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Simple Summary: Currently, feeding ruminants high-grain (HG) diets is a common feeding pattern,
but this practice can have detrimental effects on these animals in the form of altering their gut
microbiota. The aim of this study was to explore the structural and functional responses of jejunal
digesta- and mucosa-associated microbiota to the low-grain as well as non-pelleted and pelleted
high-grain (HP) diets. The results indicated that different diets altered the composition of digesta- and
mucosa-associated microbiota, and the abundance of acid-producing bacteria was increased in both
jejunal digesta and mucosa after the HG and HP diets. Meanwhile, the HP diets somewhat changed
the impact of the HG diets, as HP diets reduced the proliferation of pro-inflammatory bacteria in the
jejunal digesta and mucosa when compared to HG diets.

Abstract: In the present study, we utilized 165 rRNA sequencing to uncover the impacts of non-pelleted
(HG) or high-grain pelleted (HP) diets on the microbial structure and potential functions of digesta-
and mucosa-associated microbiota in the jejunum of Hu sheep. Here, we randomly assigned 15 healthy
male Hu sheep into three groups and fed the control diets (CON), HG, and HP diets, respectively. The
experiment period was 60 days. The HP diets had the same nutritional ingredients as the HG diets
but in pelleted form. At the finish of the experiment, the jejunal digesta and mucosa were gathered for
microbial sequencing. The results of PCoA and PERMANOVA showed that different dietary treatments
had significant impact (p < 0.05) on digesta- and mucosa-associated microbiota in the jejunum of Hu
sheep. For specific differences, HG diets significantly increased (p < 0.05) the abundance of some
acid-producing bacteria in both jejunal digesta (Bifidobacterium, OTU151, and OTU16) and mucosa
(Rikenellaceae RC9 gut group, and Bifidobacterium) of Hu sheep compared with the CON diets. Besides the
similar effects of the HG diets (increased the acid-producing bacteria such as Olsenella, Pseudoramibacter,
and Shuttleworthia), our results also showed that the HP diets significantly decreased (p < 0.05) the
abundance of some pro-inflammatory bacteria in the jejunal digesta (Mogibacterium, and Marvinbryantia)
and mucosa (Chitinophaga, and Candidatus Saccharimonas) of Hu sheep compared with the HG diets.
Collectively, these findings contributed to enriching the knowledge about the effects of HG diets on the
structure and function of intestinal microbiota in ruminants.

Keywords: jejunum; digesta; mucosa; microbial composition; Hu sheep

1. Introduction

In the modern feed industry, the high-grain (HG) diets have been commonly used to
sustain the growth performance of fattening ruminants [1,2]. However, the long-termed
use of HG diets has been reported to generate a flood of adverse effects on the host [3],
such as reshaping microbial composition, as indicated by the reduced microbial diversity
and increased starch degrader and pro-inflammatory bacteria in gastrointestinal tract (GI).
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Meanwhile, HG diets also caused the accumulation of pro-inflammatory metabolites, and
injured mucosal cells in the GI [4-8]. Therefore, the systemic effects of HG diets on a
ruminant host have received continuous attention in recent years.

With the widespread use of HG diets, the pelleted HG diets have gradually attracted
much attention. Previous studies have shown that pelleted diets improved the utilization
of nutrition [9,10], prevented selective eating behavior, and ensured a balanced nutritional
intake, thus improving farming benefits [11-13]. Trabi et al. (2019) demonstrated that, in
addition to having similar effects as HG diets, high-grain pelleted (HP) diets also resulted
a greater abundance of simple sugar fermenters (such as Megasphaera) in the rumen of
Hu sheep [14]. Lin et al. (2021) reported that compared to HG diets, HP diets specifically
increased the abundance of some acetate-producing bacteria (such as Ruminococcus) and
reduced the abundance of some starch-degrader bacteria (such as Roseburia spp.) in the
colon of Hu sheep [15]. However, current studies have focused on the rumen and hindgut,
there were little information about the effects of HP diets on the small intestine of ruminants.

In addition to the rumen and the hindgut, the micro-ecological environment in the
small intestine plays a crucial role in the digestion of nutrients and organism health for ru-
minants [16,17]. For instance, the microbial variation in the jejunum has been demonstrated
to be a factor influencing the feed efficiency of steers [16]. Meanwhile, diets affected the in-
testinal micro-ecological balance. Previous studies demonstrated that HG diets resulted in
histological injures and altered the microbial structure in jejunum of goats [18]. Significant
differences were seen in the colonization and distribution of intestinal microbiota in the
ecological niches (digesta or mucosa), and the mucosa-associated microbiota was found to
be of greater importance in host immunity and health compared to the digesta-associated
microbiota [19,20]. Hence, studying the microbial community in different ecological niches
could provide us with a more comprehensive understanding of changes in the intestine in
response to different diets. However, to our knowledge, there are no reports that simul-
taneously revealed the effects of HP diets on the jejunal digesta- and mucosa-associated
microbiota in ruminants.

This study used 165 rRNA sequencing to compare the impact of low-grain, HG, and
HP diets on changes in digesta- and mucosa-associated microbiota and their underlying
metabolic functions of in the jejunum of Hu sheep.

2. Materials and Methods
2.1. Experimental Design and Animals

All animal experiments complied with the guidelines of the Experimental Animal
Welfare Ethics Committee of Shenyang Agricultural University. This research was a portion
of systematic studies exploring the impacts of high-grain diets on the gastrointestinal
tract fitness of Hu sheep, and experimental design, animal rearing and diets have been
published elsewhere [14,21]. In brief, a total of 15 male and healthy Hu sheep with similar
body weight (26.80 £ 0.32 kg) and age (about 180 days) were assigned into the following
three dietary groups: the control diets (CON: 30% concentrate + 70% forage), the non-
pelleted high-grain diets (HG: 70% concentrate + 30% forage), and the pelleted high-grain
diets (HP: 70% concentrate + 30% forage). The concentrate in the CON and HG groups
were in mashed form, and the pelleted high-grain diets (HP) had the same ingredients as
the HG diets but in pelleted form. A pelleting machine (Jiangsu Muyang Group Co., Ltd.,
Yangzhou, China) was used to pellet the feed (3.2 mm diameter) at 70 °C. At the preliminary
feeding period, all animals were fed the same diet containing alfalfa hay and oat straw
for 18 days. The total experiment period was 60 days and all experimental animals were
reared in individual pens and fed diets ad libitum. The detailed ingredients and nutrient
composition of treatment diets were listed in Table S1.

2.2. Sample Collection

On day 60, all sheep were euthanized and butchered 4-5 h after the morning feeding.
After slaughter, the abdominal cavity of experimental animals was quickly dissected, and
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the jejunum and ileum were ligated with cotton thread and separated. The contents and
mucosa (scraped from the ileal tissue using sterile slides) of the jejunum were homogenized
and blended completely, and then typical samples were gathered. Samples were packed
in sterile centrifuge tubes, quickly frozen in liquid nitrogen, and put away in a —80 °C
refrigerator until isolation of microbial DNA.

2.3. Genomic DNA Isolation

Samples were fully thawed, homogenized, and 0.3 g samples were used for microbial
DNA isolation. According to the standard procedure of the manual, we used the QIAamp
DNA stool Mini Kit (QIAGEN, Hilden, Germany) to isolate the genomic DNA in the jejunal
mucosa and contents samples. After isolation, DNA samples were further assessed by
a NanoDrop spectrophotometer (Nyxor Biotech, Paris, France). Only high-quality DNA
samples were used for subsequent PCR amplification and sequencing.

2.4. llumina Sequencing and Data Analysis

The following bacterial universal primers 338F (5'-ACTCCTRCGGGAGGCAGCAG-3')
and 806R (5'-GGACTACCVGGGTATCTAAT-3") were adopted to conduct the amplification
of 165 rRNA V3-V4 region of jejunal mucosa and contents samples [22]. PCR amplification
was conducted following the standard procedures, with three replicates for each sample and
a final volume of 20 pL mixture. Subsequently, the PCR products of one sample were mixed
thoroughly and detected using 2% agarose gels. Then, the purification was conducted using
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). Illumina
sequencing library was created and then sequenced on the Illumina MiSeq platform.

The effective sequences of all samples were obtained according to the barcode, and
then performed quality control and filtering on sequenced reads. According to the overlap-
ping relationship between reads, the sequenced paired reads were combined using FLASH
(version 1.2.7), and the lowest overlap length was 10 bp [23]. The Chimera removal process
was conducted using the UCHIME algorithm in the USEARCH package [24]. We conducted
the taxonomic analysis of representative OTU sequences at the 97% similar level by the Ri-
bosomal Database Project (RDP) classifier (https:/ /sourceforge.net/projects/rdp-classifier/
(accessed on 12 November 2021)), and the classification information of each OTU was
obtained. The SILVA database (http:/ /www.arb-silva.de (accessed on 12 November 2021))
was adopted to conduct the alighment of 165 rRNA sequences. The rarefaction curves were
calculated to evaluate the sampling effort. Estimators of Chao 1, Shannon index, and Simp-
son were generated through QIIME (http://liime.org/ (accessed on 15 November 2021))
and were used for evaluating the microbial community richness and diversity.

2.5. The Prediction of Microbial Functional Genes

Phylogenetic investigation of communities by reconstruction of unobserved states
(PICRUSY) is commonly used and reliable biological information software that uses as
16S rRNA genes for predicting the metabolic functions of microorganisms [25]. In the
present study, for metagenome prediction, OTUs that contain identifiers that match tips
from the marker gene from Greengenes 165 rRNA gene database were picked using QIME
1.8.0 [26]. To obtain high predictive results, the resulting OTU table was normalized by
16S copy number and then utilized for metagenome inference of KEGG ortholog via the
software PICRUSt. Differences in the microbial functions of the jejunum mucosa and
contents among different dietary treatments were measured by the combined analysis of
PCoA and PERMANOVA.

2.6. Statistical Analysis

All experimental data from this experiment were statistically analyzed using SPSS
(SPSS v. 20.0, SPSS Inc., Chicago, IL, USA). The Bray—Curtis distance based principal
coordinate analysis (PCoA) was performed to determine dissimilarities in microbial com-
munity, and the significant differences between different groups were assessed through
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the permutation multivariate analysis (PERMANOVA). Featured OTUs and metabolic
pathways were determined for each treatment group through a linear discriminant analysis
effect size (LEfSe) analysis. The discrepant significance at genus among these 3 groups was
shown by the heat map.

3. Results
3.1. Overview of Jejunal Digesta- and Mucosa-Associated Microbiota

Using 16S rRNA sequencing, 693,424 valid reads (46,228 valid reads for each sample on
average) from digesta samples, and 698,373 valid reads (46,558 valid reads for each sample
on average) from mucosal samples were obtained for this study (Figure S1). The results of
rarefaction curves generated from digesta- and mucosa-associated microbiota indicated
that sequencing reads approached a plateau at 30,825 and 33,924 reads, respectively.

For the jejunal digesta samples, regardless of the dietary treatments, the most predom-
inant phyla (Figure 1a) were Firmicutes (average 52.84%), Actinobacteriota (average 19.36%),
and Patescibacteria (average 4.06%). At the genus level (Figure 1b), the five most predomi-
nant genera were Ruminococcus (average 10.63%), Lachnospiraceae NK3A20 group (average
10.10%), Olsenella (average 9.92%), Acetitomaculum (average 9.69%), and Candidatus Saccha-
rimonas (average 4.05%). For the jejunal mucosal samples, the most predominant phyla
(Figure 1c) in the three treatment groups were Proteobacteria (average 35.06%), Actinobac-
teriota (average 30.37%), and Firmicutes (average 20.48%). At the genus level (Figure 1d),
regardless of the dietary treatments, Rhodococcus (average 23.61%), Halomonas (average
9.40%), Vibrionimonas (average 8.25%), Ralstonia (average 7.38%), and Acetitomaculum (aver-
age 5.38%) were the five most predominant genera in the mucosa-associated microbiota of
Hu sheep.
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Figure 1. Taxonomic analysis of jejunal digesta- and mucosa-associated microbiota in Hu sheep
(n = 5) fed CON, HG and HP diets at different taxonomic levels. The composition of the digesta-
associated microbiota at the phylum (a) and genus (b) levels. The composition of the mucosa-associated
microbiota at the phylum (c) and genus (d) levels. * indicates that there has a significant difference
between the CON and HG groups; # indicates that there has a significant difference between the HG
and HP groups. CON, the control group; HG, the high-grain group; HP, the pelleted high-grain group.

3.2. Diversity and Richness of Jejunal Microbiota

Regarding the digesta-associated microbiota, the PCoA and PERMANOVA (Figure 2a)
indicated the HG diets had no significant difference compared to the CON diet (PER-
MANOVA p = 0.105), but a significant difference was observed between the HP and HG
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diets (PERMANOVA p = 0.008). An analysis of x-diversity showed that the Chao 1 and
Shannon index values of the HG diets were lower (p < 0.05; Figure 2b) than in the CON
diet, and there was a significant decrease in Chao 1 and Shannon index value (p < 0.05) in
the HP diets compared with the HG diet. In addition, the HP diet had a higher Simpson
index value (p < 0.05) compared to the HG diets was also found in the present study.
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Figure 2. The alterations in the microbial diversity and richness of jejunal digesta and mucosa in Hu
sheep (n = 5) fed the CON, HG and HP diets. The principal coordinate analysis (PCoA) of the jejunal
digesta- (a) and mucosa- (c) associated microbiota. Summary overview of the Chaol, Shannon, and
Simpson index in the jejunal digesta- (b) and mucosa- (d) associated microbiota. CON, the control
group; HG, the high-grain group; HP, the pelleted high-grain group. * p < 0.05.

Regarding the mucosa-associated microbiota, a PCoA and PERMANOVA revealed
significant differences between the CON and HG diets (PERMANOVA p = 0.01; Figure 2c),
and between the HG and HP diets (PERMANOVA p = 0.026). Moreover, the results of
the microbial richness and diversity estimators suggested that the HP diet significantly
reduced the Chao 1 index value compared with the HG diet (p = 0.027; Figure 2d), while
there were no significant differences in the Shannon and Simpson index value among the
three groups.

3.3. Alterations in the Microbial Composition of the Jejunal Digesta

Next, the microbial changes in the jejunal digesta and mucosa were investigated at
different taxonomic levels. For the digesta-associated microbiota, at the phylum level,
there was a lower abundance (p < 0.05) of Firmicutes in the HG group compared to the
CON group, and a significantly lower abundance (p < 0.05) of Verrucomicrobiota in the HP
group compared to the HG group. At the genus level (Figure 3a), there was an increased
abundance of Bifidobacterium and Eubacterium coprostanoligenes group_norank and a reduced
abundance (p < 0.05) of Christensenellaceae R-7 group, Blautia, Erysipelotrichaceae UCG-009,
and Lachnospiraceae UCG-002 in the HG group than the CON group. Moreover, we also
observed higher abundance (p < 0.05) of Olsenella, Pseudoramibacter, and Shuttleworthia and
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a reduced abundance (p < 0.05) of Mogibacterium, Family XIII AD3011 group, Marvinbryantia,
Eubacterium hallii group, NK4A214 group, Blautia, and Bacillus in the HP group compared to
the HG group.
CON HG HP
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Figure 3. Statistical analysis of jejunal digesta- and mucosa-associated microbiota at the genus
(a,c) and OTU (b,d) levels in Hu sheep (n = 5) fed the CON, HG, and HP diets. CON, the control
group; HG, the high-grain group; HP, the pelleted high-grain group. * p < 0.05.

At the OTU level (Figure 3b), we determined the characteristic microbiota in the treat-
ment groups using LEfSe analysis. We found that 32 OTUs were influenced after the dietary
treatment (p < 0.05). Among them, 12 OTUs, including OTU25 (Unclassified), OTU35
(G: Lachnospiraceae NK3A20 group), OTU40 (G: Lachnospiraceae NK3A20 group), OTU55
(G: Lachnospiraceae NK3A20 group), OTU27 (G: Bradyrhizobium), OTU56 (G: Saccharofermen-
tans), and OTU73 (G: Mogibacterium) were enriched (p < 0.05) in the CON group. In the
HG group, OTU16 (G: Candidatus Saccharimonas) and OTU126 (G: Family XIII AD3011
group) were the featured microorganisms of jejunal contents (p < 0.05). Moreover, OTU32
(G: Sharpea), OTU42 (S: Bifidobacterium choerinum), OTU44 (G: Ruminococcus gauvreauii
group), and OTU59 (G: Catenisphaera) were enriched (p < 0.05) in the HP group.

3.4. Alterations in the Microbial Composition of the Jejunal Mucosa

Regarding the mucosa-associated microbiota, at the phylum level, there was a decreased
abundance (p < 0.05) of Actinobacteriota, Chloroflexi, and Acidobacteriota, while an in-
creased abundance (p < 0.05) of Firmicutes and Bacteroidetes in the HG group compared to
the CON group. The abundance of Acidobacteriota increased significantly (p < 0.05), and
the abundance of Bacteroidetes and Patescibacteria decreased significantly (p < 0.05) in the
HP group compared to the HG group. In terms of genus-specific differences (Figure 3c), a
higher abundance (p < 0.05) of the Eubacterium coprostanoligenes group_norank, Ruminococ-
cus gauvreauii group, Mycobacterium, Bifidobacterium, Pajaroellobacter, Rikenellaceae RC9 gut
group, and Erysipelotrichaceae UCG-009, and a lower abundance (p < 0.05) of Pseudomonas,
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Stenotrophomonas, and Pelomonas were found in the HG group compared to the CON group.
Moreover, a manifest reduction (p < 0.05) in the abundance of Candidatus Saccharimonas,
Methylovirgula, Asinibacterium, Rhodanobacter, Prevotella, Pajaroellobacter, Rikenellaceae RC9 gut
group, Chitinophaga, and Reyranella was found in the HP group compared with the HG group.

At the OTU level (Figure 3d), the characteristic OTUs were determined through
LEfSe analysis in the mucosa-associated microbiota of Hu sheep. Our analysis indicated
that 20 OTUs were significantly affected by the treatments (p < 0.05). As for the impact
of the HG diet, which influenced a total of 13 OTUs, was most apparent among these
three groups, as indicated by OTU4 (G: Vibrionimonas), OTUS (G: Acetitomaculum), OTU16
(G: Candidatus Saccharimonas), OTU205 (G: Reyranella), and so on (p < 0.05). Five OTUs,
including OTU22 (G: Olsenella), OTU54 (G: Pseudomonas), OTU84 (G: Stenotrophomonas),
OTU116 (G: Stenotrophomonas), and OTU229 (S: Eimeria praecox) were enriched (p < 0.05) in
the CON group. The HP group was enriched (p < 0.05) significantly by OTU92 (O: RF39)
and OTU26 (Unclassified).

3.5. Changes in the Microbial Functions of Jejunal Microbiota

To increase understanding of the microbial changes in the jejunum after the supplementa-
tion of different diets, we analyzed the potential functions of jejunal microbiota. At KEGG level
2 (Figure 4a,b), metabolic functions such as membrane transport, carbohydrate metabolism,
and amino acid metabolism were dominant in both digesta- and mucosa-associated microbiota.
At KEGG level 3 (Figure 4c,d), transporters, ABC transporters, DNA repair, and recombination
proteins were dominant in both digesta- and mucosa-associated microbiota.
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Figure 4. The metabolic profiles of jejunal digesta- and mucosa-associated microbiota at the KEGG
level 2 (a,b) and 3 (c,d) in Hu sheep (n = 5).

Next, we investigated the specific impacts of different diets on the jejunal microbial
functions of Hu sheep. For digesta-associated microbiota, at KEGG level 2 (Figure 5a), an
HP diet significantly increased the abundance of environmental adaptation (p = 0.025),
enzyme families (p = 0.032), immune system (p = 0.021), and metabolic diseases (p = 0.021),
and significantly decreased the abundance of cell motility (p = 0.036), neurodegenerative
diseases (p = 0.032), and transport and catabolism (p = 0.016), as compared with the HG
diets. Subsequently, we performed the LEfSe analysis of microbial functions at KEGG
level 3 (Figure 6a), the results showed that 27 metabolic pathways differed significantly
depending on the diet (p < 0.05). Of these, seven pathways (for instance, bacterial motility
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proteins, bacterial chemotaxis, butanoate metabolism, and so on) were featured (p < 0.05)
in the CON group. There are five pathways (for example, methane metabolism, oxidative
phosphorylation, citrate cycle (TCA cycle), and so on) were featured (p < 0.05) in the HG
group. The remaining 15 pathways, such as amino sugar and nucleotide sugar metabolism,
starch and sucrose metabolism, and galactose metabolism were featured (p < 0.05) in the

HP group.
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Figure 5. The alterations in the metabolic functions of jejunal digesta- (a) and mucosa- (b) associated
microbiota at the KEGG level 2 in Hu sheep (n = 5) fed the CON, HG, and HP diets. CON, the control
group; HG, the high-grain group; HP, the pelleted high-grain group. * p < 0.05.
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Figure 6. The alterations in the metabolic functions of jejunal digesta- (a) and mucosa- (b) associated
microbiota at the KEGG level 3 in Hu sheep (n = 5) fed the CON, HG, and HP diets. CON, the control
group; HG, the high-grain group; HP, the pelleted high-grain group.

For the jejunal mucosa, concerning pathway-specific differences at the KEGG level
2 (Figure 5b), our results found the HG diet decreased the abundance of the xenobiotics
biodegradation and metabolism (p = 0.004), and the lipid metabolism (p = 0.007) pathways,
while increased the abundance of infectious diseases (p = 0.015), replication and repair
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(p = 0.005), energy metabolism (p = 0.013), and the translation (p = 0.004) pathways, com-
pared to the CON group. Moreover, there was decreased abundance in terms of the energy
metabolism (p = 0.002) pathway in the HP group compared to the HG group. At KEGG
level 3 (Figure 6b), the results of LEfSe analysis showed that 33 pathways were significantly
affected by dietary treatment (p < 0.05). Among them, 20 pathways, including ribosome,
pyrimidine metabolism, and oxidative phosphorylation were featured (p < 0.05) in the HG
group; nine pathways, such as butanoate metabolism, toluene degradation, linoleic acid
metabolism, and so on, were enriched (p < 0.05) in the CON group; four pathways, such as
carbon fixation in photosynthetic organisms, phosphotransferase system (PTS), and purine
metabolism were gathered (p < 0.05) in the HP group.

4. Discussion

The effects of high-grain diets on improving ruminant performance has been well
documented [1,2]. Indeed, our previous study showed that the HG diets significantly
increased the average daily gain and body weight gain of Hu sheep [14]. Although the
nutrient intakes of Hu sheep in the HP group was lower than that in the HG group,
there were no significant differences in the growth performance between the HG and HP
groups [14]. Except for growth performance, whether the HP diets can replace the HG
diets in ruminant rearing still requires a series of comprehensive evaluations. In this study,
we investigated the effects of HG and HP diets on small intestine from the perspective
of intestinal microbiota. Our findings contribute to enriching the information about the
high-grain diets and also provide favorable evidence for the application of HP diets in
ruminant rearing.

4.1. Dietary Treatments Led to Differential Response Changes in Microbial Richness and Diversity
in Different Ecological Niches

Maintaining a certain degree of microbial richness and diversity is essential to the
stability of the intestinal micro-ecological environment and host health [27,28]. Our study
data suggested that both HG and HP diets significantly reduced the microbial richness
and diversity in the jejunal digesta, as indicated by the lower Chao 1 and Shannon index
value for the digesta-associated microbiota of the HG group (HG vs. CON) and HP group
(HP vs. HG). These observations were consistent with previous studies that confirm that
an HG diet reduced the richness and diversity of digesta-associated microbiota in the
gastrointestinal tracts of ruminants (goats and dairy cows), including the rumen, the cecum,
and the colon [29-31]. The above changes were related to a large amount of undigested
starch entering into the jejunum of the animals in the HG group. However, contrary to
the significant differences in digesta-associated microbiota, only a minor difference (the
lower Chao 1 index value for the HP group than the HG group) was observed in the
mucosa-associated microbiota after the different dietary treatments, indicating more stable
microbial diversity in mucosa-associated versus digesta-associated microbiota.

4.2. Changes in the Microbial Structure of Jejunal Digesta after Different Dietary Treatments

The PCoA and PERMANOVA of jejunal digesta-associated microbiota showed that a
significant difference between the HP and HG groups only. Regarding specific differences
in microbial phyla, the HG group considerably decreased the abundance of Firmicutes
in the jejunal digesta, which was consistent with the findings of studies investigating the
distal jejunum of dairy cows fed a grain-based diet [32]. The phylum Firmicutes also
occupied an absolutely dominant position in the jejunal digesta investigated in the present
study and in other intestinal regions of ruminants [22,31], highlighting their important
role in carbohydrate degradation. Moreover, our results also found that the abundance of
Verrucomicrobiota was significantly lower in the HP group than in the HG group. A metage-
nomic study on the ruminal microbiome revealed that the assembled genomes belonging
to Verrucomicrobiota were enriched in terms of genes related to cellulose degradation [33].
The lower nutrient intakes of neutral detergent fiber and acid detergent fiber in the HP
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diets may be one of the reasons the HP diet reduced the abundance of Verrucomicrobiota
in the jejunal digesta in this study.

At a lower taxonomic level, our results showed that some acid-producing bacteria,
including the genus Bifidobacterium, OTU151 (G: Acetitomaculum), and OTU16 (G: Candidatus
Saccharimonas), were enriched in the jejunal digesta of Hu sheep fed HG diets. Bifidobac-
terium is a widely recognized intestinal probiotic that has some health significance for both
animals and humans, and it works by fermenting various sugars to acidic substances, such
as lactic acid and propionate [34,35]. Strains of Acetitomaculum were obligate anaerobe
and fermented various substrates (such as glucose, fructose, and cellobiose) to acetate
in the rumen of ruminants [36,37]. The evidence indicated that the ruminal Candidatus
Saccharimonas was significantly and positively correlated with proportion production [38],
and a significant increase in these microorganisms in the rumen of dairy cows suffering
from laminitis has been reported [39]. Meanwhile, we also found a significant decrease in
some beneficial microorganisms, such as Christensenellaceae R-7 group and Blautia, in the
animals in the HG diets group compared to those in the CON group. Bacteria from Chris-
tensenellaceae R-7 group were strictly anaerobic and Gram-negative and generated acetate
and butyrate as their fermentation end products [40]. A meta-analysis of human intestinal
diseases showed that Christensenellaceae R-7 group was significantly connected with the
state of health of the test subjects [41]. Blautia are anaerobic organisms with probiotic roles
that often appear in the feces and intestines of mammals, and its reduction in the intestine
has a significant correlation with some inflammatory diseases [42].

In addition, we observed an increase in the abundance of acid-producing taxons,
including Olsenella, Pseudoramibacter, and Shuttleworthia, while there was a reduction in the
abundance of pro-inflammatory taxons, including Mogibacterium and Marvinbryantia after
been fed an HP diet compared to an HG diet. Similar to our results, a higher proportion of
Olsenella in the ruminal content and jejunal mucosa of ruminants after being fed an HG
diet has been reported in previous studies on laying hens [43,44]. Olsenella belonging to
Actinobacteria has the ability to ferment carbohydrates to volatile fatty acids (VFAs), such
as acetate and butyrate [45], and is also considered to help boost the anti-inflammatory
capacity of a host in a goat model [45]. A previous study on Holstein steers and goats
showed that increased grain feeding significantly elevated the abundance of Shuttlewor-
thia in the rumen [43] and of Pseudoramibacter in the cecum [46], respectively, and these
two genera were considered butyrate-producing microorganisms in a study of Holstein
heifers and humans [47,48]. Moreover, Mogibacterium was reported to be more prevalent
in the intestines of colorectal cancer patients than in healthy controls [49], and the genus
Marvinbryantia was proven to be linked with intestinal inflammation in stress models (mice
and humans) [50,51]. Therefore, the above results suggest that the decreased abundance
of intestinal Mogibacterium and Marvinbryantia during HP feeding may partially protect
intestinal health.

4.3. Changes of the Microbial Community in Jejunal Mucosa-Associated Microbiota after Various
Dietary Treatments

As the digesta- and mucosa-associated microbiota differs in their structure and abun-
dance and the mucosa-associated microbiota is also in contact with the host directly [52,53],
it is therefore also important to investigate the microbial structure of mucosal niches.
PCoA and PERMANOVA analyses revealed significant differences in the jejunal mucosa-
associated microbiota of the animals in the CON and HG groups, and also the HG and HP
groups in the present study. For specific differences, among the dominant phyla, the HG
diets reduced the abundance of Actinobacteriota in the jejunal mucosa compared to the CON
diet, and both the HG and HP diets reduced the abundance of Bacteroidetes in the jejunal
mucosa compared to the CON or HG diets. These results indicate that different treatments
had a huge impact on the mucosa-associated microbiota of Hu sheep in the present study.

Regarding the genus-specific distinction in the jejunum mucosal microbiota, our
results suggested that the abundance of some acid-producing bacteria (Rikenellaceae RC9 gut



Animals 2022, 12, 1695

110f15

group and Bifidobacterium) and pro-inflammatory bacteria (Erysipelotrichaceae UCG-009 and
Mycobacterium) increased in the HG group compared to the CON group. The Rikenellaceae
RC9 gut group, members of the family Rikenellaceae, was considered to be associated with
carbohydrate degradation, and some Rikenellaceae spp. were producers of VFAs, such as
acetate and propionate [54,55]. However, contrary to the results of one previous study
on the rumen [54], we observed a significant increase in its abundance in the HG group
(compared to the CON group) and a significant decrease in the HP group (compared to
the HG group). Because the family Rikenellaceae is a relatively new taxonomic group, the
exact role of the Rikenellaceae RC9 gut group in adapting to HG diets still requires further
study. Not surprisingly, due to their acid-producing capacity, consistent with the changes
in the content, a prominent increase in the abundance of Bifidobacterium was found in the
jejunal mucosa in this study. Moreover, there was substantial evidence supporting the
association between inflammation-related gastrointestinal diseases and bacterial strains in
these two genera (Erysipelotrichaceae and Mycobacterium) [49,56,57]. Therefore, the increased
abundance of Erysipelotrichaceae UICG-009 and Mycobacterium in the jejunal mucosa in the
HG group may have some adverse effects on intestinal fitness, such as local inflammation.

Our results also showed a significantly lower abundance of Prevotella, Chitinophaga, and
Candidatus Saccharimonas in the jejunal mucosa of the HP group compared to the HG group.
Prevotella members are reported to have a variety of metabolic functions and to participate in
the degradation of multiple substances, such as starch, fiber, and protein [58,59]. Therefore,
this change in the abundance of Prevotella may be a substrate-dependent phenomenon
that occurs in the mucosa of sheep after being after an HP diet. Moreover, the pathogenic
potential of Chitinophaga spp. was confirmed in a previous study, and always isolated
from some human clinical subjects [60]. In addition, Candidatus Saccharimonas were found
to proliferate in the intestinal lumen of parasite-infected sheep [61] and rumen of dairy
cows suffering from laminitis [39]. Therefore, consistent with the changes observed in the
digesta-associated microbiota, these results showed that an HP diet seemed to be able to
partially alleviate the adverse effects of HG diets.

4.4. Alterations in Jejunal Microbiota Resulted in Distinct Microbial Functions after Different Diets

Our results on microbial functions (at KEGG level 2) showed that, carbohydrate
metabolism and amino acid metabolism were predominant in both jejunal digesta- and
mucosa-associated microbiota. This result reconfirmed the previous point that the metabolic
functions of intestinal microbiota essential for survival are carbohydrate and amino acid
metabolism. This result was the same as the results in related research on dairy cows [22]
and goats [62]. Regarding the functional differences in jejunal digesta-associated microbiota
caused by the dietary treatments, our results indicated that three pathways related to
energy metabolism (included citrate cycle (TCA cycle), oxidative phosphorylation, and
methane metabolism) were enriched in the HG group. The TCA cycle is the essential
metabolic pathway of three major nutrients (carbohydrate, lipids, and amino acids) and
releases energy for the host [63]; oxidative phosphorylation is the primary source of ATP
generation that supports cell growth, and this process requires the participation of NADH
produced by TCA [64]; and methane formation is an important route of energy loss in
ruminants. These increases corresponded to the rich nutrients and higher energy levels
in the HG diet. Moreover, our results also showed that the pathways related to simple
sugars (including galactose metabolism; starch and sucrose metabolism; amino sugar and
nucleotide sugar; and fructose and mannose metabolism) were enriched in the HP group.
Previous related research revealed that an HP diet promoted the simple sugars utilized by
ruminal microorganisms [14,21], and our above-mentioned results are consistent with this.
This may be related to the increased simple sugars in HP diets through pelleting.

Interestingly, our results showed that the pathway lipopolysaccharide (LPS) biosyn-
thesis proteins was featured in the jejunal mucosa of the HG group. This indicates that the
ability of jejunal microbiota to synthesize LPS may be enhanced after being fed an HG diet
feeding. It is well documented that an HG diet increases the concentration of LPS in the
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gastrointestinal tract of ruminants, such as in the rumen, the cecum, and the colon [6,65],
and the release of LPS is associated with dramatic changes in the amount of Gram-negative
microbiota [66]. Corresponding to this, our data indicated that several pathways related to
amino acids biosynthesis (including lysine biosynthesis; phenylalanine; tyrosine and trypto-
phan biosynthesis; cysteine and methionine metabolism; valine; and leucine and isoleucine
biosynthesis) were enriched in the HG group. These results partly suggest that an HG
diet leads to a higher turnover rate of jejunal mucosa-associated microbiota in Hu sheep.
Moreover, the jejunal mucosa-associated microbiota was only enriched by four pathways
in the HP group. Among them, the PTS was used by intestinal microbiota for carbohydrate
uptake, particularly hexoses, hexitols, and disaccharides [67]. Thus, compared with the
digesta-associated microbiota, although the functional changes in the mucosa-associated
microbiota in the HP group were smaller, the mucosa-associated microbiota also enhanced
the utilization of simple sugars.

5. Conclusions

In conclusion, our study revealed the differential responses of digesta- and mucosa-
associated jejunal microbiota to HG and HP diets in Hu sheep. Our results demonstrated
that the HG diets promoted the proliferation of acid-producing bacteria in both jejunal
digesta and mucosa compared with the CON diets. In addition to the similar effects of the
HG diets, the HP diets reduced the proliferation of some pro-inflammatory bacteria in the
jejunal digesta and mucosa of Hu sheep compared to the HG diets. Overall, our results
based on intestinal microbiota showed that the application effect of HP diets was better
than HG diets. These findings contributed to enriching the knowledge about the impact
of high-grain diets on the structure and function of intestinal microbiota in ruminants,
and also provide favorable evidence for the application of HP diets in ruminant rearing.
Nevertheless, more studies should center around the impacts of HP and HG diets on host
health, including on intestinal morphology, gene expression, and mucosal immunity.
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