Dietary corn-resistant starch suppresses broiler abdominal fat
deposition associated with the reduced cecal Firmicutes
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ABSTRACT This study investigated the effects of
dietary corn-resistant starch on lipid metabolism of
broilers and its potential relationship with cecal micro-
biota modulation. A total of three hundred twenty 1-
day-old male broilers were randomly assigned into 5 di-
etary treatments: 1 normal corn—soybean (NC) diet, 1
corn—soybean—based diet supplementation with 20%
corn starch (CS), and 3 corn—soybean—based diets sup-
plementation with 4, 8, and 12% corn resistant starch
(RS) (identified as 4%RS, 8%RS, and 12%RS, respec-
tively). Each group had 8 replicates with 8 broilers per
replicate. The experiment lasted 21 d. The results
showed that the abdominal fat percentage were lower in
birds from 8%RS and 12%RS groups (0.75 and 0.58%,
respectively) than those from NC and CS groups (1.20
and 1.28%, respectively; P < 0.05). The birds from 8%RS
and 12%RS groups exhibited lower concentrations of
blood triglyceride and nonestesterified fatty acid than
those in the NC and CS groups (P < 0.05). Moreover,
birds fed diets supplementation with 12% RS decreased

the relative mRNA expressions of peroxisome
proliferator-activated receptor gamma, ATP citrate-
lyase, fatty acid synthase, and acetyl-CoA carboxylase
in liver, and glycerol-3-phosphate acyltransferase in
abdominal adipose tissue (P < 0.05). Microbiota analysis
revealed that birds fed diets supplementation with 8 and
12% RS decreased the abundance of cecal Firmicutes by
23.08 and 20.47% and increased the proportion of Bac-
teroidetes by 24.33 and 21.92%, respectively, compared
with the NC group (P < 0.05). In addition, correlation
analysis revealed that many Firmicutes members had
highly positive relationship with blood lipid levels and fat
storage capacity, which might contribute to the lower
abdominal fat phenotype. Overall, broilers receiving di-
ets containing a higher concentration of RS harbor less
Firmicutes, which decreased liver fatty acid synthesis
and suppress abdominal fat deposition of birds during
the starter phase. These findings provide a profound
understanding about the relationship between gut mi-
crobial composition and lipid metabolism in broilers.
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INTRODUCTION

Dietary starch structure plays an important role in
lipid metabolism of animals. Starch presents as the ma-
jor source of carbohydrate in broiler diet, and it generally
classified into rapidly digestible starch, slowly digestible
starch, and resistant starch (RS) based on its digestion
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and absorption rate in small intestine (Englyst et al.,
1992). Diets rich in highly digestible carbohydrates can
lead to high levels of triglycerides (T'G) production and
remnant accumulation of body fat (Jeffcoat, 2007).
Excessive fat deposition decreases feed efficiency of live
birds, and abdominal fat is often discarded during
meat processing, causing considerable economic losses
to poultry industry (Han et al., 2016). Diets rich in
slowly digestible carbohydrates are thought to reduce
blood lipid levels (Liu et al., 2010). Therefore, the rate
of starch digestion and absorption may have a profound
impact on lipid metabolism of chickens.

Resistant starch is resistant to digestion in small intes-
tine but fermented by the gut microbiota in large intes-
tine, which has similar physiological functions as dietary
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fiber (Nugent, 2005). A recent study revealed that
broilers receiving RS-treated diets exhibited poor growth
performance and undesired carcase traits (Liu et al.,
2020). Increasing evidence suggests that RS has benefi-
cial effects in preventing fat deposition (Keenan et al.,
2006; So et al., 2007). One of the reasons is that hor-
mones concentrations are severely influenced by dietary
RS. The supplementation of RS in diets can effectively
improve insulin sensitivity and increase the concentra-
tions of plasma peptide YY and glucagon-like peptide-
1 (Robertson et al., 2003; Zhou et al., 2008), whereas
these hormones are usually resistant to fat storage. In
addition, RS also exerts a positive effect in lowering
blood lipid levels, especially for TG and cholesterol
(Han et al., 2003; Kim et al., 2003). Unlike mammal, ad-
ipose tissue of birds is served only as a fat storage site,
and fat synthesis mainly occurs in the liver, and thus
the development of adipose tissue is depended on the uti-
lization of plasma TG (O'Hea and Leveille, 1968;
Hermier, 1997). Therefore, we hypothesized that RS
may effectively inhibit abdominal fat deposition of
broilers by regulating plasma T'G concentration.
Firmicutes and Bacteroidetes are dominant phylum in
gut microbiota. Many members of Firmicutes and Bac-
teroidetes can encode carbohydrate-active enzymes,
which would contribute to the hydrolysis and the utiliza-
tion of carbohydrates (El Kaoutari et al., 2013). Mean-
while, Firmicutes can generate more harvestable
energy than Bacteroidetes, and obese individuals have
more Firmicutes (Turnbaugh et al., 2006). Therefore,
microbial composition contributes a lot to lipid meta-
bolism by regulating carbohydrate metabolism. It has
been shown that Bacteroidetes is more likely to be
enriched by dietary RS (Upadhyaya et al., 2016), which
implies that RS may have a profound effect on lipid
metabolism through regulating gastrointestinal microbi-
al composition. Large numbers of bacteria are colonized
in cecum of broilers and participate in the digestion and
metabolism of nondigestible carbohydrates (Pan and
Yu, 2013). Therefore, this study aimed to investigate
the effects corn RS on broiler lipid metabolism and its
potential relationship with cecal microbiota populations.

MATERIALS AND METHODS

Experimental Design, Animals, and
Management

All experimental design and procedures were
approved by the Institutional Animal Care and Use
Committee of Nanjing Agricultural University. A total
of three hundred twenty 1-day-old male Arbor Acres
broiler chicks were purchased from a commercial hatch-
ery (Hewei Agricultural Development Co. Ltd., Xuan-
cheng, China). Chicks were weighed and randomly
assigned to 5 dietary treatments: 1 normal corn-
soybean (NC) diet, 1 corn—soybean—based diet supple-
mentation with 20% corn starch (CS) (maize starch,

ZHANGET AL.

99% purity, YuXing Inc., Hebei, China), and 3 corn—soy-
bean—based diets supplementation with 4, 8 and 12%
corn RS (identified as 4%RS, 8%RS and 12%RS, respec-
tively) by replacing CS with 6.67, 13.33, and 20% of Hi-
Maize 260 (type II RS, 60% purity; Ingredion Inc., West-
chester, IL), respectively. The composition and nutrition
levels of all diets are given in the Table 1. Each group
had 8 replicates with 8 broilers per replicate. The size
of the replicate cage was 100 X 60 X 40 cm. Birds
were allowed free access to feed and water in a
temperature-controlled room at Nanjing Kangxin
Poultry Industry (Nanjing, China) throughout a 21-
d experiment. At the first wk, the environment temper-
ature in the chicken house was kept at 33°C and then
gradually reduced by 3°C per week to a final tempera-
ture of around 26°C. Birds were exposed to light for
23 h/d throughout the whole experimental period.

Sample Collection and Preparation

At 21 d of age, 1 bird per replicate with a BW close to
the average weight of the replicate was selected and
weighed for the sample collection. Blood samples from
jugular vein were centrifuged at 4,000 X g for 10 min
at 4°C to separate plasma and then stored at —20°C
for further analysis. The birds were stunned electrically
and then slaughtered and eviscerated. The fat from the
abdomen, gizzard, bursa of fabricius, cloaca, and adja-
cent muscles were removed and weighed. Meanwhile,
several fragments were cut from the middle of the
abdominal fat pad and the left lobe of the liver, immedi-
ately frozen in liquid nitrogen, and then stored at
—80°C. Two ceca of each bird were removed, and the
digesta were squeezed into the RNA-free tubes in super
clean bench and then stored in liquid nitrogen for micro-
biota analysis.

Abdominal Fat Percentage Measurements

The trachea, esophagus, craw, gut, spleen, pancreas,
gallbladder, reproductive organs, heart, liver, lung,
abdominal fat, head, and feet were removed from the
carcasses to obtain the eviscerated weight. The abdom-
inal fat percentage (%) was calculated according to the
Performance Ferms and Measurement for Poultry
(2004) using the following equation:

Percentage of abdominal fat (%) = Abdominal fat
weight/(Eviscerated ~ weight +  Abdominal fat
weight) X 100%

Histochemical Analysis of the Abdominal
Adipose Tissue

Approximately 1 cm? of the abdominal adipose tissue
segments were excised and fixed in 4% paraformalde-
hyde for at least 24 h. The paraformaldehyde-fixed tis-
sues were cut into 7 pum cross-sections and then stained
with hematoxylin-eosin for morphology observation.
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Table 1. Ingredients and nutrient composition of experimental diets.

Treatments'
ITtems NC CS 4%RS 8%RS 12%RS
Ingredients (%)
Corn 57.00 36.50 36.50 36.50 36.50
Soybean meal (44% crude protein) 31.50 28.15 28.15 28.15 28.15
Corn gluten meal (63.5% crude protein) 3.40 8.15 8.15 8.15 8.15
Corn starch - 20.00 13.33 6.67 -
Hi-Maize 260 (60% resistant starch) - - 6.67 13.33 20.00
Soybean oil 3.10 2.20 2.20 2.20 2.20
Limestone 1.20 1.20 1.20 1.20 1.20
Dicalcium phosphate 2.00 2.00 2.00 2.00 2.00
L-Lysine 0.34 0.34 0.34 0.34 0.34
DL-Methionine 0.15 0.15 0.15 0.15 0.15
Salt 0.30 0.30 0.30 0.30 0.30
Zeolite powder 0.01 0.01 0.01 0.01 0.01
Premix” 1.00 1.00 1.00 1.00 1.00
Calculated nutrient levels
Metabolizable energy (MJ/kg) 12.52 12.50 - - -
Crude protein (%) 21.33 21.00 21.00 21.00 21.00
Calcium (%) 1.00 1.00 1.00 1.00 1.00
Available phosphorus (%) 0.46 0.45 0.45 0.45 0.45
Lysine (%) 1.21 1.12 1.12 1.12 1.12
Methionine (%) 0.50 0.51 0.51 0.51 0.51
Methionine + cysteine (%) ) 0.86 0.85 0.85 0.85 0.85
Arginine (%) 1.27 1.18 1.18 1.18 1.18
Threonine (%) 0.83 0.81 0.81 0.81 0.81
Analysed nutrient levels
Crude protein (%) 20.91 20.40 20.61 20.39 20.64
Starch (%) 51.25 51.23 51.34 52.30 52.01
RS (%) 3.03 4.18 7.33 11.02 14.16

'NC, a basic normal corn-soybean diet; CS, a corn-soybean—based diet supplementation with
20% corn starch (CS); 4%RS, 8%RS and 12%RS, the corn-soybean—based diets supplementation
with 4, 8 and 12% corn resistant starch (RS), respectively.

2Premix provided per kilogram of diet: trans-retinyl acetate, 30 mg; cholecalciferol, 0.075 mg;
DL-a-tocopherol acetate, 30 mg; menadione, 1.3 mg; thiamine, 2.2 mg; riboflavin, 8.0 mg; nico-
tinamide, 40 mg; choline, 400 mg; pantothenic acid, 15 mg; pyridoxine HCI, 4 mg; biotin, 0.04 mg;
folic acid, 1 mg; cobalamin, 0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from copper sulfate),
8.0 mg; Mn (from manganese sulfate), 110 mg; Zn (from zinc sulfate), 60 mg; I (from calcium
iodate), 1.1 mg; Se (from sodium selenite), 0.3 mg.

Using an Olympus DP12 CCD digital camera attached
to a Olympus light microscope, fields that were occupied
mainly by fat cells and photographed at 400 X magnifica-
tion. The average diameters of adipocytes in photo-

graphs were analyzed by Image-Pro Plus 6.0 software
(Media Cybernetics, Bethesda, MD).

Plasma Biochemical Analysis

The concentrations of plasma TG (catalog no. A110-
1), nonesterified free fatty acid (NEFA, catalog no.
A042-2), and glucose (catalog no. F006-1) were deter-
mined with corresponding commercial diagnostic kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China).

Activity Analysis of lipoprotein lipase and
hormone sensitive lipase in Abdominal
Adipose Tissue

The activities of lipoprotein lipase (LPL, catalog no.
H238) and hormone sensitive lipase (HSL, catalog no.
A067-1) in abdominal adipose tissue were determined
with corresponding commercial diagnostic kits.

RNA Extraction and Real-Time PCR
Analysis

Total RNA was isolated from the liver and abdominal
adipose tissue samples using Trizol reagent (Takara
Biotechnology Co. Ltd., Dalian, China). The purity
and quantity of the RNA were measured using an ultra-
micro spectrophotometer (Thermo Scientific, Wilming-
ton, DE). Reverse transcription of total RNA was
completed using a PrimeScript RT Master Mix kit
(Takara Biotechnology Co. Ltd.). The reverse-
transcription (RT) reactions were incubated for 15 min
at 37°C, followed by 5 s at 85°C. The RT products
(cDNA) were stored at —20°C.

Real-time quantitative PCR was performed using the
ABI PRISM 7500 Detection System (Applied Bio-
systems, Foster City, CA) using SYBR Premix Ex Taq
kits (Takara Biotechnology Co. Ltd.). The total PCR
volume was 20 uL, including 10 uL of SYBR Premix
Ex Taq, 7.8 pulL of double distilled water, 1 puL of
cDNA, 0.4 pL of ROX Reference Dye II, and 0.4 uL of
each primer. The PCR cycling conditions included initial
denaturation at 95°C for 30 s, followed by 40 cycles of
denaturation at 95°C for 5 s and anneal at 60°C for
30 s, and the collection of the fluorescence signal at
60°C. All of the specific primers used are listed in
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Supplementary Table 1. The expression of target gene
relative to 185 rRNA was calculated using the 2744¢T
method (Livak and Schmittgen, 2001).

Bacterial Genomic DNA Extraction, 16S
rRNA Gene Sequencing, and Analysis

Total bacterial genomic DNA of cecal digesta was
extracted from all 40 samples of 5 treatments according
to a bead-beating method (Zoetendal et al., 1998). Then,
the DNA concentration of each sample was determined
using a Nano-Drop 1000 spectrophotometer (Thermo
Fisher Scientific) and diluted to 1 ng/pL with sterile
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water. The V3-V4 regions of 16S rRNA gene were ampli-
fied  using  the  universal  primers  (341F:
CCTAYGGGRBGCASCAG, 806R: GGAC-
TACNNGGGTATCTAAT). The PCR volume was
30 pL, including 15 pL of Phusion High-Fidelity PCR
Master Mix (New England Biolabs, Beverly, MA),
0.2 uM of forward and reverse primers, 10 ng of template
DNA, and double-distilled water filled to 30 uL. The
thermal cycling condition was as follows: 95°C for
2 min; 25 cycles of 95°C for 30 s, 55°C for 30 s, and
72°C for 30 s, followed by 72°C for 5 min. Then, the
IMlumina MiSeq platform was used to sequence the
library.
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Figure 1. (A) Effect of dietary corn resistant starch (RS) on abdominal fat percentage of 21-day-old broilers. (B) Morphological observation of
abdominal adipose tissue of 21-day-old broilers based on HE staining. (C) Adipocyte diameter (pm) of abdominal adipose tissue. Values without a
common letter (a-d) significantly differ (P < 0.05; n = 8). Abbreviations: NC, a basic normal corn—soybean diet; CS, a corn—soybean—based diet sup-
plementation with 20% corn starch (CS); 4%RS, 8%RS, and 12%RS, the corn-soybean based diets supplementation with 4, 8, and 12% corn resistant

starch (RS), respectively.
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Table 2. Effects of corn resistant starch on parameters of lipid metabolism in broilers.

Treatments'
Ttems” NC CS 4%RS 8%RS 12%RS SEM P value
Plasma
TG (mmol/L) 0.41*  0.29" 0.34™>  0.27" 0.28>  0.01 0.002
NEFA (mmol/L) 0.40  0.18" 0.22" 0.14° 0.19"  0.02  <0.001
Glucose (mmol/L) 6.98° 8.85" 8.01"¢  10.22° 10.48"  0.28  <0.001
Abdominal adipose tissue
LPL (U/mg of protein) 0.87  0.83*° 0.80*" 0.73"¢ 0.65°  0.02 0.015
HSL (U/g of protein) 40.46°  47.03"°  39.89° 59.07"  7L67T*  2.81 0.001

““Means in a row without a common superscript letter significantly differ (P < 0.05; n = 8).
INC, a basic normal corn-soybean diet; CS, a corn-soybean-based diet supplementation with 20%
corn starch (CS); 4%RS, 8%RS and 12%RS, the corn-soybean—based diets supplementation with 4%, 8%

and 12% corn resistant starch (RS), respectively.

TG, triglycerides; NEFA, nonesterified free fatty acid; LPL, lipoprotein lipase; HSL, hormone

sensitive lipase.

MOTHUR (http://www.mothur.org) software was
used to remove impurities, filter, align, and classify
the original sequence. Raw data were processed to
remove sequences less than 200 bp. Sequences with
greater than 97% similarity are assigned to the same
operational taxonomic units. For each operational
taxonomic unit, use the Ribosomal Database Project
classifier to annotate classification information. Alpha
diversity (Chaol, Shannon, and Simpson) were
analyzed with MOTHUR. Beta diversity was analyzed
based on unweighted UniFrac distance matrices for
principal coordinate analysis.
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Statistical Analysis

Data of abdominal fat percentage, adipocyte diam-
eter, lipid metabolism parameters, gene mRNA expres-
sions, phylum, and genus abundance of cecal
microbiota were tested for significance using one-way
analysis of variance using SPSS statistical software
(version 16.0, SPSS Inc., Chicago, IL). Each result repre-
sents the mean value = SE, data are means of 8 repli-
cates (n = 8). Significant differences were declared
when P < 0.05. Differential genera were evaluated using
linear discriminant analysis. The box plot of differential
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Figure 2. The relative mRNA expressions of PPAR-y (A), Acl(B), FAS(C), and ACC (D) in liver and GPAM (E) and GPATS3 (F) in abdominal
adipose tissue of 21-day-old broilers. Values without a common letter (a-c) significantly differ (P < 0.05; n = 8). Abbreviations: NC, a basic normal
corn-soybean diet; CS, a corn—soybean—based diet supplementation with 20% corn starch; 4%RS, 8%RS, and 12%RS, the corn—soybean—based diets
supplementation with 4, 8, and 12% corn resistant starch (RS), respectively; ACC, Acetyl-CoA carboxylase; Acl, ATP citrate-lyase; FAS, fatty acid
synthase; GPAM, glycerol-3-phosphate acyltransferase; GPA T3, glycerol-3-phosphate acyltransferase 3; PPA R-vy, peroxisome proliferator-activated

receptor gamma.
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Figure 3. The (A) Chao 1, (B) Shannon, and (C) Simpson indices were used to show the alpha diversity among groups. Abbreviations: NC, a basic
normal corn—soybean diet; CS, a corn—soybean—based diet supplementation with 20% corn starch (CS); 4%RS, 8%RS, and 12%RS, the corn—soybean—
based diets supplementation with 4, 8, and 12% corn resistant starch (RS), respectively.

genera was drawn with OriginPro 2019 software
(Version 9.6.0.37, OriginLab Inc, Northampton, MA).
Correlations between differential genera and plasma
parameters were assessed by Pearson’s correlation test.

RESULTS

Abdominal Fat Deposition

As shown in Figure 1A, the abdominal fat percentage
of birds were lower in the 8%RS and 12%RS groups (0.75
and 0.58%, respectively) than those of the NC and CS
groups (1.20 and 1.28%, respectively; P < 0.05). The ad-
ipose cell morphological observation were presented in
Figure 1B, and the average adipocytes diameters of birds
from 8%RS and 12%RS (27.27 pm and 24.69 pm) group
were lower than those of the NC and CS groups
(36.73 pm and 34.04 pm, respectively; P < 0.05;
Figure 1C).

Plasma Variables and Activities of LPL and
HSL in Abdominal Adipose Tissue

In contrast to the NC group, broilers from CS group
exhibited lower concentrations of plasma TG and
NEFA and a higher plasma glucose concentration
(P < 0.05; Table 2). However, plasma glucose concentra-
tions in 8%RS and 12%RS groups were increased in com-
parison to those of the CS group (P < 0.05). There was
no significant difference on the activities of LPL and
HSL in abdominal adipose tissue between NC and CS
groups, whereas birds of 12%RS group showed lower
LPL activity and higher HSL activity than those of the
NC and CS group (P < 0.05; Table 2).

Gene mRNA Expression

Compared with the NC group, birds in CS group
showed lower relative mRNA expressions of ATP
citrate-lyase (Ael) and fatty acid synthase (FAS) in
abdominal adipose tissue (P < 0.05; Figure 2). The
mRNA expressions of peroxisome proliferator-activated
receptor gamma (PPAR-y ) and FAS in liver and glyc-
erol-3-phosphate  acyltransferase =~ (GPAM) in

abdominal adipose tissue of the birds from 12%RS group
were lower than those of the CS group (P < 0.05).

Characterizations of Cecal Microbiota

The alpha diversity metrics of cecal microbiota among
groups are presented in Figure 3. No significant differ-
ences in Chaol, Shannon, and Simpson indices were
observed among the groups (P > 0.05; Figure 3). Prin-
cipal coordinate analysis revealed that bacterial commu-
nities in cecal samples from the CS and all RS
supplementation diet group clustered separately from
the bacteria of the NC group, whereas the sample from
CS and 4%RS groups clustered more closely (Figure 4).

As shown in Figure 5, phylum level microbiota anal-
ysis  revealed that  Firmicutes, Bacteroidetes,
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Figure 4. Principal coordinate analysis (PCoA) of bacterial commu-
nities in cecal digesta of broilers based on unweighted UniFrac distance
metrics. Abbreviations: NC, a basic normal corn—soybean diet; CS, a
corn—-soybean—based diet supplementation with 20% corn starch (CS);
4%RS, 8%RS, and 12%RS, the corn-soybean—based diets supplementa-
tion with 4, 8, and 12% corn resistant starch (RS), respectively.
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Figure 5. Relative abundance of cecal microbial communities of 21-
day-old broilers on the phylum level. Abbreviations: NC, a basic normal
corn—soybean diet; CS, a corn—soybean—based diet supplementation
with 20% corn starch (CS); 4%RS, 8%RS, and 12%RS, the corn—soy-
bean—based diets supplementation with 4%, 8%, and 12% corn resistant
starch (RS), respectively.

Epsilonbacteraeota, Proteobacteria, Tenericutes, and
Actinobacteria were the most 6 cecal dominants in all
groups, together accounting for over 99.80% of the total
sequences. Birds fed diets supplementation with 8 and
12% RS increased the abundance of cecal Bacteroidetes
by 24.33 and 21.92% and decreased the abundance of
Firmicutes by 23.08 and 20.47%, respectively, compared
with the NC group (P < 0.05). Moreover, the abundance
of Actinobacteria was increased in the 12%RS group
compared with other groups.
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Figure 6 shows the differential genera in cecal digesta
of 21-day-old broilers at the genus level. Compared with
the NC group, CS group was characterized by higher
relative abundances of Alistipes, Bacteroides, Campylo-
bacter, GCA-900066575, Lactobacillus, and Ruminococ-
cus torques group (P < 0.05; Figure 7A), as well as lower
proportions of Anaerotruncus, Bilophila, Butyricicoc-
cus, Defluviitaleaceae UCG-011, Escherichia-Shigella,
Oscillibacter, Ruminiclostridium 5, and Ruminiclostri-
dium 9 (P < 0.05; Figure 7B). When comparing CS
and all RS groups directly, there was a higher abundance
of Ruminococcaceae UCG-009 in 4%RS group, and a
higher proportion of Coprococcus 3 in 8%RS group
(P < 0.05; Figure 7C). Conversely, genera including
Eisenbergiella were decreased in 8%RS and 12%RS
groups, as well as Lachnoclostridium were decreased in
all RS groups (P < 0.05; Figure 7D).

Correlation Between Cecal Altered Genera
and Lipid Metabolism Parameters

Figure 8 revealed a range of correlation coefficients for
the altered cecal genera and lipid metabolism parame-
ters in plasma and abdominal adipose tissue, ranging
from 1.0 (maximum positive correlation) to —1.0
(maximum anti-correlation), and 0 indicating no corre-
lation. Obviously, genera including Ruminiclostridium
9, Ruminiclostridium 5, Oscillibacter, FEscherichia-
Shigella, Defluviitaleaceae UCG-011, Butyricicoccus,
Bilophila, and Anaerotruncus were positively correlated
with plasma NEFA concentration, while Lactobacillus,

N

3
LDA SCORE (log 10)

IS
w

12%RS

Figure 6. Histogram of the LDA scores of the significantly altered genera among groups. The default parameter is LDA Score >2 and P < 0.05.
Abbreviations: NC, a basic normal corn—soybean diet; CS, a corn—soybean—based diet supplementation with 20% corn starch (CS); 4%RS, 8%RS, and
12%RS, the corn-soybean-based diets supplementation with 4, 8, and 12% corn resistant starch (RS), respectively.
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Figure 7. Relative abundances of all altered genera of 21-day-old broilers. (A) Corn starch enriched genera, (B) Corn starch depleted genera, (C)
Corn resistant starch enriched genera when compared with corn starch and (D) Corn resistant starch depleted genera when compared with corn starch.
Values without a common letter (a-c) significantly differ (P < 0.05; n = 8). Abbreviations: NC, a basic normal corn-soybean diet; CS, a corn—soybean—
based diet supplementation with 20% corn starch; 4%RS, 8%RS, and 12%RS, the corn-soybean—based diets supplementation with 4, 8, and 12% corn
resistant starch (RS), respectively.
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Figure 8. Pearson’s correlations between altered cecal genera and parameters of lipid metabolism. Abbreviations: NC, a basic normal corn—soybean

diet; CS, a corn—soybean—based diet supplementation with 20% corn starch

(CS); 4%RS, 8%RS, and 12%RS, the corn—soybean—based diets supple-

mentation with 4, 8, and 12% corn resistant starch (RS), respectively; HSL, hormone sensitive lipase; LPL, lipoprotein lipase; NEFA, nonesterified free

fatty acid.

Campylobacter, Bacteroides, and Alstipes were nega-
tively correlated with plasma NEFA concentration.
Plasma TG concentration was positively correlated
with cecal Escherichia-Shigella and Butyricicoccus,
but negatively correlated with Anaerofuslis, Bacter-
oides, and  Alstipes. Moreover,  Oscillibacter,
Escherichia-Shigella, Bilophila, and Flavonifractor
were negatively correlated with plasma glucose concen-
tration and activities of LPL and HSL.

Resistant starch ——>

| Fatty acid synthesis

T

Fatty acid \L

| TG synthesis
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DISCUSSION

Excessive abdominal fat is associated with the many
chronic diseases of human, especially diabetes and car-
diovascular (Lehmann et al., 1995; Miyazaki et al.,
2002). For poultry industry, abdominal fat is the main
source of waste which reduces feed efficiency and carcass
yield (Moreira et al., 2018). It has been reported that RS
from the high amylose maize reduced abdominal fat
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ol @ : B detes T
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Figure 9. Effects of corn-resistant starch on cecal microbial composition and lipid metabolism of broilers. In this study, we discovered that dietary
corn-resistant starch could alter cecal microbiota, decrease blood lipid levels and fat storage capacity of abdominal adipose tissue as well as fatty acids
synthesis of liver, which eventually led to the reduction in the abdominal fat deposition. Abbreviations: NEFA, nonesterified free fatty acid; TG,

triglycerides.
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deposition in rats (Vidrine et al., 2014), which is consis-
tent with our present findings that diets supplementa-
tion with 8 and 12% RS decreased abdominal fat
percentage of broilers. Moreover, birds receiving RS
treated diets exhibited smaller adipocyte diameters of
abdominal adipose tissue than those receiving the con-
trol diet. These results demonstrated that feeding birds
with diets containing higher concentrations of RS may
alter lipid metabolism and then reduce fat deposition.
It has been shown that dietary nondigestible carbohy-
drates exerts beneficial effects on blood lipid profiles
(Roberfroid, 1993). In the present study, we observed
that dietary supplementation with RS decreased the
concentrations of plasma NEFA and TG. It is well
known that dietary fat enters into the portal blood sys-
tem and blood lipids mainly enter liver to be metabolized
(Hermier, 1997). Therefore, the hepatic mRNA expres-
sions of PPAR-vy, Acl, FAS, and acetyl-CoA carboxylase
were determined for evaluating the ability of fatty acids
synthesis of the liver. Maybe in response to the decreased
lipid in blood, the mRNA expressions of PPAR-y, Acl,
FAS, and acetyl-CoA carboxylase were decreased in
12%RS treatment, indicating the inhibition of fatty
acids synthesis in liver. In avian species, most fatty acids
are synthesized in liver, then transported and stored as
TG in adipose tissues (Griffin et al., 1992). To investi-
gate whether the decreased liver fatty acids synthesis
would further affect fat storage in the adipose tissue,
the activities of LPL and HSL, as well as the mRNA ex-
pressions of GPAM and glycerol-3-phosphate acyltrans-
ferase 3 in the abdominal adipose tissue were
determined. Lipoprotein lipase is responsible for the hy-
drolysis of plasma lipoprotein TG, and it plays a major
role in TG deposition in adipose tissue (Cryer, 1981).
In the present study, LPL activities were significantly
decreased in bird from 8%RS and 12%RS groups, sug-
gesting that RS could inhibit the conversion of TG to
fat. Glycerol-3-phosphate acyltransferase is a rate-
limiting enzyme catalyzing the initial step in TG biosyn-
thesis (Wendel et al., 2009). The ability of TG resynthe-
size was also inhibited inferred from lower mRNA
expressions of hepatic GPAM of birds both from 8%RS
and 12%RS groups. In addition, hepatic HSL activity
was higher both in birds from both 8%RS and 12%RS
groups, indicating that body fat mobilization was
strengthened, which further exacerbated the reduction
of fat storage.

The thinner individuals often have a distinct gut
microbiota composition compared with the obesity
ones (Turnbaugh et al., 2006). In this study, birds fed
with higher RS had less abdominal fat accompanied by
more Bacteroidetes and less Firmicutes in their cecum.
There is growing evidence that obesity has been indi-
cated to correlate with abundances of Bacteroidetes
and Firmicutes (Ley et al., 2006). Individuals with
more Bacteroidetes and less Firmicutes may be thinner
(Ley et al., 2005), which is in line with our current find-
ings. We therefore speculated that the dietary RS-
induced change in cecal microbiota may be part of the
underlying reason for the reduction of abdominal fat
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deposition in broilers. Moreover, Proteobacteria was
abundant in the NC group, whereas Epsilonbacteraeota
was abundant in the CS group. However, there was no
difference in fat deposition between the 2 groups, which
demonstrated that Proteobacteria and Epsilonbacter-
aeota may contribute less to the fat deposition.

Pearson correlation analysis revealed that most
genera depleted by dietary RS and CS were positively
correlated with plasma NEFA and TG concentrations
(e.g., Escherichia-Shigella and Butyricicoccus), whereas
the genera enriched by RS and CS were negatively corre-
lated with plasma NEFA concentration (e.g., Lactoba-
cillus, Campylobacter, Bacteroides, and Alstipes),
indicating that individuals who harbor more Lactoba-
cillus, Campylobacter, Bacteroides, and Alstipes accom-
panied by less Escherichia-Shigella and Butyricicoccus
can lower blood lipids. This finding was in agreement
with Kalavathy et al. (2003) who reported that supple-
mentation of Lactobacillus strains in broiler diets de-
creases serum TG concentration. Lactobacillus and
Bacteroides have long been considered to be associated
with lipid metabolism (Neyrinck et al., 2011; Xie et al.,
2011). Furthermore, a negative correlation between ac-
tivities of liver LPL, HSL and cecal Oscillibacter,
Escherichia-Shigella, and Bilophila suggested that indi-
viduals who have less of these bacteria may have a higher
fat storage capacity.

Overall, this study explored a relationship between
lipid metabolism and cecal microbial composition in
broilers fed diets supplementation with RS (Figure 9).
Our data revealed that broilers receiving diets contain-
ing a higher concentration of RS harbor less Firmicute,
which decreased liver fatty acid synthesis and suppress
abdominal fat deposition of birds during the starter
phase.
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