ren, W.; Ni, H.; Abdullah Al-Dhabi, N.; Duraipandiyan, V.; Yin, Y. Dietary Saccharomyces cerevisiae
cell wall extract supplementation alleviates oxidative stress and modulates serum amino acids profiles in weaned piglets. Oxid.
Med. Cell. Longev. 2017, 2017, 3967439. [CrossRef]

Hiss, S.; Sauerwein, H. Influence of dietary (3-glucan on growth performance, lymphocyte proliferation, specific immune response
and haptoglobin plasma concentrations in pigs. J. Anim. Physiol. Anim. Nutr. 2003, 87, 2-11. [CrossRef] [PubMed]

Choi, H.; Kim, B.G. A low-fiber diet requires a longer adaptation period before collecting feces of pigs compared with a high-fiber
diet in digestibility experiments using the inert marker method. Anim. Feed Sci. Technol. 2019, 256, 114254. [CrossRef]

Sun, Y.; Park, I.; Guo, J.; Weaver, A.C.; Kim, S.W. Impacts of low level aflatoxin in feed and the use of modified yeast cell wall
extract on growth and health of nursery pigs. Anim. Nutr. 2015, 1, 177-183. [CrossRef]

Kim, S.W.; Holanda, D.M.; Gao, X; Park, L; Yiannikouris, A. Efficacy of a yeast cell wall extract to mitigate the effect of naturally
co-occurring mycotoxins contaminating feed ingredients fed to young pigs: Impact on gut health, microbiome, and growth.
Toxins 2019, 11, 633. [CrossRef]

Wu, Y,; Li, X,; Liu, H.; Du, Y.; Zhou, J.; Zou, L.; Xiong, X.; Huang, H.; Tan, Z.; Yin, Y. A water-soluble 3-glucan improves growth
performance by altering gut microbiome and health in weaned pigs. Anim. Nutr. 2021, 7, 1345-1351. [CrossRef] [PubMed]
Zhou, Y;; Luo, Y; Yu, B.; Zheng, P.; Yu, ].; Huang, Z.; Mao, X.; Luo, J.; Yan, H.; He, J. Effect of 3-glucan supplementation on growth
performance and intestinal epithelium functions in weaned pigs challenged by enterotoxigenic Escherichia coli. Antibiotics 2022,
11, 519. [CrossRef]

Zhou, Y.; Luo, Y;; Yu, B.; Zheng, P; Yu, ].; Huang, Z.; Mao, X,; Luo, J.; Yan, H.; He, J. Agrobacterium sp. ZX09 3-glucan attenuates
Enterotoxigenic Escherichia coli-induced disruption of intestinal epithelium in weaned pigs. Int. J. Mol. Sci. 2022, 23, 10290.
[CrossRef]

Hwang, Y.H,; Park, B.K,; Lim, ]. H.; Kim, M.S,; Song, I.B,; Park, S.C.; Jung, HK.; Hong, ].H.; Yun, H.I. Effects of 3-glucan from
Paenibacillus polymyxa and L-theanine on growth performance and immunomodulation in weanling piglets. Asian Australas. J.
Anim. Sci. 2008, 21, 1753-1759. [CrossRef]

Gahan, D.A.; Lynch, M.B,; Callan, J.J.; O’sullivan, ]J.T.; O’Doherty, J.V. Performance of weanling piglets offered low-, medium-or
high-lactose diets supplemented with a seaweed extract from Laminaria spp. Animal 2009, 3, 24-31. [CrossRef]

Heim, G.; Sweeney, T.; O’Shea, C.J.; Doyle, D.N.; O'Doherty, ].V. Effect of maternal supplementation with seaweed extracts
on growth performance and aspects of gastrointestinal health of newly weaned piglets after challenge with enterotoxigenic
Escherichia coli K88. Br. J. Nutr. 2014, 112, 1955-1965. [CrossRef] [PubMed]

Zou, T,; Yang, J.; Guo, X.; He, Q.; Wang, Z.; You, ]. Dietary seaweed-derived polysaccharides improve growth performance of
weaned pigs through maintaining intestinal barrier function and modulating gut microbial populations. J. Anim. Sci. Biotechnol.
2021, 12, 28. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2527/jas.2008-1512
https://www.ncbi.nlm.nih.gov/pubmed/19395514
https://doi.org/10.3390/ani11082269
https://www.ncbi.nlm.nih.gov/pubmed/34438727
https://doi.org/10.2527/2006.8461422x
https://www.ncbi.nlm.nih.gov/pubmed/16699099
https://doi.org/10.1016/0165-2427(94)05301-8
https://doi.org/10.5713/ajas.2008.70207
https://doi.org/10.2527/1995.73113341x
https://doi.org/10.3390/antiox12051040
https://doi.org/10.1074/jbc.M101111200
https://doi.org/10.1155/2017/3967439
https://doi.org/10.1046/j.1439-0396.2003.00376.x
https://www.ncbi.nlm.nih.gov/pubmed/14511144
https://doi.org/10.1016/j.anifeedsci.2019.114254
https://doi.org/10.1016/j.aninu.2015.08.012
https://doi.org/10.3390/toxins11110633
https://doi.org/10.1016/j.aninu.2021.04.006
https://www.ncbi.nlm.nih.gov/pubmed/34786507
https://doi.org/10.3390/antibiotics11040519
https://doi.org/10.3390/ijms231810290
https://doi.org/10.5713/ajas.2008.80151
https://doi.org/10.1017/S1751731108003017
https://doi.org/10.1017/S0007114514003171
https://www.ncbi.nlm.nih.gov/pubmed/25345748
https://doi.org/10.1186/s40104-021-00552-8
https://www.ncbi.nlm.nih.gov/pubmed/33750476

	Introduction 
	Difference of Composition and Structure of -Glucans Influence Viscosity of Digesta in GIT of Nursery Pigs 
	Effects of Dietary -Glucans on Intestinal Microbiota and Intestinal Health of Nursery Pigs 
	Effects of Cereal -Glucans on Intestinal Health of Nursery Pigs 
	Effects of Microbial -Glucans on Intestinal Health and Growth Performance of Nursery Pigs 
	Yeast (Saccharomyces cerevisiae) 
	Bacteria (Agrobacterium sp.) 
	Algae (Euglena gracilis, Laminaria digitata, and Laminaria hyperborea) 


	Conclusions 
	References

