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(Unstructured) Abstract (up to 350 words) 7 

This study aimed to the effects of low-fibre total mixed diets on ruminal microorganisms and the potential 8 

mechanisms of methane (CH4) reduction in high-altitude regions remain understudied. In this study, 18 9 

Tibetan sheep of the same age and weight were divided into two groups at random: the grazing group (GF, 10 

control) and the house-feeding group (HF). The GF group grazed on natural pasture, while the HF group 11 

was fed a low-fibre total mixed pellet diet indoors. The experiment lasted 78 days, and CH4 emissions were 12 

measured via gas exchange in CH4 emissions monitoring cage during the final three days. The results 13 

showed that compared to the GF group, the HF group had significantly higher dry matter intake and average 14 

daily gain (p < 0.01), and the animals in the HF group experienced an hour delay in the onset of peak CH4 15 

emissions and had significantly lower (p < 0.05) CH4 emissions per unit of intake and per unit of weight 16 

gain. Additionally, the total volatile fatty acid concentration and molar proportion of propionic acid were 17 

significantly higher (p < 0.01) in the HF group than in the GF group. Rumen metagenome analysis revealed 18 

a significant reduction (p < 0.05) in rumen microbial diversity in the HF group. Regarding the bacterial 19 

composition, the relative abundances of Prevotella and Ruminococcus were significantly higher (p < 0.05), 20 

while the abundance of Butyrivibrio was significantly lower (p < 0.05) in the HF group. Regarding archaeal 21 

composition, the relative abundances of the Methanobrevibacter genus and Methanobrevibacter millerae 22 

were significantly higher (p < 0.05) in the HF group, whereas the relative abundance of 23 

unclassified_f_Candidatus Methanomethylophilaceae was significantly lower (p < 0.05). Furthermore, the 24 

relative abundances of several enzymes involved in methanogenesis (EC: 2.1.1.90, EC: 2.1.1.246, EC: 25 

2.1.1.247, EC: 2.1.1.248, EC: 1.8.7.3, EC: 1.8.98.1, EC: 1.8.98.4, EC: 1.8.98.5 and EC: 1.8.98.6) were 26 

significantly reduced (p < 0.05) in the HF group. Overall, feeding low-fibre total mixed pellets indoors 27 

could reduce CH4 emissions by modulating the rumen microbiota. This study’s findings provided a valuable 28 

reference for optimising feeding management in high-altitude regions to mitigate CH4 emissions from 29 

ruminants. 30 

Keywords (3 to 6): 31 

High-altitude region, Tibetan sheep, Grazing, Low-fibre total mixed pellet diet, Rumen metagenome, 32 
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Methane emissions 33 

 34 

Introduction 35 

Methane (CH4) is the second most significant greenhouse gas after carbon dioxide (CO2). Its global 36 

warming potential is 28 times that of CO2 [1], and it accounts for approximately 20% of global greenhouse 37 

gas emissions [2]. In recent years, reducing CH4 emissions has become a critical focus of global climate 38 

governance. China’s central government introduced the CH4 Emissions Control Action Plan in 2023, which 39 

is now being implemented nationwide, including in Tibet. Globally, CH4 emissions account for 40%–40 

45% of greenhouse gas emissions from ruminant livestock, in which leads to a loss of 2%–12% of 41 

dietary energy [3–4]. By the end of 2023, China’s ruminant livestock population had reached 750 million 42 

[5]. Higher CH4 emissions are typically associated with increased livestock production inputs. Therefore, 43 

reducing CH4 emissions is crucial for environmental sustainability and improving animal production 44 

efficiency. 45 

In the intricate digestive process of ruminants, CH4 is an unavoidable metabolic by-product of rumen 46 

microbial fermentation. It is mainly produced through synergistic interactions between fibre-degrading 47 

microbiota and methanogenic bacteria within the rumen ecosystem. Rumen microorganisms break down 48 

plant fibres into nutrients such as volatile fatty acids (VFAs), hydrogen (H2), and carbon dioxide (CO2) 49 

through synergistic metabolism, in which methanogens synthesise CH4 from H2 and CO2 [6]. This 50 

microbially mediated CH4 production mechanism makes ruminants a primary source of greenhouse gas 51 

emissions from livestock production. The Qinghai-Tibetan Plateau, the world’s most elevated pastureland, 52 

has fostered unique rumen microbiome characteristics in its endemic yak and Tibetan sheep species, shaped 53 

by extreme hypoxic conditions. These plateau-adapted microbes may influence CH4 emissions by 54 

regulating metabolic pathways. 55 

Gangba sheep are mainly raised in Kamba County, Xizang Autonomous Region, China. These 56 

exceptional local Tibetan sheep have adapted to the challenging environment of the Qinghai-Tibetan 57 
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Plateau, which boasts an average elevation of 4,700 m above sea level. Currently, the Tibetan sheep 58 

population is estimated at around 30 million, and is vital for the maintenance and economic prosperity of 59 

nomadic communities throughout the Tibetan Plateau [7]. Gangba sheep generally graze year-round with 60 

no supplementation and receive only a small amount of maize during extremely cold winters. This grazing 61 

practice results in low productivity and greater CH4-associated energy loss. Pastureland is also under 62 

constant degradation pressure owing to overgrazing. To maximise animal productivity and promote 63 

grassland restoration, traditional grazing strategies are gradually being replaced by housing and semi-64 

housing systems [8]. Compared with traditional grazing, housing and feeding on total mixed diets enable 65 

animals to consume more highly digestible, lower-fibre diets, leading to increased live weight. Extensive 66 

prior research has predominantly centered around the influence of dietary fibre content on animal CH4 67 

emissions [9–10]. Santander et al. [11] reported that a reduction inneutral detergent fibre (NDF) content 68 

from 54.3% to 49.1% in a forage-based diet resulted in a maximum 8%decreased in CH4 yield (g/kg dry 69 

matter intake) among Angus steers. A diet containing reduced levels of NDF can reduce CH4 emissions 70 

compared with a diet having elevated NDF concentrations. Naturally grazing animals rely on a high-fibre 71 

diet from pasture, which inevitably influences CH4 production. As expected, on the Qinghai-Tibetan Plateau, 72 

Ding et al. [12] found that yaks housed and fed on total mixed diets produced less CH4 than those grazing 73 

on natural winter alpine meadows. However, current research remains incomplete concerning the possible 74 

effects of grazing and housing systems on CH4 production and the underlying mechanisms influencing CH4 75 

emissions in Tibetan sheep. Therefore, this trial aims to assess the effect of housing-fed Tibetan sheep on a 76 

low-fibre total mixed pellet diet on dry matter intake, growth performance, and CH4 emissions, as well as 77 

the potential mechanism for reducing CH4 production by altering the rumen microbiota in a high-altitude 78 

region. The hypothesis is that compared with naturally grazing Tibetan sheep, those fed a low-fibre total 79 

mixed pellet diet indoors will produce lower CH4 emissions and exhibit improved growth performance. 80 

This study provides a foundation for understanding the key mechanisms behind CH4 reduction through 81 

housing feeding, with positive implications for the sustainable management of livestock systems in harsh 82 

high-altitude environments. 83 

 84 
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Materials and Methods 85 

Animal ethics statement 86 

All animal experimental procedures in this study were performed in strict accordance with the protocol 87 

approved by the Animal Ethics Committee of the Grassland Research, Chinese Academy of Agricultural 88 

Sciences (Protocol no. 2023001). The experiments were carried out in full compliance with the guidelines 89 

issued by the Chinese Science and Technology Committee. 90 

Study site 91 

The experiment was conducted between April and June 2023 on a local farm in Kamba County (88°08'20"–92 

88°56'47"E, 27°56'32"–28°45'27"N), situated at an elevation of 4,700 m above sea level, in Xizang 93 

Autonomous Region, China. Kamba County is situated within the alpine landform of the Himalayas and 94 

has approximately 24,348 hm2 of grassland. With an average annual temperature of 1.5°C and annual 95 

rainfall ranging from 280 to 300 mm, the regional climate is temperate and semi-arid. The rainy season 96 

typically occurs from July to September, and the frost-free period lasts about 60 days. The dominant forage 97 

species in the experimental area mainly include Festuca wallichanica, Artemisia minor, Iris collettii, 98 

Kobresia capillifolia and Kobresia deasyi. 99 

Animal and experimental design 100 

In this study, there were 18 male Gangba lambs and they were randomly assigned to two equal groups, 101 

which ensured similar body weight (BW, 14.48 ± 0.26 kg) and age (approximately one year old). The two 102 

treatment groups (n = 9) were: the grazing group (GF, control) and the house-fed group (HF). Lambs of the 103 

GF group grazed under the local traditional natural management system from 10:00 to 20:00 h without any 104 

supplementation. In contrast, lambs of the HF group were housed in individual pens and administered a 105 

low-fibre total mixed pellet diet. The low-fibre total mixed pellet diet was created based on the Chinese 106 

Feed Standard for Meat-Producing Sheep (NY/T816–2004) [13]. The dietary composition, expressed on a 107 

dry matter basis, included 480 g/kg concentrate and 52 g/kg oat hay. The HF group was fed twice a day at 108 

10:00 h and 20:00 h. Throughout the trial period, water was freely accessible to all lambs. The nutritional 109 

component of the pellet diet is presented in Table 1. 110 
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The study lasted for 78-day included an initial 8-day adaptation period followed by a 70-day experimental 111 

period. The pellet diet provided to the HF group was adjusted according to the lambs’ intake from the 112 

previous day during the adaptation period. The feed consumed and refused by each lamb was weighed daily, 113 

with the difference used to calculate individual daily intake in the HF group. Alkanes (C32-alkane) were 114 

applied to assess pasture dry matter intake (DMI) in GF group during the spring months (April, May, and 115 

June), following the method previously described by Zhang et al. [14]. During the experimental period, the 116 

BW was weighed early in the morning at 15 days intervals, and the average daily gain (ADG) of the sheep 117 

in each group was calculated. 118 

Rumen fluid sample preparation 119 

On the final morning of the feeding trial, six sheep were randomly selected from each group, and 120 

approximately 50 mL of rumen fluid was obtained from each sheep using an oral stomach tube. To minimise 121 

saliva contamination, the initial 100–200 mL of rumen fluid was removed prior to sample processing. The 122 

remaining fluid samples were then subjected to filtration using a four-layer cheese-cloth. The extracts were 123 

centrifuged at 12,000 × g for a 10-minute. The resultant supernatants were carefully collected and allocated 124 

to 5-mL frozen tubes, and preserved at –80°C in liquid nitrogen for future metagenomic sequencing. In 125 

addition, a separate 5-mL aliquot of rumen fluid was collected from each sheep and analysed to VFA profile 126 

using a gas chromatograph (Agilent 6850, Agilent Technologies Inc., Santa Clara, CA, USA). 127 

Determination of CH4 emissions 128 

At trial completion, nine sheep with similar body conditions were randomly selected from the GF and HF 129 

groups to measure CH4 emissions. Three sheep from each group were rotated into the homemade CH4 130 

emissions monitoring cage daily for three consecutive days. During the experimental period, the monitored 131 

ambient temperature was 19.78–23.80°C, and the actual atmospheric pressure was 59.49–59.60 kPa. The 132 

CH4 emissions monitoring cage was designed as a cubic structure composed of a metal framework, and its 133 

top and four sides were covered with nylon fabric, ensuring a semi-enclosed environment for accurate gas 134 

measurement. The bottom of the monitoring cage was left open with ventilation gaps to facilitate gas 135 

exchange and maintain a relatively comfortable environment for the animals. A portable gas detector 136 

(MS600, Yiyuntian Electronics Co., Ltd., Shenzhen, China) was suspended from the center of the 137 
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monitoring cage, positioned near the top to avoid contact with the sheep's head, allowing for continuous 138 

measurement of CH4 concentration. The size of the monitoring cage was 1.5 m × 1.5 m × 2.0 m (4.5 m3), 139 

and its space was enough for individual sheep. The animals were placed in the monitoring cage from 20:00 140 

h to 11:00 h the following day for continuous monitoring of daily emissions. The detailed methodology was 141 

described in study of Zhao et al. [15]. The instrument could measure from 0–100% Vol, with an allowable 142 

error of < ± 1% (F.S) and a minimum reading of 0.001%. Calibrate the instrument using eight CH4 standard 143 

gases of 0.50%, 0.40%, 0.20%, 0.10%, 0.05%, 0.04%, 0.03% and 0.02%, respectively. When the measured 144 

data on standard gases were < 0.40%, correction was required using the regression model of y = 1.1223 x 145 

+ 0.0192 (R2 = 0.995; p < 0.001). 146 

A 15-hour trapezoidal area accumulation method was employed to quantify total CH4 emissions. The 147 

concentration curve was constructed by plotting monitoring time (in 5-minute intervals) on the x-axis 148 

against real-time CH4 concentration (%) on the y-axis, with sequential trapezoidal units derived from the 149 

dataset. 150 

The total CH4 concentration was calculated using the following equation: 151 

Total CH4 concentration (%)= ∑ [
(Ci + Ci+1)

2
] × Δtn

i=1  152 

where Ci and Ci+1 represent the initial and final concentrations of each trapezoidal segment, and Δt denotes 153 

the monitoring interval (0.083 h, equivalent to 5 min). The daily total CH4 emissions (g) from the ovine 154 

herds were calculated using the following equation:  155 

Total CH4 emissions (g) = 
Total CH4 concentration (%) × ρ CH4(g/m3) × V(m3)

100
 156 

where ρ CH4 (g/m3) represents the CH4 mass concentration, and V denotes the volume of the CH4 emissions 157 

monitoring cage (4.5 m3). The ρ CH4 (g/m3) was determined using the following equation:  158 

ρ CH4 (g/m³) = 
16  g/mol

V air
 × 1000 L/m3 159 

where 16 g/mol is the molar mass of CH4, and V air (L/mol) represents the molar volume of air, which is 160 

calculated as follows: 161 

V air (L/mol) = 
29 g/mol

ρ air × 1000 g/kg
 162 
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where 29 g/mol is the molar mass of air, and ρ air (kg/m3) represents the air density, which is calculated as 163 

follows: 164 

ρ air (kg/m³) = 1.293 × 
P

101325 Pa
 × 

273.15 K

T + 273.15 K
 165 

where P (Pa) represents the actual pressure, 101,325 Pa is the standard atmospheric pressure, 273.15 K is 166 

the absolute temperature, and T (°C) is the temperature inside the CH4 emissions monitoring cage. 167 

Rumen metagenome sequencing 168 

Total genomic DNA was extracted from rumen contents using the Mag-Bind Soil DNA Kit (Omega Bio-169 

Tek, Norcross, GA, USA). After DNA extraction, the genomic DNA was assessed for concentration and 170 

purity, and its integrity was verified via 1% agarose gel electrophoresis. Subsequently, the DNA was 171 

fragmented to an average length of approximately 400 bp using a Covaris M220 ultrasonicator (Gene 172 

Company Limited, China). A paired-end sequencing library was constructed using the NEXTFLEX Rapid 173 

DNA-Seq Kit (Bioo Scientific, Austin, TX, USA). Metagenomic sequencing was performed on the Illumina 174 

NovaSeq 6000 platform (Meiji Biomedical Technology Co., Ltd., Shanghai, China). Bioinformatics 175 

analysis was subsequently conducted using the Majorbio Cloud Platform (www.majorbio.com). Fastp was 176 

employed for sequence quality trimming, with low-quality reads (length < 50 bp, quality value < 20, or 177 

containing N bases) removed [16]. Metagenomic data were assembled using MEGAHIT [17], and contigs 178 

≥ 300 bp were selected as the final assembly output. Open reading frames were predicted from each 179 

assembled contig using Prodigal [18], and a non-redundant gene catalogue was subsequently constructed 180 

with CD-HIT [19]. The rumen metagenome sequences have been deposited in the sequence read archive 181 

(SRA) of the National Centre for Biotechnology Information under accession number PRJNA1126439. 182 

Representative sequences from the non-redundant gene catalogue were aligned to the NR database using 183 

DIAMOND [20] with an e-value cutoff of 1 × e−5 for taxonomic annotation. Protein sequences were 184 

similarly aligned against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using 185 

DIAMOND, and the same e-value threshold of 1 × e−5 was applied to obtain functional annotations. 186 

Statistical analysis 187 

Data on DMI, BW, ADG, CH4 emissions, and rumen fermentation characteristics were analysed using SPSS 188 
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27.0 software. An independent samples t-test was performed, with statistical significance set at p < 0.05. 189 

Alpha diversity of microbial communities was assessed using the ACE index, Chao1 index, Simpson index, 190 

and Shannon index. Beta diversity was evaluated via examination of the microbial community structural 191 

variation using unweighted UniFrac distance metrics combined with principal coordinate analysis (PCoA). 192 

The bacterial composition was analysed using a community histogram and the Wilcoxon rank-sum test at 193 

the phylum and genus levels, while archaeal composition was assessed at the phylum, genus, and species 194 

levels. Differences in KEGG enzyme gene abundance and composition were evaluated using the Wilcoxon 195 

rank-sum test, with statistical significance set at p < 0.05. Rumen microbiota from the phylum to genus or 196 

species levels were analysed using LDA Effect Size (LEfSe), with significance defined as |LDA| > 4 and p 197 

< 0.05. According to the Majorbio Cloud Platform, differential abundance testing and visual analysis of the 198 

relative gene abundance of enzymes in the ko00680 CH4 metabolic pathway were conducted. Differential 199 

analysis was performed using the Wilcoxon rank-sum test with a two-tailed p-value threshold of p < 0.05. 200 

The FDR (False Discovery Rate) correction method was applied to control for multiple testing, and only 201 

FDR-significant results were considered for further interpretation. 202 

 203 

Results 204 

Feed intake and growth performance of sheep in the GF and HF groups 205 

As shown in Table 2, compared to the GF group, the HF group had significantly higher DMI, BW and ADG 206 

(p < 0.01). 207 

Differences in sheep CH4 emissions of sheep in the GF and HF groups 208 

A clear difference in CH4 emissions was observed between the two groups (Fig. 1). Regarding dynamic 209 

changes, CH4 emissions in the HF group increased rapidly from 20:00 to 22:00 h, reached the highest daily 210 

peak, and then gradually declined from 03:00 to 11:00 h. In the GF group, CH4 emissions rose sharply from 211 

20:00 to 21:00 h and reached the daily peak, followed by a gradual decline from 00:00 to 11:00 h. Daily 212 

CH4 emissions (g/day) did not differ significantly between the two groups (Fig. 2A). However, CH4 yield 213 

(g/kg dry matter intake), CH4 emissions per kilogram of BW (g/kg BW), and CH4 emissions per gram of 214 

average daily gain (g/g ADG) were significantly lower (p < 0.05) in the HF group than in the GF group 215 
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(Figs. 2B and 2D). 216 

Rumen fermentation profiles 217 

Rumen fermentation profiles differed significantly between the GF and HF groups (Table 3). Compared 218 

with the GF group, the HF group exhibited a higher total VFA concentration and a higher molar proportion 219 

of propionic acid (p < 0.001; p = 0.003), while the molar proportion of acetic acid and the acetic acid/ 220 

propionic acid ratio were lower (p = 0.039; p = 0.002). 221 

Diversity analysis of rumen microorganisms from sheep in the GF and HF groups 222 

The HF group exhibited significantly lower alpha diversity in ruminal microbiota, as indicated by the Ace 223 

and Chao1 indices, compared with the GF group (p < 0.05; Figs. 3A and 3B). However, the Shannon and 224 

Simpson indices did not differ significantly between the two treatments (Figs. 3C and 3D). PCoA based on 225 

Bray-Curtis distances revealed a clear separation between the rumen microbial communities of the HF and 226 

GF groups (Fig. 3E). 227 

Analysis of rumen bacterial composition and differential flora in the GF and HF groups 228 

Among the top 10% of rumen bacterial phyla, the dominant phyla in both groups were Bacteroidetes (46.79% 229 

vs. 48.12%) and Firmicutes (46.47% vs. 44.67%) (Fig. 4A). Compared with the GF group, the HF group 230 

exhibited significantly higher relative abundances of Actinobacteria and Fibrobacteres (p < 0.05; Fig. 4B), 231 

whereas the relative abundances of Spirochaetes, unclassified_d_Bacteria, Kiritimatiellaeota, and 232 

Proteobacteria were significantly lower (p < 0.05). 233 

Among the top 15% of rumen bacterial genera, Prevotella, unclassified_f_Lachnospiraceae, 234 

unclassified_f_Muribaculaceae, unclassified_o_Eubacteriales, and Ruminococcus exhibited significantly 235 

higher (p < 0.05; Figs. 4C and 4D) relative abundances in the HF group compared to the GF group. The 236 

HF group exhibited significantly lower (p < 0.05) relative abundances of unclassified_o_Bacteroidales, 237 

Butyrivibrio, unclassified_f_Bacteroidaceae, unclassified_f_Selenomonadaceae, and Treponema than the 238 

GF group. 239 

Furthermore, LEfSe analysis revealed a distinction in bacterial communities between the two groups (Fig. 240 

4E) and identified a total of 16 differential bacteria. The abundances of the phylum Actinobacteria, as well 241 

as Prevotella, unclassified_f_Muribaculaceae, unclassified_f_Lachnospiraceae, and Ruminococcus, were 242 
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significantly higher in the HF group (|LDA| > 4, p < 0.05). In contrast, the abundances of 243 

unclassified_o_Bacteroidales, Butyrivibrio, unclassified_f_Bacteroidaceae, and 244 

unclassified_f_Selenomonadaceae were significantly higher in the GF group (p < 0.05). 245 

Analysis of rumen archaeal composition and differential flora in the GF and HF groups 246 

Compared with the GF group, the HF group exhibited a significantly higher (p < 0.05) relative abundance 247 

of the dominant rumen archaeal phylum, Euryarchaeota, but significantly lower (p < 0.05) relative 248 

abundances of unclassified_d_Archaea and Candidatus Thermoplasmatota (Figs. 5A and 5B). At the genus 249 

level, within the top 10% of rumen archaeal genera, the dominant genera Methanobrevibacter and 250 

Methanomicrobium exhibited significantly higher (p < 0.05; Figs. 5C and 5D) relative abundances in the 251 

HF group compared to the GF group. The HF group exhibited significantly lower (p < 0.05) abundances of 252 

unclassified_d_Archaea, unclassified_f_Candidatus Methanomethylophilaceae, 253 

unclassified_o_Methanobacteriales, Methanobacterium, unclassified_c_Thermoplasmata, and 254 

unclassified_f_Methanobacteriaceae than the GF group. At the species level, within the top 10% of rumen 255 

archaeal species, the dominant species Methanobrevibacter and Methanobrevibacter millerae exhibited 256 

significantly higher (p < 0.05) relative abundances in the HF group compared to the GF group. However, 257 

the HF group exhibited significantly lower (p < 0.05) relative abundances of Candidatus 258 

Methanomethylophilaceae archaeon, Methanobrevibacter ruminantium, Methanobacteriales archaeon 259 

HGW-Methanobacteriales-1, and Methanosphaera stadtmanae than the GF group (Figs. 5E and 5F). 260 

A total of 24 differential archaeal taxa were identified between the two groups (Fig. 5G). The abundances 261 

of the archaeal phylum Euryarchaeota, the genus Methanobrevibacter, and the species Methanobrevibacter 262 

sp. and Methanobrevibacter millerae were significantly higher in the HF group (|LDA| > 4, p < 0.05). In 263 

contrast, the abundances of the phylum Candidatus Thermoplasmatota, as well as four genera—264 

unclassified_d_Archaea, unclassified_f_Candidatus Methanomethylophilaceae, 265 

unclassified_o_Methanobacteriales, and Methanobacterium—along with four species—archaeon, 266 

Candidatus Methanomethylophilaceae archaeon, Methanobrevibacter ruminantium, and 267 

Methanobacteriales archaeon HGW-Methanobacteriales-1—were significantly higher in the GF group. 268 

Analysis of differences in rumen CH4 metabolism pathways between the GF and HF groups 269 
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Further analysis of the KEGG CH4 metabolic pathway (Fig. 6) revealed three complete methanogenic 270 

pathways annotated in this experiment: the hydrogenotrophic methanogenesis pathway (M00567), the 271 

methylotrophic methanogenesis pathway (M00356 and M00563), and the acetoclastic methanogenesis 272 

pathway (M00357). The relative gene abundance of enzymes involved in the hydrogenotrophic pathway 273 

for reducing CO2 to 5-Methyl-THMPT (EC:2.3.1.101 and EC:3.5.4.27) was significantly higher (p < 0.05) 274 

in the HF group than in the GF group (Fig. 6A). When catalysing the conversion of methyl compounds to 275 

Methyl-CoM, the relative gene abundance of trimethylamine methyltransferase (EC: 2.1.1.250) was 276 

significantly higher (p < 0.05) in the HF group. However, the relative gene abundances of enzymes EC: 277 

2.1.1.90, EC: 2.1.1.246, EC: 2.1.1.247, and EC: 2.1.1.248 were significantly lower (p < 0.05) in the HF 278 

group compared with the GF group (Fig. 6B). The gene abundance of phosphate acetyltransferase 279 

(EC:2.3.1.8), which catalyses the conversion of acetate to 5-Methyl-THMPT, was higher (p < 0.05) in the 280 

HF group (Fig. 6C). However, the relative gene abundance of enzymes EC: 1.8.7.3, EC: 1.8.98.1, EC: 281 

1.8.98.4, EC: 1.8.98.5 and EC: 1.8.98.6, involved in the core steps of methanogenesis, was significantly 282 

higher (p < 0.05) in the GF group (Fig. 6D). 283 

 284 

Discussion 285 

Methane (CH4) emissions in ruminants mainly result from the fermentation of rumen carbohydrates, which 286 

produce CH4 precursors. The generated CH4 is then released into the environment through breathing, 287 

belching, flatulence, and faeces [3, 21]. As reported in study of Savian et al. [22] and Hammond et al. [23], 288 

the CH4 emissions of grazing or ryegrass feeding sheep (BW, 24.0 and 51.4 kg) ranged from 12.2 to 25.6 289 

g/d, employed the SF6 tracer gas technique and open-circuit respiration chamber, respectively. In 290 

comparison, the 15 hours CH4 emissions (15.26–15.28 g/d) of sheep measured in this experiment using the 291 

homemade monitoring cage were in the range of both, essentially reflecting the actual daytime CH4 292 

emissions of lower BW sheep (15.99–29.32 kg). In terms of daily emissions patterns, previous studies have 293 

shown that peak daily CH4 emissions in sheep typically occured about within two hours after feeding [24–294 

25]. In this study, the HF group exhibited a similar pattern, with peak CH4 emissions occurring two hours 295 
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post-feeding (at 22:00 h). However, this peak was delayed by one hour compared with the GF group, which 296 

reached its peak CH4 emissions at 21:00 h, one hour after feeding. The delayed CH4 emissions peak in the 297 

HF group might be attributed to a shortened rumen retention time, likely owing to increased intake and 298 

reduced particle size. A higher intake of the low-fibre total mixed pellet diet could accelerate the flow rate 299 

through the gastrointestinal tract and consequently limit the time during which CH4 is produced within the 300 

rumen [3, 26]. A reduced opportunity for rumen microorganisms to act on the diet is suggested by the shorter 301 

retention time in the HF group [26]. Consequently, the slower supply of substrates for CH4 metabolism in 302 

the rumen might have contributed to the delayed peak in daily CH4 emissions observed in the HF group. 303 

The production of H2 and CO2 during ruminal fermentation plays a crucial role in rumen CH4 production 304 

[27–28]. Congio et al. [29] suggested that feed intake was the most effective parameter for assessing CH4 305 

emissions. Similarly, Ding et al. [12] found that CH4 emissions per kilogram of DMI were significantly 306 

reduced by 25.53% in yaks fed a mixed diet (60% oat hay + 40% concentrate) indoors compared with those 307 

grazing on alpine meadows dominated by herbage, sedge, and grass. Likewise, da Cunha et al. [30] found 308 

that grazing animals with lower feed intake and poor nutritional quality exhibited higher CH4 emissions per 309 

kilogram of DMI and per gram of weight gain. Consistent with these findings, compared with the GF group, 310 

the HF group, which was fed a low-fibre diet, exhibited significantly lower CH4 emissions per unit of DMI 311 

(by 29.16%), per unit of BW (by 60.82%), and per unit of average daily gain (by 91.84%). The reduction 312 

in CH4 production was attributed to lower rumen microbial diversity in the HF group [31]. The diverse 313 

natural forage species in the GF group promoted the colonisation of various microorganisms. In contrast, 314 

the simpler composition of the low-fibre total mixed pellet diet in the HF group likely reduced rumen 315 

microbial diversity. Similarly, Shabat et al. [31] observed that low-CH4-yield cows had lower microbiota 316 

diversity than high-CH4-yield cows. The rumen microbiomes of low-CH4-yield animals consist of fewer 317 

but more dominant taxa, which participate in a more limited range of metabolic pathways [32]. These 318 

microbiomes generate metabolites that more efficiently align with the energetic requirements of the host 319 

[32]. In summary, a reduction in CH4 emissions is typically associated with lower rumen microbial diversity. 320 

Alternatively, the reduced CH4 yield in the HF group was mainly attributed to the low-fibre total mixed 321 

pellet diet consumed by these sheep. As demonstrated in this study, the NFC content of the HF group’s diet 322 
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was 1.92 times higher than that of the high-fibre natural grass diet grazed by the GF group (46.36% vs. 323 

24.17%). Consequently, the low-fibre total mixed pellet diet not only significantly improved feed intake 324 

and weight gain, but also supplied a substantial amount of fermentation substrate and effectively promoted 325 

the proliferation of Prevotella within the Bacteroidetes phylum. Prevotella rapidly colonised the favourable 326 

ecological niche within the rumen microbiota and enhanced the degradation and utilisation of starch and 327 

plant cell wall polysaccharides. The molar proportion of propionic acid in the rumen of HF group increased 328 

significantly as a result of these effects. Martínez-Álvaro et al. [33] reported that increased propionic acid 329 

production reduced CH4 emissions by competing with methanogenesis for H2 during fermentation. 330 

Furthermore, the abundance of Butyrivibrio was significantly higher in the GF animals, consistent with the 331 

observations of Grilli et al. [34], who also found an increased abundance of Butyrivibrio in high-fibre diets. 332 

Butyrivibrio is recognised as a biomarker of CH4 emissions and plays a crucial role in releasing substrates 333 

that enhance CH4 production [35]. In this trial, the significantly reduced levels of Butyrivibrio in the HF 334 

animals was likely due to the low fibre content of the total mixed pellet diet. Moreover, this reduction 335 

contributed to lower rumen CH4 production in HF sheep. Analysis of the CH4 metabolic pathway in KEGG 336 

indicated that the relative gene abundance of enzymes including EC: 1.8.7.3, EC: 1.8.98.1, EC: 1.8.98.4, 337 

EC: 1.8.98.5 and EC: 1.8.98.6 were significantly reduced in the HF group than the GF animals, which 338 

catalyze the reduction of the heterodisulfide CoM-S-S-CoB and ferredoxin by oxidizing H₂ [36–37]. The 339 

reason for this phenomenon was probably the limited availability of H2, which could constrain the rate of 340 

ruminal methanogenesis under certain conditions [38]. These findings indicated that the HF group provided 341 

much less substrate H2 than the GF group, which resulted in lower CH4 yields. Therefore, the rumen 342 

microbial H2 metabolism process was more efficient in the HF group than the methanogenic process. 343 

Overall, these results confirmed that a low-fibre total mixed pellet diet was beneficial for reducing CH4 344 

emissions from ruminants. 345 

Ruminococcus is a primary cellulolytic bacterium that produces substrates for CH4 synthesis and 346 

promotes ruminal CH4 production [6]. Theoretically, a higher dietary fibre content should lead to greater 347 

Ruminococcus proliferation. However, in this trial, a higher abundance of Ruminococcus was observed in 348 

the HF group despite lower CH4 production. This outcome was likely due to the high-quality total mixed 349 
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pellet diet in the HF group, which stimulated Ruminococcus proliferation. Nonetheless, both the findings 350 

of this trial and those of Girija et al. [39] indicated that Ruminococcus accounted for only a small proportion 351 

(0.89%–3.33%) of the rumen microbiota. Hence, the fermentation rate of Ruminococcus on the substrate 352 

was much lower than the utilisation rate of the highly abundant Prevotella. Aguilar-Marin et al. [40] also 353 

observed a higher abundance of Ruminococcus in low-CH4-emitting buffaloes compared with high-CH4-354 

emitting buffaloes, which may indicate a microbiome with a higher fermentative capacity. Further analysis 355 

of the KEGG CH4 metabolic pathway (Fig. 6C) revealed a significantly higher gene abundance of phosphate 356 

acetyltransferase (EC:2.3.1.8), which catalysed the conversion of acetylphosphate to acetyl-CoA in the 357 

acetate methanogenesis pathway, in the HF group. This finding aligned with Wallace et al. [41], who 358 

reported that the gene abundance of EC:2.3.1.8 was higher in low-CH4-emitting cattle than in high-CH4-359 

emitting cattle. This finding thus suggested that EC:2.3.1.8 might contribute to lower CH4 emissions in 360 

ruminants. In addition, the low proportion of Ruminococcus in the rumen appeared to have minimal impact 361 

on CH4 emissions. 362 

Methanogens are the sole known producers of CH4 in the rumen and convert H2, CO2, acetic acid, and 363 

other compounds into CH4 [6]. Methanobrevibacter, the most dominant methanogen, is associated with the 364 

hydrogenotrophic methanogenesis pathway [42]. The increased abundance of Methanobrevibacter, 365 

particularly Methanobrevibacter millerae, and the relative gene abundance of key enzymes involved in the 366 

hydrogenotrophic pathway have been associated with enhanced CH4 production [43–44]. In this study, daily 367 

CH4 emissions (g/d) were slightly higher in the HF sheep than in the GF sheep, although the difference was 368 

not statistically significant. This trend was aligned with higher abundances of Methanobrevibacter, 369 

particularly Methanobrevibacter millerae, and the relative gene abundance of key enzymes involved in the 370 

hydrogenotrophic pathway, likely owing to the HF sheep consuming a high-quality total mixed pellet diet 371 

that provided sufficient nutrients. Compared with the grazing group, the drylot group exhibited higher 372 

counts of Methanobrevibacter and relative gene abundance of key enzymes involved in the 373 

hydrogenotrophic pathway in the rumen. This finding was consistent with the findings of Zhang et al. [45], 374 

who conducted a feeding trial using the same experimental design at a similar location (Nima, Tibet, China; 375 

altitude > 4800 m) and during the same season (spring) as this study. Zhang et al. attributed this difference 376 
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to the considerably higher concentration of fermentable carbohydrates in the drylot diet. In contrast, grazing 377 

goats were provided with a comparatively lower energy-density diet when raised in extreme alpine 378 

environments. Although Methanobrevibacter abundance was higher, CH4 production efficiency may have 379 

been limited by the availability of H₂. As previously discussed, the HF group provided less substrate H2 380 

than the GF group, which led to a significantly lower CH4 yield (g/kg dry matter intake), as well as reduced 381 

CH4 emissions per kilogram of BW and per gram of ADG. These findings indicated that CH4 yield was not 382 

only dependent on methanogens but was also closely related to the availability of substrate H2. 383 

In this trial, the abundance of unclassified_f_Candidatus Methanomethylophilaceae decreased by 89.63% 384 

in the HF sheep compared with the GF group. Correspondingly, the relative gene abundance of enzymes 385 

involved in the methylotrophic pathway was significantly lower in the HF group, which suggested that 386 

methylotrophic methanogenesis was less active and not favourable for CH4 production. In summary, a 387 

reduction in the gene abundance of enzymes in the methylotrophic methanogenesis pathway could 388 

contribute to decreased CH4 production. 389 

 390 

Conclusion 391 

In conclusion, this study demonstrated that a low-fibre total mixed pellet diet effectively reduced ruminal 392 

CH4 production through microbial modulation. This diet improved feed intake and growth performance of 393 

Tibetan sheep and increased the relative abundance of Prevotella, while inhibiting the proliferation of 394 

Butyrivibrio, unclassified_f_Candidatus Methanomethylophilaceae and decreasing the relative abundance 395 

of key methanogenic enzymes, including EC: 2.1.1.90, EC: 2.1.1.246, EC: 2.1.1.247, EC: 2.1.1.248, EC: 396 

1.8.7.3, EC: 1.8.98.1, EC: 1.8.98.4, EC: 1.8.98.5 and EC: 1.8.98.6, thereby inhibiting the methanogenic 397 

pathway and ultimately reducing CH4 production per unit of feed intake and per unit of weight gain. The 398 

results are beneficial for the sustainable development of green and low-carbon livestock production on the 399 

Qinghai-Tibetan Plateau. 400 

 401 

 402 

ACCEPTED



18 

 

Acknowledgements 403 

This work was funded by the Key Project of “Development of Mongolia Through Science and Technology” 404 

Action (grant No. NMKJXM202401-05), the Science and Technology Project of Tibet Autonomous Region 405 

(no grant number), and the Climate Smart Management of Grassland Ecosystems Project (grant No. CSMG-406 

C-18). The authors thank the staff of the sheep farm in Gangba County for their help with animal 407 

experiments. 408 

  409 

ACCEPTED



19 

 

References 410 

1. IPCC [Intergovernmental Panel on Climate Change]. Climate change 2014: synthesis report. 411 
Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental 412 
Panel on Climate Change. New York, NY: Cambridge University Press; 2014. 413 

2. Zhong ZP, Du J, Köstlbacher S, Pjevac P, Orlić S, Sullivan MB. Viral potential to modulate microbial 414 
methane metabolism varies by habitat. Nat Commun. 2024;15:1857. https://doi.org/10.1038/s41467-415 
024-46109-x. 416 

3. McAllister TA, Meale SJ, Valle E, Guan LL, Zhou M, Kelly WJ, et al. Ruminant nutrition symposium: 417 
use of genomics and transcriptomics to identify strategies to lower ruminal methanogenesis. J Anim 418 
Sci. 2015;93:1431-49. https://doi.org/10.2527/jas.2014-8329. 419 

4. Johnson KA, Johnson DE. Methane emissions from cattle. J Anim Sci. 1995;73:2483–92. 420 
https://doi.org/10.2527/1995.7382483x. 421 

5. National Bureau of Statistics of China. China Statistical Yearbook. Beijing, China: China Statistics 422 
Press; 2024. p. 388. 423 

6. Feng YL. Ruminant nutrition. 1st ed. Beijing, China: Science Press; 2004. 424 

7. China National Commission of Animal Genetic Resources. Animal genetic resources in China (sheep 425 
and goats). Beijing: China Agriculture Press; 2011. p. 1–5. 426 

8. Jin YM, Zhang XQ, Badgery WB, Li P, Wu JX. Effects of winter and spring housing on growth 427 
performance and blood metabolites of Pengbo semi-wool sheep in Tibet. Asian-Australas J Anim Sci. 428 
2019;32:1630-1639. https://doi.org//doi.org/10.5713/ajas.18.0966. 429 

9. Dung DV, Phung LD, Roubík H. Performance and estimation of enteric methane emission from 430 
fattening Vietnamese yellow cattle fed different crude protein and concentrate levels in the diet. Adv 431 
Anim Vet. Sci 2019;7:962–8. https://doi.org/10.17582/journal.aavs/2019/7.11.962.968. 432 

10. Wang W, Wei Z, Li Z, Ren J, Song Y, Xu J, et al. Integrating genome- and transcriptome-wide 433 
association studies to uncover the host-microbiome interactions in bovine rumen methanogenesis. 434 
Imeta. 2024;3:e234. https://doi.org/10.1002/imt2.234. 435 

11. Santander D, Clariget J, Banchero G, Alecrim F, Simon Zinno C, Mariotta J, et al. Beef steers and 436 
enteric methane: reducing emissions by managing forage diet fiber content. Animals. 2023;13:1177. 437 
https://doi.org/10.3390/ani13071177. 438 

12. Ding XZ, Long RJ, Kreuzer M, Mi JD, Yang B. Methane emissions from yak (Bos grunniens) steers 439 

ACCEPTED

https://doi.org/10.1038/s41467-024-46109-x
https://doi.org/10.1038/s41467-024-46109-x
https://doi.org/10.17582/journal.aavs/2019/7.11.962.968


20 

 

grazing or kept indoors and fed diets with varying forage: concentrate ratio during the cold season on 440 
the Qinghai-Tibetan Plateau. Anim Feed Sci Technol. 2010;162:91–8. 441 
https://doi.org/10.1016/j.anifeedsci.2010.09.007. 442 

13. MOA [Ministry of Agriculture of the People's Republic of China]. Feeding Standard of Meat-443 
producing Sheep and Goats (NY/T816–2004). Beijing, China: China Agriculture Press; 2004. 444 

14. Zhang XQ, Luo HL, Hou XY, Badgery WB, Zhang YJ, Jiang C. Effect of restricted time at pasture 445 
and indoor supplementation on ingestive behaviour, dry matter intake and weight gain of growing 446 
lambs. Livest Sci. 2014;167:137–43. https://doi.org/10.1016/j.livsci.2014.06.001. 447 

15. Zhao QS, Hou XY, Xia M, Duan JJ, Narisu, Wang H, et al. A method to monitor methane emission 448 
concentrations. 2016. CN103412089B. 449 

16. Chen S, Zhou Y, Chen Y, et al. Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics. 450 
2018;34:i884–90. https://doi.org/10.1093/bioinformatics/bty560. 451 

17. Li D, Liu CM, Luo R, Sadakane K, Lam TW. MEGAHIT: an ultra-fast single-node solution for large 452 
and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics. 2015;31:1674–6. 453 
https://doi.org/10.1093/bioinformatics/btv033. 454 

18. Hyatt D, Chen G L, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: prokaryotic gene 455 
recognition and translation initiation site identification. BMC Bioinformatics. 2010;11:119. 456 
https://doi.org/10.1186/1471-2105-11-119. 457 

19. Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-generation sequencing 458 
data. Bioinformatics. 2012;28:3150–2. https://doi.org/10.1093/bioinformatics/bts565. 459 

20. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using DIAMOND. Nat Methods. 460 
2015;12:59–60. https://doi.org/10.1038/nmeth.3176. 461 

21. Broucek J. Production of methane emissions from ruminant husbandry: a review. J Environ Prot. 462 
2014;5:1482–93. https://doi.org/10.4236/jep.2014.515141. 463 

22. Savian JV, Schons RM, Marchi DE, Freitas TS, Neto GL, Mezzalira JC, et al. Rotatinuous stocking: a 464 
grazing management innovation that has high potential to mitigate methane emissions by sheep[J]. J 465 
Cleaner Prod. 2018;186:602–608. https://doi.org/10.1016/j.jclepro.2018.03.162. 466 

23. Hammond K J, Burke J L, Koolaard J P, Muetzel S, Pinares-Patiño CS, Waghorn GC. Effects of feed 467 
intake on enteric methane emissions from sheep fed fresh white clover (Trifolium repens) and 468 
perennial ryegrass (Lolium perenne) forages[J]. Anim Feed Sci Technol. 2013;179(1):121–132. 469 
https://doi.org/10.1016/j.anifeedsci.2012.11.004. 470 

ACCEPTED

https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.4236/jep.2014.515141
https://doi.org/10.1016/j.jclepro.2018.03.162


21 

 

24. Mathers JC, Walters DE. Variation in methane production by sheep fed every two hours. J Agric Sci. 471 
1982;98:633–8. https://doi.org/10.1017/S0021859600054435. 472 

25. Wang M, Wang R, Sun X, Chen L, Tang S, Zhou C, et al. A mathematical model to describe the diurnal 473 
pattern of enteric methane emissions from non-lactating dairy cows post-feeding. Anim Nutr. 474 
2015;1:329–338. https://doi.org/10.1016/j.aninu.2015.11.009. 475 

26. Kumar S, Puniya AK, Puniya M, Dagar SS, Sirohi SK, Singh K, et al. Factors affecting rumen 476 
methanogens and methane mitigation strategies. World J Microbiol Biotechnol. 2009;25:1557–66. 477 
https://doi.org/10.1007/s11274-009-0041-3. 478 

27. Hook SE, Wright AD, McBride BW. Methanogens: methane producers of the rumen and mitigation 479 
strategies. Archaea 2010;2010:945785. https://doi.org/10.1155/2010/945785. 480 

28. Hungate RE, Smith W, Bauchop T, Yu I, Rabinowitz JC. Formate as an intermediate in the bovine 481 
rumen fermentation. J Bacteriol. 1970;102:389–97. https://doi.org/10.1128/jb.102.2.389-397.1970. 482 

29. Congio GF de S, Bannink A, Mayorga Mogollón OL, Latin America Methane Project Collaborators. 483 
Enteric methane mitigation strategies for ruminant livestock systems in the Latin America and 484 
Caribbean region: a meta-analysis. J Clean Prod. 2021;312:127693. 485 
https://doi.org/10.1016/j.jclepro.2021.127693. 486 

30. da Cunha LL, Bremm C, Savian JV, Zubieta ÁS, Rossetto J, de Faccio Carvalho PC. Relevance of 487 
sward structure and forage nutrient contents in explaining methane emissions from grazing beef cattle 488 
and sheep. Sci Total Environ. 2023;869:161695. https://doi.org/10.1016/j.scitotenv.2023.161695. 489 

31. Shabat SK, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg Miller ME, et al. Specific 490 
microbiome-dependent mechanisms underlie the energy harvest efficiency of ruminants. ISME J. 491 
2016;10:2958–72. https://doi.org/10.1038/ismej.2016.62. 492 

32. Gleason CB, Settlage RE, Beckett LM, White RR. Characterizing effects of ingredients differing in 493 
ruminally degradable protein and fiber supplies on the ovine rumen microbiome using next-generation 494 
sequencing. Front Anim Sci. 2021;2:745848. https://doi.org/10.3389/fanim.2021.745848. 495 

33. Martínez-Álvaro M, Auffret MD, Duthie CA, Dewhurst RJ, Cleveland MA, Watson M, et al. Bovine 496 
host genome acts on rumen microbiome function linked to methane emissions. Commun Biol. 497 
2022;5:350. https://doi.org/10.1038/s42003-022-03293-0. 498 

34. Grilli DJ, Fliegerová K, Kopečný J, Lama SP, Egea V, Sohaefer N, et al. Analysis of the rumen bacterial 499 
diversity of goats during the shift from forage to concentrate diet. Anaerobe. 2016;42:17–26. 500 
https://doi.org/10.1016/j.anaerobe.2016.07.002. 501 

35. Martínez-Álvaro M, Auffret MD, Stewart RD, Dewhurst RJ, Duthie CA, Rooke JA, et al. Identification 502 

ACCEPTED

https://doi.org/10.1017/S0021859600054435
https://doi.org/10.1016/j.aninu.2015.11.009
https://doi.org/10.1016/j.scitotenv.2023.161695
https://doi.org/10.1038/ismej.2016.62
https://doi.org/10.1038/s42003-022-03293-0


22 

 

of complex rumen microbiome interaction within diverse functional niches as mechanisms affecting 503 
the variation of methane emissions in bovine. Front Microbiol. 2020;11:659. 504 
https://doi.org/10.3389/fmicb.2020.00659. 505 

36. Bobik TA, Olson KD, Noll KM, Wolfe RS. Evidence that the heterodisulfide of coenzyme M and 7-506 
mercaptoheptanoylthreonine phosphate is a product of the methylreductase reaction in 507 
Methanobacterium. Biochem Biophys Res Commun. 1987;149(2):455–60. 508 
https://doi.org/10.1016/0006-291x(87)90389-5. 509 

37. Buan NR, Metcalf WW. Methanogenesis by Methanosarcina acetivorans involves two structurally and 510 
functionally distinct classes of heterodisulfide reductase. Mol Microbiol. 2010;75(4):843-53. 511 
https://doi.org/10.1111/j.1365-2958.2009.06990.x. 512 

38. Janssen PH. Influence of hydrogen on rumen methane formation and fermentation balances through 513 
microbial growth kinetics and fermentation thermodynamics. Anim Feed Sci Technol. 2010;160:1–22. 514 
https://doi.org/10.1016/j.anifeedsci.2010.07.002. 515 

39. Girija D, Deepa K, Xavier F, Irin A, Shidhi PR. Analysis of cow dung microbiota-a metagenomic 516 
approach. Indian J Biotechnol. 2013;12:372–78. https://api.semanticscholar.org/CorpusID:53407745. 517 

40. Aguilar-Marin SB, Betancur-Murillo CL, Isaza GA, Mesa H, Jovel J. Lower methane emissions were 518 
associated with higher abundance of ruminal Prevotella in a cohort of Colombian buffalos. BMC 519 
Microbiol. 2020;20:364. https://doi.org/10.1186/s12866-020-02037-6. 520 

41. Wallace RJ, Rooke JA, McKain N, Duthie CA, Hyslop JJ, Ross DW, et al. The rumen microbial 521 
metagenome associated with high methane production in cattle. BMC Genomics. 2015;16:839. 522 
https://doi.org/10.1186/s12864-015-2032-0. 523 

42. Henderson G, Cox F, Ganesh S, Jonker A, Young W, Global Rumen Census Collaborators, et al. 524 
Rumen microbial community composition varies with diet and host, but a core microbiome is found 525 
across a wide geographical range. Sci Rep. 2015;5:14567. https://doi.org/10.1038/srep14567. 526 

43. Smith PE, Kelly AK, Kenny DA, Waters SM. Differences in the composition of the rumen microbiota 527 
of finishing beef cattle divergently ranked for residual methane emissions. Front Microbiol. 528 
2022;13:855565. https://doi/10.3389/fmicb.2022.855565. 529 

44. Yang Z, Zheng Y, Liu S, Xie T, Wang Q, Wang Z, et al. Rumen metagenome reveals the mechanism 530 
of mitigation methane emissions by unsaturated fatty acid while maintaining the performance of dairy 531 
cows. Anim Nutr. 2024;18:296–308. https://doi.org/10.1016/j.aninu.2024.06.003. 532 

45. Zhang K, He C, Xu Y, Zhang C, Li C, Jing X, et al. Taxonomic and functional adaption of the 533 
gastrointestinal microbiome of goats kept at high altitude (4800 m) under intensive or extensive rearing 534 
conditions. FEMS Microbiol Ecol. 2021;97:fiab009. https://doi.org/10.1093/femsec/fiab009.  535 

ACCEPTED

https://doi.org/10.3389/fmicb.2020.00659
https://doi.org/10.1111/j.1365-2958.2009.06990.x
https://doi.org/10.1016/j.anifeedsci.2010.07.002
https://api.semanticscholar.org/CorpusID:53407745
https://doi.org/10.1073/pnas.1815631116
https://doi.org/10.1186/s12864-015-2032-0


23 

 

Tables and Figures 536 

 537 

Fig. 1. Dynamic changes in CH4 emissions from the GF and HF groups sheep. GF, natural grazing; HF, 538 

house feeding.  539 
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 540 

Fig. 2. CH4 yield of the GF and HF groups sheep. (A) Daily CH4 emissions (g/d). (B) CH4 yield (g/kg dry 541 

matter intake). (C) CH4 emissions per kilogram of body weight (g/kg BW). (D) CH4 emissions per gram of 542 

average daily gain (g/g ADG). GF, natural grazing; HF, house feeding. nsp > 0.05, *p < 0.05, **p < 0.01.  543 
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 544 

Fig. 3. Diversity of rumen microorganisms of the GF and HF groups sheep. (A) The alpha diversity of the 545 

Ace index of rumen microorganisms. (B) The alpha diversity of the Chao1 of rumen microorganisms. (C) 546 

The alpha diversity of the Shannon index of rumen microorganisms. (D) The alpha diversity of the Simpson 547 

index of rumen microorganisms. (E) Principal co-ordinates analysis (PCoA) score plot of rumen 548 

microorganisms. GF, natural grazing; HF, house feeding. nsp > 0.05, *p < 0.05, **p < 0.01.  549 

ACCEPTED



26 

 

 550 

Fig. 4. Composition and differential of rumen bacteria between the GF and HF groups sheep. (A) Relative 551 

abundances of rumen bacteria at the phylum level. (B) The differences in relative abundance of dominant 552 

bacteria at the phylum level were assessed by the Wilcoxon rank-sum test. (C) Relative abundances of 553 

microbiota communities at the genus level. (D) The differences in relative abundance of dominant bacteria 554 

at the genus level were assessed by the Wilcoxon rank-sum test. (E) Significantly different bacterial. GF, 555 

natural grazing; HF, house feeding. *p < 0.05, **p < 0.01.  556 
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 557 

Fig. 5. Composition and differential of rumen archaea between the GF and HF groups sheep. (A) Relative 558 

abundances of rumen bacteria at the phylum level. (B) The differences in relative abundance of dominant 559 

bacteria at the phylum level were assessed by the Wilcoxon rank-sum test. (C) Relative abundances of 560 

microbiota communities at the genus level. (D) The differences in relative abundance of dominant bacteria 561 

at the genus level were assessed by the Wilcoxon rank-sum test. (E) Relative abundances of microbiota 562 

communities at the species level. (F) The differences in relative abundance of dominant bacteria at the 563 

species level were assessed by the Wilcoxon rank-sum test. (G) Significantly different bacterial. GF, natural 564 

grazing; HF, house feeding. *p < 0.05, **p < 0.01.565 
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 566 
Fig. 6. The methanogenesis pathways and relative gene abundances of related enzymes between the GF 567 

and HF groups. (A) Hydrogenotrophic methanogenesis pathway (KEGG pathway entry MD: M00567). (B) 568 

Methylotrophic methanogenesis pathway (KEGG pathway entry MD: M00356 and M00563). (C) 569 

Acetoclastic methanogenesis pathway (KEGG pathway entry MD: M00357). (D) Core steps in the 570 

methanogenesis pathway. KEGG, Kyoto Encyclopaedia of Genes and Genomes; THMPT, 571 

tetrahydromethanopterin; EC: 2.3.1.101, formylmethanofuran-tetrahydromethanopterin N-572 

formyltransferase; EC:3.5.4.27, methenyltetrahydromethanopterin cyclohydrolase; EC:2.1.1.246, 573 

coenzyme M methyltransferase; EC:2.1.1.90, methanol-5-hydroxybenzimidazolylcobamide Co-574 

methyltransferase; EC:2.1.1.247 coenzyme M methyltransferase; EC:2.1.1.250, trimethylamine-corrinoid 575 

protein Co-methyltransferase; EC:2.1.1.248, methylamine-corrinoid protein Co-methyltransferase; 576 

EC:2.3.1.8, phosphate acetyltransferase; EC: 1.8.7.3, CoB, CoM: ferredoxin oxidoreductase; EC: 1.8.98.1, 577 

coenzyme B: coenzyme M: methanophenazine oxidoreductase; EC: 1.8.98.4, CoB, CoM, 578 

ferredoxin:coenzyme F420 oxidoreductase; EC: 1.8.98.5, CoB, CoM, ferredoxin: H2 oxidoreductase; EC: 579 

1.8.98.6, coenzyme B, coenzyme M, ferredoxin:formate oxidoreductase. GF, natural grazing; HF, house 580 

feeding. The Wilcoxon rank-sum test tested the significance of the relative gene abundances of enzymes, 581 

*p < 0.05, **p < 0.01.  582 
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Table 1. Ingredients and nutrient composition of natural mixed forage and low-fibre total mixed pellet diet 583 

(dry matter [DM] basis) 584 

Item 
Groups 

Natural mixed forage3 low-fibre total mixed pellet diet 

Ingredients (%)   

Oat green hay - 52.00 

Corn - 28.00 

Soybean meal - 13.00 

Wheat bran - 5.00 

Limestone powder - 0.50 

Premix1 - 1.00 

NaCl - 0.50 

Total - 100.00 

Nutrient levels   

Digested energy (MJ/kg) - 12.69 

CP (%) 21.73 13.34 

EE (%) 3.13 3.24 

NDF (%) 42.53 38.64 

ADF (%) 25.06 21.53 

Ash (%) 8.44 8.42 

NFC2 (%) 24.17 46.36 

1)The premix provides per kilogram of diet: 940 IU vitamin A, 20 IU vitamin E, 200 mg S, 25 mg Fe, 40 585 

mg Zn, 8 mg Cu, 0.3 mg I, 40 mg Mn, 0.2 mg Se, 0.1 mg Co. 586 

2)NFC (%) = 100 - (CP + EE + NDF + ash), while other nutrient levels were measured values. 587 

3)Natural mixed forage was collected in June. 588 

GF, natural grazing; HF, house feeding; CP, crude protein; EE, ether extract; NDF, neutral detergent fibre; 589 

ADF, acid detergent fibre; Ash, crude ash; NFC, non-fibre carbohydrate. 590 

  591 
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Table 2. Feed intake and growth performance of sheep in the GF and HF groups sheep 592 

Item 

Groups 

SEM p-value 

GF HF 

Dry matter intake (kg/d) 0.68b 1.03a 0.066 0.006 

Body weight (kg) 15.99b 29.32a 1.811 < 0.001 

Average daily gain (g/d) 19.01b 204.21a 24.672 < 0.001 

a,b Within the same row, values with different small letter superscripts mean significant difference (p < 593 

0.05), while with the same or no letter superscripts mean no significant difference (p > 0.05). 594 

GF, natural grazing; HF, house feeding.  595 
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Table 3. Rumen fermentation parameters in GF and HF groups sheep 596 

Item 

Groups 

SEM p-value 

GF HF 

TVFA (mmol/L) 36.12b 57.93a 4.94 < 0.001 

Acetic acid (%) 73.55a 67.04b 1.74 0.039 

Propionic acid (%) 17.58b 22.25a 1.09 0.003 

Acetic acid/ Propionic acid 4.19a 3.02b 0.27 0.002 

Butyric acid (%) 4.58 4.34 0.25 0.679 

Valeric acid (%) 0.63 0.79 0.06 0.250 

a,b Within the same row, values with different small letter superscripts mean significant difference (p < 597 

0.05), while with the same or no letter superscripts mean no significant difference (p > 0.05). 598 

GF, natural grazing; HF, house feeding; SEM, standard error of the mean; TVFA, total volatile fatty acids. 599 
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