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Housed feeding improves rumen 
health by influencing the 
composition of the microbiota in 
Honghe cattle
Runqi Fu 1,2†, Lin Han 1,2†, Chunjia Jin 1,2, Ye Yu 1,2, Binlong Fu 1,2, 
Qian Li 1,2 and Jing Leng 1,2*
1 Yunnan Provincial Key Laboratory of Animal Nutrition and Feed, Yunnan Agricultural University, 
Kunming, China, 2 Faculty of Animal Science and Technology, Yunnan Agricultural University, 
Kunming, China

Rumen is one of the most vital organs for the digestion of ruminants and is influenced 
by factors including feeding patterns and nutrition. How rumen microbiota and 
barrier function change are affected feeding patterns requires attention, particularly 
for beef cattle. In the present study, the Honghe cattle under grazing (CON group, 
n = 10) and housed feeding (HES group, n = 10) conditions were selected as a 
model of different rumen microbiota and observed for 180 days. The indicators of 
immunity and antioxidants in serum and rumen epithelium of cattle were measured; 
and the rumen microbiota were evaluated by using 16S rRNA and ITS sequencing 
techniques. In the present study, the concentrations of total protein, albumin and 
glucose in serum of Honghe cattle were significantly increased by the HES group 
when compared with CON group (p < 0.05). The HES group reduced the levels of 
complement 3, complement 4, interleukin-4, interleukin-10, interleukin-1β and tumor 
necrosis factor α, but increased the levels of total antioxidant capacity (T-AOC) and 
superoxide dismutase (SOD) (p < 0.05). We found that the HES group enhanced 
the levels of T-AOC and SOD in rumen epithelium (p < 0.05). Furthermore, there 
was a significant up-regulation of the relative mRNA expressions of ZO-1, OCC, 
SOD1, SOD2, Nrf2, NQO-1 and HO-1 observed in the HES group (p < 0.05). For 
rumen microbiota, the HES group significantly decreased alpha diversity. The core 
rumen bacterial communities were Bacteroidata, Firmicutes and Proteobacteria. 
The relative abundances of Prevotella and Ruminococcus were increased by the 
HES group, but norank_f_Bacteroidales_UCG-001, Rikenellaceae_RC9_gut_group 
and Prevotellaceae_UCG-003 were decreased (p < 0.05). Moreover, The HES group 
enhanced the relative abundance of Pichia, Cyllamyces, Sterigmatomyces and 
Wallemia (p < 0.05), but decreased Aspergillus and Candida (p < 0.05). There was 
a positive correlation between microorganisms such as Prevotella, Ruminococcus 
and Pichia and rumen epithelial barrier and antioxidant-related genes (p < 0.05). 
Overall, housed feeding contributed to the improvement of antioxidant capacity 
and rumen health in Honghe cattle, which may be related to the modulation of 
rumen microbiota including bacteria and fungi.
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1 Introduction

In wild and free-range cattle, various grazing factors can adversely 
affect health, contingent upon conditions such as pasture nutrition, 
feeding practices and weather (1). For instance, overgrazing often 
results in protein metabolism imbalances and energy deficiencies, 
raising health concerns (1–3). Additionally, direct exposure to heat 
and cold stress elevates stress hormone levels, thereby suppressing 
immune function (4). These findings indicated that feeding practices 
were intricately linked to multiple facets of animal health, including 
behavior, physiology, nutrition, and immune status (5). Recently, the 
beef cattle industry has increasingly shifted toward intensification and 
scaling up to meet human demands. Cattle that previously inhabited 
variable environments, such as high altitudes, mountainous terrains, 
or areas with fluctuating temperatures, are now transitioning to more 
stable and homogenized conditions (6, 7). Consequently, feeding 
practices have altered physiological activities, including growth and 
development, digestion, and metabolism, with significant impacts on 
immunity and antioxidant capacity in cattle reared in uniform 
environments. The management of animals generally transitions from 
a traditional grazing system to a semi-grazing and semi-captive 
system, and then further to a complete housed feeding (8). The effects 
on the physiological status of animals are not yet clear when the 
transition is made directly from grazing to housed feeding. Previous 
studies on the effects of feeding practices on animal health have 
assessed only a few parameters, such as peripheral blood neutrophil 
and monocyte counts (9), cortisol (5), and total antioxidant capacity 
(1, 8). However, an integrated evaluation of the effects of feeding 
practices on animal health requires a comprehensive analysis of 
multiple parameters in combination with tissue expression levels.

It is worth noting that the rumen health of cattle will receive more 
attention in the context of changes in management practices and 
nutrient availability, among other things. The rumen system involves 
physical and chemical barriers in the rumen epithelium, immune and 
antioxidant defense mechanisms, etc., as well as a complex rumen 
microbial community that can convert indigestible plants into 
nutrients and energy (10, 11). Collectively, these determine the health 
of the rumen in the face of changes in the internal or external 
environment. Previous studies have demonstrated that rumen 
community composition was susceptible to dietary or feeding 
practices (12). For example, the rumen diversity was higher in grazing 
yaks than in housed yaks (13). By contrast, the housed fattening 
system provided more nutrients that favored yak growth performance 
and rumen development (6). Moreover, the rumen epithelial barrier 
effectively defends against substances including antigens and free 
radicals, and controls nutrient absorption processes (10). However, to 
date, there is a limited understanding of changes in barrier function 
and the microbial composition of the rumen health and feeding 
system changes in cattle. A comprehensive analysis of rumen health 
could provide important insights into livestock production. 
Understanding the impact of feeding patterns on rumen health has 
important implications for healthy and efficient ruminant production. 
Honghe cattle, also known as Honghe Yellow cattle, is a representative 
local cattle breed in Yunnan, China (14). It is currently raised in 
grazing, semi-grazing or housed-feeding mode in the highland areas, 
and has been developed toward large-scale farming. However, the 
mechanisms by which feeding patterns influence the rumen health of 
Honghe cattle remain largely unknown.

Therefore, considering the above, we hypothesized that feeding 
practices would affect immune and antioxidant status and rumen 
health in cattle. This study assessed the potential impact of changes in 
feeding practices by comparing the immune response, oxidative 
status, rumen barrier function and microbiological composition of 
grazing and housed Honghe cattle.

2 Materials and methods

2.1 Animals and sample collection

A total of twenty healthy male Honghe cattle (two-year-old) with 
an average weight of 254.53 ± 19.69 kg were selected for this 
experiment, and were randomly allotted to two groups (10 replicates 
per group and one cattle per replicate). The Honghe cattle in the 
control (CON) group grazed only on natural pastures without any 
supplements, while the housed (HES) group was fed with total mixed 
ration (TMR). The basic components of the TMR were presented in 
Supplementary Table S1. The HES group of cattle were fed in a semi-
open barn and individually housed in 5 × 4.5 m indoor pen. The CON 
group of cattle were moved in the adjacent pasture. The cattle in the 
CON group were grazed daily from 08:00–19:00, whereas those in the 
HES group were fed TMR twice a day (08:00 and 17:00), and all cattle 
had free access to feed and water. The experiment lasted for 180 days. 
At the end of the experiment, all the cattle were fasted for 24 h. The 
special immobilization frame was used to immobilize the cattle and 
then blood was collected from the jugular vein. Blood samples were 
centrifuged at 3500 r/min for 10 min at 4°C to separate the serum. 
Then, serum samples were stored at −80°C to prepare for analysis of 
serum biochemical, antioxidant and immunological indexes. Next, all 
cattle were humanely harvested at a commercial slaughterhouse. 
Ruminal epithelial samples were taken from the same location in the 
lower part of the rumen, washed with sterile PBS and excess water was 
removed with filter paper, then placed in 2 mL freezing tubes and 
immediately stored in liquid nitrogen. Rumen fluid samples were 
filtered through four layers of gauze and placed in 5 mL freezing tubes 
and immediately stored in liquid nitrogen. The rumen epithelial 
samples were used for mRNA sequence analysis, while the rumen 
fluid samples were used to analyze microbial composition 
and structure.

2.2 Determination of biochemical, 
antioxidant and immunological indexes in 
serum and rumen epithelium

Blood samples were analyzed for serum biochemical, antioxidant 
and immunological indexes. According to the methods of Fu et al. 
(15), the concentrations of total triglycerides (TG; glycerol phosphate 
oxidase-p-aminophenazone method), total cholesterol (TC; glycerol 
phosphate oxidase-p-aminophenazone method), total protein (TP; 
Bradford method), albumin (ALB; bromocresol green method), urea 
nitrogen (BUN; urease method), glucose (GLU; glucose oxidase 
method), high-density lipoprotein cholesterol (HDL-C; colorimetry), 
low-density lipoprotein cholesterol (LDL-C; colorimetry) in serum 
were determined using the corresponding commercial kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). The antioxidant 
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indicators in serum including total antioxidant capacity (T-AOC), 
superoxide dismutase (SOD), malondialdehyde (MDA) and 
glutathione peroxidase (GSH-Px) were assayed using commercial kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
corresponding to methods ABTS, WST-1, TBA and colorimetric, 
respectively. The following indicators were measured using 
commercially available enzyme-linked immunosorbent assay (ELISA) 
kits (Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China) according 
to the instructions: immunoglobulin A (IgA), immunoglobulin G 
(IgG), complement 3 (C3), complement 4 (C4), interleukin-4 (IL-4), 
interleukin-10 (IL-10), interleukin-1β (IL-1β), tumor necrosis factor 
α (TNF-α). In addition, the 200 mg sample of rumen epithelium was 
homogenized to obtain a suspension, which was further centrifuged 
(3,500 r/min, 10 min, 4°C) to obtain the supernatant for analysis the 
levels of IL-4, IL-10, IL-1β, TNF-α, T-AOC and MDA as well as the 
activity of SOD and GSH-Px.

2.3 RNA extraction and mRNA abundance 
analysis

Total RNA was extracted from the samples of rumen epithelium 
of each Honghe cattle using TRIzol reagent (TaKaRa Biotechnology, 
Otsu, Japan). The concentration of total RNA was determined by the 
Nanodrop  2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA). The quality was identified by the agarose gel 
electrophoresis on a horizontal electrophoresis apparatus (Bio-Rad 
Laboratories, Richmond, CA). Then, complementary DNA (cDNA) 
was reverse-transcribed by a PrimeScript™ FAST RT reagent kit 
(TaKaRa) according to the manufacturer’s introduction. The real-time 
fluorescence quantitative PCR was performed using the TB Green 
Premix Ex Taq reagents (TaKaRa) via the CFX-96 RT-qPCR Detection 
System (Bio-Rad). To target the genes related to the rumen barrier, 
development and absorption, all primers were synthesized by 
Invitrogen (Shanghai, China) and presented in Supplementary Table 
S2. The ACTB was used as a housekeeping gene since it was not 
affected by experimental factors. The relative expression of all target 
genes was calculated with reference to Arce et  al. (16) using 
2-△△Ct method.

2.4 DNA extraction and microbial structure

The composition and structure of rumen microbiota were analyzed 
from two perspectives, bacteria and fungi, respectively. Specifically, the 
total genomic DNA of rumen fluid samples was extracted by the 
E.Z.N.AR® kit (OmegaBio-tek, Norcross, GA, UnitedStates) following 
the manufacturer’s instructions. The quantity and quality of total DNA 
were examined using a Nanodrop 2000 spectrophotometer and 1% 
agarose gel electrophoresis, respectively. After the V3-V4 region of 16S 
rRNA was amplified (338F, ACTCCTACGGGGAGGCAGCAG and 
806R, GGACTACHVGGGTWTCTAAT) and the agarose gel was 
opened, the 16S rRNA was purified by QIAquick Gel Extraction Kit 
(Qiagen, Hilden, Germany) on the bands were purified. Similarly, the 
fungus was sequenced using an internal transcribed spacer region 
(ITS) with the amplification region ITS1F-ITS2R (upstream, CTTGG 
TCATTTAGAGGAAGTAA, downstream, GCTGCGTTCTTCATCG 
ATGC). It was then sequenced by Shanghai Majorbio Bio-Pharm 

Technology Co. Ltd. (Shanghai, China) using the Illumina MiSeqPE250 
platform. The reaction conditions and procedures for PCR 
amplification of the 16S rRNA and ITS1 genes followed the study of 
Liu et  al. (17). The quality filtering, clustering and analysis of 
sequencing data were performed as described by the method of Wu 
et al. (18).

2.5 Statistical analysis

Data from both serum and rumen epithelium were analyzed using 
SAS statistical software (version 9.4; S.A.S, Institute Inc., Cary, NC, 
USA) and normality distribution was tested using the Shapiro–Wilk 
test. Then, the above data were analyzed using two-tailed Student’s 
t-test and each cattle served as a statistical unit. Microbial relative 
abundance data from 16S rRNA and ITS sequencing were analyzed 
using Kruskal-Wallis one-way ANOVA. Spearman rank correlation 
coefficients were employed to assess the correlation between rumen 
microbiota and the barrier, antioxidant and immune-related genes. 
Statistical significance of all data was considered at p < 0.05, with 
0.05 ≤ p < 0.10 representing a trend.

3 Results

3.1 Serum biochemical parameters

As shown in Figure 1, the HES group had higher concentrations 
of TP (Figure 1B) (p < 0.05), ALB (Figure 1C) (p < 0.05) and GLU 
(Figure  1G) (p < 0.01) compared to the CON group. HES group 
tended to enhance TG level (Figure 1D) (p = 0.08). There were no 
significant differences in serum levels of TC (Figure  1E), BUN 
(Figure 1F), HDL-C (Figure 1H) and LDL-C (Figure 1I) between HES 
and CON groups (p > 0.05).

3.2 Immunological and antioxidant 
parameters in serum

To evaluated the effects of housed feeding on the systemic 
immune and antioxidant capacity of Honghe cattle (Figure  2), 
we observed that C3 (Figure 2A) and C4 (Figure 2B) were significantly 
lower in serum of group HES than in CON (p < 0.05). For cytokines 
in serum, the HES group had lower concentrations of IL-4 (Figure 2E), 
IL-10 (Figure 2F), IL-1β (Figure 2G) and TNF-α (Figure 2H) than the 
CON group (p < 0.05). Furthermore, the levels of T-AOC (Figure 2I) 
and the activity of SOD (Figure 2J) in serum were significantly higher 
when the HES group compared with the CON group (p < 0.05). There 
was no difference in the concentration of MDA (Figure 2L) and the 
activity of GSH-Px (Figure 2K) between the CON and HES groups 
(p > 0.05).

3.3 Immunological and antioxidant 
capacity in rumen epithelium

We further analyzed the immunological and antioxidant capacity 
of the rumen epithelium (Figure 3). When compared with the CON 
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group, there was no significant influence in the concentrations of IL-4 
(Figure 3A), IL-10 (Figure 3B) and IL-1β (Figure 3C) in the rumen 
epithelium of the HES group (p < 0.05). The HSE group increased the 
levels of T-AOC (Figure 3E) and SOD (Figure 3F) when compared 
with CON group (p < 0.05), while there were no influences on the 
levels of GSH-Px (Figure 3G) and MDA (Figure 3H) (p > 0.05).

3.4 Barrier function of in rumen epithelium

At present in Figure 4, the HES group significantly up-regulated 
the relative mRNA expressions of ZO-1 and OCC in the rumen 
epithelium when compared with the CON group (Figure  4A) 
(p < 0.01). No significant differences were observed in the expressions 

of IL-4, IL-10, IL1β and TNF-α between groups HES and CON 
(Figure 4B) (p < 0.05). Additionally, there were no significant changes 
in the relative abundance of upstream signals TRAF6, TLR4, MyD88 
and NF-κB of cytokines formation (p > 0.05). Notably, the relative 
expression of antioxidant factors including SOD1, SOD2, Nrf2, NQO-1 
and HO-1 was significantly up-regulated in the HES group (Figure 4C) 
(p < 0.05).

3.5 Bacterial composition in rumen

To determine the effects of housed feeding on rumen health, 
we  analyzed the composition of the rumen microbiota (Figure  5). 
According to 16S rRNA sequencing, a total of 3,376 OTUs were 

FIGURE 1

Effect of housed feeding pattern on serum biochemical parameters of Honghe cattle. (A) Schematic diagram of the feeding experiment and sample 
collection. (B) Total protein (TP). (C) Albumin (ALB). (D) Total triglycerides (TG). (E) Total cholesterol (TC). (F) Urea nitrogen (BUN). (G) Glucose (GLU). 
(H) High-density lipoprotein cholesterol (HDL-C). (I) Low-density lipoprotein cholesterol (LDL-C). Grazing group, i.e., control group (CON). Housed 
feeding group (HES).
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identified in the CON and HES groups, with 1,094 OTUs in the CON 
group and 384 OTUs in the HES group, and 1898 OTUs were common 
to both groups (Figure 5A). The α-diversity analysis showed differences 
in bacterial diversity between the two groups (Figure 5B), as evidenced 
by higher Shannon and Chao1 indexes in the HES group (p < 0.05). A 
significant difference in rumen bacterial counts between the HES and 
CON groups was observed according to PCoA (Figure 5C). We analyzed 
the classification of the 10 bacterial phyla identified. The rumen 
microorganisms of Honghe cattle in the CON and HES groups were 

dominated by three dominant phyla, namely Bacteroidata, Firmicutes 
and Proteobacteria, at the phylum level (Figure 5D). For the relative 
abundance of Firmicutes, Bacteroidetes and Proteobacteria, there were 
no significant differences between the CON and HES groups (p > 0.05). 
We selected the Top 25 bacteria in relative abundance at the genus level 
for analysis and observed several differential bacteria between the HES 
and CON groups (Figure 5E). Specifically, the HES group significantly 
enhanced the relative abundance of Prevotella, Ruminococcus, norank_f_
Muribaculaceae and Lachnospiraceae_NK3A20_group (p < 0.05), but 

FIGURE 2

Effect of housed feeding pattern on immune and antioxidant indices in serum of Honghe cattle. (A) Complement C3 (C3). (B) Complement C4. 
(C) Immunoglobulin A (IgA). (D) Immunoglobulin M (IgM). (E) Interleukin-4 (IL-4). (F) Interleukin-10 (IL-10). (G) Interleukin-1β (IL-1β). (H) Tumor necrosis 
factor α (TNF-α). (I) Total antioxidant capacity (T-AOC). (J) Superoxide dismutase (SOD). (K) Glutathione peroxidase (GSH-Px). (L) Malondialdehyde 
(MDA). Grazing group, i.e., control group (CON). Housed feeding group (HES).
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decreased the relative abundance of norank_f_Bacteroidales_UCG-001, 
Rikenellaceae_RC9_gut_group, Prevotellaceae_UCG-003, norank_f_
UCG-010, norank_f_Bacteroidales_BS11_gut_group, Lachnospiraceae_
NK3A20_ group and norank_f_F082 (Figure 5F) (p < 0.05).

We further examined the composition of the fungi. As shown in 
Figure 6, a total of 895 OUTs were identified, with the HES and CON 
groups occupying 539 OUTs and 166 OUTs, respectively (Figure 6A). 
The HES group significantly increased the Shannon and Chao1 
indexes when compared with the CON group (Figure 6B) (p < 0.05). 
A significant difference between the HES and CON groups was found 
by PCoA analysis (Figure  6C). At the phylum level, Ascomycota, 
Neocallimastigomycota and Basidiomycota were the dominant 
phylum of rumen fungi and showed no significant difference between 
the HES and CON groups (Figure 6D). For the Top 25 fungi in terms 
of relative abundance at the genus level (Figure 6E), the HES group 
significantly enhanced the relative abundances of Pichia, Cyllamyces, 
Sterigmatomyces and Wallemia (p < 0.05), but decreased the relative 
abundances of Aspergillus, Candida, Wickerhamomyces, Orpinomyces, 
Issatchenkia and Caecomyces (Figure 6F) (p < 0.05).

3.6 Correlation analysis

As shown in Figure 7, we evaluated the correlation between rumen 
microbiota and the indicators related to rumen epithelial barrier and 

antioxidant capacity. The ZO-1 was positively correlated with Prevotella, 
Ruminococcus, Lachnospiraceae_NK3A20_group, Pichia, 
Sterigmatomyces and Wallemia (p < 0.05). A positive correlation was 
observed between the levels of T-AOC and SOD and the Prevotella, 
Ruminococcus, Lachnospiraceae_NK3A20_group and Pichia (p < 0.05). 
The SOD1 and SOD2 both were positively correlated with Ruminococcus, 
Lachnospiraceae_NK3A20_group, Pichia and Sterigmatomyces 
(p < 0.05), but negatively correlated with Rikenellaceae_RC9_gut_group, 
norank_f_Bacteroidales_UCG-001, norank_f_Bacteroidales_BS11_gut_
group, Candida, Wickerhamomyces, Orpinomyces and Caecomyces 
(p < 0.05). The CAT was positively correlated with norank_f_
Murbaculaceae and Sterigmatomyces (p < 0.05). The Nrf2 was positively 
correlated Prevotella and Lachnospiraceae_NK3A20_group (p < 0.05).

4 Discussion

The sustainability of production performance in beef cattle may 
be  challenged by climate, altitude, and management practices, 
although they can cope with a variety of survival conditions (7, 19). In 
particular, attention needs to be paid to changes in the physiological 
and metabolic profiles of beef cattle breeds that are undergoing a 
transition to intensive-housed feeding. In this study, housed feeding 
increased the concentrations of TP and ALB in the serum of Honghe 
cattle compared with grazing practice. There are many functions of 

FIGURE 3

Effect of housed feeding pattern on immune and antioxidant indices in the rumen epithelium of Honghe cattle. (A) Interleukin-4 (IL-4). 
(B) Interleukin-10 (IL-10). (C) Interleukin-1β (IL-1β). (D) Tumor necrosis factor α (TNF-α). (E) Total antioxidant capacity (T-AOC). (F) Superoxide dismutase 
(SOD). (G) Glutathione peroxidase (GSH-Px). (H) Malondialdehyde (MDA). Grazing group, i.e., control group (CON). Housed feeding group (HES).
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FIGURE 4

Effect of housed feeding pattern on the expression of rumen epithelial barrier-related genes in Honghe cattle. (A) Physical and chemical barrier-related 
genes. Zonula occludens-1 (ZO-1), occludin (OCC), claudin-1 (CLDN-1) and mucin2 (MUC2). (B) Immune-related genes. Interleukin-4 (IL-4), 
interleukin-10 (IL-10), interleukin-1β (IL-1β), tumor necrosis factor α (TNF-α), TNF receptor associated factor 6 (TRAF6), toll-like receptor 4 (TLR4), 
myeloid differentiation factor-88 (MyD88) and nuclear factor kappa-B (NF-κB). (C) Antioxidant-related genes. Superoxide dismutase 1 (SOD1), 
superoxide dismutase 2 (SOD2), glutathione peroxidase (GSH-Px), catalase (CAT), nuclear factor erythroid 2-related factor 2 (Nrf2), NAD(P)H:quinone 
oxidoreductase 1 (NQO-1), heme oxygenase-1 (HO-1) and kelch-like-ECH associated protein-1 (Keap-1). Grazing group, i.e., control group (CON). 
Housed feeding group (HES).
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FIGURE 5

Effects of housed feeding patterns on the structure and composition of bacterial communities in the rumen of Honghe cattle. (A) OUT Venn diagram. 
(B) α-diversity. (C) PCoA. (D) Map of bacterial abundance at the phylum level. (E) Heatmap of Top 25 bacteria at genus level. (F) Differences in genus 
level of bacteria. Grazing group, i.e., control group (CON). Housed feeding group (HES).
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FIGURE 6

Effects of housed feeding pattern on the structure and composition of the fungal community in the rumen of Honghe cattle. (A) OUT Venn diagram. 
(B) α-diversity. (C) PCoA. (D) Map of fungal abundance at the phylum level. (E) Heatmap of Top 25 fungi at genus level. (F) Differences in genus level of 
fungi. Grazing group, i.e., control group (CON). Housed feeding group (HES).
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FIGURE 7

Correlation of rumen microbiota with rumen epithelial barrier and antioxidant capacity. *, **, and ***represent p < 0.05, p < 0.01, and p < 0.001, 
respectively.

circulating TP in the body, such as transporting various metabolites 
and regulating the physiological effects of the transported substances 
(20). The circulating TP content is significantly elevated to transport 
nutrients when protein metabolism is enhanced. Housed feeding 
provides a favorable environment for cattle to consume substances 
such as proteins, fats and carbohydrates. As a result, nutrient transport 
and metabolism are more vigorous in housed cattle than in grazing 
cattle. The ALB is one of the most important factors affecting many 
ligands in the blood circulation. Moreover, ALB synthesized by the 
liver has immunomodulatory functions, binds and transports many 
endogenous and exogenous substances, and enhances anti-
inflammatory activity (21, 22). The hypoalbuminemia resulting from 
low ALB may be associated with many different diseases, including 
cirrhosis, nephrotic syndrome and malnutrition (23). Therefore, 
higher ALB within a healthy range implies better liver function, stable 
immunity and better nutrient delivery with housed feeding than 
grazing (24). Earlier study pointed out that an increase in serum 
glucose level represents a positive energy allocation after food intake 
in animals (15). In this study, elevated serum concentrations of GLU 
in housed cattle similarly confirmed positive nutritional metabolism. 
Thus, housed feeding contributes to the metabolic health of beef cattle.

Grazing environments may expose cattle to many different 
immune challenges including parasites, pathogenic bacteria and 
temperature stress when compared to housed environments (5). The 
environmental influences on the cattle immune system can be assessed 
by evaluating innate and adaptive immune indicators. Lejeune et al. (9) 
found that there were no significant differences between the peripheral 
and gastrointestinal immune systems of healthy cattle reared on 
outdoor pastures or indoors. In contrast, Di et al. (25) found that the 
short-term grazing of captive cows contributed to the activation of 
immune efficiency. These results are partly similar to those of Braghieri 
et al. (26), who reported a stronger immune system was observed in 

young bulls grazing for long periods. In our study, the serum 
concentrations of C3, C4, IL-4, IL-10, IL-1β and TNF-α were lower in 
the housed group than in the grazed group. Complement 3 and 
Complement 4 are important components of the complement system 
and are important participants in both innate and acquired immunity 
with the ability to enhance the ability of antibodies and phagocytes to 
remove microorganisms and damaged cells (27). Cytokines are small 
molecule proteins secreted by a variety of cells in the body and exert 
their biological effects by binding to the appropriate receptors on the 
cell surface (28). Normally, the inflammatory response of the body is 
inhibited by anti-inflammatory cytokines (e.g., IL-4 and IL-10), but 
activated by while pro-inflammatory factors (e.g., IL-1β and TNF-α) 
(11). However, both anti- and pro-inflammatory cytokines are 
increased during specific immune responses (29). For example, animal 
organisms need to maintain an active immune response to external 
environmental stresses. Therefore, in view of the results of our 
experiment, the cattle under grazing conditions were subjected to 
multiple stresses from the external environment, which resulted in the 
activation of the systemic immune response. Furthermore, animals 
possess complex antioxidant systems containing both enzymatic and 
non-enzymatic antioxidant systems, which act synergistically to 
protect animal cells and organ systems against free radical damage. The 
enzymatic antioxidant systems are represented by SOD and GSH-Px. 
Previous studies have found no significant effect of indoor feeding on 
the systematic antioxidant capacity of grazing ewes (8). At the present 
study, higher serum levels of T-AOC and SOD in housed compared to 
grazed cattle. It might be since the TMR substitution effect under 
housed conditions limited the uptake of antioxidant molecules from 
pasture grasses (30). The free radicals from pasture were not susceptible 
to uptake by housed cattle to induce oxidative stress. Notably, previous 
studies indicated a positive correlation between anti-inflammatory 
cytokines and antioxidant capacity (31). However, the concentration 
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of IL-10 in serum decreased while the activity of SOD increased in the 
present experiment. This may be  due to the fact that circulating 
concentrations of cytokines and antioxidant enzymes are affected by 
adaptive changes in tissues and organs and that this process is complex. 
Therefore, further analysis of immune and antioxidant responses in 
tissue organs (e.g., rumen) is necessary.

The rumen epithelium is constantly challenged by foreign 
antigens from pathogens and food and constitutes an important 
barrier to the external environment (10). At the tissue level, the 
rumen epithelium provided a defense system comprising commensal 
flora, immune, antioxidant, physical and chemical barriers that 
safeguarded nutrient uptake and protected the host from pathogenic 
organisms (11). To further assess whether systemic metabolism in 
cattle is related to rumen health, we  first analyzed the immune 
response at the level of rumen tissue. No changes were observed in 
cytokine (IL-4, IL-10, IL-1β and TNF-α) concentrations in the 
rumen epithelium of housed feeding cattle compared to grazing 
cattle. Similarly, rumen immune function was unaffected by feeding 
practices at the level of gene expression. These results were 
inconsistent with the presence of a systemic immune response. For 
circulating immune factors, the effect of immune activation may be a 
synergistic effect of multiple organs such as rumen, liver and spleen 
(32–34). This implies that the effect of housed feeding on the 
immune response of cattle may not be related to the rumen. More 
research needs to be conducted to explain this phenomenon. It is 
worth noting that the antioxidant system, as an important 
component of rumen health, largely determines the ability of the 
rumen to defend itself against free radicals from pasture and feed 
(35). The SOD, GSH-Px, GSH and CAT are important antioxidant 
enzymes in the antioxidant system. In this experiment, we found 
that housed feeding cattle had higher levels of T-AOC and SOD in 
the rumen epithelium compared to grazing cattle. Additionally, 
we observed higher relative expression of SOD1 and SOD2 in the 
rumen epithelium of housed feeding cattle at the gene level. The 
expression of critical signaling factors such as Nrf2, NQO-1 and 
HO-1, which determine the high expression of antioxidant enzymes, 
was also up-regulated under housed feeding condition. These results 
indicated that housed feeding cattle possess higher antioxidant 
capacity. It is possible that cattle are not exposed to excessive free 
radicals under stable nutritional intake conditions. There are 
irregularities in the grazing system, such as seasonal changes in the 
composition of the pasture zone (36). As a result, the nutrient intake 
of cattle cannot be  maintained at a relatively constant level. In 
contrast, housed feeding cattle were allowed to feed freely and were 
not subject to environmental variability. From a nutritional point of 
view, it maintains a healthy metabolic state, resulting in a better 
rumen environment. Further assessing the effect of housing practices 
on rumen health in cattle at the RNA level, we found high expression 
of ZO-1 and OCC genes in the rumen epithelium. With ZO-1 and 
OCC generally contributing to the integrity of the gastrointestinal 
barrier, they are considered critical elements in the defense against 
exogenous infections, including pathogens and harmful antigens 
(11, 37). Housed feeding contributes to rumen development has 
been observed in the previous study of Huang et  al. (6), as 
demonstrated by a more structurally intact rumen villus in housed 
yaks. This phenomenon was further illustrated in our trial, where the 
housed feeding facilitated the improvement of the rumen 
barrier function.

Undoubtedly, rumen microbial community is an important 
factor influencing ruminant growth and development. Previous 
studies indicated that the structure and composition of rumen 
microbiota were generally influenced by diet and feeding 
practices (6, 13, 38). Here, to systematically analyze the effects of 
different feeding practices on the rumen of Honghe cattle, 
we analyzed the bacterial and fungal communities of the rumen. 
The α-diversity indices (containing Shannon and Chao1) are 
comprehensive indicators for assessing the richness of microbial 
communities. A high level of α-diversity is closely related to the 
complexity and stability of bacterial composition and employed 
as a measure of bacterial resistance and adaptation to external 
perturbations. He  et  al. (13) indicated that the α-diversity of 
bacteria in the rumen of grazing yaks was higher than that of 
housed yak. Similarly, our study found that the α-diversity of 
rumen bacteria and fungi was higher in grazing conditions when 
compared with housed feeding cattle. This suggests that the 
abundance of rumen bacteria and fungi is higher in cattle under 
grazing conditions. Generally, the core bacterial and fungal 
communities are present in the rumen of beef cattle, although 
relative abundance may vary. In agreement with previous studies 
(39, 40), here, we  found that Bacteroidata, Firmicutes and 
Proteobacteria constituted the core bacterial group of the rumen 
of Honghe cattle, whereas Ascomycota, Neocallimastigomycota 
and Basidiomycota constituted the core fungal group. According 
to previous studies, the rumen microbial community of 
ruminants was mainly composed of the Firmicutes and 
Bacteroidata, where Firmicutes was responsible for the 
decomposition of fibrous material, while Bacteroidata 
decomposed non-fibrous material (39, 41, 42). In contrast to 
previous study by He et al. (13), we found that housed feeding 
unaffected the above relative abundance of bacteria and fungi at 
the phylum level. This may be due to differences in cattle breeds 
and original grazing conditions. Notably, microbial communities 
are frequently affected by environmental conditions, including 
feeding practices and temperature. Moreover, previous studies 
focused mostly on the microbial response at the genus level in the 
rumen or feces. For instance, Zhang et al. reported that housed 
feeding increased the relative abundance of Ruminococcaceae_
UCG-010 and Ruminococcaceae_UCG-013 in feces of cattle when 
compared with grazing group (43). Under relatively comfortable 
warm conditions, microorganisms such as Prevotella, Bacteroides 
and Rikenellaceae_RC9_gut_group in both rumen and feces 
exhibited high relative abundance (44). This shows that 
microorganisms at the genus level, both in the rumen and in the 
feces, undergo adaptive changes when faced with changes in 
environmental factors. Therefore, we  further examined the 
changes in rumen microbiota at the genus level. Several 
microorganisms with high antioxidant activity will be present in 
the gastrointestinal tract, which can establish a set of antioxidant 
systems involved in the regulation of gastrointestinal health (45). 
Prevotella belongs to the family Prevotellacae and plays a crucial 
role in secreting enzymes and degrading starch as a core genus of 
Bacteroidetes (46). The substantial increase in the relative 
abundance of Prevotella was observed in study of fecal microbiota 
transplantation (FMT) for the treatment of inflammatory bowel 
diseases. This implies that Prevotella is one of the key 
microorganisms that benefit gastrointestinal health (47). Similar 
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FMT intervention experiment also found that Ruminococcacae 
may play a role in modulating immune responses and 
inflammatory pathways in the gut. In our study, the relative 
abundances of Prevotella and Ruminococcus (a genus level within 
Ruminococcacae) were increased by housed feeding practices 
(48). Therefore, housed feeding may improve the health of the 
rumen of cattle by increasing beneficial bacteria such as Prevotella 
and Ruminococcus. Additionally, previous study showed a positive 
correlation between Prevotella and rumen antioxidant capacity 
(49). Similarly, the bacterium norank_f_Muribaculaceae also 
possessed a positive correlation with the antioxidant capacity of 
animal (50). Moreover, Yang et  al. (38) found that dietary 
dioscorea opposite waste supplementation linearly increased the 
concentrations of T-AOC, SOD and GSH-Px in the serum of 
lambs and suggested that this may be related to an increase in 
Ruminococcus. Particularly, Prevotella and Ruminococcus were 
positively correlated with the levels of T-AOC and SOD and the 
expressions of SOD1 and SOD2. For the gastrointestinal tract, 
previous studies have demonstrated that improved antioxidant 
capacity contributes to the integrity of barrier function. This 
implies that the improvement of rumen barrier function and 
antioxidant capacity in housed feeding cattle may be regulated by 
Prevotella and Ruminococcus. In this study, housed feeding also 
promoted the relative abundance norank_f_Muribaculaceae when 
compared with grazing. Furthermore, the effect of feeding 
practices on fungi in the rumen microbial system also requires 
attention. The diverse groups of dominant fungi may act 
synergistically in the rumen promoting rumen health. In 
agreement with Tong et al. (51), Geethanjali et al. (52) and Wang 
et al. (53), we identified Ascomycota, Neocallimastigomycota and 
Basidiomycota as the core fungal groups in the rumen and Pichia 
and Cyllamyces as the dominant genera in this study. Pichia is a 
dominant eukaryotic fungal genus in the rumen of ruminants 
(40). Previous study have found that Doenjang prepared with 
Pichia participation has antioxidant and neuroprotective effects 
and showed strong antioxidant activity in an in vitro cell culture 
model system (54). Several studies have also indicated that fungi 
such as Pichia kudriavzevii (55), Pichia anomala (56) and Pichia 
pastoris (57) possess antioxidant properties. The abundance of 
Cyllamyces was altered to accommodate the new diet composition 
when the rumen was exposed to nutritional stress (58). In the 
present study, housed feeding improved the relative abundance 
of Pichia and Cyllamyces when compared with traditional grazing 
patterns, suggesting that the elevated rumen antioxidant capacity 
may be related to the composition and abundance of the fungi. 
This speculation was supported by the positive correlation 
between Pichia and the concentrations of T-AOC and SOD in 
our experiment.

5 Conclusion

This study indicated that feeding mode was one of the critical 
factors influencing the healthiness of Honghe cattle. The housed 
feeding improved the metabolic status of the cattle and increased 
antioxidant capacity. Particularly, housed feeding improved rumen 
health by increasing barrier function and antioxidant capacity. The 
possible mechanism was that the housed feeding modulated the 

structure and composition of rumen bacteria and fungi. These results 
provided important insights for the large-scale breeding of beef cattle.
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