1' frontiers

in Veterinary Science

ORIGINAL RESEARCH
published: 20 January 2022
doi: 10.3389/fvets.2021.791482

OPEN ACCESS

Edited by:
Morteza Hosseini-Ghaffari,
University of Bonn, Germany

Reviewed by:

Aoyun Li,

Huazhong Agricultural

University, China

Kun Li,

Nanjing Agricultural University, China

*Correspondence:
Chuanshe Zhou
zcs@isa.ac.cn

Specialty section:

This article was submitted to
Animal Nutrition and Metabolism,
a section of the journal

Frontiers in Veterinary Science

Received: 08 October 2021
Accepted: 09 December 2021
Published: 20 January 2022

Citation:

Wang K, Yan Q, Ren A, Zheng M,
Zhang R, Tan Z and Zhou C (2022)
Novel Linkages Between Bacterial
Composition of Hindgut and Host
Metabolic Responses to SARA
Induced by High-Paddy Diet in Young
Goats. Front. Vet. Sci. 8:791482.
doi: 10.3389/fvets.2021.791482

Check for
updates

Novel Linkages Between Bacterial
Composition of Hindgut and Host
Metabolic Responses to SARA
Induced by High-Paddy Diet in Young
Goats

Kaijun Wang "2, Qiongxian Yan', Ao Ren', Mengli Zheng', Peihua Zhang?, Zhiliang Tan "
and Chuanshe Zhou"**

" CAS Key Laboratory of Agro-Ecological Processes in Subtropical Region, National Engineering Laboratory for Pollution
Control and Waste Ultilization in Livestock and Poultry Production, Hunan Provincial Key Laboratory of Animal Nutritional
Physiology and Metabolic Process, Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha, China,
2Hunan Provincial Key Laboratory for Genetic Improvement of Domestic Animal, College of Animal Science and Technology,
Hunan Agricultural University, Changsha, China, ° University of Chinese Academy of Sciences, Beijing, China

At present, feeding a high-corn diet to goats is used to provide enough protein and
energy supply to meet their higher dietary requirements. In fact, because corn grain
is commonly scarce in the traditional rice cropping region of southern Asia, paddy
is thereby used as an alternative feed applied in goat diets. However, the effects
of the high paddy proportion on the microbiota and metabolites of the intestine
are unclear. Here, we investigate the effects of high paddy proportion on bacterial
community, potential function, and metabolic reaction in the cecum of goats. Sixteen
Liuyang black goats were divided into two groups fed either a normal-paddy (NP)
diet (55% concentrate) or a high-paddy (HP) diet (90% concentrate) for 5 weeks.
Total short-chain fatty acid (SCFA) concentration was higher in the hindgut chyme
of the HP-fed goats than in that of the NP-fed goats (p = 0.001). The acetic
proportion was significantly decreased and the propionic proportion was increased
in the HP group (p < 0.05). The HP diet decreased the value of pH, lactic acid
concentration, and lactate dehydrogenase activity but increased the activity of alanine
aminotransferase, aspartate aminotransferase, alkaline phosphatase, and amylase,
together with lipopolysaccharide concentration in the hindgut chyme of goats (p < 0.05).
The abundance rates of the Eubacterium_coprostanoligenes_group was increased (o
= 0.050), whereas the abundance of Prevotellaceae_UCG_004, dgA-11_gut_group,
Christensenellaceae_R-7_group, Ruminococcaceae_UCG-010, and Desulfovibrio were
significantly decreased with the HP diet (o < 0.05). These results suggested that the HP
diet altered the microbiota and metabolites, which negatively modified intestinal epithelial
health in goats.
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INTRODUCTION

Diet is a critical regulator that affects the composition of intestinal
microbiota (1, 2), and a high-concentrate diet supplies adequate
nutrients to meet the higher performance requirements for
ruminants (3-5). Besides, rapid weight gain can be achieved by
feeding goats a diet of 50-65% corn (6). However, in goats, a diet
of highly fermentable carbohydrate increases metabolic diseases
such as subacute ruminal acidosis (SARA) (7, 8). The presence
of SARA is a major issue in terms of both productivity and
animal welfare, and the gastrointestinal fermentation increased
concentrations of short-chain fatty acid (SCFA) during SARA in
dairy cows and goats (9, 10). Accumulation of SCFA production
and digestion decreased the ruminal pH and led to SARA, which
can decrease dry matter intake (DMI) and fiber absorption,
increase the risk of poor health, and change milk nutrition and
meat quality (11).

Increases of the dietary concentrate can alter the rumen and
gut bacteria, but the effects of different dietary factors range
diversely in dairy and beef cattle (12, 13). The intestinal microbes
(such as Bacteroides, Firmicutes, and Proteobacteria) (14, 15)
played a key role in regulating the immune system (16), some
metabolic diseases (17), and inflammation (18). And a high-
concentrate diet uses corn as the main concentrate (6, 19). In fact,
since there is a shortfall of corn in the traditional paddy region of
southern Asia, paddy is used as alternative feeds for goat models.
Moreover, we did not know that the intestinal metabolism and
microbial changes in goats due to a high-paddy (HP) diet induced
SARA. The cecum is the second largest fermentation organ in
ruminants after the rumen. Thus, we speculated that the higher
SCFA in the cecum of the HP-fed goats, as compared to the
normal-paddy (NP)-fed goats, may be due to the fact that a
large number of carbohydrates were fermented in the cecum.
These reports are essential to strengthen the understanding of
the relationship between the HP diet and the cecal microbiota
of goats, and this may lay the foundation for preventing the
development of SARA.

In this study, 16 Liuyang goats were selected as the
experimental model from the Liuyang animal cooperation base of
the Institute of Subtropical Agriculture (ISA). These were divided
into two groups fed an NP diet (55% concentrate) or an HP diet
(90% concentrate) for 5 weeks. We hypothesized that the HP
diet may cause variations in gut fermentation and microbiota
activities and that these changes might cause cecal tissue damage
in goats. Therefore, the purpose of this study was to investigate
these changes in the cecal microbes, fermentation products,
metabolites, and histomorphology during the feeding of an HP
diet. In addition, we also assessed the relationship between
changes in the cecal fermentation and microbial components and
the metabolites of goats. The significance of this study is to reveal
the underlying mechanism on exhaustive variation of the cecal
bacteria caused by the HP diet.

EXPERIMENTAL DESIGN

The study was conducted according to the guidelines
of the Animal Care Committee and approved by

the ISA, Chinese
China (ISA-201603).

Academy of Sciences, Changsha,

Animals, Diets, and Management

In this study, we randomly selected 16 healthy male goats
(6 months old, 15.3 £+ 1.7kg), which were divided into two
groups fed an NP diet (concentrate: forage = 55:45) or an
HP diet (concentrate: forage = 90:10); the paddy and other
concentrates were crushed together and stirred to mix well. The
diet composition included paddy straw, the most commonly
used forage in South China, selected as the roughage for
goats, whereas paddy was the main concentrate, supplemented
with soybean meal and wheat bran. Before the diets were
formulated, the paddy straw was chopped to approximately
2cm in length. The concentrate for this experiment was
provided by the Hunan Lifeng Bio-Technology Company Ltd.
(Changsha, China), and concentrate ingredients were consistent
with a previous study (8). The proportion of rice straw in
the NP and HP groups was 45:10. The concentrate of the
experiment was composed of rice with shell, soybean meal,
wheat bran, fat powder, calcium carbonate, calcium bicarbonate,
and sodium chloride. The premix composition of the diet per
kg was as follows: 68 mg FeSO4-H,O, 44mg CuSO4-5H,0,
411 g CoCl-6H,0, 1.70mg KIOs3, 211 mg MnSO4-H,O,
126 mg ZnSO4-H,0O, 56 pg NaySeOs, 462 mg MgSO4-7H,0,
737 IU vitamin A, 8.29mg vitamin E, 4.0g NaHCO3, and
5.1 g carrier zeolite powder. The nutrient levels were measured
values. The crude protein and crude fat were 17.6 and 6.01%,
respectively, in the HP group, which were higher than those
in the NP group. The crude ash, neutral detergent fiber,
and acid detergent fiber in the HP group were lower than
those in the NP group. The experiment lasted 35 days, and
the goats were fed daily at 08:00 and 18:00 in a separate
metabolic cage. All the goats had free access to water and
feed intake of each goat was recorded daily. And the goats
were housed in a well-ventilated room with controlled humidity
and temperature.

Sampling and Collection

At the end of the experiment on Day 35, six animals were
eventually selected from each group and slaughtered at random.
The cecal chyme was gathered and stored separately at —80
or —20°C for DNA extraction, and the metabolic indicators
and SCFA were detected. Cecal segments were taken for
observation of intestinal tissue morphology. Samples of the cecal
segments from goats were fixed in formalin, and the tissues
were dehydrated and embedded following standard procedures,
and specimens in paraffin blocks were cut into 5mm sections
and stained with hematoxylin and eosin. Three slides per
goat, two images per slide, and a total of 36 replicates per
group were harvested. The representative photographs of the
cecal morphology were collected using an optical microscope
(Pannoramic DESK, P-MIDI, P250, 3DHISTECH, Hungary)
with a Pannoramic scanner.
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Fermentation Parameters and Metabolites
in the Cecal Chyme

The SCFA was analyzed from chromatograph peak areas using
gas chromatography (Agilent 7890A, USA), according to the
method described in our previous work (20). Meanwhile, the
pH value of the cecal chyme fluid was determined using a pH
meter (model PHS-3C, Shanghai Precision Science Instrument
Co., Ltd., China). The cecal biochemical components including
LACT, AST, LDH, ALT, AMY, and ALP were determined
using an Automatic Biochemistry analyzer (Cobas c¢ 311,
Roche). Lipopolysaccharide (LPS) in the cecum was detected
using a corresponding enzyme-linked immunosorbent assay
(ELISA) kit (Jiangsu Yutong Biological Technology Co., Ltd.
Yancheng, China).

Genomic DNA Isolation and Polymerase
Chain Reaction (PCR) Amplification

Genomic DNA isolation of the cecal contents was performed
according to the instructions of a DNA Stool Mini Kit (Qiagen,
Germany). The bacterial universal V3-V4 region of the 16S
RNA gene was amplified according to PCR barcoded primers
338F (5'-ACTCCTACGGGAGGCAGCAG-3") and 806R (5'-
GGACTACHVGGG TWTCTAAT-3'). PCR was run in a 20 pl
volume, containing 250 WM dNTP, 1x FastPfu buffer, 0.1 wM of
each primer, 1 U FastPfu polymerase (Beijing Trans Gen Biotech,
China), and 10 ng template DNA. PCR was run at 95°C for 2 min,
followed by 30 cycles of 95°C for 30's, annealing at 55°C for 30,
72°C for 305, and a final extension at 72°C for 5 min.

lllumina MiSeq Sequencing

PCR products were tested using 2% agarose gel electrophoresis
and purified with AxyPrep DNA Purification Kit (Axygen
Biosciences, Union City, USA). The PCR products were
visualized on agarose gels and quantitatively determined using
a QuantiFluor-ST fluorometer (Promega, USA) and Pico Green
dsDNA Quantitation Reagent (Invitrogen, USA). The purified
amplicon was subjected to equimolar pooling and paired-end
sequenced on the Illumina MiSeq platform (Allwegene, Beijing,
China) according to the standard procedure. The 16S rRNA
amplicon sequences have been deposited in the National Center
for Biotechnology Information (NCBI) Sequence Read Archive
(SRA) (http://www.ncbi.nlm.nih.gov/bioproject/738350) under
accession number PRINA738350.

Bacterial Data Processing and Function

Prediction

The sequencing data were analyzed. The raw FASTQ file was
demultiplexed and quality-filtered using QIIME in the following
order: (1) The reads (300 bp) were truncated at any site
that obtained an average quality score of <20 over a 10-bp
sliding window, and the truncated reads shorter than 50 bp
were deleted; (2) exact barcodes were matched, and if two
nucleotides mismatched in the primer matching, the reads
containing ambiguous characters were discarded; and (3) the
reads will be assembled if overlapping sequences were longer
than 10 bp. The OTU was clustered using UPARSE according

to 97% similarity, and chimeric sequences were identified and
deleted using UCHIME. We used the Primer 6 software (UK)
for hierarchical clustering analysis. The PCA was performed
by Canoco 4.5. PICRUSt was used as a bioinformatics tool
to predict the functional potentials of metagenomes using the
16S rRNA gene data (21). The OTU table was imported into
PICRUSt for functional gene predication by referencing the
KEGG database (Kyoto, Japan, http://www.genome.jp/kegg).
The pathways included organismal systems, human diseases,
and drug development, which were filtered out because these
pathways did not reflect microbial functions.

Statistical Analyses

The data were analyzed by SPSS 19.0 (USA, 2009). First, the
data were evaluated through the Shapiro-Wilk test to check
whether the variables exhibited a normal distribution. Then, the
variables that showed a normal distribution and a non-normal
distribution were analyzed by an independent-sample ¢-test and
the Kruskal-Wallis test. Statistical significance was set at p < 0.05,
and tendencies were set at 0.05 < p < 0.10.

RESULTS

Morphology and Metabolic Parameters of
the Hindgut

The representative light micrograph of the intestinal morphology
about the NP diet-fed and the HP diet-fed goats was shown
in Figures 1A,B. The orifices of the crypts in the cecum were
circular in outline, and the goat fed an NP diet had clear and
well-organized microvillus clusters (Figure 1A). Conversely, the
goats fed with an HP diet showed lower crypt density, sloughing
of the epithelial surface, and irregular distribution compared with
the goats fed an NP diet (Figure 1B). The cecal crypt depth of
the HP diet-fed goats was significantly lower than that of the NP
diet-fed goats (p < 0.05). As presented in Figure 1C, compared
to the NP group, the HP group had increased LPS concentration
in the cecum (p = 0.027). As shown in Figures 1D-H, only the
concentration of LDH activity decreased significantly when the
dietary concentrate ratio increased from 55 to 90% (p < 0.05).
Compared with the NP diet-fed goats, the HP diet-fed goats had
higher ALT, AST, ALP, and AMY activities in the cecal chyme (p
<0.05).

Fermentation Parameters of the Hindgut
Data of fermentation parameters in the cecum are displayed in
Figure 2. The pH value in the cecal chyme declined dramatically
when the dietary concentrate ratio increased from 55 to 90% (p <
0.01). The concentration of LACT activity notably declined when
the dietary concentrate ratio increased from 55 to 90% (p < 0.05).
In the cecum, the goats fed the HP diet had a significantly lower
acetate-to-propionate ratio (A/P), when compared to the goats
on the NP diet (p = 0.010). However, the HP dietary treatment
significantly increased the concentrations of the TVFA, acetate,
propionate, and butyrate (p < 0.01). In addition, no difference in
the concentrations of isovalerate and valerate was found between
the two dietary groups in the cecum (p > 0.05).
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FIGURE 1 | Intestinal morphology and cecal metabolites of goats fed NP and HP diet. Light microscopy cross-section of hindgut tissue from a representative NP-fed
goat [(A) scale bar = 100 um] or HP-fed goat [(B) scale bar = 100 um]. (C-H) Metabolic parameters of the hindgut to goats fed by NP and HP diets. *0.01 < p <

0.05; *p < 0.01. The arrow indicate the observation of intestinal epithelial morphology.

NP HP

Microbial Composition and Diversity

In total, the cecum obtained 431,908 sequences after size filtering
and chimera removal; each cecal sample had an average of
35,992 + 5,622 sequences. Of the OTU numbers classified at
97% similarity, 1,276 were detected in the cecal samples, 1,133

in the NP group, 960 in the HP group, and 817 in both groups.
The OTU by hierarchical clustering analysis presented that the
samples in the NP group were separated from of those in the
HP group (Figure 3A). In addition, similar results could be
observed in the principal component analysis (PCA) (Figure 3B).
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FIGURE 2 | Effects of normal and high paddy diets on hindgut (A) pH, (B) LACT and (C-H) SCFA concentrations in goats. (I) A/P, Acetate: Propionate. *0.01 < p <
0.05; *p < 0.01.

When the ratio of concentrates increased from 55 to 90%, (Figures 3C,D). Meanwhile, Chao 1 estimate and Shannon index
the Good coverage increased and Observed species of bacterial ~ of the bacterial community were also affected by the increase in
community decreased (p < 0.05) by the HP diet in the cecum  dietary concentrate (Figures 3E,F).
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FIGURE 3 | (A) Hierarchical clustering analysis of hindgut bacterial community (NP1-NP6 and HP1-HP6 are cecal samples of goats fed with NP and HP diets,
separately). (B) PCA of cecal digestal microbiota. (C-F) Alpha diversity of microbiota of goats fed with NP and HP diets. *0.01 < p < 0.05; **p < 0.01.

Bacterial Community Structure of the
Hindgut
The cecal microbial flora of two groups shared about 64% OTUs
as shown in Figure 4A, and the NP group owned a larger number
of unique OTUs. Firmicutes, Bacteroidetes, and Tenericutes
were the main phyla in the cecum of goats, more than 90% of the
total number of the cecal bacteria (Figure 4B). No difference was
detected in the cecal bacteria of goats at the dominant phylum
level (p > 0.05). The abundance of Lentisphaerae (p = 0.007)
was lower in the HP diet-fed goats than in the NP diet-fed goats.
At the family level in two groups, the cecal microbial flora was
mainly composed of Ruminococcaceae, Lachnospiraceae, and
Rikenellaceae, where Bacteroidetes consisted of Bacteroidaceae,
Bacteroidales_Incertae_Sedis, Prevotellaceae, and Rikenellaceae
and Spirochaetaceae consisted of Spirochaetaceae (Figure 4C).
The proportion of Christensenellaceae (p 0.003) and
Clostridiales_vadinBB60_group (p = 0.011) dropped dramatically
with the HP diet. No significant difference was found in the
three primary families between the NP and HP groups
(p > 0.05).

As shown in Table 1, down to the genus level, Bacteroides,
Christensenellaceae_R-7_group, Rikenellaceae_RC9_gut_group,

Ruminococcaceae_UCG-010, Ruminococcaceae_UCG-005,
and  Eubacterium_coprostanoligenes_group ~ were  primary
genera in the NP and HP groups. The relative abundance
of Eubacterium_coprostanoligenes_group was greater (p
0.050) in the cecum of HP group when compared with the NP
group. In contrast, the abundances of Prevotellaceae_UCG-
004, dgA-11_gut_group, Christensenellaceae_R-7_group,
Ruminococcaceae_UCG-010, and Desulfovibrio were less in
the HP group than in the NP group (p < 0.05).

Function Prediction of Intestinal Microbiota
As shown in Figure 5A, the microbiota function was predicted
by PICRUSE; the top 10 KEGG pathways included membrane
transport; it was associated with environmental information
processing. The other five pathways including metabolism of
carbohydrates, amino acids, nucleotides, energy, cofactors, and
vitamins were associated with metabolism. In addition, the
pathways of translation, replication, and repair were associated
with genetic information processing. The cellular processes and
signaling were associated with signal transduction mechanisms
atlevel 2.
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TABLE 1 | Effects of NP and HP diets on the proportion of the cecal bacteria of goats at the genus level (%).

Abundance (%)

Phylum Genus p-value
NP2 HP®

Classification levels of bacteria

Bacteroidetes Bacteroides 8.03 +3.28 5.95 + 3.51 0.312
Phocaeicola 221 +1.23 112 +£1.18 0.148
Prevotella_1 0.44 +£0.68 0.86 + 0.57 0.273
Prevotellaceae_UCG-003 0.36 £0.48 0.88 £1.32 0.390
Prevotellaceae_UCG-004 1.26 +£1.01 0.02 £ 0.04 0.030
Alistipes 213+ 1.16 1.96 +£2.08 0.862
dgA-11_gut_group 0.69 + 0.42 0.24 £0.23 0.045
Rikenellaceae_RC9_gut_group 512+ 219 4.84 +4.27 0.893

Firmicutes Christensenellaceae_R-7_group 5.46 + 1.65 2.65+0.70 0.008
Clostridium_sensu_stricto_1 0.04 £ 0.04 0.98 £ 2.16 0.334
Lachnospiraceae_AC2044_group 1.77 £0.74 1.34 +1.20 0.469
Shuttleworthia 0.09 + 0.09 3.88 +£6.16 0.192
Tyzzerella_4 1.26 + 0.51 0.68 £+ 0.54 0.086
Eubacterium_coprostanoligenes_group 4.93 +1.07 109 £ 5.77 0.050
Ruminococcaceae_NK4A214_group 1.22 £0.41 1.45 £ 0.68 0.483
Ruminococcaceae_UCG-005 16.7 &+ 3.95 15.6 + 4.61 0.669
Ruminococcaceae_UCG-010 7.73 +£1.50 4.67 +£2.70 0.036
Ruminococcaceae_UCG-013 2.61+1.16 3.14 £1.60 0.526
Ruminococcaceae_UCG-014 1.67 £0.79 3.08 +2.02 0.142
Saccharofermentans 0.84 + 1.58 0.22 +0.16 0.347

Proteobacteria Desulfovibrio 0.76 £0.13 0.34 £0.39 0.031

Spirochaetae Treponema_2 0.81 £0.73 1.93 £ 2.05 0.236

Verrucomicrobia Akkermansia 1.72 £1.67 0.52 +0.93 0.156
Unidentified 199 +2.72 20.1 £ 4.59 0.960

aNP. normal-paddy diet; ®HP. high-paddy diiet.

In total, the PICRUSt predicted 152 individual pathways at
level 3 in the cecum, and the primary top 10 pathways included
three pathways about environmental information processing
(as shown in Figure 5B), transporters, ATP-binding cassette
(ABC) transporters, and transcription factors and four pathways
about genetic information processes, including general function
prediction only, DNA repair and recombination proteins,
ribosomes, and chromosomes. Finally, three pathways of purine
metabolism, pyrimidine metabolism, and peptidases were related
to metabolism. As shown in Figure 5, KEGG level 2 and level 3
have no significant difference in the top 10 pathways (p > 0.05).

Data analysis showed that the HP diet affected the functional
potentials in the cecal microbiota of growing goats (Table 2).
Clearly, compared to the NP diet, the HP diet increased or
tended to increase (p < 0.10) abundance of phenylalanine,
tyrosine, and tryptophan biosynthesis (ko00400) and cysteine
and methionine metabolism (ko00270) associated with amino
acid metabolism. In contrast, the HP diet decreased butanoate
metabolism (ko00650) associated with carbohydrate metabolism
(p = 0.007) and tended to decrease (p < 0.10) abundances
of histidine metabolism (ko00340) associated with amino acid
metabolism and riboflavin metabolism (ko00740) associated
with metabolism of cofactors and vitamins, respectively. There
was no difference between pathways of biosynthesis of other
secondary metabolites, cell motility, lipid metabolism, and many

carbohydrate metabolism pathways among the NP and HP
groups (p > 0.05).

Relationship Among the Intestinal
Bacterial Community and Fermentation

and Metabolic Parameters

In the current study, the relationship of the microbiota,
physiological parameters, and fermentation was analyzed by
Pearson’s correlation analysis. As presented in Figure 6, the
pH was positively correlated with the genera Lentisphaerae
(r = 0.713, p = 0.009), Christensenellaceae_R-7_group (r =
0.650, p = 0.022), and Prevotellaceae_UCG-004 (r = 0.696,
p = 0.012); however, no genus was significantly negatively
correlated to the pH in the cecum. The abundances of
Lentisphaerae (r = 0.657, p = 0.020), Christensenellaceae (r =
0.734, p = 0.007), Clostridiales_vadinBB60_group (r = 0.580,
p = 0.048), and Christensenellaceae_R-7_group (r = 0.734,
p = 0.007) were positively correlated with LDH, and no
genus was significantly positively correlated with the ALP
and AMY in the cecum (r < 0.55). The abundances of
Ruminococcaceae_UCG-010 and Christensenellaceae_R-7_group
were positively correlated with LACT (r > 0.55, p < 0.05),
and they negatively correlated with TVFA, AST, and AMY (r
< —0.55, p < 0.05). Besides, the majority of the genera were
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FIGURE 5 | Top 10 predicted metagenomic functions at level 2 (A) and level 3 (B) of the KEGG pathways.
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TABLE 2 | KEGG pathways that showed different abundances between the cecal digesta microbiota of goats fed with NP2 and HP® diets.

Level 2 Level 3 Pathway ID NP HP p-value
Amino acid metabolism Cysteine and methionine metabolism ko00270 0.10 &+ 0.007 0.98 + 0.02 0.009
Histidine metabolism ko00340 0.63 + 0.009 0.63 + 0.01 0.093
Phenylalanine, tyrosine, and tryptophan biosynthesis ko00400 0.91 +0.01 0.93 + 0.02 0.041
Valine, leucine, and isoleucine biosynthesis ko00290 0.80 £ 0.01 0.81 £ 0.009 0.461
Valine, leucine, and isoleucine degradation ko00280 0.19 £ 0.004 0.18 £0.02 0.861
Biosynthesis of other secondary metabolites Novobiocin biosynthesis ko00401 0.14 £ 0.004 0.14 £ 0.006 0.657
Tropane, piperidine, and pyridine alkaloid biosynthesis ko00960 0.12 + 0.004 0.11 + 0.008 0.367
Carbohydrate metabolism Butanoate metabolism ko00650 0.67 + 0.01 0.63 +0.03 0.007
Galactose metabolism ko00052 0.70 £0.02 0.71 £0.04 0.794
Pentose and glucuronate interconversions ko00040 0.48 + 0.01 0.49 +0.02 0.741
Pentose phosphate pathway ko00030 0.85 + 0.04 0.87 +0.04 0.267
Pyruvate metabolism ko00620 1.09 £ 0.02 1.08 £ 0.02 0.377
Starch and sucrose metabolism ko00500 1.00 £ 0.02 1.04 £ 0.06 0.243
Cell motility Bacterial chemotaxis k002030 0.63 £ 0.04 0.65 £ 0.05 0.473
Flagellar assembly k002040 0.52 £0.04 0.54 £ 0.05 0.470
Glycan biosynthesis and metabolism Other glycan degradation ko00511 0.24 £0.02 0.25 £ 0.01 0.395
Lipid metabolism Fatty acid biosynthesis ko00061 0.50 + 0.01 0.51 +£0.02 0.875
Glycerolipid metabolism ko00561 0.38 &+ 0.02 0.40 £+ 0.02 0.358
Metabolism of cofactors and vitamins Nicotinate and nicotinamide metabolism ko00760 0.42 £0.01 0.43 £0.01 0.117
Riboflavin metabolism ko00740 0.23 £ 0.01 0.22 £+ 0.01 0.092
Vitamin B6 metabolism ko00750 0.20 £ 0.01 0.19 £+ 0.01 0.385
Signal transduction Two-Component system k002020 1.56 £ 0.02 1.656 £0.07 0.633
Xenobiotics biodegradation and metabolism Nitrotoluene degradation ko00633 0.11 £ 0.01 0.10 £ 0.01 0.138
Polycyclic aromatic hydrocarbon degradation ko00624 0.09 + 0.002 0.10 + 0.01 0.783

aNP. normal paddy diet; PHP, high paddy diet.

negatively correlated with the activity of TVFA (r < —0.55)
except Eubacterium_coprostanoligenes_group, Tyzzerella_4, and
dgA-11_gut_group (r > —0.55). The abundances of three taxa

[Lentisphaerae (r = —0.587, p = 0.044), Christensenellaceae
(r = —0.629, p = 0.028), and Christensenellaceae_R-7_group
(r = —0.629, p = 0.028)] were negatively correlated with

the ALT, and only Eubacterium_coprostanoligenes_group (r =
0.601, p = 0.039) was positively correlated with ALT in the
cecum. Meanwhile, only Eubacterium_coprostanoligenes_group
(r = 0.650, p = 0.022) was positively correlated with AST, and
other genera were negatively correlated with the AST.

DISCUSSION

The influence of a high-concentrate diet on SCFA in the rumen
and hindgut of dairy cows and goats has been widely explored
(8, 9). However, no information is available on changes of
SCFA in the cecum with an HP diet. As has been mentioned
in this study, the A/P declined in the cecum of goats by an
HP diet compared to an NP diet, which proved that cecum
fermentation was developing toward propionate production.
Finally, the HP diet could reduce the pH of the cecum and lead to
accumulated TVFA concentration in the hindgut. Several factors
might account for the overfermentation and intestinal injury in
the HP group. Firstly, the high abundance of carbohydrate in the
cecum of the HP-fed goats might raise the osmotic pressure of

chyme. There was no doubt that the high osmotic pressure was
a threat to the intestinal barrier and might raise the permeability
of the cecum (22). Secondly, the acidity of the intestinal lumen
is one of the most important factors that determine the state
of the gut barrier. Argenzio and Meuten revealed that a lower
environmental pH value can stimulate the SCFA to enter non-
glandular mucosal cells and acidify the cells, destroying the Na
transport that depends on chloride and leading to cell necrosis
(23). So, the study revealed the adverse effects of HP diet fed on
the integrity of the cecal epithelium of goats and that the HP diet
could raise the risk of poor health in goats.

Many studies reported that using a high-concentrate diet
to feed ruminants would elevate free LPS concentration in
the gastrointestinal tract, which could damage the epithelium
of gastrointestinal tissue (24, 25). In this study, the LPS
concentration in the cecal chyme was significantly negatively
correlated with the proportion of Gram-negative bacteria,
including the taxa Prevotellaceae_UCG-004 (r = —0.131), dgA-
11_gut_group (r = —0.356), and Desulfovibrio (r = —0.466).
In addition, the three taxa were much higher in the NP group
compared to the HP group. Our data proved that the HP diet
in goats could cause the lysis and death of some Gram-negative
bacteria in the hindgut, therefore raising the LPS concentration
in the cecum. It also caused damage to the cecal epithelium.
The enzyme levels of ALP, ALT, and AST increased with some
damage in membrane permeability (26); this was also one of
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FIGURE 6 | Correlation analysis among the intestinal pH, SCFA, and
metabolites and associated microbiota composition of hindgut. Only results
obtained for which the abundance was significantly associated with intestinal
metabolites were shown. Cells were colored based on Pearson’s correlation
coefficient between the metabolites and associated microbiota composition in
the hindgut (red and blue indicated negative and positive correlations,
separately).

the reasons why our goats had damage to their cecal epithelium
in the HP group. The Christensenellaceae_R-7_group and
Prevotellaceae_ UCG-004 abundances were negatively correlated
with the concentration of ALP; this indicated that the two genera
might be involved in the ALP metabolism of the cecum of
HP diet-fed goats. However, the role of these genera in the
intestine and how they associated with the intestine needed to
be clarified. The enzyme of LDH was released during intestinal
tissue damage, and it was a marker of common injury and
disease. Particularly, feedback inhibition of LDH could decrease
the conversion of pyruvate to LACT at a high LACT level (27).
Our research displayed that both LDH and LACT were decreased
simultaneously by the HP diet. So, we speculated that LACT
concentration and LDH activity were linearly proportional in
the cecum. The HP diet increased the activity of amylase, and
this was similar to the results that more starch intake increased
the amylase activity in the pancreas and small intestine contents
(28, 29). However, we found that Christensenellaceae_R-7_group,
Ruminococcaceae_UCG-010, and Prevotellaceae_UCG-004 were
correlated negatively with the enzyme of AMY in the cecum. The

results may indicate that the higher AMY activity may be partly
related to the decrease of the three genera in the HP group.

Gut microbes play a special role in host nutrition metabolism
and absorption, maintenance of the intestinal barrier structure,
immune regulation, and resistance to pathogen (30). In
accordance with the previous study that proved feeding a high-
concentrate diet could decrease the microbiota diversity in the
gastrointestinal tract of cattle (31), our research also proved a
decline in the microflora of the cecum of goats fed an HP diet.
A separation between colonic samples of the two groups could
be best observed by hierarchical clustering analysis, and the
results of the PCA revealed the difference in bacterial diversity
composition between the NP and the HP groups. In addition,
the results of the Chao 1 estimate and Shannon indices in the
HP group were observed to be decreased; it further revealed the
difference in bacterial diversity composition between the NP and
HP groups, also indicating that an HP diet changed the bacterial
diversity in the cecum. Changes in the content of the dietary
nutrient between the NP and the HP groups might have resulted
in the variations in colonic microbial response. The findings of
Wetzels might explain this situation (32); the low cecal pH value
might reduce some cecal chyme bacterial richness due to their
sensitivity to low pH in this study, leading to the proliferation
of some low-pH-tolerant bacteria in the cecum. Hence, feeding
goats with the HP diet tended to decrease the bacterial diversity in
the cecum, and the HP diet caused a negative effect on the healthy
hindgut ecosystem. Compared to previous studies that reported
on the intestinal bacterial communities of ruminants (7, 33), our
results revealed that Firmicutes were the most dominant phylum,
with 69.34% of total sequences, from the hindgut chyme of goats.
The Firmicutes are well-known for fermentative metabolism
and protein and amino acid degradation (34). So, the massive
Firmicutes in the cecal chyme microbiota makes it known that
Firmicutes have a key role in the utilization of nutrients such as
protein and amino acids. Consistent with an earlier study (35),
we confirmed that the phylum Bacteroidetes of Gram-negative
bacteria was the second most abundant bacterial community.
A study of Khafipour and Li concluded that a majority of LPS
produced in the chyme was derived from Bacteroides spp. (36).
In the present study, there was no difference in Bacteroides level
difference between goats in the two groups, so this phenomenon
could not explain that the increased LPS level in the cecum
was due to the HP diet. Jenkins et al. (37) found that the
Christensenellaceae family played a key role in maintaining gut
structure and function. We detected that a decreased cecal
bacterial response to Christensenellaceae_R-7_group significantly
was caused by feeding an HP diet to goats. Our results somehow
explained why the epithelial structure of the cecum tissue was
damaged in the HP group. Ruminococcus was the primary genus
in the hindgut of sheep (38), and it could degrade starch, xylan,
and other complex polysaccharides (39). For the study, we found
a majority of Ruminococcaceae in the HP group. It was possible
that the HP diet provided suitable nutrient conditions for the
growth of Ruminococcaceae. Liu found that there were higher
Prevotella and Turicibacter levels in the hindgut when goats were
fed a high-concentrate (19). There were some varieties on the
abundance of Prevotellaceae; the present study revealed that there
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was no difference on Prevotella_1 and Prevotellaceae_ UCG-003
between the two groups, but Prevotellaceae_UCG-004 showed a
marked drop in the cecum due to the HP diet. The Turicibacter in
the intestine can induce subclinical infection or other deleterious
effects in the digestive tract (40); nevertheless, the Turicibacter
population was <1% in the cecal chyme of goats in the current
study. Previous research studies indicated that some Clostridium
spp. were pathogenic factors of intestinal disease and could
alter the intestinal barrier in animals (41, 42). The current
study provided a detailed picture of the cecal chyme-associated
bacterial community when feeding an HP diet and that it could
inhibit the growth of intestinal bacterial communities.

The PICRUSt results showed that cecal microorganisms had
various functions; the primary gene categories in the cecum-
associated bacteria of goat were related to the pathways of
carbohydrate and energy metabolism, replication and repair, and
membrane transport; they were similar to the results of a previous
study conducted in the colon of goats (7). The cecal bacteria had
been predicted to have greater replication and repair capacity,
which might cause the rapid turnover rate of microbe in the
hindgut. The membrane transport system existed in all living
organisms, and it was necessary to communicate with tissue, such
as importing molecules into cells and discharging waste products
from cells (43). Both diet and symbiotic bacteria determined the
number of vitamins in the mammalian gut (44), so vitamins
could not be synthesized by goats but could be synthesized by
commensal bacteria or from the diet. In the pathway of energy
metabolism, riboflavin and its active form act as cofactors in
various enzymatic reactions, such as the TCA cycle and FAO (45).
Sakurai had shown that riboflavin deficiency could decrease the
acyl-CoA dehydrogenases activity (46), which participated in the
dehydrogenation step of FAO, and riboflavin supplementation
rescued the activity of these enzymes. The decrease of LDH
activity might be related to the signaling process involved in the
reduction of riboflavin metabolism in the HP group. Therefore,
microbial functional potential predication identified that the HP
diet influenced several pathways and that nutrient effectiveness
affects the cecal metabolism, as well as bacterial structure and
potential functions.
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