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ABSTRACT Dietary fiber (DF) improves gastrointes-
tinal health and has important associations with the
alleviation of intestinal diseases and metabolic syn-
drome. However, due to DFs complex characteristics,
such as solubility, viscosity, and fermentability, the
mechanism in these was not consistent. As an herbivore,
the goose has a prominent digestive ability to DF.

Therefore, we choose low, medium, and high viscosity
DF's (respectively resistant starch-3 [|RS], inulin [INU]J,
and B—glucan [GLU]J) as Magang goose diet treatment

for 4 wk, to investigate the effect and potential mecha-
nism of different viscosities DFs on the growth and
development process of goose.

In summary, three degrees of viscous DFs could decrease
the mechanismic lipid level of geese by promoting acid-
producing bacteria and short-chain fatty acid (SCFA)
production, therefore, activating AMPK pathway-related
genes through the gut-liver axis. High viscous DF has a
greater lipid-lowering effect on geese, while medium vis-
cous DF has preferable intestinal mucosal protection.
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INTRODUCTION

DF is defined as a large group of polysaccharide com-
ponents that play an important role in gastrointestinal
health, nutrient mechanism, and various diseases in the
host. DFs have complex physicochemical characteristics
and functions due to their widespread sources and struc-
tures (Honda et al., 2011). The polymer subunits, link-
ages, structures, and side chains determine DFs
solubility, viscosity, and fermentability. Observational
studies revealed that DF viscosity has close associations
with SCFA production, and therefore modulate the
luminal pH and control intestinal pathogens growth.
Consumption of viscous DF also alters transit time in
the upper gut, including decreasing gastric emptying
rate and modulating small intestinal transit
(Miiller et al., 2018).
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Long term high-fat diet is one of the important factors
of lipid metabolism disorder, which will result in abnor-
malities in the quality and quantity of lipids and their
metabolites. Dysregulation of lipid metabolism has been
verified as the main cause of many diseases, including
obesity, non-alcoholic fatty liver disease (NAFLD),
cardiovascular diseases, insulin resistance, hypertension,
and atherosclerosis (Delitala et al., 2017; Engeli et al.,
2018). Increasing evidence has shown that intestinal
microbiota composition and the ratio of SCFA play
important roles in the progress of obesity and metabolic
syndromes (Paturi et al., 2010; Béackhed and Sonnen-
burg, 2016; Wang et al., 2016). SCFA, especially butyric
acid, could improve insulin resistance in mice fed a high-
fat diet, and its possible mechanism is to maintain mito-
chondrial activity and energy consumption which needs
further investigation (Gao et al., 2009). Human and ani-
mal studies proved that varieties and contents of SCFA
were precisely modulated by discrete DF structures in
diets. Even though both soluble and insoluble DF's
showed certain extent cholesterol-adsorption capacities
and prebiotic effects, viscosity is more apparent than the
quantity of DF related with lipid-lowering effects among
individuals (Wu et al., 2020). But the function of DF vis-
cosity in the small intestine is less well investigated.
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Unlike with some mammals and other poultry, the
goose has its characteristics of digesting a high-fiber
diet, with prominent hydrolysis ability in cecum for
plant-based chemical bonds of DF (Zhou et al., 2018).
Few studies have been investigated the effects of DFs
with different viscosities on the prevention of lipid accu-
mulation and its mechanism in poultry. With high fer-
mentability, inulin, p-glucan, and resistant starch
widely existed in natural DFs, which have different vis-
cosities. Most studies investigated the impact of DFs in
the form of natural resources, such as cereal, forage, or
crops. Effects of DFs were various due to the complex
characteristics and components of natural plants. There-
fore, we used purified compounds of DF's in our experi-
ment. We hypothesized that different viscoelastic DFs
may have different effects on SCFA production and the
bacterial community of geese, therefore impact the fatty
acid synthesis and cholesterol level in geese. This study
may explore the potential mechanism and the pathway
of DFs regulation in liver lipid metabolism involved
intestinal microorganisms and SCFA.

MATERIALS AND METHODS
Animal, Diets, and Experimental Design

All practices and procedures for this experiment were
reviewed and approved by the Animal Care and Use
Committee of South China Agricultural University
(SCAU-10564). Bentonite, resistant starch-3 (CAS No.:
13718-26-8, purity >99%), inulin (CAS No.: 9005-80-5,
purity >90%), and —glucan (CAS No.: 9041-22-9, purity
>80%) used in the experiment were purchased from
Shanghai Yuanye Biotechnology Co., Ltd. Magang geese
in this experiment were purchased from Guangdong
Haida Group Co., Ltd. A total of 576 fourteen-day-old
Magang geese (male and female half) were randomly
divided into 4 treatments, and each treatment contained
8 replicated with 18 geese in each replicate. Control
(CON) group was fed with basal diet, 3 treatment
groups contained different fiber ingredients, including 4%
low-viscosity RS, 4% medium-viscosity INU, and 4 %
high-viscosity GLU, respectively. All geese were kept in
stainless steel cages (18 geese/cage), free drinking water
and feed during the period, and kept under controlled
room (temperature, maintained at 33 £ 1°C for the first
3 d and then reduced by 2.5 £ 0.5°C per week to a final
temperature of 26°C; relative humidity, 45 to 60%; light-
ing, 24 h lighting with 10 Lux). The experimental period
lasted for 4 wk. At 42 d of age, the birds were weighed,
and the feed consumption and mortality were recorded
for each replicate pen. The average daily gain (ADG),
average daily feed intake (ADFT), and the ratio of feed
to gain (F/G) were calculated. The composition and
nutritional levels of the diets are shown in TableS1.

Sample Collection

We selected the geese with the nearest average body
weight from each pen for sampling. Blood samples of

approximately 10 mL, were collected at 42 d of age from
6 geese in each treatment group. Plasma was prepared
by centrifuging the blood at 3,000 r/min for 10 mins and
then stored at —20°C. The middle part of liver samples
was collected after the phosphate-buffered saline (PBS)
washing. Tissue samples of geese were collected for fur-
ther analysis. The cecum digesta were collected and
stored at —80°C for further analyses. The cecum digesta
sample was used for DNA extraction and subsequent
microbial quantification.

Analysis of Biochemical Marker

Plasma contents of triglyceride (TG), total choles-
terol (T'C), high-density lipoprotein (HDL), and low-
density lipoprotein (LDL) were detected by a fully auto-
matic biochemical analyzer (AU480; Beckman Coulter,
Inc., Brea, CA). Other liver biochemical indexes were
measured using enzymatic kits from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Analysis of Intestinal Mucosa Morphology

The duodenal, jejunal, and ileal samples were douched
with physiologic saline and stored in 4% paraformalde-
hyde solution. The preserved segments were prepared
after staining with hematoxylin and eosin (HE) solution
using standard paraffin embedding procedures. Ten
intact, well-oriented crypt-villus units were selected in
triplicate as sources of each goose intestine cross-section.
Morphometric variables, including villus height and
crypt depth, were measured with an image processing
and analysis system (Image Pro Plus, Media Cybernet-
ics, Bethesda, MD).

Analysis of SCFA Concentrations

The contents of SCFA (total SCFA, acetic acid, pro-
pionic acid, butyric acid, isobutyric acid, valeric acid,
and isovaleric acid) in cecal chyme were determined by
gas chromatography. The instruments used in the deter-
mination process were gas chromatograph (model GC-
6800, Beijing Beifen Tianpu Instrument Technology
Co., Ltd.), ® 6 mm x 2 m quartz glass packed column
(stationary phase 15% FFAP, support 80-100 mesh
Chromosorb), N-2000 chromatographic workstation,
10M1 tip microinjector (Shanghai Anting instrument
factory). The chromatographic standards were as fol-
lows: acetic acid (Sigma A6283), propionic acid (Sigma
P1386), butyric acid (Adlrich B103500), isobutyric acid
(Adlrich 129542), isovaleric acid (Sigma 11754), valeric
acid (Sigma V9769), and 2-ethylbutyric acid (Aldrich
10995-9). Metaphosphoric acid was the commercial ana-
lytical pure product.

Sample processing steps:1) Clarify the fermentation
broth sample and centrifuge to remove particles and
impurities (5,400 rpm x 10 min); 2) Add 1 mL of centri-
fugation supernatant and 0.2 mL of 25% metaphos-
phoric acid solution containing internal standard 2 EB
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into 1.5 mL centrifuge tube, mix well, and freeze over-
night at —20°C; 3) Centrifugation again (10,000
rpm x 10 min). The protein precipitate in the sample
was removed and the supernatant was taken for use; 4)
The chromatographic conditions of gas chromatograph
are as follows: ® 6 mm x 2 m quartz glass packed col-
umn (stationary phase 15% FFAP, support 80-100 mesh
Chromosorb), column temperature 150°C, inlet temper-
ature 220°C; Injection volume 1 uL, The temperature of
FID detector is 280°C; the carrier gas is high purity Na,
the flow rate is 30 mL/min, and the pressure is 200 kPa;
the gas is Hy with a flow rate of 30 mL/min; the auxiliary
gas is air with a flow rate of 300 mL /min.

Transcriptional Analysis

Total RNA was extracted from the frozen tissues
using Magen HiPure Universal RNA Mini Kit (Magen,
Guangzhou, China). The synthesis of the first strand
(cDNA) was performed using oligo (dT) 20 and Super-
script IT reverse transcriptase (Takara, Japan). The
sequence of primers used in real-time PCR assays is
shown in Table S2. Real-time PCR was performed in an
ABI 7500 (Applied Bio-systems, Foster City, CA) using
SYBR Green Quantitative PCR kit (TaKaRa). The
thermal cycling conditions consisted of one cycle at 95°C
for 30 s followed by 40 cycles at 95°C for 5 s and 60°C for
34 s. The mRNA expression of each gene was calculated
by the 272AC method. B-actin was used as an internal
control to normalize target gene transcriptional levels.

Microbial Diversity Analysis

DNA Extraction and PCR Amplification Microbial
DNA was extracted from cecal digestion samples using
the E.Z.N.A soil DNA Kit (Omega Bio-Tek, Norcross,
GA) according to manufacturer protocols. The final
DNA concentration and purification were determined
by NanoDrop 2000 UV-vis spectrophotometer (Thermo
Scientific, Wilmington, NC), and DNA quality was
checked by 1% agarose gel electrophoresis. The V3-V4
hypervariable regions of the bacteria 16S rRNA gene
were amplified with primers 338F (5’- ACTCCTACGG-
GAG-GCAGCAG-3) and 806R (5-GGAC-
TACHVGGGT-WTCTAA T-3’) by thermocycler PCR
system (GeneAmp 9700, ABI). The PCR reactions were
conducted using the following program: 3 mins of dena-
turation at 95°C, 27 cycles of 30 s at 95°C, 30 s for
annealing at 55°C, and 45 s for elongation at 72°C, and a
final extension at 72°C for 10 mins. PCR reactions were
performed in triplicate 20 wL, mixture containing 4 uL
of 5 x FastPfu Buffer, 2 uL of 2.5 mM dNTPs, 0.8 L of
each primer (5 uM), 0.4 uL of FastPfu Polymerase and
10 ng of template DNA. The resulted PCR products
were extracted from a 2% agarose gel and further puri-
fied using the AxyPrep DNA Gel Extraction Kit (Axy-
gen Biosciences, Union City, CA) and quantified using
QuantiFluor-ST (Promega) according to the manufac-
turer’s protocol.

lllumina MiSeq Sequencing

Purified amplicons were pooled in equimolar and

paired-end sequenced (2 x 300) on an Illumina MiSeq
platform (Illumina, San Diego, CA) according to the
standard protocols by Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China).
Processing of Sequencing Data Raw fastq files were
demultiplexed, quality-filtered by Trimmomatic, and
merged by FLASH with the following criteria: 1) The
reads were truncated at any site receiving an average
quality score <20 over a 50 bp sliding window. 2) Pri-
mers were exactly matched allowing 2 nucleotide mis-
matching, and reads containing ambiguous bases were
removed. 3) Sequences whose overlap longer than 10 bp
were merged according to their overlap sequence. Opera-
tional taxonomic units (OTUs) were clustered with
97% similarity cutoff using UPARSE (version 7.1
http://drive5.com/uparse/) and chimeric sequences
were identified and removed using UCHIME. The tax-
onomy of each 16S rRNA gene sequence was analyzed
by RDP Classifier algorithm (http://rdp.cme.msu.edu/)
against the Silva (SSU123) 16S rRNA database using
confidence threshold of 70%.

Statistical Analysis

The data are expressed as mean + SEM and analyzed
using SAS 9.2 (SAS Inst. Inc., Cary, NC). Significant
differences between the two groups were evaluated by
two-tailed unpaired Student's t test or Mann-Whitney U
test for samples that were not normally distributed. Sig-
nificant differences among 3 or more groups were evalu-
ated by one-way ANOVA with Bonferroni's multiple
comparisons test. The level of significance was set at P <
0.05; *, P < 0.05; **, P < 0.01; *** P <0.001.

RESULTS

Influences of DFs on Growth Performance
and Gastrointestinal Development

The growth performance of 15 to 42-day old Magang
geese with different DF diets was shown in Figures 1A
—1D. Compared with the CON group, the average final
weight, ADFI, and ADG in the GLU group were
extremely decreased (P < 0.01), while the F/G of the
GLU group was significantly higher than that of the
CON group. There was no significant difference in
growth performance among the CON and other groups.
The relative lengths of the duodenum, jejunum, and
ileum in the GLU group were significantly higher than
those in the CON group (P < 0.01), while the relative
length of the cecum in the INU group was slightly higher
than that in the CON group (P = 0.072). The relative
weights of jejunum and ileum in the GLU group were
significantly higher than those in the CON group (P <
0.01).
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Figure 1. Effect of different DF on (A) Final weigh (B) ADG, (C) ADFI, (D) F/G of 15 to 42-day-old Magang geese. (E) Effect of different DF
on the relative length of intestine on d 28 Magang geese (n = 8, mean with SEM). (F) Effect of different DF on the relative weight of intestine in 15
to 42-day-old Magang geese (n = 8, mean with SEM). Data were analyzed with unpaired ¢ test, *P < 0.05, **P < 0 .01, *** P < 0.001. Abbrevia-
tions: ADFI, average daily feed intake; DF, dietary fiber; ADG, average daily gain; F/G, feed /gain ratio.

Different DFs Modulated Lipid Homeostasis

Effects of different DFs on serum lipid metabolism-
related biochemical indexes of 15 to 42-day-old Magang
geese are shown in Figure 2A. Compared with the CON
group, serum HDL-C levels in INU, GLU, and RS
groups were significantly decreased (P < 0.05 or P <
0.01), serum malondialdehyde (MDA) levels in DF
groups were significantly decreased (P < 0.05 or P <
0.01), while serum TC, TG, and LDL-C level in each
group had no significant differences. Effects of different
DFs on liver lipid metabolism-related biochemical
indexes of Magang geese aged 15 to 42 d are shown in
Figure 2B. Levels of TC and TG in the liver of the INU
group were significantly lower than those in the CON
group (P < 0.05). GLU had lower TC (P < 0.01) and
TG (P < 0.05) levels in the liver, compared to the CON
group. Compared with the CON group, the liver MDA
level were significantly decreased in INU (P < 0.01),
GLU (P =0.067), and RS groups (P < 0.05). There were
no significant differences in liver HDL-C and LDL-C lev-
els among all groups.

Effects of different DFs on the mRNA expression
related to liver lipid metabolism in Magang geese aged
15 to 42 d are shown in Figure 2C. Relative to CON
group, liver AMPKa, PPARw, and carnitine palmitoyl-
transferase-1 (CPT-1) mRNA expression were signifi-
cantly increased in INU, GLU, and RS groups (P <

0.05); SREBP1-c and ChREBP expressions were signifi-
cantly decreased in INU, GLU, and RS groups (P < 0.05
or P<0.01); ACC expression was significantly decreased
in the INU and GLU groups (P < 0.01); FAS has the
decreased tendency in the INU (P = 0.053) and GLU
groups (P = 0.056). However, there was no significant
difference in ACOX and CYP7A1 expressions among all
groups.

DFs Significantly Improves the Intestinal
Morphology and Protects the Intestinal
Mucosa

The intestinal morphology of 15 to 42-day-old Mag-
ang geese fed with different types of DFs are shown in
Figure 6 and Figure S2. Compared with the CON group,
the height of ileal villi and the ratio of villi to cryptic villi
(P <0.01) in the INU group were significantly increased
(Figures S2A, B). We found INU and RS groups signifi-
cantly increased the villi height of the jejunum (P <
0.05), but decreased the crypt depth (P < 0.05), result-
ing in a higher ratio of villi to the crypt in the jejunum
(P < 0.01), compared to the CON group (Figures 3A
and 3B).

Furthermore, to explore the protective effect of die-
tary fiber on intestinal barrier mucosa, we detected the
expression level of tight junction protein genes.
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Figure 2. Effects of dietary fiber on lipid metabolism of 15 to 42-day-old Magang geese. (A) Serum biochemical indexes. (B) Liver biochemical
indexes. (C) Relative mRNA expressions of lipid metabolism-related genes in the liver of 15 to 42-day-old Magang geese (n = 8, mean with SEM).
Data were analyzed with unpaired ¢ test, *P < 0.05, ¥*P < 0.01, *** P < 0.001.

Compared with the CON group, there was no significant
difference in the relative expression of the Claudin
(CLDN 1) gene in all dietary fiber groups. However,
the relative expressions of Occludin (OCLN), Tight
Junction Protein 1 (TJP-1), and Rho-associated kinase
1 (ROCK-1) in the INU group were significantly
increased (P < 0.05). The relative expression of the
ROCK-1 gene in the RS group was significantly
increased (P = 0.097, Figure 6C).

DF Supplementation-Induced Drastic
Changes in Microbial Diversity and
Populations

As shown in Figure 4A, the CON, INU, GLU, and RS
groups were well separated, with 13.65 and 7.54% varia-
tion explained by principal component PC1 and PC2,
respectively. Figure 4B shows that all groups were basi-
cally separated from each other at the OTU level by par-
tial least squares discriminant analysis. The alpha
diversity was estimated through the ACE index and
Chaol richness estimate. Figures 4C and 4D showed
that compared with the CON group, the ACE and
Chaol indexes of INU, GLU, and RS groups were
decreased (P < 0.05). Results suggested that the compo-
sition of cecal microbiota in Magang geese was changed
by the DF supplement.

Figures 5A and 5B showed the microbial composition
of all groups of geese. Figure 5A shows that Bacteroides
and Firmicutes were predominant phyla in the cecal
microbiota, followed by Proteobacteria, Actinobacteria,
and Verrucomicrobia. Relative abundance of gut micro-
biota composition at the genus level was shown in
Figure 5B. Results showed that Alistipes, Bacteroides,
Peptococcus, and Parabacteroides were the predomi-
nant genera. At the phyla level, Figures 5C—5F showed
that compared with the CON group, the relative abun-
dance of Bacteroides in INU (P < 0.01) and RS groups
(P < 0.05) were increased, while the relative abundance
of Proteobacteriain INU (P < 0.05) and RS groups (P =
0.06) were decreased. Furthermore, the Firmicutes /
Bacteroides ratio in INU (P < 0.05), GLU (P = 0.079),
and RS groups (P < 0.05) were decreased compared to
the CON group.

To further analyze the effect of DFs on the composi-
tion of the cecal microflora, we compared the abundance
of all groups of microbiota, and identified the main dif-
ferent microflora related to lipid metabolism through
cladistogram, linear discriminant analysis effect size
(LEfSe) analysis: Bacteroides, Alistipes, Barnesiella,
Desulfovibrio, Ruminococcaceae UCG-014, and Rom-
boutsia (Figure 5G and S1). As shown in Figures 5H
—b5M, at the genus level, RS treatment significantly
increased the relative abundances of Bacteroides in geese
(P < 0.01), while INU and GLU treatment tend to
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Figure 3. Dietary fiber promotes intestinal morphology and mucosal function. (A) Representative image of H&E staining of jejunum from
groups of CON, INU, GLU, and RS (x 40, n = 8). (B) Villi height, crypt depth, the ratio of villi height/crypt depth and muscle thickness of jejunum
in different groups (n = 8, mean with SEM). (C) Relative mRNA expressions of OCLN, CLDN1, TJP-1 and ROCK1 in the jejunum of 15 to 42 d
Magang geese (n = 8, mean with SEM). Data were analyzed with unpaired ¢ test, * P < 0.05, **P < 0.01, *** P < 0.001.

increase the relative abundances of Alistipes (P = 0.079
and P = 0.093). Compared with the CON group, the rel-
ative abundances of Barnesiella in INU, GLU, and RS
groups were increased (P < 0.05 or P < 0.001). On the
contrary, the relative abundances of Desulfovibrio and
Ruminococcaceae UCG-014 in INU, GLU, and RS
groups were decreased compared to the CON group (P
< 0.05 or P < 0.001). Meanwhile, the relative abundance
of Romboutsia was also decreased in the GLU group
compared with that in the CON group (P < 0.05).

DF Treatment Promotes Generation of
SCFAs in Goose

To explore the effects of different DFs on the fermen-
tation products of caecum contents of Magang geese, the
main SCFAs, such as acetate, propionate, butyrate, val-
erate, isobutyrate, and isovalerate were detected. In
cecal contents, compared with the CON group, the INU
group had significantly higher propionate, butyrate (P
< 0.05), and higher valerate (P < 0.01), the GLU group
had higher valerate, isovalerate (P < 0.05), and propio-
nate (P = 0.065), the RS group had higher acetate, pro-
pionate, butyrate, valerate (P < 0.01), and isovalerate
(P = 0.065). Together, the contents of total SCFAs in

the cecum of INU and RS groups were significantly
higher than those in the CON group (P < 0.05; Figure 6).

Correlation of Gut Microbiota With SCFAs,
Lipid Metabolism-Related Indexes

Spearman’s correlation analysis was performed to
clarify the correlation among the microbiota, SCFAs,
and lipid metabolism-related indexes (Figure 7). As
shown in Figure TA, Barnesiella and Ruminococcus 1
were positively correlated with isovalerate, Romboutsia
were positively correlated with acetate, propionate, and
butyrate, whereas Desulfovibrio was negatively corre-
lated with propionate and valerate, Romboutsia was
negatively correlated with isobutyrate and isovalerate,
Ruminococcaceae UCG-014 was strongly negatively
correlated with isovalerate (P < 0.01 or P < 0.05), sug-
gesting that they may be the most significant genera for
the development of the production of SCFAs. In addi-
tion, as shown in Figure 7B, Bacteroidetes and Barne-
siella  were positively correlated with PPARaw,
Desulfovibrio were strongly positively correlated with
ChREBP and FAS, Romboutsia were positively corre-
lated with liver TC and ACC, while Alistipes was nega-
tively correlated with liver MDA, Barnesiella was highly
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Figure 4. Effect of dietary fiber on cecum microbial diversity of 15 to 42-day-old Magang geese. (A) Principal component analysis (PCA) of
microbial communities in the cecum from four groups (n = 8). (B) Partial least squares discriminant analysis of microbial communities in the cecum
from four groups (n = 8). (C, D) Alpha diversity: Ace and Chao indexes. Data are expressed as mean = SEM (n = 8). Error bars represent the stan-

dard error of the mean. a, b mean significant difference (P < 0.05).

negatively correlated with serum HDL-C, liver TC, liver
TG, serum MDA (P < 0.01), and ACC (P < 0.05), indi-
cating that they may play the most important role in
the lipid metabolism.

DISCUSSION

DFs, known as “prebiotics”, have gained considerable
attention because they withstand digestion in the small
intestine and are able to be fermented inside the colon.
DFs play key roles in regulating intestinal function and
exhibiting beneficial health properties on energy control
and body weight (Wnag et al., 2018). In our study, INU,
GLU, and RS were respectively added to the diet to
evaluate the effects of different viscous DFs on growth
performance, intestinal barrier function, lipid metabo-
lism, SCFA production, and bacterial community of
Magang geese. It was found that DFs supplementation,
especially INU, significantly improves intestinal mor-
phology and enhances the transcription level of intesti-
nal barrier related proteins. In addition, DFs induced
remarkable alteration in the diversity of intestinal
microbiota and effectively promote the growth of acid-
producing bacteria to produce SCFAs, therefore, acti-
vated the AMPK pathway by regulating the fatty acid
synthesis and B oxidation through the gut-liver axis.
Specifically, different types of DF's significantly reduced
the content of HDL in serum and improved the peroxi-

dation of Magang geese, manifested in the reduction of
MDA.

Growth performance and intestinal structure in live-
stock and poultry are closely related to DF sources,
amount in diets, physical and chemical properties. Pre-
vious studies demonstrated that no significant changes
were observed on growth performance of piglets in rice
husk, cassava meal, bran, fermented bran, and pressed
bran diets treatments (Kraier et al., 2015), while diets
with sweet potato vine and guar gum decreased porcine
daily gain and F/G ratio (Len et al., 2009). Fiber with
high viscosity and high lignin content may have a
greater resistance impact on the growth performance of
animals. However, Yu et al. (2016) reported that diet
supplemented with 5% soybean hulls had negative
effects on the growth performance of weaned pigs on
account of the antinutritional factors, such as trypsin
inhibitors and a-galactosides. The porcine experiment
showed that a diet with 5% INU improved the villous
gland ratio of the front segment of the small intestine.
INU also decreased the depth of the hindgut crypt and
increased the expression of tight junction protein in pig-
lets. In autoimmune diabetes mellitus and acute pancre-
atitis models, it was also found that long-chain inulin
could improve intestinal barrier function and alleviate
disease status by upregulating intestinal connexin and
antimicrobial peptides (Molist et al., 2012; Yue et al.,
2017). In our study, GLU treatment significantly
decreased ADG and ADFI of Magang geese, but
increased the relative weight and length of each intesti-
nal segment. Furthermore, compared with the CON
group, INU and RS groups significantly increased the
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Figure 5. Changes of microbial composition in 15 to 42-day-old Magang geese fed with different types of DF. Microbial composition at the phy-
lum level (A) and genus level (B). Each bar represented the average relative abundance of each bacterial taxon within a group; (C—F) relative abun-
dances of Bacteroidetes, Firmicutes, and Proteobacteria in different dietary fiber groups at the phylum level; (G) LEfSe was set up with 0.05 as
alpha value for the Wilcoxon test (n = 8); (H—M) relative abundances of Bacteroides, Alistipes, Barnesiella, Desulfovibrio, Ruminococca-
ceae_ UCG-014 and Romboutsia in different dietary fiber groups at the genus level. Data were analyzed with unpaired ¢ test, * P < 0.05, **P < 0.01,

*H% P < 0.001.

villi height, but decreased the crypt depth, resulting in a
higher ratio of villi to the crypt in the jejunum.
In addition, it is worth noting that the relative expres-
sion of OCLN, TJP-1, and ROCK-1 genes in the INU
group was significantly increased compared to the CON
group. This evidence suggested that medium viscosity
DF (INU) likely has preferable intestinal mucosal pro-
tection to improve intestinal morphology via increasing

intestinal tight junction protein expressions. As we all
know, B-glucan has a higher viscosity, which can slow
down the gastric emptying rate and intestinal passage
rate of feed (Natalia et al., 2013). In addition, it can be
fermented by microorganisms to produce SCFAs in the
hindgut, and stimulate the secretion of some anorexic
hormones, such as casein, glucagon-like peptide-1
(GLP-1), which can make the full abdomen feeling,
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Figure 6. Effect of dietary fiber on short chain fatty acid content of cecal contents in Magang geese aged 15 to 42 d. Data were analyzed with
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Figure 7. Heatmap of Spearman correlation between cecal microbiota and SCFAs (A). Cecal microbiota and lipid metabolism-related indexes
(B). Colors range from blue (negative correlation) to red (positive correlation). Differences were considered statistically significant when P < 0.05 (x,

P < 0.05; %, P < 0.01; and **%, P <0.001; n = 8).

inhibit appetite and reduce the food intake of animals
(Adam et al., 2014). An appropriate amount of soluble
DFs (INU and GLU) would stimulate intestinal peristal-
sis, make intestinal villi aligned and increase the height
of intestinal villi, therefore resisting the negative effects
of high viscosity chyme (Jha et al., 2019). On the other
hand, the appropriate amount of insoluble DF with a
low degree of lignification can increase villus height and
reduce crypt depth of the intestine. SCFAs are fer-
mented by nondigestible carbohydrates through micro-
biota at the back end of the digestive tract. These
compounds especially butyric acid, are likely to contrib-
ute to the proliferation of intestinal epithelial cells and
improve the morphology of intestinal mucosa
(Frampton et al., 2020). Therefore, different fiber sour-
ces exerted various effects on the growth performance,
the physiological function of the gastrointestinal, and
gut health of animals depending upon their physico-
chemical properties and chemical components.

The liver is the main site of lipid metabolism, which
plays an important role in regulating lipid metabolism
and lipid homeostasis maintaining (Zhang et al., 2018).
As a marker of endogenous lipid peroxidation in the cell,
MDA reflects the degree of lipid peroxidation damage in
the animal body (Petry et al., 2020). In our study, com-
pared with the CON group, INU, GLU, and RS groups
reduced the levels of HDL-C and MDA in serum, as well
as the contents of TC, TG, and MDA in the liver, which
means that DFs significantly reduced the lipid accumu-
lation in organism. Noticeably, the high viscosity DF
(GLU) group has the lowest serum MDA level, as well
as liver TC and TG, manifesting a greater lipid-lowering
effect on geese. B-glucan from different sources, such as
cereal and bacteria, appeared to have positive effects on
blood cholesterol-reducing and lipolysis (Zhu et al.,
2016; Grundy et al., 2017). Inulin also has the preferable
lipid reducing effect compared with resistant starch. In
hens, inulin has been proved to reduce abdominal fat

weight, liver weight, and liver cholesterol content
(Mohiti et al., 2012). In mice and hamsters, inulin or
resistant starch was also found to reduce triglyceride
and MDA contents in serum (Hales, 2019).

To further investigate the effect of DFs on lipid
metabolism, mRNA levels of genes related to lipogenesis
and fatty acid oxidation in the liver were studied. Serves
as an energy sensor in lipid metabolism, AMPK has the
potential to switch cells from an anabolic to a catabolic
state, with inhibiting lipogenesis and increasing fatty
acid oxidation in liver (Foretz et al., 2011; Qin et al.,
2018). AMPKe, as an energy sensor in lipid metabolism,
could inhibit anabolic pathways (SREBP-1c, FAS, and
ACC1) and stimulate catabolic pathways (PPAR,
CPT-1, and ACOX; Herzig and Shaw, 2018; Yeh et al.,
2018). In our results, lipid catabolic processing related
genes AMPKo, PPARa, and CPT-1 mRNA expression
was significantly increased in DFs groups (P < 0.05). As
an activator of FAS and ACC1 in lipogenesis, the dysre-
gulation of SREBP-1c has been proved to be involved in
dyslipidemia and hepatic steatosis (Herzig and
Shaw, 2018). Our results showed that lipid anabolic-
related genes, SREBP-1c, ChREBP, FAS, and ACC1,
were almost decreased in INU and GLU treatments in
geese. Carnitine palmitoyltransferase (CPT1A) and
PPARu participate in fatty acid B-oxidation, whereas
CPT1A is arate-limiting enzyme and PPA Ra could pro-
mote the target genes related to fatty acid B-oxidation
(Raghow et al., 2008; Kersten and Sander, 2014). As a
transcription factor, ChREBP-1c¢ has potential impor-
tance in the regulation of glucose-dependent lipid pro-
duction in poultry and regulates the expression of FAS
and ACC (Dong et al., 2017). Some studies have shown
that DF's interfere with the signal transduction process
of lipogenesis (Proszkowiec-Weglarz et al., 2008;
Yin et al., 2011; Si et al., 2017; Shang et al., 2017). RS
and ARS (acetylated resistant starch) had been
demonstrated to reduce the mRNA expressions of
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SREBP-1, HMG-CoAR, and ACC in varying degrees
(Ribeiro et al., 2019). A study in mice reported the
molecular mechanism of RS in improving lipid metabo-
lism and promoting fatty acid 8 oxidation through the
AMPK pathway (Shang et al., 2017). Choi et al (2017)
found that the cooked rice (RS3) diet significantly
increased PPAR o and downstream mRNA expression
of CPT-1 and peroxisomal acyl-coenzyme A oxidase,
and therefore, promoted fatty acid 8 oxidation. Reduced
antioxidants and elevated lipid peroxidation have been
observed in animal models and NAFLD patients
(Serviddio et al., 2013). The regulation of DF's on these
genes contributed to a declined lipid biosynthesis and
enhanced fatty acid oxidation, thus restraining the lipid
accumulation in the liver. DFs decreased the ratio of
SREBP-1c: PPARa, which has been proposed to pre-
vent the development of hepatic steatosis and NAFLD
in obese patients (Pettinelli et al., 2009). Our results
suggested that DF's may reduce hepatic lipid accumula-
tion and regulate lipid metabolism-related genes via
activation of AMPKa and thereby attenuate hepatic
steatosis.

The pathogenesis of obesity is closely related to the
increased ratio of Firmicutes/Bacteroidetes
(Paenell and Reimer, 2012; Grigor'eva, 2020). In our
study, geese with DFs diet showed a significant decrease
in the ratio of Firmicutes to Bacteroidetes, manifested
the correlation of these microbiotas with lower body fat
deposition; meanwhile, the relative abundances of Bac-
teroidetes in INU and RS groups were significantly
higher than that in the CON group. A similar study
found that inulin and oligofructose supplementation
could mitigate gut microbiota imbalance including low-
ering the ratio of Firmicutes-to-Bacteroidetes. As a
major phylum of Gram-negative bacteria in the intes-
tine, Proteobacteria consists of a large number of patho-
gens with an outer membrane composed of
lipopolysaccharides (LPS). Obesity is also characterized
as endotoxemia because of the release of LPS into circu-
lation (Klein et al., 2007). Accordingly, Proteobacteria
phylum are usually enriched in obesity and metabolic
diseases (Zhang et al., 2012). Our current results showed
that the relative abundance of Proteobacteria signifi-
cantly decreased in the INU and RS group (P < 0.05 or
P = 0.06). In HFD mice, Bacteroides and Barnesiella
are negatively correlated with obesity (Kan et al., 2020).
The abundance of Alistipes has a significant negative
correlation with body weight, TC, TG, HDL-C, LDL-C,
and blood glucose of mice (Liu et al., 2016). Specifically,
the LPS-producing microbiota such as Desulfovibrio
became abundant in mice models after HFD feeding
(Li et al., 2018). Desulfovibrio is one kind of genus
belonging to Desulfovibrionaceae and Proteobacteria,
positively related to obesity-induced inflammation
(Lennon et al., 2014). In addition, an increased abun-
dance of Ruminococcaceae characterizes dysbiosis in
patients  with  inflammatory = bowel  syndrome
(Rajili et al., 2015). 1-Deoxynojirimycin treatment
relieved gut dysbiosis in diabetic mice by suppressing
the growth of Ruminococcaceae UCG-014 (Hu et al.,

2019). Romboutsia, positively correlated with fat metab-
olism and enriched in the HFD group, could effectively
promote fat decomposition and absorption (Martinez-
Guryn et al., 2018). Our data showed that DFs treat-
ment changes intestinal microbial composition in geese
by promoting the growth of Bacteroidetes, Bacteroides,
Alistipes, and Barnesiella and suppressing the growth of
Proteobacteria, Desulfovibrio, Ruminococca-
ceae UCG-014, and Romboutsia. These results indi-
cated that DFs could upregulate the abundance of
beneficial gut microbial communities associated with
antiobesity, thus playing a critical role in activating lipid
metabolism.

SCFAs are the major gut microbial metabolites of
nondigestible carbohydrate fermentation by the gut
microbiota (Weitkunat et al., 2015). Several studies
have demonstrated the ability of SCFAs to induce the
phosphorylation of AMPK in myotubes and skeletal
muscle (Gao et al., 2009; Pan et al., 2015; Hong et al.,
2016), probably because of the increase of AMP concen-
trations and the AMP /ATP ratio within skeletal muscle
tissue mediated by SCFA (Yamashita et al., 2009;
Hong et al., 2016). As shown in our study, the concen-
trations of total SCFAs were significantly increased in
three DF's groups. In cecal contents, compared with the
CON group, the INU group had significantly higher pro-
pionate, butyrate (P < 0.05), and higher valerate (P <
0.01), the GLU group had higher valerate, isovalerate
(P < 0.05), and propionate (P = 0.065), the RS group
had higher acetate, propionate, butyrate, valerate (P <
0.01) and isovalerate (P = 0.065). Importantly, AMPK
activation can produce a metabolic milieu similar to
that generated by SCFA administration. This milieu is
characterized by an increase in fatty acid uptake and
oxidation, glucose uptake and glycogenesis, and inhibi-
tion of lipogenesis and glycolysis (Mihaylova and
Shaw, 2011). Increasing evidence suggested that SCFAs
have beneficial effects on body weight control and lipid
homeostasis (Chambers et al., 2018; Zhao et al., 2019).
Butyric acid produced by dietary fiber fermentation in
the gut is mainly metabolized in intestinal cells (Kohji
and Tomio), while acetic acid and propionic acid are
transported to the liver through portal vein blood
(Dalile et al., 2019). High-dietary fiber intake signifi-
cantly improved the SCFA levels, including acetate, pro-
pionate, butyrate, and isovalerate in HFD-fed mice after
lactation (Liu et al., 2020). Studies in humans and ani-
mals have found that propionic acid also is used as the
main substrate for de mnovo synthesis of fat
(Bloemen et al., 2009; Sun et al., 2016). These results
showed that DFs may increase the production of SCFAs
by increasing the populations of SCFA-producing bacte-
ria. For example, Bacteroidetes ferments lactic acid and
glucose into propionate and acetate, and Barnesiella
was one of the main butyrate-producing microorganisms
(Moreno-Indias et al., 2016).

The rapid growth of poultry reduces the amount of
intramuscular fat deposition and increases the deposi-
tion of subcutaneous fat and abdominal fat, resulting in
the decline of meat quality. High abdominal fat not only
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affects poultry processing, but also reduces poultry car-
cass quality, slaughter rate and economic benefits
(Khan et al., 2015). Intramuscular fat content is posi-
tively correlated with muscle shear force, flavor, and ten-
derness, which is an important index to measure meat
quality (Frank et al., 2016). Lipid, as an important fla-
vor precursor, mainly causes the difference in poultry fla-
vor through lipid oxidation and the interaction between
lipid oxidation and Maillard reaction in thermal reaction
(Hellwig et al., 2014). Therefore, in practical applica-
tion, relevant functional substances or plants rich in this
component can be added to the diet to regulate the lipid
metabolism of poultry. It will be of great significance to
further explore the differences of related genes in regu-
lating lipid metabolism in different parts of poultry, the
effects of some functional substances on signal transduc-
tion pathway and the transformation mechanism of fla-
vor substances in thermal reaction.

In conclusion, our results suggested that lipid metabo-
lism may be associated with SCFAs and alteration of
intestinal microbiota induced by DF's with different vis-
cosity. DFs regulate the diversity of the intestinal micro-
bial community and the content of SCFAs, activate the
AMPK pathway through the gut-liver axis, then regu-
late lipid metabolism and body lipid indicators. There-
fore, the present study indicates high viscous DF has a
greater lipid-lowering effect on geese, and medium vis-
cous DF has preferable intestinal mucosal protection.
DFs with different viscosity can be used in the develop-
ment of functional foods for preventing steatosis and
NAFLD.
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