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a b s t r a c t

Oligosaccharides are low molecular weight carbohydrates between monosaccharides and poly-
saccharides, which consist of 2 to 20 monosaccharides linked by glycosidic bonds. They have the effects
of promoting growth, regulating immunity, improving the structure of intestinal flora, and are anti-
inflammatory and antioxidant. With the comprehensive implementation of the antibiotic prohibition
policy in China, oligosaccharides as new green feed additive have been paid more attention. Oligosac-
charides can be divided into the following 2 categories according to their digestive characteristics: one is
easy to be absorbed by the intestine, called common oligosaccharides, such as sucrose and maltose
oligosaccharide; the other is difficult to be absorbed by the intestine and has special physiological
functions, called functional oligosaccharides. The common functional oligosaccharides include mannan
oligosaccharides (MOS), fructo-oligosaccharides (FOS), chitosan oligosaccharides (COS), xylo-
oligosaccharides (XOS) and so on. In this paper, we review the types and sources of functional oligo-
saccharides, their application in pig nutrition, and the factors limiting their efficacy in recent years. This
review provides the theoretical basis for further research of functional oligosaccharides, and the future
application of alternative antibiotics in pig industry.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Antibiotics have antibacterial, antiviral, and growth-promoting
effects. Since the 1940s, antibiotics have been widely used in
livestock and poultry production. Their effects of medical treat-
ment, health care, and growth promotion have had a very bene-
ficial impact on the development of animal husbandry (Yin et al.,
2021; Murugaiyan et al., 2022). With the improvement of peo-
ple's living standards, the demand for meat products increases
greatly, which also prompts abuse antibiotics in the breeding
process, resulting in antibiotic residues, and causing great harm to
human health (Liu et al., 2018; Yang et al., 2019; Lalou�ckov�a and

Sk�rivanov�a, 2019). With the progress of science and technology
and the improvement of people's safety awareness, the damage of
antibiotics to human beings has become increasingly apparent.
There are more and more calls to ban antibiotics. The Ministry of
Agriculture and Rural Affairs of the People's Republic of China is-
sued Notice 194 prohibiting the addition of antibiotics to feed from
January 2020. Therefore, the development and utilization of new
green residue-free feed additives have been paid more and more
attention, and implementing a comprehensive antibiotic prohibi-
tion policy has been implemented.

Oligosaccharides are low molecular polymer composed of 2 to
20 monosaccharide groups connected by the same or different
glycosidic bonds, which can be categorized into common oligo-
saccharides and functional oligosaccharides according to the action
mode of oligosaccharides. After entering the gastrointestinal tract,
oligosaccharides are digested and absorbed, and thus used as en-
ergy sources by the body such as sucrose and maltose (Rajagopalan
and Krishnan, 2019; Vieira et al., 2020). Functional oligosaccharides
have not only the characteristics of common oligosaccharides, but
also a variety of biological functions, which can be used as feed
additives to promote the growth and health status of livestock and
poultry. Therefore, in recent years, the domestic pig breeding
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industry has been hit hard by the double blow of African swine
fever and COVID-19, how to improve the immunity of pigs and
reduce the disease rate has become a top priority. Functional oli-
gosaccharides can effectively reduce intestinal pH value, promote
mineral absorption, improve animal feed conversion efficiency,
maintain intestinal microflora structural homeostasis, improve
body immunity, and have the characteristics of green residue-free
(Pan et al., 2018). Many animal experiments have shown that
functional oligosaccharides have good effects on pigs, poultry and
ruminants, which can improve animal performance, reduce feed to
meat ratio, improve disease resistance and intestinal health, and
thus reduce mortality, so they are regarded as an adequate sub-
stitute for antibiotics (Xu et al., 2019; Tiwari et al., 2020).

Functional oligosaccharides are sugars formed by corresponding
monosaccharides linked by a-1,6, a-1,3, and a-1,2 glycoside bonds.
However, the front part of the digestive tract of monogastric ani-
mals can only produce enzymes digesting a-1,4 glycoside bonds.
Therefore, functional oligosaccharides are not easily degraded by
intestinal digestive enzymes, but directly enter hindgut where
many microorganisms live. Beneficial microorganisms can produce
enzymes that decompose various glycosidic bonds. Functional oli-
gosaccharides are decomposed and utilized here and converted
into small molecules such as short-chain fatty acids to promote the
proliferation of beneficial bacteria and inhibit harmful microor-
ganisms (Fig. 1). Common functional oligosaccharides include xylo-
oligosaccharides (XOS), mannan oligosaccharides (MOS), chitosan
oligosaccharides (COS) and fructo-oligosaccharides (FOS). With the
increase of antibiotic prohibition, the development, utilization, and
mechanism of new green additives such as functional oligosac-
charides are particularly significant. In this paper, we will review
the types and sources of functional oligosaccharides, their appli-
cation in pig nutrition, and the factors limiting their efficacy in
recent years. This review will provide the theoretical basis for
further research of functional oligosaccharides, and the future
application of alternative antibiotics in pig industry.

2. Types and sources of functional oligosaccharides

Functional oligosaccharides mainly include FOS, MOS, XOS and
COS (Patel et al., 2011). Because functional oligosaccharides have
physical and chemical characteristics such as low calorific value,

stability, safety and non-toxicity, high viscosity, strong hygroscop-
icity and not being digested by gastrointestinal tract, and also
improve the intestinal microflora, reduce serum cholesterol and
neutral fat, improve blood sugar, improve the feed efficiency,
improve animal immunity, thus it has attracted the attention of the
more and more scholars (Pan et al., 2018). The following mainly
introduces the related characteristics and sources of FOS, MOS, XOS
and COS.

2.1. Fructo-oligosaccharides

The molecular formula of FOS, also known as fructo-oligose,
glucose-trisaccharide, is GFn (n � 4, G for glucose, F for fructose).
It is a general term for a group of oligosaccharides formed by
binding several D-fructose on the basis of sucrose molecules
through b-1,2 glycosidic bonds (Rastall et al., 2010; Rahim et al.,
2021). Solid fructo-oligosaccharides are white powdery, easily
soluble in water, low in sweetness that only 0.3 to 0.6 of sucrose,
and low in energy, which also the only functional oligosaccharide
with the dual physiological characteristics of super bifidogenic
factors and water-soluble dietary fiber, which widely exists in ba-
nanas, potatoes, wheat, barley, onion, garlic, and other plants.
Among them, the content of Jerusalem artichoke tuber is the most
abundant (Yıldız, 2010; Micciche et al., 2018). It is difficult to extract
natural FOS. Commercial production methods of FOS are generally
divided into 2 categories, one is the sucrose enzymatic method, and
the other is the extraction method (Cano et al., 2020). Relevant
studies have shown that FOS can promote the abundance of many
beneficial bacteria in the intestinal tract of livestock and poultry,
inhibit the growth and reproduction of harmful bacteria, and
improve the digestion and absorption of nutrients, and conse-
quently to improve the microecological environment, and improve
their immunity and production performance in livestock and
poultry.

2.2. Mannan oligosaccharides

In general, MOS consists of mannose-molecules or mannose-
glucose, which is formed by a-1,2, a-1,3, a-1,6 glycosidic bonds.
Glucose is a phosphorylated glucomannan protein complex
extracted by enzymolysis from mannosan-rich yeast cell walls

Fig. 1. The beneficial effects of functional oligosaccharides on the intestinal health of weaned piglets through interaction with intestinal microbes. Functional oligosaccharides are
broken down by specific enzymes secreted by beneficial bacteria in the gut to produce short-chain fatty acids that maintain intestinal health. SCFAs ¼ short-chain fatty acids.
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(Faustino et al., 2021). They widely exist in guar bean gum, sesbania
gum, konjac powder, and yeast microbial cell walls, MOS from
different sources have different chemical structures. For example,
konjac MOS with a molecular ratio of 1:1.6 are synthesized by
polymerization of glucose and mannose residues through b-1,4
glycosidic bonds, and its side chain is connected by b-1,3 glycosidic
bonds, which has the characteristics of gel (Sohn et al., 2000; Wang
et al., 2018). The main chain of oligosaccharides derived from yeast
cell wall is mainly arranged by highly branched pyranose residues.
The main chain is secured by a-1,6 glycosylases, and the side chain
is connected by a-1,2 and a-1,3 bonds. They main composition is a
mixture of disaccharide, trisaccharide, and tetrasaccharide, which
have the following characteristics: (1) soluble in water, but insol-
uble in ethanol, acetone and ether and other organic solvents; (2)
high temperature resistance, high temperature conditions will not
damage its structure and physiological function; (3) easy to absorb
moisture, but after moisture absorption does not affect its use
value. Commercial MOS are mainly extracted by enzymolysis and
then put into production. At present, MOS for feeding mainly come
from konjac powder enzymolysis products and yeast cell wall ex-
tracts (Yui et al., 1992). In pig breeding, MOS have critical protective
effects on the intestinal health and immune performance of pigs.
Related studies have shown that mannan oligosaccharides have
dual effects of absorbing intestinal pathogens and immune regu-
lation in piglets (Saeed et al., 2017).

2.3. Xylo-oligosaccharides

Xylo-oligosaccharides (XOS) are functional oligosaccharides
formed by combining of 2 to 10 xyloses by b-1,4 glycosidic bonds.
The main components of xylo-oligosaccharides are xylose, xylo-
biose, xylotriose, and xylan with a small amount of xylotriose or
more, the main effective components are xylobiose and xylotriose
(M€akel€ainen et al., 2010; Zhang et al., 2018). Solid XOS are light
yellow or light brown powder with high heat and acid resistance
and good stability, and the effect of reducing water activity. In
addition, compared with other oligosaccharides, the viscosity of
XOS is lower, and the processing is more convenient. The primary
sources of XOS are corn cob, straw, rice bran, wheat bran, rice husk,
cottonseed shell, and other agricultural wastes. These rawmaterials
are rich in xylan hemicellulose (up to 30%) and which also have
wide range of sources and low prices. Therefore, reasonable
development and application can increase the added value of
agricultural and sideline products and reduce the cost of breeding
(Carvalho et al., 2013). There are 3 main methods for extracting and
preparing XOS: high-temperature cooking, acid extraction, and
chemical-enzyme linked method. Chemical-enzyme-linked
method is the most popular preparation method in China (Bhatia
et al., 2019). XOS contribute to the formation of dominant benefi-
cial flora in the intestinal tract of animals, thus inhibiting the
adhesion of harmful bacteria in the intestinal tract, and positively
improving the microflora and immune functions of the gastroin-
testinal tract of animals. Meanwhile, XOS also have specific impact
on promoting the digestion and utilization of nutrients in livestock
and poultry, thus improving their growth performance and anti-
oxidant capacity (Gobinath et al., 2010; Yang et al., 2015).

2.4. Chitosan oligosaccharides

COS are oligosaccharides linked by b-1,4 glycosidic bonds, and
the numbers of glucosamine are usually 2 to 10. As the only natural
cationic basic polysaccharide discovered at present, COS are
generally less than 3,000 U in molecular weight and have good
water solubility, partly soluble in methanol but insoluble in
ethanol. Meanwhile, COS have excellent function and high

biological activity, and their metabolites are non-toxic and antigen-
free, which can be easily absorbed by the body. COS are not easily
decomposed in the animal gastrointestinal tract and are absorbed
directly by intestinal cells into blood circulation after entering the
intestinal tract. The primary source is abundant marine biological
resources, such as shrimp shells and crab shells. Then the oligo-
saccharides with the required degree of polymerization less than
20 were obtained by enzymic degradation (Singla and Chawla,
2001). COS have many physiological functions including antioxi-
dant, regulating intestinal microecological environment, and
improving body immunity. They also have the physiological func-
tions such as anti-bacterial, anti-tumor, and improving animal
growth performance etc., and consequently have been widely used
in livestock, poultry production, and biomedicine (Ma et al., 2011;
Swiatkiewicz et al., 2015).

3. The application of functional oligosaccharides in pig
breeding

3.1. Growth performance

Functional oligosaccharides directly enter the intestinal tract of
animals in the undegraded form, which can improve the absorption
and utilization rate of nutrients in the intestinal tract and promote
the overall growth performance of animals (Qiang et al., 2009).
Some studies have shown that functional oligosaccharides can
improve the intestinal health of pigs during pig breeding, improve
feed intake, daily weight gain, and feed conversion rate of pigs, and
reduce the diarrhea rate of piglets to a certain extent (Zou et al.,
2016; Schokker et al., 2018). Different types of oligosaccharides
can promote the growth performance of pigs in the breeding pro-
cess to a certain time (Table 1). At the same time, the same type of
oligosaccharides also has different effects on the growing devel-
opment and health status of pigs at different growth stages. Diets
supplemented with 0.1% FOS increased average daily gain and
average daily feed intake, as well as dry matter and nitrogen di-
gestibility of growing pigs from d 0 to 56 of the trial period (Lim
et al., 2022). Some studies have found that the average daily gain,
average daily feed intake, and weight gain/feed consumption of
weaned piglets were significantly improved by adding 100 and
200 mg/kg COS and 80 mg/kg aureomycin in the diet, respectively.
Meanwhile, the apparent digestibility of DM, Ca and P was also
significantly improved in these 3 groups (Liu et al., 2008). The same
conclusion was reached in other experiment, with the increase of
dietary COS level, the improvement of average daily gain, average
daily feed intake and apparent digestible energy of DM and N
increased linearly (Chen et al., 2009). These results indicate that
adding a certain amount of COS in the diet can replace antibiotics to
improve the growth performance of piglets to a certain extent. For
sows, studies have shown that functional oligosaccharides can also
reduce their feed to milk ratio to a certain extent (Cheng et al.,
2015).

3.2. Immune function

The immune system is the primary weapon of the body to
defend against the invasion of pathogens and remove foreign
bodies and foreign pathogenic microorganisms. As an immune
enhancer, functional oligosaccharides can combinewith the surface
of some viruses, toxins, and bacteria to improve body’s immune
function. Functional oligosaccharides can improve B lymphocyte
mediated humoral immunity and T lymphocyte mediated cellular
immunity, improve mucosal immunity of animals, and thus in-
crease the immune function of animals, which have been used as
immune adjuvant in livestock and poultry production (Dawood
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et al., 2018; Ashaolu et al., 2020). Serum biochemical index can
reflect the animal metabolism in the body and help the livestock
and poultry farmers detection and diagnosis of livestock and
poultry diseases, further improve the animal growth performance
(Wang et al., 2009). Therefore, serum biochemical levels including
immune capacity and antioxidant capacity of livestock and poultry
were measured as indicators to measure animal health status, so as
to reflect the effect of functional oligosaccharides on immune
function. Functional oligosaccharides can prevent and treat dis-
eases by stimulating intestinal immune cells and increasing the
production of immunoglobulin after ingested by pigs (Choque-
Delgado et al., 2011). After antibiotics are forbidden, diarrhea
caused by weaning stress of piglets becomes more and more
serious, so it is urgent to find a new antibiotic substitute without
residue. Therefore, the main research focus of functional oligosac-
charides on immune function is their effect on the immunity of
weaned piglets (Table 2). When 30 mg/kg or 500 mg/kg COS is
added to the diets of weaned piglets, it can be used as an immu-
nomodulator to increase the serum cytokines levels such as IgA,
IgM and IgG (Duan et al., 2020; Xu et al., 2018). IgA, IgM, and IgG are
antibodies to specific intestinal immune reactions of piglets, which
can prevent pathogenic bacteria and other harmful substances from
entering the body and act as a barrier. In addition, the increase of
immunoglobulin and interleukin content in serum can also pro-
mote the development of immune organs. Shao et al. (2000) also
showed that MOS could significantly increase the level of IgG and
IgA in the serum of suckling piglets, but it had no significant effect
on the content of IgM. Meanwhile, the related research shows that
short-chain fructooligosaccharides can improve the secretion of
cytokines in sows and enhance the immune response of IgA in

serum and intestinal tract. In addition, it can improve the immune
barrier function of sows to promote maternal health and maintain
the normal growth and development of fetuses. Short-chain fruc-
tooligosaccharides can further enhance the immune response of
intestinal mucosal cells of weaned piglets by increasing the number
of cecal goblet cells (Le Bourgot et al., 2017).

3.3. Antioxidant effect

Under certain conditions, the redox balance of the body is dis-
rupted, and the reactive oxygen species (ROS) production rate ex-
ceeds the clearance rate of antioxidant system in the body, which
leads to a large accumulation of oxygen free radicals known as
“oxidative stress”. It has a dual role, on the one hand which can
inhibit microbial infection; on the other hand, if oxidative stress
continues, it may lead to the occurrence of chronic inflammatory
diseases, and then lead to metabolic disorders and physiological
disorders, which adversely affect the growth performance, life span
and quality of animal products, and bring huge economic losses to
farmers and harm the health of consumers (Fig. 2). Timely regulatory
measures can stop losses in time (Lauridsen et al., 2019). Antibiotic
therapy is still one of the main treatment methods for animal in-
flammatory diseases, but the development of antibiotic substitutes is
particularly critical in the era of antimicrobial prohibition. Functional
oligosaccharides can alleviate oxidative stress by reducing the pro-
duction of ROS and lipid metabolite malondialdehyde (MDA), and
also can improve the body's antioxidant capacity by promoting the
body's production of antioxidant enzymes. Therefore, functional ol-
igosaccharides can be added to livestock and poultry feed as an
antioxidant to relieve oxidative stress, reduce the occurrence of

Table 1
Effects of functional oligosaccharides on growth performance of pigs.

Growth stage Type of
oligosaccharides

Adaptation
period

Dose, % Treatment effects, %, difference to control Reference

ADG ADFI FCR

Weaned pigs FOS 28 d 0.1 18 13 �5 Zhao et al. (2012)
MOS 23 15 �6

Weaned pigs MOS 14 to 35 d 0.2 2 �6 �9 Castillo et al. (2008)
Growing pigs FOS 42 d 0.2 4 �1 �5 Xu et al. (2002)

0.4 8 1 �7
0.6 7 �1 �8

Weaned pigs FOS 19 d 0.5 �8 �1 4 Estrada et al. (2001)
Weaned pigs XOS 28 d 0.01 4 1 �2 Chen et al. (2021)

0.05 10 2 �7
0.1 2 1 0

Weaned pigs COS 42 d 0.1 7 0 �6 Zhou et al. (2012)
0.2 11 �2 �12

Early-weaned pigs GMOS 14 d 0.2 31 3 �22 Yin et al. (2008)
COS 0.025 37 12 �18

Nursery pigs XOS 28 d 0.04 33 10 �17 Hou et al. (2020)
Weaned pigs COS 21 d 0.01 9 6 �3 Wan et al. (2017)
Weaned pigs COS 14 d 0.02 19 12 �8 Yang et al. (2012)

0.04 30 18 �10
0.06 24 16 �7

Weaned pigs MOS 0 to 14 d 0.2 47 11 �28 Davis et al. (2002)
Growing-finishing pigs finisher phase 0.05 7 6 1
Weaned pigs MOS 35 d 0.2 �9 �16 �7 Valpotic et al. (2016)
Weaned pigs COS 29 to 56 d 0.0075 �4 �10 �4 Suthongsa et al. (2017)

0.015 16 �1 �13
0.0225 3 �4 �4

Nursery pigs MOS 7 to 14 d 0.2 16 5 �8 Che et al. (2011)
Fattening pigs MOS 113 to 169 d 0.1 e e �8 Giannenas et al. (2016)
Weaned pigs XOS 28 d 0.02 17 2 �13 Liu et al. (2018)
Nursery pigs MOS 42 d 0.3 5 0 �5 Poeikhampha and Bunchasak (2011)
Weaned pigs XOS 28 d 0.75 6 4 �2 Pang et al. (2021)

1.5 15 14 �1
3 10 4 �5

FOS ¼ fructo-oligosaccharides; MOS ¼ mannan oligosaccharide; XOS ¼ xylo-oligosaccharides; COS ¼ chitosan oligosaccharides; GMOS ¼ galactomannus oligosaccharides;
ADG ¼ average daily gain; ADFI ¼ average daily feed intake; FCR ¼ feed conversion rate.
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inflammation and maintain body health (Table 2). There have been
increasing reports on oligosaccharides as antioxidants to maintain
health in recent years (Vieira et al., 2020). Adding 1% FOS to the diet
of weaned piglets can increase the activities of superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) in serum, and reduce the
content of MDA in serum, which can relieve the oxidative stress of
weaned piglets (Zhang et al., 2022). The same conclusion was also
obtained when 2.5 g/kg FOS was added to the diet of piglets chal-
lengedwith Escherichia coli (E. coli), confirming that FOS can increase
the levels of GSH-Px and catalase (CAT) in plasma and intestinal
mucosa of piglets (Luo et al., 2021). The antioxidant capacity and
placental amino acid transport capacity of pregnant sows were
improved by adding 30 mg/kg COS in the diet, and the activity of
GSH-Px in offspring piglets was also increased. Meanwhile, the
mRNA expressions of SOD and GSH-Px in colon of piglets were
detected to increase. Therefore, functional oligosaccharides can have
a series of beneficial effects on the health of sows and the growth and
development of their offspring, promote the intestinal development
of piglets, and improve the intestinal antioxidant performance,
which can be used as a reference by farmers (Xie et al., 2016a, 2016b).
Different types of oligosaccharides can improve the antioxidant
properties of pigs at different stages, which strongly proves that

functional oligosaccharides have excellent antioxidant properties
and can be used as an “antioxidant” in the future pig breeding
process.

3.4. Intestinal health

As a critical part of nutrition and nutrient absorption of livestock
and poultry, intestinal health is very essential for livestock growth
and disease resistance. Maintaining intestinal health is the key to
realizing healthy livestock breeding. Among them, the meaning of
“intestinal health” is multi-level, maintaining the integrity of the
mucosal layer of the body to play a normal immune function, and
includes stable intestinal flora structure and suitable intestinal
environment (Jha et al., 2019). Functional oligosaccharides can
promote animal intestinal development, improve the intestinal
morphology and barrier function, and can be fermented to produce
short-chain fatty acids of certain bacteria in the intestine. Thus,
forming the intestinal acidic environment, providing a suitable
living environment for bacteria, acidic environment is conducive to
the intestinal epithelial cell proliferation, which can be beneficial to
maintain health, intestinal tract to improve their immunity, ensure
the follow-up healthy growth of animals and reduce breeding risks

Table 2
Effects of functional oligosaccharides on immune function and antioxidant indexes.

Feed additives Dose, mg/kg Feeding object Main results Reference

COS 30 Weaned pigs IL-10 and SIgA in small intestine[; T-AOC in the duodenum[ Xiong et al. (2015)
scFOS 4,000 Weaned pigs IL-1b, IL-6, and TNF-a in serumY Zhao et al. (2019)
XOS 500 Weaned pigs T-AOC, T-SOD, CAT, and IgG in serum[; MDA in serumY Chen et al. (2021)
XOS 15,000 Weaned pigs Serum level of IgA, IgG, IgM, and IL-10[; IL-6 and IL-1bY Pang et al. (2021)
COS 250 Early-weaned pigs IL-1b, IL-2, IL-6, IgA, IgG, and IgM in serum[ Yin et al. (2008)
GMOS 2,000
COS 160 Weaned pigs IL-1b in plasmaY Liu et al. (2010)
FOS 1,000 Weaned pigs No difference Zhao et al. (2012)
MOS
COS 250 Weaned pigs IgA, IgG, IgM, IL-6, IL-2, and IL-1b in serum[ Sun et al. (2009)
GMOS 2,000
XOS 400 Nursery pigs T-AOC, GSH-Px, CAT, and IgG in serum[; MDA in serumY Hou et al. (2020)
MOS 400 Sows IgG in serum[ Czech et al. (2010)
MOS 400/800 Sow/piglets IgM in colostrum of sows[; IgA and IgG in serum of piglets[ Duan et al. (2016)
COS 100 Pregnant sows IL-10, IgA, and IgM in serum[ Wan et al. (2018)
COS e Gilts IgM and SIgA in serum of sows and piglets[; SIgA in sows' feces[ Ho et al. (2020)

COS ¼ chitosan oligosaccharides; scFOS ¼ short-chain fructo-oligosaccharides; XOS ¼ xylo-oligosaccharide; GMOS ¼ galactomannus oligosaccharides; FOS ¼ fructo-oligo-
saccharides; MOS ¼ mannan oligosaccharides; IL ¼ interleukin; SIg ¼ secret immune globulin; T-AOC ¼ total antioxidant capacity; TNF-a ¼ tumor necrosis factor a; T-
SOD ¼ total superoxide dismutase; CAT ¼ catalase; Ig ¼ immune globulin; MDA ¼ malondialdehyde; GSH-Px ¼ glutathione peroxidase.

Fig. 2. Antioxidant function of functional oligosaccharides. SOD ¼ superoxide dismutase; CAT ¼ catalase; GSH-Px ¼ glutathione peroxidase; ROS ¼ reactive oxygen species;
RNS ¼ reactive nitrogen species.
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(Cheng et al., 2017). Different types of functional oligosaccharides
have certain effects on the intestinal health of pigs at different
stages, mainly in promoting the proliferation of Bifidobacteria and
Lactobacillus, as well as inhibiting the proliferation of E. coli.
Moreover, the application effects of different types of functional
oligosaccharides in animals are not consistent. When they are put
into use, it is necessary to analyze the structural characteristics and
specific conditions of livestock and poultry to select the appropriate
type to achieve the best effect (Table 3). Supplementation of
200 mg/kg COS in the diets of weaned piglets infected with E. coli
can increase the relative abundance of Lactobacillus, decrease the
relative abundance of E. coli, and increase the villus height of ileum
and jejunum, which is beneficial to the digestion and absorption of
nutrients and intestinal health of weaned piglets (Liu et al., 2010).
The relative abundance of Lactobacillus, Streptococcus, and Turici-
bacter in intestinal contents of weaned piglets was decreased when
100 mg/kg XOS were added in diets (Yin et al., 2019). Therefore, the
application of different oligosaccharides in animal intestinal health
should be further studied, and the mechanism underlying needs to
be continuously explored to ensure the stabilizing effect of oligo-
saccharides in livestock and poultry breeding.

4. Influencing factors

The key to pig farming is to improve the growth performance
and immune performance, thereby reducing the incidence of dis-
ease. The prohibition of antibiotics and the frequent occurrence of
African swine fever at home and abroad have caused more atten-
tion to the research and application of new feed additives. In recent
years, many studies have been reported on the application of
functional oligosaccharides in pig breeding, especially in weaned
piglets. It plays a significant role in promoting animal growth,
improving feed utilization efficiency, and reducing diseases. How-
ever, relevant reports have found that adding functional oligosac-
charides into the diet of pigs has no significant effect, indicating
that the effect of oligosaccharide feed additives is related to many
factors, such as animal breeding environment, animal species and
age, as well as the supplemental level of oligosaccharide in feed.

4.1. Animal feeding environment

The effect of functional oligosaccharides on healthy pigs is not
very significant. MOS can significantly increase the contents of IgA,

IgG, and IgM in serum of germ-free piglets, but in normal healthy
piglets, it can only increase the level of IgA, and has no significant
effect on the contents of the other 2 immunoglobulins. Only when
the intestinal factors have a great influence on the production per-
formance, the growth-promoting effect can be clearly shown (Spring
et al., 2015). In addition, only when animals are in a poor feeding
environment, the feed hygiene cannot be well guaranteed, resulting
in intestinal health and immune system impact, functional oligo-
saccharides can play a significant antibacterial and immune function,
to play a role in regulating intestinal health. In general farms, piglets
with 0.3% FOS increased their body weight by 13%, but only 4% in
farms with more stringent sanitary conditions (Nakamura et al.,
1988). Jeon et al. (2000) found that COS produced by enzymatic
hydrolysis of chitosan has bacteriostatic effect. Only 0.5% concen-
tration can completely inhibit the growth of E. coli, which can well
protect the intestinal health of livestock and poultry.

4.2. Physiological stage

The structure and function of the digestive tract are different in
different physiological stages of animals. Functional oligosaccha-
rides generally play a significant role in weaned piglets and
diseased piglets. For growing-finishing pig, which have strong
immune system and better health status, so adding oligosaccharide
to their diets will not showmuch beneficial effects. Weaned piglets
with developing immune system and unstable intestinal microflora
are easier to get sick that the main reason of diarrhea is the increase
of pathogenic bacteria, so adding functional oligosaccharides after
weaning can achieve a better effect. Studies have shown that piglets
grow slowly at 1 to 2 wk before and after weaning, and adding
mannan oligosaccharides to the diet of weaned piglets improves
the growth performance more significantly than pigs at the growth
stage (Miguel et al., 2004). Liu et al. (2018) added 200 mg/kg XOS to
the diet of weaned piglets. They found that the intestinal microflora
structure of piglets was improved, and the relative abundance of
Lactobacillus increased, and E. coli decreased. When the same dose
of XOS were added to the diets of growing pigs, the intestinal
microbiota structure of pigs was not significantly changed (Sutton
et al., 2021). Therefore, when selecting functional oligosaccha-
rides as feed additives, the physiological stage of the feeding target
should be considered first to better play the role of functional oli-
gosaccharides and achieve the expected results of the feeding
target.

Table 3
Effects of functional oligosaccharides on intestinal microflora of pigs.

Action stage Oligosaccharides
type

Dose, % Bacterial source Main effect Reference

Weaned pigs MOS 0.04/0.06 Cecum Bifidobacterium and Lactobacillus[; S. aureusY Yang et al. (2012)
Weaned pigs FOS 5 Colon Bifidobacterium[; E. coliY Gebbink et al. (2001)
Weaned pigs FOS 0.6 Jejunum/ileum Bifidobacterium and Lactobacillus[;

ProteobacteriaY
Chang et al. (2018)

Weaned pigs scFOS 0.4 Colon Bacteroidetes, Lactobacillus spp., Prevotella spp.
and Bifidobacterium spp.[

Zhao et al. (2019)

Weaned pigs FOS 4 Gastrointestinal tract No significant effect Mikkelsen and Jensen (2004)
Weaned pigs XOS 1.5 Intestinal contents Lactobacillus and Bifidobacterium[ Pang et al. (2021)
Weaned pigs XOS 0.02 Rectal feces Lactobacillus[; E. coliY Liu et al. (2018)
Weaned pigs XOS 0.025 Ileum Bacteroides[; FirmicutesY Ding et al. (2021)
Weaned pigs XOS 0.01 Colon Lactobacillus and Bifidobacterium spp.[ Su et al. (2021)
Weaned pigs COS 0.1/0.3 Cecum/colon/rectum Lactobacillus[; E. coliY Han et al. (2007)
Weaned pigs COS 0.01 Ileum/cecum and colon Bifidobacterium[; E. coliY Wan et al. (2017)
Nursery Pigs MOS 0.3 Cecum/rectum Lactobacillus[; E. coliY Poeikhampha and Bunchasak (2011)
Growing pigs XOS 0.02 Intestinal contents No significant effect Sutton et al. (2021)
Growing and

fattening pigs
XOS 0.01 Intestinal contents Proteobacteria and CitrobacterY; Firmicutes and

Lactobacillus[
Pan et al. (2019)

MOS¼mannan oligosaccharides; FOS¼ fructo-oligosaccharides; scFOS¼ short-chain fructo-oligosaccharides; XOS¼ xylo-oligosaccharides; COS¼ chitosan oligosaccharides;
E. coli ¼ Escherichia coli.
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4.3. Types and dosage of functional oligosaccharides

With a complex structure, widely spread source, and different
production process, the functional oligosaccharides produced by
different types and manufacturers have significantly different ef-
fects. For example, MOS play a role in feeding mainly by absorbing
harmful bacteria and toxins and stimulating the immune system of
animals. Still, there are relatively few studies on the effects of other
oligosaccharides on the immune system. Besides the effect of the
type of functional oligosaccharide on pig breeding, the dosage of
additives also has a specific effect. When the same functional oli-
gosaccharides were added to the same animal diets, the results
varied depending on the amount added. The insufficient number of
functional oligosaccharides in the diet had no apparent effect. On
the contrary, if the dosage is too large, it will increase feed and
feeding cost, and fail to increase beneficial bacteria, reduce harmful
bacteria, and cause animal diarrhea. Therefore, the effective con-
centration of functional oligosaccharides should be fully considered
if they are applied in the diets.

4.4. Inherent levels of oligosaccharides in diets

The feed materials are rich in oligosaccharides, while the con-
tent of oligosaccharides in corn is very low. Still, the non-digestible
sugars such as raffinose and stachyose are rich in barley, wheat, and
soybean (Karr-Lilienthal et al., 2005), so the oligosaccharides in
barley, wheat and soybean may affect the experimental results of
dietary functional oligosaccharides.

5. Application prospects

5.1. Application of functional oligosaccharides in weaned piglets

As a new kind of green feed additive, functional oligosaccharides
can improve the nutrients digestibility in the diet for weaned pig-
lets, reduce the ratio of feed to meat, improve the antioxidant ca-
pacity of weaned piglets, improve the intestinal microflora
structure, reduce the diarrhea rate, and relieve weaning stress.
Dietary supplementation of 400 to 600 mg/kg COS can improve the
growth rate of weaned piglets, enhance intestinal defense capacity,
increase the number of Lactobacillus and Bifidobacterium, and
reduce the number of Staphylococcus aureus in cecum (Yang et al.,
2012). Adding 500 mg/kg XOS to the diet of weaned piglets can

increase the average daily gain and feed utilization rate of piglets,
and improve the serum antioxidant capacity, which is beneficial to
the growth performance and survival rate of piglets (Chen et al.,
2022). Davis et al. (2000) found that adding MOS can significantly
improve piglets’ performance (feed intake, daily gain, and feed
conversion rate). Functional oligosaccharides improve the growth
performance of piglets and have certain effects on the intestinal
microflora of piglets. Supplementation of 0.5 g/kg COS can increase
the number of beneficial bacteria and the concentration of short
chain fatty acids in the ileum and colon of piglets, and reduce the
number of harmful bacteria, which has a regulatory effect on the
intestinal microbiota structure of piglets (Kong et al., 2014). Sup-
plementation of 4 g/kg short-chain fructo-oligosaccharides in the
diet of piglets with intestinal dysfunction can reduce the expression
of malondialdehyde and proinflammatory factors in the jejunum
and can restore the number of Lactobacillus and Bifidobacterium in
the intestinal tract to the normal level (Yan et al., 2020). At the same
time, relevant reports have shown that 2% FOS can increase the
average daily gain and the number of Bifidobacterium in the ileum
of weaned piglets (Shim et al., 2005).

5.2. Application of functional oligosaccharides in sows

The gestation period of sows is a particularly vulnerable physi-
ological stage, and corresponding measures should be taken ac-
cording to its physiological characteristics to avoid adverse effects
before and after delivery, such as insufficient milk production,
frequent disease, and other phenomena. This period affects the
health of piglets after birth and affects the reproductive cycle of
sows. Dietary functional oligosaccharides can improve intestinal
microflora structure, feed intake and nutrient digestion and ab-
sorption, antioxidant capacity and non-specific immunity. Mean-
while, dietary functional oligosaccharides can encourage better
average daily gain, litter weight and healthy litter rate of postpartum
weaned piglets (Fig. 3). Duan et al. (2019) added 400 mg/kg MOS in
diets of sows and 800mg/kgMOS in diets of piglets. They found that
the relative abundance of Lactobacillus in jejunum of sows and
piglets increased, while the relative abundance of E. coli decreased,
and the secret immune globulin (SIgA) content in jejunum mucosa
of piglets found an increase. In the piglets, they found that the
mRNA expression levels of IL-8 and Toll-Like receptor ligand (TLRL)
were decreased, and the contents of pro-inflammatory factors such
as IL-2, IL-4 and interferon (IFN)-g in serum of piglets were

Fig. 3. Effects of functional oligosaccharides on the health of sows. Dietary functional oligosaccharides can improve the intestinal microbiota structure of sows, improve the feed
intake and nutrient digestion and absorption, so as to improve the antioxidant capacity and non-specific immunity of sows, and further promote the body health of weaned piglets.
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decreased, while the content of anti-inflammatory factor IL-10 was
increased, which proved that MOS can improve the intestinal flora
structure and immunity of sows and piglets, and it also can inhibit
the occurrence of intestinal inflammation and improve the survival
rate and growth performance of piglets. Cheng et al. (2015) fed
40mg/kg COS to sows during oestrus increasing litter size of sows by
18.5% and piglet survival by 19.2%. After feeding 30 mg/kg COS to
sows in late gestation and lactation, the amino acid content in milk
secreted by sows increased, and the daily gain and weaning weight
of offspring increased. At the same time, the blood sugar level and
liver glycogen content of piglets are reduced, which further im-
proves the growth efficiency of piglets (Xie et al., 2015). In addition,
relevant studies have proved that obesity in sows during late
gestation will aggravate perinatal metabolic disorders and affect
offspring piglets’ performance and intestinal health. Feeding gilts
1000 mg/kg of COS can reduce their final body weight and avoid
excessive obesity (Egan et al., 2015). The effects of functional oli-
gosaccharides on alleviating sow obesity and improving offspring
survival were further verified. Supplementation of 100mg/kg COS in
the diet of sows increased serum leptin and immunoglobulin con-
tent at 35 and 85 d of gestation, and increased fetal survival rate,
number of live piglets per litter and average bodyweight (Wan et al.,
2016).

6. Conclusion

In recent years, functional oligosaccharides have attracted more
and more attention under the background of antibiotic resistance.
There aremany functional oligosaccharides, such as COS, XOS, MOS,
FOS, etc. They come from awide range of sources and are green and
pollution-free, a good substitute for antibiotics. The physiological
functions of functional oligosaccharides and their mechanism of
action in pig breeding have also been further recognized. Func-
tional oligosaccharides have certain positive effects on growth
performance, immunity, and intestinal health of pigs, but there are
still many factors affecting the function of functional oligosaccha-
rides, and how to find a stable role for the use of functional oligo-
saccharides as feed additives remains to be further explored. All in
all, future research should pay more attention to the relevant fac-
tors affecting the function of functional oligosaccharides, and study
how to eliminate the adverse effects better, to use functional oli-
gosaccharides withmaximum efficiency, provide beneficial help for
the development of pig breeding industry and provide a reference
for the development and utilization of available functional
oligosaccharides.
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Vieira TF, Corrêa RC, Peralta RA, Peralta-Muniz-Moreira RF, Bracht A, Peralta RM. An
overview of structural aspects and health beneficial effects of antioxidant oli-
gosaccharides. Curr Pharmaceut Des 2020;26:1759e77. https://doi.org/10.2174/
1381612824666180517120642.

Wan J, Jiang F, Xu Q, Chen D, Yu B, Huang Z, Mao X, Yu J, He J. New insights into the
role of chitosan oligosaccharide in enhancing growth performance, antioxidant
capacity, immunity and intestinal development of weaned pigs. RSC Adv
2017;7:9669e79. https://doi.org/10.1039/C7RA00142H.

Wan J, Xu Q, He J. Maternal chitosan oligosaccharide supplementation during late
gestation and lactation affects offspring growth. Ital J Anim Sci 2018;17:
994e1000. https://doi.org/10.1080/1828051x.2018.1435313.

Wan J, Yang K, Xu Q, Chen D, Yu B, Luo Y, He J. Dietary chitosan oligosaccharide
supplementation improves foetal survival and reproductive performance in
multiparous sows. RSC Adv 2016;6:70715e22. https://doi.org/10.1039/
C6RA13294D.

Wang H, Zhang X, Wang S, Li H, Lu Z, Shi J, Xu Z. Mannan-oligosaccharide modulates
the obesity and gut microbiota in high-fat diet-fed mice. Food Funct 2018;9:
3916e29. https://doi.org/10.1039/C8FO00209F.

Wang J, Yoo J, Kim H, Lee J, Kim I. Nutrient digestibility, blood profiles and fecal
microbiota are influenced by chitooligosaccharide supplementation of growing
pigs. Livest Sci 2009;125:298e303. https://doi.org/10.1016/j.livsci.2009.05.011.

Xie C, Guo X, Long C, Fan Z, Xiao D, Ruan Z, Deng ZY, Wu X, Yin Y. Supplementation
of the sow diet with chitosan oligosaccharide during late gestation and lacta-
tion affects hepatic gluconeogenesis of suckling piglets. Anim Reprod Sci
2015;159:109e17. https://doi.org/10.1016/j.anireprosci.2015.06.004.

Xie C, Long C, Wu X, Yang H, Fan Z, Xiao D, Wang Y, Yin Y. Effect of maternal
supplementation with chitosan oligosaccharide on the antioxidant capacity of
suckling piglets. J Anim Sci 2016a;94:453e6. https://doi.org/10.2527/jas2015-
9611.

Xie C, Wu X, Long C, Wang Q, Fan Z, Li S, Yin Y. Chitosan oligosaccharide affects
antioxidant defense capacity and placental amino acids transport of sows. BMC
Vet Res 2016b;12:1e8. https://doi.org/10.1186/s12917-016-0872-8.

Xiong X, Yang H, Wang X, Hu Q, Liu C, Wu X, Deng D, Hou Y, Nyachoti C, Xiao D.
Effect of low dosage of chito-oligosaccharide supplementation on intestinal
morphology, immune response, antioxidant capacity, and barrier function in
weaned piglets. J Anim Sci 2015;93:1089e97. https://doi.org/10.2527/jas.2014-
7851.

Xu Q, Wang LX, Du YG. The application of oligosaccharides in breeding industry
[M]//Oligosaccharides of Chitin and Chitosan. Springer. 2019. p. 325e58.
Singapore.

Xu Y, Wang Z, Wang Y, Yan S, Shi B. Effects of chitosan as growth promoter on
diarrhea, nutrient apparent digestibility, fecal microbiota and immune response
in weaned piglets. J Appl Anim Res 2018;46:1437e42. https://doi.org/10.1080/
09712119.2018.1531763.

Xu Z, Zou X, Hu C, Xia M, Zhan X, Wang M. Effects of dietary fructooligosaccharide
on digestive enzyme activities, intestinal microflora and morphology of
growing pigs. Asian-Australas J Anim Sci 2002;15:1784e9. https://doi.org/
10.5713/ajas.2002.1784.

Yan H, Zhou P, Zhang Y, Zhang Z, Liu J, Zhang H. Short-chain fructo-oligosaccharides
alleviates oxidized oil-induced intestinal dysfunction in piglets associated with
the modulation of gut microbiota. J Funct Foods 2020;64:103661. https://
doi.org/10.1016/j.jff.2019.103661.

Yang C, Ferket P, Hong Q, Zhou J, Cao G, Zhou L, Chen A. Effect of chito-
oligosaccharide on growth performance, intestinal barrier function, intestinal
morphology and cecal microflora in weaned pigs. J Anim Sci 2012;90:2671e6.
https://doi.org/10.2527/jas.2011-4699.

Yang H, Paruch L, Chen XJ, Eerde AV, Skomedal H, Wang Y, Liu D, Liu CJ. Antibiotic
application and resistance in swine production in China: current situation and
future perspectives. Front Vet Sci 2019;6:136. https://doi.org/10.3389/
fvets.2019.00136.

Yang J, Summanen PH, Henning SM, Hsu M, Lam HM, Huang J, Tseng CH, Dowd SE,
Finegold SM, Heber D. Xylooligosaccharide supplementation alters gut bacteria
in both healthy and prediabetic adults: a pilot study. Front Physiol 2015;6:216.
https://doi.org/10.3389/fphys.2015.00216.

Yıldız S. The metabolism of fructooligosaccharides and fructooligosaccharide-
related compounds in plants. Food Rev Int 2010;27:16e50. https://doi.org/
10.1080/87559129.2010.518295.

Yin J, Li F, Kong X, Wen C, Guo Q, Zhang L, Wang W, Duan Y, Li T, Tan Z. Dietary xylo-
oligosaccharide improves intestinal functions in weaned piglets. Food Funct
2019;10:2701e9. https://doi.org/10.1039/C8FO02485E.

Yin YL, Tang Z, Sun Z, Liu Z, Li T, Huang R, Ruan Z, Deng Z, Gao B, Chen L. Effect of
galacto-mannan-oligosaccharides or chitosan supplementation on cytoim-
munity and humoral immunity in early-weaned piglets. Asian-Australas J Anim
Sci 2008;21:723e31. https://doi.org/10.5713/ajas.2008.70408.

Yin J, Wang Y, Xu X, Liu Y, Yao L, Sun Q. The progress of global antimicrobial
resistance governance and its implication to China: a review. Antibiotics
2021;10:1356. https://doi.org/10.3390/antibiotics10111356.

Yui T, Ogawa K, Sarko A. Molecular and crystal structure of konjac glucomannan in
the mannan II polymorphic form. Carbohydr Res 1992;229:41e55. https://
doi.org/10.1016/S0008-6215(00)90479-8.

Zhang Y, Xia C, Lu M, Tu M. Effect of overliming and activated carbon detoxifi-
cation on inhibitors removal and butanol fermentation of poplar prehy-
drolysates. Biotechnol Biofuels 2018;11:1e14. https://doi.org/10.1186/s13068-
018-1182-0.

Zhang Z, Zhang G, Zhang S, Zhao J. Fructooligosaccharide reduces weanling pig
diarrhea in conjunction with improving intestinal antioxidase activity and tight
junction protein expression. Nutrients 2022;14:512. https://doi.org/10.3390/
nu14030512.

Zhao P, Jung J, Kim I. Effect of mannan oligosaccharides and fructan on growth
performance, nutrient digestibility, blood profile, and diarrhea score in
weanling pigs. J Anim Sci 2012;90:833e9. https://doi.org/10.2527/jas.2011-
3921.

Zhao W, Yuan M, Li P, Yan H, Zhang H, Liu J. Short-chain fructo-oligosaccharides
enhances intestinal barrier function by attenuating mucosa inflammation and
altering colonic microbiota composition of weaning piglets. Ital J Anim Sci
2019;18:976e86. https://doi.org/10.1080/1828051X.2019.1612286.

Zhou T, Cho J, Kim I. Effects of supplementation of chito-oligosaccharide on the
growth performance, nutrient digestibility, blood characteristics and appear-
ance of diarrhea in weanling pigs. Livest Sci 2012;144:263e8. https://doi.org/
10.1016/j.livsci.2011.12.009.

Zou P, Yang X, Wang J, Li Y, Yu H, Zhang Y, Liu G. Advances in characterisation and
biological activities of chitosan and chitosan oligosaccharides. Food Chem
2016;190:1174e81. https://doi.org/10.1016/j.foodchem.2015.06.076.

N. Liu, H. Shen, F. Zhang et al. Animal Nutrition 13 (2023) 206e215

215


	cover-outside
	cover-inside
	01-fm1
	02-80000468
	03-684
	Low rumen degradable starch promotes the growth performance of goats by increasing protein synthesis in skeletal muscle via ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement
	2.2. Experimental design and diets
	2.3. Sample collection
	2.4. Measurement of the concentration of free amino acids (AA)
	2.5. RNA extraction and quantitative real-time PCR analysis
	2.6. Western blot analysis
	2.7. Statistical analysis

	3. Results
	3.1. Growth performance and carcass traits of goats
	3.2. Plasma biochemical indices in goats
	3.3. Gene expression of gluconeogenesis enzymes in the liver of goats
	3.4. MCP synthesis and crude protein in skeletal muscle of goats
	3.5. Free amino acid concentrations in the plasma and BF muscle of goats
	3.6. Gene expression of glucose and amino acid transporters in the jejunum and BF muscle of goats
	3.7. Protein expression of signaling pathways involved in BF muscle protein synthesis

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References


	04-695
	Dietary Litsea cubeba essential oil supplementation improves growth performance and intestinal health of weaned piglets
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement and preparation of LEO
	2.2. Experimental design, animals and diets
	2.3. Preparation and sample collection
	2.4. Antioxidant capacity
	2.5. Immune responses
	2.6. Morphological measurements
	2.7. Microbial composition of the cecal digesta
	2.8. Short chain fatty acids
	2.9. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Antioxidant capacity
	3.3. Immune function and inflammatory cytokines
	3.4. Intestinal morphology
	3.5. Microbial composition in the cecum
	3.6. SCFA

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix. Supplementary data
	References


	05-680
	Total amino acid level affects the results of standardized ileal digestibility assays for feed ingredients for swine
	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	4.1. Demonstration that SID = f(AA concentration)
	4.2. Potential reasons for SID = f(AA concentration)
	4.2.1. Kinetics of digestion and absorption
	4.2.2. Overestimation of endogenous losses
	4.2.3. Statistical misinterpretation of raw data
	4.2.4. Misinterpretation of raw data

	4.3. Experimental design and purpose
	4.4. Further research

	5. Conclusions
	Author contributions
	Declaration of competing interest
	References


	06-707
	A systematic review of metabolism of methionine sources in animals: One parameter does not convey a comprehensive story
	1. Introduction
	2. Materials and methods
	3. Chemical structure of methionine sources
	4. Conversion of Met precursors into L-Met
	4.1. Different steps of conversion: location of the enzymes
	4.1.1. Oxidation of D-Met through D-α-amino acid oxidase (D-AAOX)
	4.1.2. Oxidation of L-HMTBa using L-α-hydroxy acid oxidase (L-HAOX)
	4.1.3. Dehydrogenation of D-α-hydroxy acid dehydrogenase (D-HADH)
	4.1.4. Transamination

	4.2. Where does the conversion occur?
	4.2.1. Liver
	4.2.2. Kidney
	4.2.3. Intestine
	4.2.4. Organs other than liver, kidney, and intestine

	4.3. Conversion efficiency: methodologies and affecting factors
	4.3.1. Urinary, fecal, and respiratory excretion
	4.3.2. Plasma concentration of L-Met and precursors
	4.3.3. Tissue incorporation

	4.4. Factors affecting conversion efficiency
	4.4.1. Can enzymes be rate limiting for the conversion of methionine precursors?
	4.4.2. Other factors


	5. Is there any alternative pathway(s) for the conversion of methionine precursors?
	6. The use of radioisotopes for studying the metabolism of methionine precursors: what are the limitations and impacts on the  ...
	7. Differences in methionine metabolism between different methionine precursors
	8. Nutritional implications
	9. Conclusions
	Author contributions
	Declaration of competing interest
	Appendix supplementary data
	References


	07-697
	Dietary ribose supplementation improves flesh quality through purine metabolism in gibel carp (Carassius auratus gibelio)
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental diets
	2.3. Fish and feeding trial
	2.4. Sample collection
	2.5. Biochemical assays
	2.6. Real-time quantitative polymerase chain reaction (qPCR) analysis
	2.7. Histological analysis
	2.8. Determination of nucleotide and purine metabolite concentrations
	2.9. Texture analysis
	2.10. LC–MS/MS metabolite profiling analysis
	2.11. Statistical analysis

	3. Results
	3.1. Effect of RI supplementation on growth performance and the whole-body, flesh chemical composition and liver health of gibel ...
	3.2. Effect of RI supplementation on muscular collagen metabolism, glycogen metabolism and textural properties of gibel carp
	3.3. Effect of RI supplementation on the taste of flesh in gibel carp
	3.4. Effects of 0.30RI supplementation on the metabolomic features in the muscle of gibel carp
	3.5. Effects of 0.30RI supplementation on the metabolomic features of gibel carp liver
	3.6. Supplementation and validation of the metabolic effects of different concentrations of RI supplementation on metabolites an ...

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References


	08-685
	Red osier dogwood and its use in animal nutrition: A review
	1. Introduction
	2. Red osier dogwood
	2.1. Ecology and hardiness of red osier dogwood
	2.2. Phenolic and nutrient profiles of ROD
	2.3. Seasonal variation of phenolic component of ROD
	2.4. Antioxidant capacity of ROD

	3. Potentials of ROD in animal production
	3.1. Effects of ROD on the growth performance and gut morphology of animal
	3.1.1. Swine and poultry
	3.1.2. Ruminants

	3.2. Effects of ROD on oxidative and immune-related stress in animal
	3.2.1. Swine and poultry
	3.2.2. Ruminants

	3.3. Effect of ROD on gut and rumen microbiota
	3.3.1. Swine and poultry
	3.3.2. Ruminants

	3.4. Potential of ROD on chicken meat quality

	4. Improving the efficiency of ROD for animal
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	09-713
	Exopolysaccharides from lactic acid bacteria, as an alternative to antibiotics, on regulation of intestinal health and the  ...
	1. Introduction
	2. Structure and classification of LAB-EPS
	3. Biosynthetic pathways of LAB-EPS
	4. Regulation of intestinal health by LAB-EPS
	4.1. Adhesion to intestinal epithelial cells
	4.2. Regulation of intestinal microbiota
	4.3. Restoration of intestinal barrier

	5. Regulation of the immune response by LAB-EPS
	6. Anti-biofilm property of LAB-EPS
	7. General discussion
	8. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	10-690
	Growth performance, welfare traits and meat characteristics of broilers fed diets partly replaced with whole Tenebrio molit ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics and procedures
	2.2. Animals, diet composition and experimental design
	2.3. Determination of total phenolic content (TPC)
	2.4. Performance parameters
	2.5. Welfare status
	2.6. Carcass characteristics, breast and thigh meat composition
	2.7. Meat lipid and protein oxidation
	2.8. Determination of meat fatty acids
	2.9. Meat colour evaluation
	2.10. Statistical analysis

	3. Results
	3.1. Total phenolic content
	3.2. Performance parameters
	3.3. Welfare status
	3.4. Breast and thigh meat composition and oxidative status
	3.5. Fatty acid composition
	3.6. Meat colour evaluation

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	11-696
	Dietary xanthophyll improved growth, antioxidant, pigmentation and meat quality in the southern catfish (Silurus soldatovi  ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement
	2.2. Experimental diets
	2.3. Experiment and sample collection
	2.4. Sample collection
	2.5. Proximate composition of whole fish and muscle
	2.6. Biochemical analysis of plasma
	2.7. ROS and apoptosis rate of blood cells
	2.8. Immunoproteins and antioxidant enzymes in plasma
	2.9. RT-PCR for immune factor genes
	2.10. Total concentration of carotenoids and xanthophyll in tissues
	2.11. Muscle pH and water-holding capacity (WHC)
	2.12. Muscle texture
	2.13. Muscle hydroxyproline (Hyp) and collagen content
	2.14. Muscle amino acid composition
	2.15. Heat stress test
	2.16. Statistical analysis

	3. Results
	3.1. Growth performance and body proximate composition
	3.2. Plasma biochemistry
	3.3. ROS production and apoptosis rate in blood cells
	3.4. Antioxidative parameters
	3.5. Mortality and plasma biochemical changes after heat stress test
	3.6. Plasma complement, immunoglobulin contents and lysozyme activity
	3.7. Inflammation-related gene expression
	3.8. Carotenoid concentration in tissues
	3.9. The nutrient content in muscle
	3.10. Muscle pH, water-holding capacity (WHC) and texture

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgement
	Appendix. Supplementary data
	References


	12-704
	Responses in splanchnic and mammary amino acid metabolism to short-term graded removal of methionine in lactating goats
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and diet
	2.3. Experimental design and abomasal procedure
	2.4. Sampling and analysis
	2.5. Calculations and statistical procedures

	3. Results
	3.1. Milk production and composition
	3.2. Arterial and venous free AA
	3.3. Arterial metabolites, hormones, and splanchnic blood flow
	3.4. Net fluxes of individual AA across tissues
	3.5. PDV, Liver and mammary clearance rates of EAA
	3.6. U:O of AA

	4. Discussion
	4.1. Milk protein production
	4.2. Blood flow
	4.3. Splanchnic and mammary net fluxes of AA
	4.4. Postruminal Met supply and mammary Met uptake

	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	13-700
	Sodium acetate promotes fat synthesis by suppressing TATA element modulatory factor 1 in bovine mammary epithelial cells
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Cell culture and treatment
	2.3. Western blotting (WB)
	2.4. Triglyceride secretion
	2.5. Immunofluorescence (IF)
	2.6. Plasmid construction and cell transfection
	2.7. Small interfering RNA (siRNA) transfection
	2.8. Nuclear and cytoplasmic protein extraction
	2.9. Co-immunoprecipitation
	2.10. Statistical analysis

	3. Results
	3.1. Sodium acetate promotes fat synthesis and the SREBP1 pathway
	3.2. SA promotes fat synthesis through the SREBP1 pathway
	3.3. TMF1 is an important inhibitor of SA mediated activation of the SREBP1 pathway
	3.4. TMF1 negatively regulates SA activated fat synthesis
	3.5. TMF1 negatively regulates fat synthesis through the SREBP1 pathway
	3.6. TMF1 directly interacts with SREPB1
	3.7. TMF1 suppresses the nuclear localization of SREBP1
	3.8. Sodium acetate inhibits the expression of TMF1 and the interaction between TMF1 and SREBP1

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	14-702
	Characterization of a novel bifunctional enzyme from buffalo rumen metagenome and its effect on in vitro ruminal fermentati ...
	1. Introduction
	2. Material and methods
	2.1. Animal ethics statement
	2.2. Materials
	2.3. Bioinformatic analyses of CelXyn2
	2.4. Expression and purification of recombinant proteins
	2.5. Enzymatic characterization of CelXyn2
	2.6. The hydrolysis of agricultural residues and in vitro ruminal fermentation

	3. Results and discussion
	3.1. Bioinformatic analyses of CelXyn2
	3.2. Effect of pH and temperature on enzyme activity
	3.3. Effect of metal ions and chemicals on enzyme activity
	3.4. Effect of salt and artificial seawater on enzyme activity
	3.5. Substrate specificity and kinetic parameters
	3.6. Enzymatic hydrolysis of lignocellulosic biomass
	3.7. In vitro ruminal fermentation
	3.8. In vitro ruminal microbial community

	4. Conclusions
	Author contributions
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	15-703
	Embryonic modulation through thermal manipulation and in ovo feeding to develop heat tolerance in chickens
	1. Introduction
	2. Detrimental impact of high ambient temperature on chickens
	3. Embryonic manipulation to afford thermotolerance
	3.1. Thermal manipulation
	3.1.1. Effect on hatchability
	3.1.2. Effects on chick quality
	3.1.3. Modulation of rectal temperature
	3.1.4. Effects on gut functions
	3.1.5. Effects of heat-stress markers

	3.2. In ovo feeding
	3.2.1. Nutrient supplementation
	3.2.2. Bioactive substances

	3.3. Temperature manipulation and in ovo feeding

	4. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	16-705
	A comparative study on the tolerance of tilapia (Oreochromis niloticus) to high carbohydrate and high lipid diets
	1. Introduction
	2. Materials and methods
	2.1. Animals ethics statement
	2.2. Diets, animals and experimental design
	2.3. Growth performance
	2.4. Sampling and measurements of biochemical parameters
	2.5. Glucose tolerance test
	2.6. Quantitative real time PCR
	2.7. Transcriptomic analysis
	2.8. Histological study
	2.9. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Whole body composition
	3.3. Tissue glycogen and lipid content
	3.4. Serum biochemistry indices
	3.5. Glucose tolerance test results
	3.6. Molecular changes in brain and liver during the phase 2
	3.7. Global regulatory effects of a high carbohydrate or high lipid diet on tilapia in a hepatic transcriptomic study

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	17-701
	Nano-chromium picolinate and heat stress enhance insulin sensitivity in cross-bred sheep
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animal and experimental treatments
	2.3. Intravenous glucose and insulin tolerance tests and adrenocorticotropin hormone challenge
	2.4. White blood cell and tissue biopsies
	2.5. Tissue gene expression analysis
	2.6. Statistical analysis

	3. Results
	3.1. Basal plasma metabolite and hormone concentrations
	3.2. Intravenous glucose tolerance test
	3.3. Insulin tolerance test
	3.4. ACTH challenge
	3.5. Gene expression

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix supplementary data
	References


	18-698
	DHA induces adipocyte lipolysis through endoplasmic reticulum stress and the cAMP/PKA signaling pathway in grass carp (Cten ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement
	2.2. Reagents
	2.3. Experimental design
	2.3.1. Experiment 1: the effects of DHA on adipocyte lipolysis and ER stress in vivo
	2.3.2. Experiment 2: the effects of DHA on adipocyte lipolysis and ER stress in vitro
	2.3.3. Experiment 3: the role and mechanism of ER stress in DHA-induced lipolysis in vitro
	2.3.4. Experiment 4: the potential role of the cAMP/PKA signaling pathway in DHA-induced lipolysis

	2.4. Sample analysis
	2.4.1. Fatty acid composition in adipose tissue
	2.4.2. Crude lipid content in the whole fish body
	2.4.3. TG, TC and GL content assays on adipose tissue and serum
	2.4.4. Histological and morphological analysis of adipose tissue
	2.4.5. Nile red and DAPI staining
	2.4.6. Ultrastructural observation
	2.4.7. Immunohistochemical and Western blot analysis
	2.4.8. cAMP and PKA levels
	2.4.9. Quantitative real-time PCR (qPCR)

	2.5. Statistical analysis

	3. Results
	3.1. DHA activated lipolysis and induced ER stress in adipocytes in vivo
	3.2. DHA promoted lipolysis and induced ER stress in vitro
	3.3. ER stress participates in DHA-induced lipolysis in adipocytes
	3.4. The activation of the cAMP/PKA signaling pathway participates in DHA-induced adipocyte lipolysis in vitro

	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix supplementary data
	References


	19-699
	Dietary host-associated Bacillus subtilis supplementation improves intestinal microbiota, health and disease resistance in  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. B. subtilis preparation
	2.3. Experimental diet production
	2.4. Fish maintenance
	2.5. Sample collection
	2.6. Sample analysis
	2.7. Challenge test
	2.8. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Serum biochemical indices
	3.3. Oxidative stress and digestive enzyme activity analysis
	3.4. Liver and intestinal morphology
	3.5. Microbial diversity analysis
	3.6. Challenge test

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Data availability statement
	Appendix supplementary data
	References


	20-710
	Applications and prospects of functional oligosaccharides in pig nutrition: A review
	1. Introduction
	2. Types and sources of functional oligosaccharides
	2.1. Fructo-oligosaccharides
	2.2. Mannan oligosaccharides
	2.3. Xylo-oligosaccharides
	2.4. Chitosan oligosaccharides

	3. The application of functional oligosaccharides in pig breeding
	3.1. Growth performance
	3.2. Immune function
	3.3. Antioxidant effect
	3.4. Intestinal health

	4. Influencing factors
	4.1. Animal feeding environment
	4.2. Physiological stage
	4.3. Types and dosage of functional oligosaccharides
	4.4. Inherent levels of oligosaccharides in diets

	5. Application prospects
	5.1. Application of functional oligosaccharides in weaned piglets
	5.2. Application of functional oligosaccharides in sows

	6. Conclusion
	Author contribution
	Declaration of competing interest
	Acknowledgements
	References


	21-711
	Negative consequences of reduced protein diets supplemented with synthetic amino acids for performance, intestinal barrier  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Study design and dietary treatments
	2.3. Fluorescein isothiocyanate-dextran assay and sampling
	2.4. Gene expression assays
	2.5. Caecal sample processing and DNA extraction
	2.6. 16S rRNA gene amplification and analysis
	2.7. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Growth performance of the challenge experiment
	3.3. Concentration of FITC-d in serum
	3.4. Gene expression assays
	3.5. Caecal microbiota composition

	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	22-716
	Effects of different protein and lipid levels on the growth performance and intestinal microflora of loach (Paramisgurnus d ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. Experimental design and diets
	2.3. Experimental fish and feeding trial
	2.4. Sample collection
	2.5. Performance measurement
	2.6. DNA extraction, PCR amplification, and illumina sequencing
	2.7. Bio-informational analysis
	2.8. Data analysis

	3. Results
	3.1. Performance
	3.2. 16S rDNA gene sequencing and alpha diversity
	3.3. Composition of intestinal microflora in P. dabryanus
	3.4. Beta diversity of intestinal flora in P. dabryanus
	3.5. Difference in microflora composition in P. dabryanus
	3.6. Functional prediction

	4. Discussion
	4.1. Effect of protein and lipid levels on growth performance
	4.2. Effect of protein and lipid levels on α and β diversity of intestinal microflora
	4.3. Effect of protein and lipid levels on community of intestinal microflora
	4.4. Effect of protein and lipid levels on potential function of intestinal flora

	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	23-725
	Poultry gut health and beyond
	1. Introduction
	2. The physiology of gut health
	3. The immunology of gut health
	4. Intestinal health and the microbiome
	4.1. Establishment of the caecal microbiome
	4.2. Microbial metabolites as gut health modulating signals
	4.3. Dysbiosis, a shift in the microbiota towards production of proinflammatory signals

	5. Intestinal inflammation and gut leakage
	5.1. Proinflammatory signals
	5.2. Anti-inflammatory signals
	5.3. The intestinal inflammatory phenotype

	6. Steering the microbiome for improved gut health
	7. Beyond the gut
	8. Conclusions and perspectives
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	24-706
	Proteomic and phosphoproteomic analysis reveal threonine deficiency increases hepatic lipid deposition in Pekin ducks via r ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and experimental design
	2.3. Sample collection and preparation
	2.4. Plasma parameters
	2.5. Hepatic triglycerides
	2.6. RNA isolation and qPCR
	2.7. Analysis of proteomics and phosphoproteomic in liver
	2.8. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Serum parameters and hepatic lipid
	3.3. Hepatic gene expression
	3.4. Proteomic and phosphoproteomic analysis
	3.5. Conserved sequence motif
	3.6. KEGG analysis

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References


	25-714
	A comparative study to determine the effects of breed and feed restriction on glucose metabolism of chickens
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and management
	2.3. Data collection and sampling
	2.4. Histological analysis of pancreas
	2.5. Serum biochemical parameters
	2.6. Gene expression assays
	2.7. Statistical analysis

	3. Results
	3.1. Effect of breed on performance and the relative organ weights
	3.2. Impact of breed on serum biochemistry
	3.3. Differences between silky chickens and AA broilers regarding glucose metabolism
	3.4. Alteration in islet numbers of silky chickens and AA broilers
	3.5. Glucose regulatory gene expression in silky chickens and AA broilers
	3.6. Performance and the relative organ weights in response to restricted feeding in AA broilers
	3.7. Serum biochemistry response to restricted feeding in AA broilers
	3.8. Effect of restricted feeding on glucose metabolism in AA broilers
	3.9. Glucose regulatory gene expression response to restricted feeding in AA broilers

	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	26-715
	Low Ca diet leads to increased Ca retention by changing the gut flora and ileal pH value in laying hens
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design and animals
	2.3. Sample collection
	2.4. Egg and bone parameter analysis
	2.5. Analysis of the contents of Ca, P and Mg in eggshell, bone and excrement and intestinal Ca absorption
	2.6. Blood parameter analysis
	2.7. Intestinal histomorphology and pH measurement of intestinal contents
	2.8. Microbial diversity analysis
	2.9. Transcriptome sequencing
	2.10. Statistical analysis

	3. Results
	3.1. Eggshell and bone quality
	3.2. Ca absorption
	3.3. Blood bone turnover indicators and pro-inflammatory factors
	3.4. Intestinal morphological changes and pH values of intestinal content
	3.5. Gut bacterial composition
	3.6. Ileal gene expression

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix. supplementary data
	References


	27-712
	Dietary adenosine supplementation improves placental angiogenesis in IUGR piglets by up-regulating adenosine A2a receptor
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and experimental design
	2.3. Data collection and sampling
	2.4. Placental vascular density
	2.5. Quantitative real-time RT-PCR analysis
	2.6. Western blotting
	2.7. Immunofluorescence
	2.8. Statistical analysis

	3. Results
	3.1. Characteristics of piglets
	3.2. Placental vessel density
	3.3. mRNA abundance of placental angiogenesis
	3.4. Expression of adenosine receptors in placenta
	3.5. Protein levels of placental angiogenesis and adenosine receptors

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix supplementary data
	References


	28-709
	Active dry yeast supplementation benefits ruminal fermentation, bacterial community, blood immunoglobulins, and growth perf ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design and animal management
	2.3. Sample collection and analysis
	2.3.1. Feed intake and growth performance
	2.3.2. Blood sample collection and analysis
	2.3.3. Rumen sample collection and analysis
	2.3.4. Microbial DNA extraction, PCR amplification, sequencing, and analysis

	2.4. Statistical analysis

	3. Results
	3.1. Feed intake and growth performance
	3.2. Rumen fermentation parameters and cellulolytic enzyme activity
	3.3. Ruminal microorganisms
	3.4. Blood metabolites and immunoglobulin concentrations
	3.5. Long-term effect of ADY on growth performance

	4. Discussion
	5. Conclusions
	Author contributions
	Availability of data and materials
	Declaration of competing interest
	Acknowledgments
	References


	29-720
	Effects of paraprobiotics on bile acid metabolism and liver health in largemouth bass (Micropterus salmoides) fed a cottons ...
	1. Introduction
	2. Material and methods
	2.1. Animal ethics statement
	2.2. Diets
	2.3. Fish, system and set-up
	2.4. Sampling procedures
	2.5. Measurement and analytical methods
	2.5.1. Biochemical analysis
	2.5.2. Plasma and liver biochemical assays
	2.5.3. Histological examination
	2.5.4. The real-time quantitative PCR analysis
	2.5.5. Bile acid profile analysis
	2.5.6. Intestinal microbiome analysis

	2.6. Calculations
	2.7. Statistical analysis

	3. Result
	3.1. Growth, body indices and whole-body composition
	3.2. Histopathological and hematological liver functions
	3.3. Lipid metabolism
	3.4. Bile acid metabolism
	3.5. Bile acid profile
	3.6. Gut microbiota analysis

	4. Discussion
	4.1. CPC affects the growth and lipid metabolism in largemouth bass
	4.2. MsYF mitigate the hepatic lipid accumulation and alter bile acid metabolism

	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix. supplementary data
	References


	30-722
	Influence of free fatty acid content and degree of fat saturation on production performance, nutrient digestibility, and in ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental fats
	2.3. Animals and diets
	2.4. Sampling and measurements
	2.5. Chemical analysis
	2.6. Calculations
	2.7. Statistical analysis

	3. Results
	3.1. Characterization of the experimental fats and diets
	3.2. Production performance
	3.3. AME and nutrient digestibility
	3.4. Fatty acid digestibility and lipid class content in excreta
	3.5. Gastrointestinal traits and jejunal morphology

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	31-717
	Sources, dynamics in vivo, and application of astaxanthin and lutein in laying hens: A review
	1. Introduction
	2. Sources of astaxanthin and lutein
	2.1. Source of astaxanthin
	2.2. Source of lutein

	3. Dynamics in vivo of astaxanthin and lutein
	3.1. The dynamics of astaxanthin in the body
	3.2. The dynamics of lutein in the body

	4. Application of astaxanthin in laying hens
	4.1. Astaxanthin and yolk indices
	4.2. Astaxanthin and other egg indices
	4.3. Astaxanthin and egg production
	4.4. Astaxanthin and antioxidation
	4.5. Astaxanthin and immunity
	4.6. Astaxanthin and metabolism
	4.7. Astaxanthin and fertility
	4.8. Astaxanthin and gut microbiota

	5. Application of lutein in laying hens
	5.1. Lutein and egg quality
	5.2. Lutein and egg production
	5.3. Lutein and antioxidation
	5.4. Lutein and immune system
	5.5. Lutein and metabolic parameters
	5.6. Lutein and fertility
	5.7. Lutein and gut microbiota

	6. Conclusions and outlook
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	32-718
	Alterations in nutrient digestion and utilization associated with different residual feed intake in Hu sheep
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and management
	2.3. Sample collection and measurements
	2.4. RFI calculation
	2.5. Statistical analysis

	3. Results and discussion
	3.1. RFI distribution and power analysis
	3.2. Growth performance and FE
	3.3. Apparent digestibility
	3.4. Serum biochemical indicators
	3.5. Ruminal fermentation parameters
	3.6. Partitioning of nitrogen

	4. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	33-726
	Research progress on anti-stress nutrition strategies in swine
	1. Introduction
	1.1. Stress induction models in pigs
	1.2. Signaling pathways and gene expression during stress
	1.3. Stress and intestinal barrier function

	2. Nutritional strategies during stress
	2.1. Functional amino acids
	2.2. Low protein diet
	2.3. Plant extracts
	2.4. Organic acids
	2.4.1. Short chain fatty acids
	2.4.2. Medium chain fatty acids
	2.4.3. Lactic acid
	2.4.4. Alpha-Ketoglutarate
	2.4.5. Chlorogenic acid
	2.4.6. Benzoic acid

	2.5. Prebiotics
	2.5.1. Fructo-oligosaccharides
	2.5.2. Chito-oligosaccharides
	2.5.3. Mannan-oligosaccharides
	2.5.4. Non-starch polysaccharides
	2.5.5. Gamma-aminobutyric acid
	2.5.6. Microalgae and seaweeds

	2.6. Probiotics
	2.7. Minerals and vitamins

	3. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	34-723
	Feeding Bacillus-based probiotics to gestating and lactating sows is an efficient method for improving immunity, gut functi ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and management
	2.3. Sample collection and laboratory analyses
	2.3.1. Colostrum and blood sampling and IgA, IgM, and IgG analyses
	2.3.2. Ileal tissue sampling for IgA, IgM and IgG and histological analyses
	2.3.3. Ileal tissue sampling for fluorescence in situ hybridization (Histo-FISH)

	2.4. Statistical analysis

	3. Results
	3.1. Animal performance
	3.2. Concentrations of immunoglobulins in the colostrum, blood, and ileal tissue
	3.3. Ileum structure in piglets at weaning
	3.4. Visualization of the bacterial spatial organization in the gut

	4. Discussion
	4.1. Animal performance
	4.2. Concentrations of immunoglobulins in colostrum, blood plasma and ileal mucosa scrapings
	4.3. Structure and immune barriers in the piglet ileum
	4.4. Morphology of the ileum versus piglet performance

	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix Supplementary data
	References


	35-721
	Lipo-nutritional quality of pork: The lipid composition, regulation, and molecular mechanisms of fatty acid deposition
	1. Introduction
	2. The lipid composition in pork
	3. The regulatory mechanisms of fatty acid deposition
	3.1. Synthesis of TAG
	3.2. Transmembrane transport of fatty acids
	3.3. Extension and desaturation of fatty acids

	4. The regulatory role of different factors in regulating fatty acid composition
	4.1. Breed difference
	4.2. Gene editing
	4.3. Environmental factors
	4.4. Sex and age
	4.5. Non-coding RNA
	4.6. Gut microbiota
	4.7. Nutritional factors
	4.7.1. Fatty acids
	4.7.1.1. The ratio of n-6/n-3 PUFA
	4.7.1.2. Conjugated linoleic acid (CLA)
	4.7.1.3. Oleic acid

	4.7.2. Plant extracts
	4.7.2.1. Linseed
	4.7.2.2. Perilla seeds
	4.7.2.3. Microalga
	4.7.2.4. Chinese herbal medicine
	4.7.2.5. Apple polyphenols (APP)
	4.7.2.6. Betaine

	4.7.3. Amino acids
	4.7.4. Carbohydrates
	4.7.5. Other nutrients
	4.7.5.1. Vitamin E
	4.7.5.2. Fermented feed



	5. Conclusion and perspectives
	Author contributions
	Declaration of competing interest
	Acknowledgement
	References


	36-727
	Feeding citrus flavonoid extracts decreases bacterial endotoxin and systemic inflammation and improves immunometabolic stat ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Citrus flavonoid extract preparation, animals, and treatments
	2.3. Feed intake, milk production and composition
	2.4. Serum immune parameters
	2.5. Feces sampling and fecal volatile fatty acids analysis
	2.6. Quantitative real-time PCR amplification
	2.7. Fecal bacterial 16S rRNA sequencing and bioinformatics analysis
	2.8. Fecal metabolite extraction, LC-MS/MS analysis, and data processing
	2.9. Statistical analyses

	3. Results
	3.1. Feed intake, milk yield and composition
	3.2. Serum immune parameters
	3.3. Fecal volatile fatty acids
	3.4. Fecal microbial flora
	3.5. Diversity and divergence of fecal bacterial community
	3.6. Fecal metabolites

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix Supplementary data
	References


	37-728
	Plasma metabolic profiling reveals that chromium yeast alleviates the negative effects of heat stress in mid-lactation dair ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals, diets and experimental design
	2.3. Sampling and analysis
	2.4. Metabolomic analysis
	2.5. Quality control
	2.6. Data processing
	2.7. Identification of significantly different metabolites and pathway analyses
	2.8. Quantification of a significantly different metabolite by LC-MS/MS
	2.9. Statistical analysis

	3. Results
	3.1. Thermoregulatory responses and lactation performance
	3.2. Serum biochemical parameters and hormone concentrations
	3.3. Plasma metabolomes
	3.4. Plasma NAM concentration

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	38-724
	Uterine inflammation status modulates eggshell mineralization via calcium transport and matrix protein synthesis in laying hens
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design
	2.3. Sample collection
	2.4. Eggshell physical and mechanical properties
	2.5. Chemical components in eggshell, serum and uterus
	2.6. Eggshell ultrastructure
	2.7. Uterine histomorphology
	2.8. RNA isolation and real-time quantitative PCR
	2.9. Statistical analysis

	3. Results
	3.1. Eggshell quality deteriorated following LPS challenge
	3.2. LPS challenge altered eggshell ultrastructure and chemical components of eggshell, serum and uterus
	3.3. LPS challenge induced uterine damage and inflammation
	3.4. LPS challenge modulated ionic transport and matrix protein synthesis in uterus
	3.5. Dietary EO addition regulated laying performance and egg quality in aged hens
	3.6. Dietary EO addition modified chemical composition and physical properties of eggshell
	3.7. Dietary EO addition improved eggshell mechanical properties
	3.8. Dietary EO addition modulated ultrastructure characteristics of eggshell
	3.9. Dietary EO addition improved uterine morphology and alleviated uterine inflammation
	3.10. Dietary EO addition modulated ionic transport and matrix protein synthesis in the uterus

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	39-738
	Dietary lysophospholipids improves growth performance and hepatic lipid metabolism of largemouth bass (Micropterus salmoides)
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Diets and experimental design
	2.3. Fish and feeding trial
	2.4. Sample collection and analysis
	2.4.1. Growth performance
	2.4.2. Body composition determination
	2.4.3. Measurement of serum biochemical indicators
	2.4.4. Liver and intestinal slices
	2.4.5. Analysis of activities of digestion enzymes and glycolipid metabolizing enzyme
	2.4.6. Determination of expression of genes related to hepatic lipid metabolism

	2.5. Calculations and statistical methods

	3. Results
	3.1. Growth and feed utilization
	3.2. Nutritional analysis of whole fish, muscle and liver
	3.3. Serum biochemical indices
	3.4. Activities of digestive enzymes in liver and intestine
	3.5. Histological sections of the liver and intestine
	3.6. Hepatic metabolic enzyme activity
	3.6.1. Activity of enzymes related to hepatic glucose metabolism
	3.6.2. Activity of enzymes related to hepatic lipid metabolism

	3.7. Hepatic lipid metabolism genes expression

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	40-750
	Corrigendum to “Point-of-care testing for lysine concentration in swine serum via blue-emissive carbon dots entrapped micro ...

	41-bm1
	42-bm15

