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Abstract 8 
Distiller’s dried grains with solubles (DDGS), a by-product typically used in cattle diets as a protein source, is a 9 

promising feed ingredient for CH4 mitigation because of its high ether extract level. This study investigated how 10 

increasing levels of crude protein (CP) adjusted by DDGS affect rumen microbiota in relation to CH4 mitigation and 11 

animal productivity. A total of 24 Hanwoo steers in the early fattening period (16 months old, 504 ± 33.0 kg) were 12 

studied over 16 weeks, including a 2-week adaptation period. Tall fescue hay and four concentrate mixes were used 13 

as experimental diets: 15% CP in dry matter (DM) (low CP [LCP]), 18% CP (lower middle CP [LMCP]), 19% CP 14 

(higher middle CP [HMCP]), and 21% CP (high CP [HCP]). The rumen microbiota was analyzed using full-length 15 

16S rRNA sequencing. Dietary CP levels did not significantly alter alpha diversity, whereas beta diversity, based on 16 

the weighted UniFrac distance, showed clear separation between the LCP and HCP groups. Among the major taxa, 17 

18 bacterial taxa were differentially abundant among the treatments, and 22 showed linear associations with dietary 18 

CP levels. Notably, Selenomonas dextrinosolvens, the unclassified species Gammaproteobacteria, Ruminobacter 19 

amylophilus, and Lentimicrobium saccharophilum exhibited a negative linear association with dietary CP levels, 20 

whereas the unclassified species Bacteroidales and Eubacterium ventriosum showed a positive linear association. 21 

The predicted KEGG modules related to amino acid biosynthesis were enriched in LCP compared to HCP and were 22 

negatively associated with increasing CP levels. The unclassified species Gammaproteobacteria and L. 23 

saccharophilum were negatively correlated with one or more CH4 measurements. Dietary CP levels adjusted by 24 

DDGS supplementation influenced shifts in rumen bacterial composition and had functional implications in Hanwoo 25 

steers during the early fattening period. Specifically, certain bacterial taxa related to lipid metabolism and predicted 26 

metabolic functions related to amino acid biosynthesis were linearly associated with dietary CP levels as adjusted by 27 

DDGS. This study provides a valuable insight into how dietary CP levels adjusted by DDGS shape rumen microbial 28 

communities and their predicted functional profiles, with potential implications for optimizing CP utilization in 29 

Hanwoo steers. 30 

Keywords: Crude protein; DDGS; Rumen microbiota; Methane mitigation; Animal productivity, Hanwoo steer 31 
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Introduction 32 

Hanwoo is a native breed of Korean cattle renowned for its superior meat quality, particularly marbling (1). To 33 

produce high-quality meat, the Hanwoo beef industry generally utilizes long-term fattening periods, which can be 34 

divided into two periods: an early fattening period (at 13–21 months of age) and a late fattening period (at 22–29 35 

months of age) (2). The emerging focus on shortening the fattening period is driven by several factors, including 36 

reduction in GHG emissions, lower production costs, and shifts in consumption trends (3). The early fattening 37 

period is a crucial stage marked by significant muscle development and a notable increase in the average daily gain 38 

(ADG) (2). Several studies have reported improvements in growth performance with a high-crude protein (CP) diet. 39 

Xia, Rahman (4) reported a significant positive effect on ADG and gain-to-feed ratio in Holstein bulls. In addition, 40 

Jeong, Seong (5) reported improved ADG and carcass quality grade in late-fattening Hanwoo steers fed high levels 41 

of CP. 42 

Enteric methane (CH4) emissions from ruminants represent both an environmental concern and a loss of feed 43 

energy, thereby reducing production efficiency in cattle (6-8). Consequently, dietary strategies have been explored 44 

to mitigate CH4 emissions while improving animal performance. Among these, distiller’s dried grains with solubles 45 

(DDGS), a by-product of the bioethanol industry, have gained attention due to their high level of CP content (an 46 

average of 30%) and ether extract (EE) content (7–17%), which may influence rumen fermentation and microbial 47 

composition (9-12). Several previous studies have evaluated the potential CH4 mitigation potential of including 48 

DDGS at up to 40% DDGS in ruminant rations and consistently reported a reduction in CH4 production (13-16). 49 

Taken together, these findings suggest that supplementation of ruminant rations with DDGS is a promising strategy 50 

for CH4 mitigation in animal husbandry. 51 

The rumen is an extremely anaerobic environment in which digestion and fermentation of ingested feed occur and 52 

are orchestrated by diverse rumen microbiota. Dietary changes can alter rumen microbiota and fermentation patterns 53 

(17, 18). Therefore, the investigation of shifts in rumen microbiota using high-throughput sequencing techniques 54 

plays a pivotal role in linking our understanding of the relationship between dietary alterations and growth 55 

performance. Although there is substantial evidence supporting the reduction of CH4 through the inclusion of DDGS 56 

in ruminant diets, there remains a scarcity of data regarding the influence of DDGS and elevated dietary protein 57 

levels on CH4 production and the composition of rumen microbiota. 58 
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A previous feeding trial showed that increasing dietary CP levels through DDGS supplementation improved ADG 59 

and reduced CH4 yield (ppm/kg of dry matter intake [DMI]) and CH4 intensity (ppm/kg of ADG)  during the early 60 

fattening period in Hanwoo steers (19). Based on these findings, we hypothesized that increasing CP levels adjusted 61 

by DDGS would alter rumen microbial composition and associated metabolic functions, potentially contributing to 62 

the observed changes in CH4 and ADG. Therefore, the objective of this study was to evaluate the effects of 63 

increasing dietary CP levels in the concentrate mix on rumen microbiota and their predicted functional profiles using 64 

full-length 16S rRNA sequencing. 65 

 66 
 67 

Materials and Methods 68 

Animals, diets, and procedures 69 

The use of animals and protocols for this experiment were reviewed and approved by the Chungnam National 70 

University Animal Research Ethics Committee (202103A-CNU-027). The feeding trial was conducted at the Center 71 

for Animal Science Research, Chungnam National University, Korea, and detailed information regarding animal 72 

management, chemical analysis of feed ingredients, and details of sample collection have been reported previously 73 

(19). Briefly, 24 Hanwoo steers in the early fattening period (16 months old, 504 ± 33.0 kg of BW) were used in this 74 

experiment. Steers were grouped according to their initial BW and breeding values for carcass weight and arranged 75 

in a completely randomized block design (20). The feeding experiment lasted for 16 weeks, including a 2-week 76 

adaptation period. Tall fescue hay and four concentrate mixes were used as the experimental diets. The experimental 77 

concentrate mixes comprised four different levels of CP: 15% CP of dry matter (DM) (low CP [LCP]), 18% CP of 78 

DM (lower middle CP [LMCP]), 19% CP of DM (higher middle CP [HMCP]), and 21% CP of DM (high CP 79 

[HCP]). Diets were formulated to meet nutrient requirements according to Korean feeding standards for Hanwoo 80 

steers during the early fattening period (2). The CP content was adjusted primarily through DDGS supplementation, 81 

which inherently alters both protein and lipid content. To minimize differences in dietary lipid levels, hydrogenated 82 

fat was added to the formulations, resulting in comparable EE content across experimental concentrate mixes. The 83 

diet formulation and estimated chemical composition of the experimental diets are presented in Table 1 and 84 

Supplemental Table 1, respectively. All Hanwoo steers were fed concentrate diets twice daily at 08:00 and 18:00, 85 

while forage and drinking water were provided ad libitum throughout the experiment.  86 

 87 

Collection of rumen fluid and DNA extraction 88 
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Rumen fluid was collected three times on three consecutive days (day 1, 14:00; day 2, 11:00; and day 3, 07:00) 89 

using an oral stomach tube (21). Briefly, the initially obtained rumen fluid (approximately 200 mL) was discarded, 90 

and 500 mL of rumen fluid was collected. The collected rumen fluid was transferred to the laboratory for further 91 

analysis. Following this, the rumen fluid (2 mL) was centrifuged at 20,000 × g for 20 min at 4°C, and the remaining 92 

pellet was stored at -80°C until DNA extraction. Microbial genomic DNA was extracted according to the 93 

manufacturer’s protocol (QIAamp Fast DNA Stool Kit, Hilden, Germany), with a bead-beating step (22). Briefly, 94 

the ruminal pellet was mixed with 1 mL of InhibitEX buffer and sterile zirconia beads (0.3 g of 0.1 mm and 0.1 g of 95 

0.5 mm). The mixture was then homogenized for 20 min using a Vortex-Genie 2 homogenizer (Scientific Industries 96 

Inc., Hohemia, NY, USA). The samples were heated at 70 ℃ for 5 minutes and subsequently at 95 ℃ for 5 min. 97 

The remaining steps were performed according to the manufacturer’s recommendations. After DNA extraction, 98 

quantity and quality were measured using a NanoDrop (ND-200, Allsheng, Hangzhou, China). The purified DNA 99 

was stored at -20 °C until 16S rRNA gene sequencing.  100 

 101 

Full-length 16S rRNA gene sequencing 102 

Sequencing libraries were prepared following the PacBio amplicon template preparation and sequencing protocols 103 

to amplify the region between 27F and 1492R within the 16S rRNA gene, using a primer pair with symmetric 104 

barcoded adapters (27F: 5´-AGRGTTYGATYMTGGCTCAG-3´ and 1492R: 5´-RGYTACCTTGTTACGACTT-3´) 105 

(23, 24). The first amplification was carried out with an initial denaturation at 94 °C for 5 min, followed by 35 106 

cycles consisting of denaturation at 94 °C for 30 s, annealing at 53 °C for 30 s, and extension at 72 °C for 90 s, 107 

concluding with a final elongation at 72 °C for 5 min. The resulting amplicons were purified using AMPure beads 108 

(Agencourt Bioscience, Beverly, MA, USA). DNA concentration was measured using Quant-IT PicoGreen 109 

(Invitrogen), and its quality was evaluated with a TapeStation D5000 Screen Tape (Agilent Technologies, 110 

Waldbronn, Germany). For PacBio Sequel library preparation, pooled amplicon DNA (500 ng) was used. Library 111 

preparation was performed using a PacBio SMRTbell Expert Template Prep Kit 2.0 (Pacific Biosciences, Menlo 112 

Park, CA, USA). SMRTbell templates were annealed using Sequel II Bind Kit 2.1 (Pacific Biosciences, Menlo Park, 113 

CA, USA). The Sequel II Sequencing Kit 2.0 (Pacific Biosciences, Menlo Park, CA, USA) and SMRT cells 8M 114 

Tray (Pacific Biosciences, Menlo Park, CA, USA) were used for sequencing. The data per sample were captured for 115 

each SMRT cell with a 10 h movie time on the PacBio Sequel sequencing platform by Macrogen (Seoul, Korea). 116 

ACCEPTED



 7 

The following procedures adhered to the PacBio Sample Net-Shared Protocol, which can be accessed at 117 

http://pacificbiosciences.com/. 118 

 119 

Metataxonomic analysis of rumen microbiota 120 

Barcode sequences were trimmed using Cutadapt (Version 4.1) (25). A general metataxonomic analysis was 121 

performed based on Quantitative Insights into Microbial Ecology 2 (QIIME2, Version 2024.2) (26). Briefly, the 122 

divisive amplicon denoising algorithm 2 (DADA2) plugin was used to remove primer sequences, denoise low-123 

quality reads (Q score < 25), and eliminate chimeric sequences (Supplemental Table 2). Amplicon sequence variants 124 

(ASVs) were taxonomically classified based on the National Center for Biotechnology Information (NCBI) 16S 125 

rRNA gene database, which was constructed following the RESCRIPt protocol (27). Alpha diversity, including the 126 

Chao1 estimate, observed ASVs, Faith’s phylogenetic diversity, evenness, and Shannon and Simpson indices, was 127 

assessed based on the rarefied ASV tables using randomly selected 1,263 ASVs per sample. The rarefaction depth 128 

was selected based on sequencing depth distribution across samples to retain sufficient reads while minimizing 129 

sample loss, and was confirmed to be adequate for capturing rumen microbial diversity as indicated by the saturation 130 

of rarefaction curves (Supplemental Figure 1). The overall ruminal microbiota shaped by different levels of dietary 131 

CP was compared using principal coordinate analysis (PCoA) based on unweighted and weighted UniFrac distance 132 

matrices and visualized using the Plotly package in R (version 4.2.1). The number of shared and unique bacterial 133 

taxa at the phylum and species levels were visualized using the VennDiagram package in R (version 4.2.1). For 134 

taxonomic analysis, only taxa present in ≥ 30% of all rumen samples were defined as core bacterial taxa and were 135 

primarily evaluated in this study. 136 

 137 

Prediction of functional profiles 138 

Functional profiles of the rumen microbiota were inferred from full-length 16S rRNA gene sequences using 139 

phylogenetic investigation of communities by reconstruction of unobserved states 2 (PICRUSt2, version 2.5.0) (28). 140 

Predictions were based on ASV-level data and the corresponding feature (biological observation) table. 141 

Subsequently, the predicted metabolic functions were mapped to the Kyoto Encyclopedia of Genes and Genomes 142 

(KEGG) orthologs and modules using the manually curated KEGG BRITE database. Principal component analysis 143 

(PCA) was conducted to assess differences in predicted KEGG orthologs based on Bray–Curtis dissimilarities across 144 

varying dietary CP levels and was visualized using the ggfortify package in R (29). 145 
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 146 

Statistical analysis 147 

The examination of variable normality was conducted using the Shapiro–Wilk test using the UNIVARIATE 148 

procedure in SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Data from the metataxonomic analysis, which did not 149 

exhibit a normal distribution after several transformations, including log, square root, and arcsine, were analyzed 150 

using the non-parametric Kruskal–Wallis rank sum test, utilizing the Kruskal–Wallis test function in the stats 151 

package in R (version 4.2). If a statistical trend was observed (Kruskal–Wallis P < 0.10), Dunn’s post hoc test with 152 

the Benjamini–Hochberg adjustment (false discovery rate [FDR]-P) using the DunnTest function in the FSA 153 

package was conducted. Microbiome multivariate association with linear models (MaAsLin2) was performed using 154 

compound Poisson linear models with default parameters to assess the linear association of microbiota and KEGG 155 

modules with increasing CP levels (30). Permutational multivariate analysis of variance (PERMANOVA) was used 156 

to analyze the statistical differences in the PCoA and PCA results among treatments with 9,999 random 157 

permutations in QIIME2 and R, respectively. Spearman correlation coefficients between rumen microbiota and 158 

animal performance including growth, rumen fermentation, blood metabolite, and CH4 parameters reported in the 159 

previous study (19) were computed using the microbiome package in R and visualized using the ggplot2 package in 160 

R. Statistical significance was set at P < 0.05, and a statistical tendency was considered at 0.05 ≤ P ≤ 0.10. 161 

 162 

Results 163 

Changes in animal performance 164 

   Growth performance and feed intake were obtained from the associated feeding trial (19). Briefly, DMI, including 165 

both concentrate and forage, did not differ significantly among treatments (P > 0.10), whereas crude protein intake 166 

increased linearly with increasing dietary CP levels (P < 0.001). In addition, increasing dietary CP levels through 167 

DDGS supplementation tended to increase ADG (P = 0.068) and significantly decreased CH4 yield (ppm/kg DMI; P 168 

= 0.014) and CH4 intensity (ppm/kg ADG; P = 0.008). 169 

Changes in alpha and beta diversity by dietary crude protein level 170 

One steer in the LMCP group was excluded from the experiment because of health-related issues. In total, 171 

225,648 reads were obtained from 23 Hanwoo steers, with an average of 9,811 ± 3,215 reads per sample 172 

(Supplemental Table 2). After denoising and quality filtering based on the DADA2 plugin, an average of 4,097 ± 173 

1865 reads were retained, with a total of 94,222 reads (Supplemental Table 2), which resulted in greater than 95.3% 174 
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of Good’s coverage for all samples (data not shown). The rarefaction curves of alpha diversity measurements, 175 

including Chao1, observed ASVs, Faith’s phylogenetic diversity, evenness, Shannon index, and Simpson index, 176 

almost approached the saturation plateau, indicating that the sequence depth for rarefaction was adequate 177 

(Supplemental Figure 1). Various levels of dietary CP did not lead to notable alterations in any of the alpha diversity 178 

measurements of rumen microbiota (Figure 1 and Table 2). PCoA based on the weighted UniFrac distance 179 

demonstrated a significant impact of the dietary CP level on rumen microbiota (Figure 2B, P = 0.0293), especially 180 

between the LCP and HCP groups (pairwise comparison, Q-value = 0.0132), whereas there were no significant 181 

differences based on the unweighted UniFrac distance (Figure 2A, P = 0.1976). 182 

 183 

Bacterial community composition 184 

The shared and unique microbiota at the phylum and species levels are shown in Figure 3 (A and B). At the 185 

phylum level, eight phyla were common to all treatments, whereas unique phyla were observed exclusively in the 186 

LCP and HCP groups (Figure 3A). At the species level, 50 of the 112 species (44.6%) were shared among all 187 

treatments. The number of unique species observed exclusively in the LCP, LMCP, HMCP, and HCP groups was 188 

six, eight, six, and seven, respectively. However, none of these unique species were considered part of the core 189 

microbiota, as their occurrence was below 30% across the samples (Figure 3B). 190 

Figure 3 (C and D) shows the distribution of major core phyla and core species present in ≥30% of samples, 191 

with an average relative abundance greater than 0.5%. Regardless of the dietary treatment, the most dominant 192 

phylum was Bacteroidota, comprising an average of 76% of each community, while Bacillota was the second most 193 

abundant phylum, representing an average of 16.4% (Figure 3C). At the species level, 47 of the 112 species were 194 

identified as core species, representing an average of 96.7% of the community (Figure 3D). Prevotella ruminicola 195 

and Prevotella brevis were the predominant species, constituting approximately 50% of the total population (Figure 196 

3D). 197 

 198 

Changes in rumen microbiota by dietary crude protein level 199 

Eighteen bacterial taxa were identified as differentially abundant between the dietary CP levels using the 200 

Kruskal–Wallis test with Dunn’s post hoc analysis, demonstrating at least a statistical tendency (Figure 4A and 201 

Supplemental Table 3). At the phylum level, Bacteroidota showed a significantly higher relative abundance in the 202 

HCP group than in the LCP group (Figure 5B, P = 0.0433), whereas Pseudomonadota exhibited a significantly 203 
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higher relative abundance in the LCP group than in the HCP group (Figure 4B, P = 0.0129). The relative abundance 204 

of the Bacteroidales lineage from the class to the species level was significantly enriched in the HCP group, whereas 205 

the Succinivibrio dextrionosolvens lineage from the phylum to the species level was significantly enriched in the 206 

LCP group (Figure 4 and Supplemental Table 3). 207 

A linear association between rumen microbiota and dietary CP levels was identified using MaAsLin2 (Figure 208 

5). The analysis detected 23 linear associations from the phylum to the species level, demonstrating a statistical 209 

tendency (Figure 5A and Supplemental Table 4). At the phylum level, the relative abundance of Bacteroidota 210 

increased significantly with increasing dietary CP levels (Figure 5B; Coefficient = 0.070, FDR-P = 0.0491). 211 

Conversely, the Pseudomonadota and Bacillota to Bacteroidota ratios exhibited opposite associations (Figure 5B; 212 

Pseudomonadota, Coefficient = -0.731 and FDR-P = 0.0361; Bacillota to Bacteroidota ratio, Coefficient = -0.320, 213 

and FDR-P = 0.0275). 214 

At the species level, three species within the class Gammaproteobacteria (S. dextrinosolvens, unclassified 215 

species [US_] Gammaproteobacteria, and Ruminobacter amylophilus) and Lentimicrobium saccharophilum 216 

exhibited a negative linear association with dietary CP levels (Figure 5B; Coefficient = -0.730, -0.801, -1.276, and -217 

0.821, and FDR-P = 0.0361, 0.0927, 0.0698, and 0.0768, respectively). In contrast, US_Bacteroidales, Eubacterium 218 

ventriosum, and Anaeroplasma abactoclasticum showed positive linear associations (Figure 5B; Coefficient = 0.284, 219 

0.947, and 1.269; FDR-P = 0.0361, 0.0698, and 0.0927, respectively). 220 

 221 

Differences in predicted functional profiles 222 

To compare the differences in overall bacterial function across different dietary CP levels, functional profiles 223 

were predicted based on full-length 16S rRNA gene sequencing data using PICRUSt2. PCA based on the KEGG 224 

ortholog levels showed a statistical tendency among the dietary treatments (Figure 6A, PERMANOVA, P = 0.0712), 225 

revealing distinct clusters between the LCP and HCP treatments (Figure 6A, pairwise comparison, Pseudo-F = 226 

4.0401 and Q = 0.0236). At the KEGG module level, 15 KEGG modules were differentially abundant among the 227 

dietary treatments (Figure 6B, P < 0.05). Of the 15 differentially abundant KEGG modules, seven were related to 228 

amino acid metabolism, three to carbohydrate metabolism, and five to energy metabolism. In the amino acid 229 

metabolism, seven KEGG modules (M00015, Proline biosynthesis, glutamate to proline; M00025, Tyrosine 230 

biosynthesis, chorismite to HPP to tyrosine; M00040, Tyrosine biosynthesis, chorismite to arogenate to tyrosine; 231 

M00029, Urea cycle; M00034, Methionine salvage pathway; M00134, Polyamine biosynthesis, arginine to ornithine 232 
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to putrescine and M00948, Hydroxyproline degradation, trans-4-hydroxy-L-proline to 2-oxoglutarate) were 233 

significantly enriched in the LCP group compared to the HCP group (Figure 6B). Among the three differentially 234 

abundant KEGG modules related to carbohydrate metabolism, M00307 (Pyruvate oxidation, pyruvate to acetyl-235 

CoA) was significantly lower in the LCP group than in the other groups, whereas two modules (M00373, 236 

Ethylmalonyl pathway, and M00741, Propanoyl-CoA to succinyl-CoA) exhibited significant differences between 237 

the HMCP and HCP treatments (Figure 6B). In energy metabolism, two KEGG modules (M00149, Succinate 238 

dehydrogenase and M00144, NADH:quinone oxidoreductase) were significantly enriched in the HCP group, 239 

whereas M00374 (dicarboxylate-hydroxybutyrate cycle) was significantly lower in the LCP group than in the other 240 

groups (Figure 6B). Additionally, two KEGG modules (M00150, Fumarate reductase, and M00595, Thiosulfate 241 

oxidation by SOX complex, thiosulfate to sulfate) were enriched in the LCP group (Figure 6B). 242 

MaAsLin2 analysis showed that 13 significant linear associations were identified between the KEGG modules 243 

and increased dietary CP levels (Table 3). Among these, seven were associated with amino acid metabolism, two 244 

with carbohydrate metabolism, and four with energy metabolism. Seven KEGG modules related to amino acid 245 

metabolism (M00040, Tyrosine biosynthesis, chorismate to arogenate to tyrosine; M00136: GABA biosynthesis, 246 

prokaryotes, putrescine to GABA; M00134, Polyamine biosynthesis, arginine to ornithine to putrescine; M00025, 247 

Tyrosine biosynthesis, chorismate to HPP to tyrosine; M00034, Methionine salvage pathway; M00029, Urea cycle; 248 

and M00021, Cysteine biosynthesis, serine to cysteine) showed a negative association with increasing dietary CP 249 

levels. In contrast, two KEGG modules related to carbohydrate metabolism (M00307, Pyruvate oxidation, pyruvate 250 

to acetyl-CoA; M00532, Photorespiration) were positively associated with increasing dietary CP levels. Among the 251 

identified KEGG modules related to energy metabolism, M00150 (Fumarate reductase) was negatively associated 252 

with increasing levels of dietary CP, whereas three KEGG modules (M00149, Succinate dehydrogenase; M00144, 253 

NADH:quinone oxidoreductase, prokaryotes; and M00153, Cytochrome bd ubiquinol oxidase) were positively 254 

associated. 255 

 256 

Correlation between the rumen microbiota and animal performance 257 

Correlation analysis using Spearman’s correlation was conducted between animal performance metrics and 11 258 

bacterial species that showed differential abundance or a linear relationship. Various strong relationships 259 

(Coefficient |ρ| > 0.4 and P < 0.10) were identified (Figure 7). In terms of growth performance, US_Bacteroidales 260 

were positively correlated with total and concentrated CP intake, whereas S. dextrinosolvens and R. amylophilus 261 
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were negatively correlated. Additionally, US_Bacteroidales and Anaeroplasma abactoclasticum were positively 262 

correlated with ADG. Regarding rumen fermentation parameters, ammonia nitrogen (NH3-N) was positively 263 

correlated with US_Bacteroidales and A. abactoclasticum, but negatively correlated with S. dextrinosolvens, L. 264 

saccharophilum, and R. amylophilus. In the volatile fatty acid (VFA) profiles, the propionate proportion was 265 

negatively correlated with US_Bacteroidales and Treponema bryantii and positively correlated with S. 266 

dextrinosolvens, whereas the acetate-to-propionate ratio showed the opposite correlation. The butyrate proportion 267 

was negatively correlated with S. dextrinosolvens, US_Gammaproteobacteria, L. saccharophilum, and R. 268 

amylophilus, and positively correlated with US_Bacteroidales. Among the blood metabolites, blood urea nitrogen 269 

(BUN) was negatively correlated with S. dextrinosolvens, L. saccharophilum, and R. amylophilus and positively 270 

correlated with US_Bacteroidales. Non-esterified fatty acids were negatively correlated with US_Bacteroidales and 271 

T. bryantii, and positively correlated with S. dextrinosolvens. US_Bacteroidales, US_Christensenellaceae, and A. 272 

abactoclasticum negatively correlated with one or more CH4 concentrations, whereas S. dextrinosolvens, 273 

US_Gammaproteobacteria, L. saccharophilum, and R. amylophilus were positively correlated. 274 

 275 

Discussion 276 

The growing emphasis on sustainable livestock production has prompted the exploration of various feed 277 

ingredients capable of mitigating CH4 emissions, which are a major GHG. DDGS, a byproduct of the bioethanol 278 

industry, has garnered attention in this context because of its high CP and EE contents, leading to a potential dual 279 

benefit: optimizing CP content while simultaneously reducing CH4 emissions (11, 12). In a previous feeding trial 280 

conducted by our colleagues, it was noted that increasing CP levels through DDGS supplementation resulted in 281 

increased ADG levels and a concurrent decrease in CH4 yield (ppm/kg of DMI) and CH4 intensity (ppm/kg of ADG) 282 

from eructation (19). Importantly, DMI was similar across treatments in the feeding trial, indicating that the 283 

observed differences were primarily driven by dietary CP levels rather than feed intake variation. In the present 284 

study, we identified bacterial taxa potentially associated with both ADG enhancement and CH4 reduction, resulting 285 

from increased CP levels modulated by DDGS supplementation. 286 

In the present study, we observed that increasing the levels of CP through supplementation with up to 29.4% 287 

DDGS in a concentrate mix did not result in alteration of the alpha diversity in the rumen microbiota of Hanwoo 288 

steers during the early fattening period. This finding is consistent with several previous studies involving DDGS, 289 

which also reported no significant differences in rumen microbiota richness and diversity across various ruminant 290 
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species, including beef cattle (31, 32), dairy cattle (33), and lambs (34, 35). In terms of beta diversity, our analysis 291 

revealed a significant separation between the LCP and HCP groups when evaluated using a weighted UniFrac 292 

distance matrix, whereas no significant differences were observed using the unweighted UniFrac distance matrix. In 293 

contrast to our findings, previous studies reported no notable separation or differences when DDGS was included in 294 

up to 50% of diets (33-35). A possible explanation for this discrepancy may be related to differences in dietary CP 295 

levels. While previous studies increased DDGS inclusion while maintaining similar CP levels among treatments, the 296 

present study increased CP levels by adjusting the proportion of DDGS in the diet. Therefore, the observed 297 

differences in microbial community structure may be attributed to the combined effects of both CP level and DDGS 298 

inclusion, and their individual contributions cannot be fully distinguished in this experimental design. The 299 

divergence in findings between weighted and unweighted UniFrac distances is also noteworthy. Generally, weighted 300 

UniFrac distance accounts for both the presence or absence and relative abundance of microbiota, whereas 301 

unweighted UniFrac distance considers only the presence or absence of these microbial structures (36). This 302 

observation suggests that the differences in the overall structure of rumen microbiota between the LCP and HCP 303 

groups were predominantly driven by variations in the relative abundance of certain bacterial taxa. These findings 304 

imply that bacterial populations with higher abundances play a significant role in differentiating rumen bacterial 305 

communities. Biologically, this suggests that the varying CP levels primarily influence the relative abundance of 306 

established taxa rather than altering the overall phylogenetic composition, reflecting changes in the activity of core 307 

microbiota under different CP levels adjusted by DDGS supplementation. 308 

Dietary shifts can affect rumen bacterial communities, which are influenced by their preference for various 309 

nutrient sources, including different types of carbohydrates (structural carbohydrates vs. non-fiber carbohydrates 310 

[NFC]), lipids (saturated fatty acids vs. unsaturated fatty acids), and CP (37-39). Despite dietary variations, 311 

Bacteroidota and Bacillota remained the core phyla in the rumen and are dominant regardless of the diet type (40-312 

42). Consistent with previous findings, these phyla constituted at least 86% of the rumen samples in this study. An 313 

increase in CP levels adjusted by DDGS significantly increased Bacteroidota levels and reduced the Bacillota to 314 

Bacteroidota ratio. This aligns with previous studies reporting similar trends with varying levels of DDGS inclusion 315 

(43, 44). However, there are inconsistencies in the responses of these phyla to different DDGS levels; some studies 316 

observed no differences up to 25% DDGS inclusion (31, 32), whereas others reported opposite trends to our findings 317 

at 20% inclusion (33). Castillo-Lopez et al. (35) suggested that varying DDGS levels might induce changes in 318 

microbial composition by affecting diet composition, particularly crude fat and starch content. Interestingly, the 319 
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phylum Pseudomonadota and its members, including S. dextrinosolvens, R. amylophilus, and 320 

US_Gammaproteobacteria, decreased linearly with increasing CP levels. Pseudomonadota is known for its role in 321 

carbohydrate degradation in high-grain diets (45, 46), and its members, such as S. dextrinosolvens and R. 322 

amylophilus are amylolytic and produce succinate via glucose metabolism (47, 48). Typically, succinate is rapidly 323 

converted to propionate in the rumen (49, 50), as evidenced by a linear decrease in propionate levels in a previous 324 

feeding trial (19). Despite the linear decreases in Succinivibrionaceae species and propionate, the CH4 yield (ppm/kg 325 

of DMI) and CH4 intensity (ppm/kg of ADG) from eructation decreased linearly with higher CP levels adjusted by 326 

DDGS (19). This suggests that CH4 reduction is influenced by factors other than propionate production, which is an 327 

alternative H2 sink in the rumen. In the present study, US_Bacteroidales and E. ventriosum were enriched with 328 

increasing CP levels, as adjusted by DDGS. Previous research has noted that various unclassified species belonging 329 

to Bacteroidales may play a role in biohydrogenation (51). A positive correlation between conjugated linoleic acid in 330 

serum and E. ventriosum suggests its involvement in this process (52). DDGS, which is rich in unsaturated fatty 331 

acids, primarily linoleic acid (C18:2) and oleic acid (C18:1) (53), can mitigate CH4 production through direct 332 

toxicity against microbiota and biohydrogenation in the rumen environment (54-57). Biohydrogenation in the rumen 333 

offers dual advantages; it acts as a detoxification mechanism and as an alternative H2 sink for methanogenesis (54, 334 

58). In this study, the EE content among treatments was maintained by supplementation with hydrogenated fat, 335 

focusing on the differences in fatty acid composition, particularly between saturated and unsaturated fatty acids. The 336 

high inclusion level of DDGS, leading to elevated unsaturated fatty acid levels, may have enriched 337 

US_Bacteroidales and E. ventriosum and potentially inhibited methanogens, thereby reducing CH4 yield. However, 338 

as this study did not explore changes in methanogen populations, further research is needed to clarify the 339 

interactions between methanogens and biohydrogenation-related rumen microbiota, specifically US_Bacteroidales 340 

and E. ventriosum in CH4 production. 341 

The distinct bacterial community structures observed with increasing CP levels adjusted by DDGS led to 342 

significant differences in the overall predicted functional features between the LCP and HCP groups. Typically, 343 

ingested dietary proteins undergo digestion and fermentation into amino acids, peptides, and ammonia in the rumen, 344 

primarily through proteolytic bacteria (59). Consequently, higher CP levels could directly influence the functional 345 

attributes of rumen microbiota, affecting metabolic outcomes such as NH3-N concentration in the rumen and BUN 346 

concentration. A previous feeding trial confirmed this, showing a linear increase in NH3-N concentration in the 347 

rumen and BUN concentration with higher dietary CP levels adjusted by DDGS (19). The present bacterial 348 
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functional analysis predicted using PICRUSt2 revealed significant shifts in KEGG modules related to amino acid 349 

biosynthesis, including those for methionine (M00034), tyrosine (M00025 and M00040), proline (M00015), and 350 

putrescine (M00134). Bacterial amino acid synthesis is an important microbial function that may contribute to 351 

maintaining amino acid availability under conditions of limited dietary protein. Previous study in human gut has 352 

suggested that gut microbiota can partially compensate for dietary protein deficiency through enhanced microbial 353 

amino acid synthesis (60). In this context, the increased representation of amino acid biosynthesis pathways 354 

observed in the LCP group may reflect a potential microbial adaptive response to lower CP availability. However, 355 

this interpretation should be approached cautiously, as the functional predictions are based on PICRUSt2 and the 356 

mechanisms may differ in the rumen ecosystem. Additionally, M00150 (Fumarate reductase, prokaryotes) was more 357 

prevalent in the LCP group than in the higher CP group, suggesting a decrease in fumarate-to-succinate metabolism 358 

with increasing CP levels. This reduction might be related to the decreased proportion of propionate observed in an 359 

earlier feeding trial. Moreover, the linear enrichment of M00307 (Pyruvate oxidation) and M00144 (NADH:quinone 360 

oxidoreductase) was observed. The conversion of pyruvate to acetyl-CoA in the rumen involves enzymatic reactions 361 

involving pyruvate formate lyase and pyruvate-ferredoxin oxidoreductase (61). In the pyruvate-ferredoxin 362 

oxidoreductase pathway, included in M00307, pyruvate is converted into acetyl-CoA, CO2, and reduced ferredoxin 363 

(61). The reduced ferredoxin is reoxidized by ferredoxin—NAD+ oxidoreductase, which generates NADH (62). 364 

NADH accumulation can inhibit microbial growth and fermentation under anaerobic conditions (63, 64). A previous 365 

study linked the enzymatic reaction of NADH dehydrogenase and the reduction of unsaturated fatty acids to NADH 366 

re-oxidation in butyrate production (65). Hence, the observed enrichment of biohydrogenation-related bacteria, 367 

especially US_Bacteroidales and E. ventriosum, may be associated with the linear increase in ruminal butyrate 368 

proportion in the preceding feeding trial. 369 

Among the nine bacterial species that showed a significant correlation with at least one aspect of animal 370 

performance, US_Bacteroidales exhibited notable positive correlations with CP intake, CP-related metabolites (such 371 

as ruminal butyrate proportion and BUN), and ADG, all of which increased linearly with increasing CP levels 372 

adjusted by DDGS in the preceding feeding trial. Members of the order Bacteroidales are commonly recognized as 373 

carbohydrate degraders in anaerobic environments (66, 67). However, a recent metagenomic analysis has shown that 374 

uncultured Bacteroidales populations possess the genetic capabilities for protein degradation, suggesting that they 375 

are significant contributors as protein degraders (68, 69). Although there is no definitive evidence linking 376 

US_Bacteroidales to increased ADG in ruminants, one possible explanation is its role in enhancing the utilization of 377 
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CP and lipids. Interestingly, both US_Gammaproteobacteria and L. saccharophilum, which decreased linearly with 378 

increasing CP levels adjusted by DDGS, showed negative correlations with at least one CH4 indicator. 379 

Gammaproteobacteria encompass approximately 250  genera and are associated with pathogenicity and 380 

methanotrophy (70, 71). Although Gammaproteobacteria methylotrophs have not been conclusively identified in the 381 

rumen, they have been detected in other anaerobic environments (72, 73). Additionally, L. saccharophilum, initially 382 

isolated from methanogenic granular sludge, can ferment glucose to acetate, formate, and hydrogen, suggesting its 383 

potential involvement in hydrogenotrophic methanogenesis (74). 384 

The findings of this study highlight the potential of DDGS-based dietary strategies to modulate rumen microbial 385 

communities and associated metabolic functions. However, several limitations should be considered. The relatively 386 

small sample size per group (n = 5-6) may limit the statistical power to detect subtle changes, particularly among 387 

low-abundance taxa. In addition, this study relied on predicted functional profiles using PICRUSt2, which infers 388 

gene content based on 16S rRNA data and may not fully capture the actual metabolic activity of the rumen 389 

microbiome. Therefore, the functional interpretations should be considered with caution. Future studies integrating 390 

metagenomic or metatranscriptomic approaches are needed to better elucidate the mechanisms underlying CH4 391 

mitigation and nutrient utilization associated with DDGS supplementation. 392 

393 
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Conclusion 394 

In summary, varying CP levels adjusted by DDGS influenced shifts in the rumen microbiota and their functional 395 

implications in Hanwoo steers during the early fattening period. This study revealed that increasing dietary CP 396 

levels by adjusting the DDGS induced a linear increase in US-Bacteroidales and E. ventriosum, which are related to 397 

lipid metabolism in the rumen. These changes in bacterial community structure were accompanied by alterations in 398 

predicted metabolic functions, including key KEGG modules related to amino acid, carbohydrate, and energy 399 

metabolism. Importantly, our results demonstrate that dietary CP levels can modulate rumen microbial composition 400 

and functional potential. The positive correlation between certain bacterial taxa, such as US_Bacteroidales, and 401 

animal performance indicators, such as ADG and ruminal butyrate proportion, underscores the intricate relationship 402 

between diet, microbiota, and animal productivity. Overall, this study provides insights into how dietary CP levels 403 

adjusted by DDGS shape rumen microbial communities and their predicted functional profiles, contributing to a 404 

better understanding of diet-microbiome interactions in ruminants. 405 

 406 

Competing Interests 407 

No potential conflict of interest relevant to this article was reported. 408 
 409 

Acknowledgments 410 

Not applicable. 411 
 412 

Author’s Contributions 413 

No potential conflict of interest relevant to this article was reported. 414 
 415 
 416 

References 417 

1. Cho S, Park B, Kim J, Hwang I, Kim J, Lee J. Fatty acid profiles and sensory properties of longissimus 418 
dorsi, triceps brachii, and semimembranosus muscles from Korean Hanwoo and Australian Angus beef. Asian-419 
Australas J Anim Sci. 2005;18(12):1786-93. doi.org/10.5713/ajas.2005.1786. 420 
2. Administration RD. Korean feeding standard for Hanwoo. 4th Edition ed. Wanju, Korea: National Institute 421 
of Animal Science; 2022. 422 
3. Ahn JS, Kwon EG, Lee HJ, Kim UH, Won JI, Jang SS, et al. Effect of short-term fattening period and 423 
castration method on productivity, serum testosterone, and economic efficacy in Hanwoo cattle. J Anim Sci Technol. 424 
2023;65(1):149. doi:10.5187/jast.2022.e88. 425 
4. Xia C, Rahman MAU, Yang H, Shao T, Qiu Q, Su H, et al. Effect of increased dietary crude protein levels 426 
on production performance, nitrogen utilisation, blood metabolites and ruminal fermentation of Holstein bulls. 427 
Asian-Australas J Anim Sci. 2018;31(10):1643. doi:10.5713/ajas.18.0125. 428 

ACCEPTED

https://doi.org/10.5187/jast.2022.e88
https://doi.org/10.5713/ajas.18.0125


 18 

5. Jeong J, Seong N-I, Hwang I-K, Lee S-B, Yu M-S, Nam I-S, et al. Effects of level of CP and TDN in the 429 
concentrate supplement on growth performances and carcass characteristics in Hanwoo steers during final fattening 430 
period. J Anim Sci Technol. 2010;52(4):305-12. doi.org/10.5187/JAST.2010.52.4.305. 431 
6. Kuylenstierna JC, Michalopoulou E, Malley C. Global Methane Assessment: Benefits and costs of 432 
mitigating methane emissions. 2021. coi: 20.500.12592/00gj20. 433 
7. Johnson KA, Johnson DE. Methane emissions from cattle. J Anim Sci. 1995;73(8):2483-92. 434 
doi:10.2527/1995.7382483x. 435 
8. Okine EK, Basarab JA, Goonewardene LA, Mir P. Residual feed intake and feed efficiency: Differences 436 
and implications. Florida Ruminant Nutrition Symposium; 2004: University of Florida Institute of Food and 437 
Agricultural Sciences. 438 
9. Iram A, Cekmecelioglu D, Demirci A. Distillers’ dried grains with solubles (DDGS) and its potential as 439 
fermentation feedstock. Appl Microbiol Biotechnol. 2020;104:6115-28. doi: 10.1007/s00253-020-10682-0 440 
10. Janicek B, Kononoff P, Gehman A, Doane P. The effect of feeding dried distillers grains plus solubles on 441 
milk production and excretion of urinary purine derivatives. J Dairy Sci. 2008;91(9):3544-53. doi:10.3168/jds.2007-442 
0777. 443 
11. Böttger C, Südekum K-H. European distillers dried grains with solubles (DDGS): Chemical composition 444 
and in vitro evaluation of feeding value for ruminants. Anim Feed Sci Technol. 2017;224:66-77. 445 
doi:10.1016/j.anifeedsci.2016.12.012. 446 
12. Penner GB, Yu P, Christensen DA. Effect of replacing forage or concentrate with wet or dry distillers’ 447 
grains on the productivity and chewing activity of dairy cattle. Anim Feed Sci Technol. 2009;153(1):1-10. 448 
doi:10.1016/j.anifeedsci.2009.05.006. 449 
13. Benchaar C, Hassanat F, Gervais R, Chouinard P, Julien C, Petit H, et al. Effects of increasing amounts of 450 
corn dried distillers grains with solubles in dairy cow diets on methane production, ruminal fermentation, digestion, 451 
N balance, and milk production. J Dairy Sci. 2013;96(4):2413-27. doi:10.3168/jds.2012-6037. 452 
14. Hünerberg M, McGinn S, Beauchemin K, Okine E, Harstad O, McAllister T. Effect of dried distillers 453 
grains plus solubles on enteric methane emissions and nitrogen excretion from growing beef cattle. J Anim Sci. 454 
2013;91(6):2846-57. doi:10.2527/jas.2012-5564. 455 
15. Hünerberg M, McGinn S, Beauchemin K, Okine E, Harstad O, McAllister T. Effect of dried distillers’ 456 
grains with solubles on enteric methane emissions and nitrogen excretion from finishing beef cattle. Can J Anim Sci. 457 
2013;93(3):373-85. doi:10.4141/cjas2012-151. 458 
16. McGinn S, Chung Y-H, Beauchemin K, Iwaasa A, Grainger C. Use of corn distillers’ dried grains to reduce 459 
enteric methane loss from beef cattle. Can J Anim Sci. 2009;89(3):409-13. doi:10.4141/CJAS08133. 460 
17. Loor JJ, Elolimy AA, McCann JC. Dietary impacts on rumen microbiota in beef and dairy production. 461 
Anim Front. 2016;6(3):22-9. doi:10.2527/af.2016-0030. 462 
18. Wolff SM, Ellison MJ, Hao Y, Cockrum RR, Austin KJ, Baraboo M, et al. Diet shifts provoke complex and 463 
variable changes in the metabolic networks of the ruminal microbiome. Microbiome. 2017;5(1):1-15. 464 
doi:10.1186/s40168-017-0274-6. 465 
19. Oh J, Cho H, Jeong S, Kang K, Lee M, Jeon S, et al. Effects of Dietary Crude Protein Level of Concentrate 466 
Mix on Growth Performance, Rumen Characteristics, Blood Metabolites, and Methane Emissions in Fattening 467 
Hanwoo Steers. Animals. 2024;14(3):469. doi:10.3390/ani14030469. 468 
20. Seo S, Jeon S, Ha JK. Guidelines for experimental design and statistical analyses in animal studies 469 
submitted for publication in the Asian-Australasian Journal of Animal Sciences. Asian-Australas J Anim Sci. 470 
2018;31(9):1381-6. doi:10.5713/ajas.18.0468. 471 
21. Lee M, Jeong S, Seo J, Seo S. Changes in the ruminal fermentation and bacterial community structure by a 472 
sudden change to a high-concentrate diet in Korean domestic ruminants. Asian-Australas J Anim Sci. 473 
2019;32(1):92-102. doi:10.5713/ajas.18.0262. 474 
22. Ma ZY, Zhang XM, Wang R, Wang M, Liu T, Tan ZL. Effects of chemical and mechanical lysis on 475 
microbial DNA yield, integrity, and downstream amplicon sequencing of rumen bacteria and protozoa. Front 476 
Microbiol. 2020;11:581227. doi:10.3389/fmicb.2020.581227. 477 
23. Paliy O, Kenche H, Abernathy F, Michail S. High-Throughput Quantitative Analysis of the Human 478 
Intestinal Microbiota with a Phylogenetic Microarray. Appl Environ Microbiol. 2009;75(11):3572-9. 479 
doi:10.1128/AEM.02764-08. 480 
24. Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S ribosomal DNA amplification for phylogenetic 481 
study. J Bacteriol. 1991;173(2):697-703. doi:10.1128/jb.173.2.697-703.1991. 482 
25. Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 483 
2011;17(1):10-2. doi:10.14806/ej.17.1.200. 484 

ACCEPTED

https://coilink.org/20.500.12592/00gj20
https://doi.org/10.2527/1995.7382483x
https://doi.org/10.3168/jds.2007-0777
https://doi.org/10.3168/jds.2007-0777
https://doi.org/10.1016/j.anifeedsci.2016.12.012
https://doi.org/10.1016/j.anifeedsci.2009.05.006
https://doi.org/10.3168/jds.2012-6037
https://doi.org/10.2527/jas.2012-5564
https://doi.org/10.4141/cjas2012-151
https://doi.org/10.4141/CJAS08133
https://doi.org/10.2527/af.2016-0030
https://doi.org/10.3390/ani14030469
https://doi.org/10.5713/ajas.18.0468
https://doi.org/10.5713/ajas.18.0262
https://doi.org/10.3389/fmicb.2020.581227
https://doi.org/10.1128/AEM.02764-08
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.14806/ej.17.1.200


 19 

26. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible, 485 
interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. 2019;37(8):852-7. 486 
doi:10.1038/s41587-019-0209-9. 487 
27. Robeson MS, II, O’Rourke DR, Kaehler BD, Ziemski M, Dillon MR, Foster JT, et al. RESCRIPt: 488 
Reproducible sequence taxonomy reference database management. PLoS Computat Biol. 2021;17(11):e1009581. 489 
doi:10.1371/journal.pcbi.1009581. 490 
28. Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, et al. PICRUSt2 for prediction 491 
of metagenome functions. Nat Biotechnol. 2020;38(6):685-8. doi:10.1038/s41587-020-0548-6. 492 
29. Tang Y, Horikoshi M, Li W. ggfortify: unified interface to visualize statistical results of popular R 493 
packages. R J. 2016;8(2):474. 494 
30. Mallick H, Rahnavard A, McIver LJ, Ma S, Zhang Y, Nguyen LH, et al. Multivariable association 495 
discovery in population-scale meta-omics studies. PLoS Comput Biol. 2021;17(11):e1009442. 496 
doi:10.1371/journal.pcbi.1009442. 497 
31. Castillo-Lopez E, Ramirez Ramirez H, Klopfenstein T, Anderson C, Aluthge N, Fernando SC, et al. Effect 498 
of feeding dried distillers grains with solubles on ruminal biohydrogenation, intestinal fatty acid profile, and gut 499 
microbial diversity evaluated through DNA pyro-sequencing. J Anim Sci. 2014;92(2):733-43. doi:10.2527/jas.2013-500 
7223. 501 
32. Song C, Zhang T, Xu D, Zhu M, Mei S, Zhou B, et al. Impact of feeding dried distillers' grains with 502 
solubles diet on microbiome and metabolome of ruminal and cecal contents in Guanling yellow cattle. Front 503 
Microbiol. 2023;14:1171563. doi:10.3389/fmicb.2023.1171563. 504 
33. Castillo‐Lopez E, Jenkins C, Aluthge N, Tom W, Kononoff P, Fernando SC. The effect of regular or 505 
reduced‐fat distillers grains with solubles on rumen methanogenesis and the rumen bacterial community. J Appl 506 
Microbiol. 2017;123(6):1381-95. doi:10.1111/jam.13583. 507 
34. Abudabos A, Abdelrahman M, Alatiyat R, Aljumaah M, Al Jassim R, Stanley D. Effect of dietary inclusion 508 
of graded levels of distillers dried grains with solubles on the performance, blood profile and rumen microbiota of 509 
Najdi lambs. Heliyon. 2021;7(1). doi:10.1016/j.heliyon.2020.e05683. 510 
35. Shen J, Li Z, Yu Z, Zhu W. Effects of dietary replacement of soybean meal with dried distillers grains with 511 
solubles on the microbiota occupying different ecological niches in the rumen of growing Hu lambs. J Anim Sci 512 
Biotechnol. 2020;11(1):1-12. doi:10.1186/s40104-020-00499-2. 513 
36. Chang Q, Luan Y, Sun F. Variance adjusted weighted UniFrac: a powerful beta diversity measure for 514 
comparing communities based on phylogeny. BMC Bioinf. 2011;12(1):1-14. doi:10.1186/1471-2105-12-118. 515 
37. Zhou K, Bao Y, Zhao G. Effects of dietary crude protein and tannic acid on rumen fermentation, rumen 516 
microbiota and nutrient digestion in beef cattle. Arch Anim Nutr. 2019;73(1):30-43. 517 
doi:10.1080/1745039X.2018.1545502. 518 
38. Shen H, Lu Z, Xu Z, Chen Z, Shen Z. Associations among dietary non-fiber carbohydrate, ruminal 519 
microbiota and epithelium G-protein-coupled receptor, and histone deacetylase regulations in goats. Microbiome. 520 
2017;5(1):1-12. doi:10.1186/s40168-017-0341-z. 521 
39. Enjalbert F, Combes S, Zened A, Meynadier A. Rumen microbiota and dietary fat: a mutual shaping. J 522 
Appl Microbiol. 2017;123(4):782-97. doi:10.1111/jam.13501.  523 
40. Jami E, Mizrahi I. Composition and similarity of bovine rumen microbiota across individual animals. PloS 524 
One. 2012;7(3):e33306. doi:10.1371/journal.pone.0033306. 525 
41. Mizrahi I, Wallace RJ, Moraïs S. The rumen microbiome: balancing food security and environmental 526 
impacts. Nat Rev Microbiol. 2021;19(9):553-66. doi:10.1038/s41579-021-00543-6. 527 
42. Shabat SKB, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg Miller ME, et al. Specific 528 
microbiome-dependent mechanisms underlie the energy harvest efficiency of ruminants. ISME J. 2016;10(12):2958-529 
72. doi:10.1038/ismej.2016.62. 530 
43. Callaway T, Dowd S, Edrington T, Anderson R, Krueger N, Bauer N, et al. Evaluation of bacterial 531 
diversity in the rumen and feces of cattle fed different levels of dried distillers grains plus solubles using bacterial 532 
tag-encoded FLX amplicon pyrosequencing. J Anim Sci. 2010;88(12):3977-83. doi:10.2527/jas.2010-2900. 533 
44. Ramirez HR, Nestor K, Tedeschi L, Callaway T, Dowd S, Fernando SC, et al. The effect of brown midrib 534 
corn silage and dried distillers' grains with solubles on milk production, nitrogen utilization and microbial 535 
community structure in dairy cows. Can J Anim Sci. 2012;92(3):365-80. doi:10.4141/cjas2011-133. 536 
45. Kang SH, Evans P, Morrison M, McSweeney C. Identification of metabolically active proteobacterial and 537 
archaeal communities in the rumen by DNA‐ and RNA‐derived 16S rRNA gene. J Appl Microbiol. 538 
2013;115(3):644-53. doi:10.1111/jam.12270. 539 
46. Pitta D, Pinchak W, Indugu N, Vecchiarelli B, Sinha R, Fulford J. Metagenomic analysis of the rumen 540 
microbiome of steers with wheat-induced frothy bloat. Front Microbiol. 2016;7:689. 541 
doi:10.3389/fmicb.2016.00689. eCollection 2016.. 542 

ACCEPTED

https://doi.org/10.1371/journal.pcbi.1009581
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.2527/jas.2013-7223
https://doi.org/10.2527/jas.2013-7223
https://doi.org/10.3389/fmicb.2023.1171563
https://doi.org/10.1111/jam.13583
https://doi.org/10.1016/j.heliyon.2020.e05683
https://doi.org/10.1371/journal.pone.0033306
https://doi.org/10.2527/jas.2010-2900
https://doi.org/10.4141/cjas2011-133
https://doi.org/10.1111/jam.12270


 20 

47. Hamlin L, Hungate R. Culture and physiology of a starch-digesting bacterium (Bacteroides amylophilus n. 543 
sp.) from the bovine rumen. J Bacteriol. 1956;72(4):548-54. doi:10.1128/jb.72.4.548-554.1956. 544 
48. O'Herrin SM, Kenealy WR. Glucose and carbon dioxide metabolism by Succinivibrio dextrinosolvens. 545 
Appl Environ Microbiol. 1993;59(3):748-55. doi:10.1128/aem.59.3.748-755.1993. 546 
49. Strobel HJ. Vitamin B12-dependent propionate production by the ruminal bacterium Prevotella ruminicola 547 
23. Appl Environ Microbiol. 1992;58(7):2331-3. doi:10.1128/aem.58.7.2331-2333.1992. 548 
50. Blackburn T, Hungate R. Succinic acid turnover and propionate production in the bovine rumen. Appl 549 
Microbiol. 1963;11(2):132-5. doi:10.1128/am.11.2.132-135.1963. 550 
51. Huws SA, Kim EJ, Lee MR, Scott MB, Tweed JK, Pinloche E, et al. As yet uncultured bacteria 551 
phylogenetically classified as Prevotella, Lachnospiraceae incertae sedis and unclassified Bacteroidales, 552 
Clostridiales and Ruminococcaceae may play a predominant role in ruminal biohydrogenation. Environ Microbiol. 553 
2011;13(6):1500-12. doi:10.1111/j.1462-2920.2011.02452.x. 554 
52. Druart C, Dewulf EM, Cani PD, Neyrinck AM, Thissen J-P, Delzenne NM. Gut microbial metabolites of 555 
polyunsaturated fatty acids correlate with specific fecal bacteria and serum markers of metabolic syndrome in obese 556 
women. Lipids. 2014;49:397-402. doi:10.1007/s11745-014-3881-z. 557 
53. Wang L, Weller CL, Schlegel VL, Carr TP, Cuppett SL. Supercritical CO2 extraction of lipids from grain 558 
sorghum dried distillers grains with solubles. Bioresour Technol. 2008;99(5):1373-559 
82. doi:10.1016/j.biortech.2007.01.055. 560 
54. Lourenço M, Ramos-Morales E, Wallace R. The role of microbes in rumen lipolysis and biohydrogenation 561 
and their manipulation. Animal. 2010;4(7):1008-23. doi:10.1017/S175173111000042X. 562 
55. Demeyer D, Henderickx H. The effect of C18 unsaturated fatty acids on methane production in vitro by 563 
mixed rumen bacteria. Biochim Biophys Acta Lipids and Lipid Metabol. 1967;137(3):484-97. doi:10.1016/0005-564 
2760(67)90130-0. 565 
56. Prins R, Van Nevel C, Demeyer D. Pure culture studies of inhibitors for methanogenic bacteria. Antonie 566 
van Leeuwenhoek. 1972;38:281-7. doi:10.1007/BF02328099. 567 
57. Usman M, Zhao S, Jeon B-H, Salama E-S, Li X. Microbial β-oxidation of synthetic long-chain fatty acids 568 
to improve lipid biomethanation. Water Res. 2022;213:118164. doi:10.1016/j.watres.2022.118164. 569 
58. Yang C, McKain N, McCartney CA, Wallace RJ. Consequences of inhibiting methanogenesis on the 570 
biohydrogenation of fatty acids in bovine ruminal digesta. Anim Feed Sci Technol. 2019;254:114189. 571 
doi:10.1016/j.anifeedsci.2019.05.012. 572 
59. Owens FN, Basalan M. Ruminal fermentation. Rumenology. 2016:63-102. doi:10.1007/978-3-319-30533-2. 573 
60. Portune KJ, Beaumont M, Davila A-M, Tomé D, Blachier F, Sanz Y. Gut microbiota role in dietary protein 574 
metabolism and health-related outcomes: The two sides of the coin. Trends Food Sci Technol. 2016;57:213-32. 575 
doi:10.1016/j.tifs.2016.08.011. 576 
61. Baldwin R, Allison M. Rumen metabolism. J Anim Sci. 1983;57(suppl_2):461-77. 577 
doi:10.2527/animalsci1983.57Supplement_2461x. 578 
62. Zhang B, Lingga C, De Groot H, Hackmann TJ. The oxidoreductase activity of Rnf balances redox 579 
cofactors during fermentation of glucose to propionate in Prevotella. Sci Rep. 2023;13(1):16429. 580 
doi:10.1038/s41598-023-43282-9. 581 
63. Payot S, Guedon E, Cailliez C, Gelhaye E, Petitdemange H. Metabolism of cellobiose by Clostridium 582 
cellulolyticum growing in continuous culture: evidence for decreased NADH reoxidation as a factor limiting growth. 583 
Microbiol. 1998;144(2):375-84. doi:10.1099/00221287-144-2-375. 584 
64. Hackmann TJ, Ngugi DK, Firkins JL, Tao J. Genomes of rumen bacteria encode atypical pathways for 585 
fermenting hexoses to short‐chain fatty acids. Environ Microbiol. 2017;19(11):4670-83. doi:10.1111/1462-586 
2920.13929. 587 
65. Hackmann TJ, Firkins JL. Electron transport phosphorylation in rumen butyrivibrios: unprecedented ATP 588 
yield for glucose fermentation to butyrate. Front Microbiol. 2015;6:622. doi:10.3389/fmicb.2015.00622. 589 
66. Anderson C, Schneider C, Erickson G, MacDonald J, Fernando S. Rumen bacterial communities can be 590 
acclimated faster to high concentrate diets than currently implemented feedlot programs. J Appl Microbiol. 591 
2016;120(3):588-99. doi:10.1111/jam.13039. 592 
67. Solden LM, Hoyt DW, Collins WB, Plank JE, Daly RA, Hildebrand E, et al. New roles in hemicellulosic 593 
sugar fermentation for the uncultivated Bacteroidetes family BS11. ISME J. 2017;11(3):691-703. 594 
doi:10.1038/ismej.2016.150. 595 
68. Mei R, Nobu MK, Narihiro T, Liu W-T. Metagenomic and metatranscriptomic analyses revealed 596 
uncultured bacteroidales populations as the dominant proteolytic amino acid degraders in anaerobic digesters. Front 597 
Microbiol. 2020;11:593006. doi:10.3389/fmicb.2020.593006. 598 

ACCEPTED

https://doi.org/10.1017/S175173111000042X
https://doi.org/10.1016/0005-2760(67)90130-0
https://doi.org/10.1016/0005-2760(67)90130-0
https://doi.org/10.1016/j.watres.2022.118164
https://doi.org/10.1016/j.anifeedsci.2019.05.012
https://doi.org/10.1016/j.tifs.2016.08.011
https://doi.org/10.2527/animalsci1983.57Supplement_2461x
https://doi.org/10.1099/00221287-144-2-375
https://doi.org/10.3389/fmicb.2015.00622
https://doi.org/10.1111/jam.13039
https://doi.org/10.3389/fmicb.2020.593006


 21 

69. Yu T, Wu W, Liang W, Wang Y, Hou J, Chen Y, et al. Anaerobic degradation of organic carbon supports 599 
uncultured microbial populations in estuarine sediments. Microbiome. 2023;11(1):81. doi:10.1186/s40168-023-600 
01531-z. 601 
70. Williams KP, Gillespie JJ, Sobral BW, Nordberg EK, Snyder EE, Shallom JM, et al. Phylogeny of 602 
gammaproteobacteria. J Bacteriol. 2010;192(9):2305-14. doi:10.1128/JB.01480-09. 603 
71. Rissanen AJ, Saarenheimo J, Tiirola M, Peura S, Aalto SL, Karvinen A, et al. Gammaproteobacterial 604 
methanotrophs dominate methanotrophy in aerobic and anaerobic layers of boreal lake waters. Aquat Microb Ecol. 605 
2018;81(3):257-76. doi:10.3354/ame. 606 
72. Esson KC, Lin X, Kumaresan D, Chanton JP, Murrell JC, Kostka JE. Alpha-and gammaproteobacterial 607 
methanotrophs codominate the active methane-oxidizing communities in an acidic boreal peat bog. Appl Environ 608 
Microbiol. 2016;82(8):2363-71. doi:10.1128/AEM.03640-15. 609 
73. Chistoserdova L. Methylotrophs in natural habitats: current insights through metagenomics. Appl 610 
Microbiol Biotechnol. 2015;99:5763-79. doi:10.1007/s00253-015-6713-z. 611 
74. Sun L, Toyonaga M, Ohashi A, Tourlousse DM, Matsuura N, Meng X-Y, et al. Lentimicrobium 612 
saccharophilum gen. nov., sp. nov., a strictly anaerobic bacterium representing a new family in the phylum 613 
Bacteroidetes, and proposal of Lentimicrobiaceae fam. nov. Int J Syst Evol Microbiol. 2016;66(7):2635-42. 614 
doi:10.1099/ijsem.0.001103. 615 

616 

ACCEPTED

https://doi.org/10.1128/JB.01480-09
https://doi.org/10.3354/ame
https://doi.org/10.1128/AEM.03640-15


 22 

Tables 617 

Table 1. Analyzed chemical composition (g/kg DM or as stated) of experimental diets 618 

Item1 
Treatment2 

Tall fescue 
LCP LMCP HMCP HCP 

Chemical composition      
DM, g/kg as fed 886 886 886 886 888 
OM 911 916 918 920 941 
CP 147 178 193 208 69 
NDICP 26 27 27 27 13 
ADICP 12 13 14 15 9 
aNDF 271 286 293 301 640 
ADF 134 131 129 128 404 
ADL 38 37 36 36 62 
EE 69 62 59 56 13 
Ash 89 84 82 80 59 
Ca 15 13 12 10 3 
P 6 6 7 7 1 
NFC 450 417 400 383 232 
TDN 747 740 736 733 557 
NEm, MJ/kg DM 8.1 8 7.9 7.8 5 
NEg, MJ/kg DM 5.4 5.3 5.2 5.2 2.7 

1 DM, dry matter; OM, organic matter; CP, crude protein; NDICP, neutral detergent fiber insoluble CP; ADICP, acid 619 
detergent insoluble CP; aNDF, neutral detergent fiber analyzed using a heat-stable amylase and expressed inclusive 620 
of residual ash; ADF, acid detergent fiber; ADL, acid detergent lignin; EE, ether extract; NFC, non-fiber 621 
carbohydrate; TDN, total digestible nutrients; NEm, net energy for maintenance; NEg, net energy for growth. 622 
2 LCP, concentrate mix consisting of low crude protein (CP); LMCP, concentrate mix consisting of lower-middle 623 
CP; HMCP, concentrate mix consisting of higher-middle CP; HCP, concentrate mix consisting of high CP. 624 

625 
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Table 2. Linear association between alpha diversity measurements and dietary crude protein levels1 626 

Items Coefficient Standard error FDR-P2 
Chao1 -0.038 0.022  
Observed ASVs -0.015 0.016 0.336 
Faith’s phylogenetic diversity 0.093 0.045 0.444 
Evenness 0.132 0.108 0.336 
Shannon index 0.103 0.085 0.398 
Simpson index 0.124 0.113 0.398 
ASV, amplicon sequence variant. 627 
1 Linear associations were evaluated using Microbiome multivariable association with linear models (MaAsLin2). 628 
2 Statistical P values from MaAsLin2 were adjusted using Benjamini–Hochberg adjustment (FDR-P). 629 

630 

ACCEPTED



 24 

Table 3. Significant linear associations between KEGG modules and dietary crude protein levels1 631 

KEGG 
modules 

KEGG BRITE2 
level 2 Coefficient Standard 

error FDR-P2 Description 

M00025 AA metabolism -1.596 0.5020 0.0433 Tyrosine biosynthesis, chorismate to arogenate 
to tyrosine 

M00040 AA metabolism -1.176 0.2899 0.0196 GABA biosynthesis, prokaryotes, putrescine to 
GABA 

M00021 AA metabolism -0.527 0.1185 0.0122 Polyamine biosynthesis, arginine to ornithine to 
putrescine 

M00034 AA metabolism -0.065 0.0192 0.0310 Tyrosine biosynthesis, chorismate to HPP to 
tyrosine 

M00136 AA metabolism -0.051 0.0108 0.0094 Methionine salvage pathway 
M00134 AA metabolism -0.034 0.0094 0.0236 Urea cycle 
M00029 AA metabolism -0.024 0.0072 0.0310 Cysteine biosynthesis, serine to cysteine 
M00307 CA metabolism 0.039 0.0101 0.0218 Pyruvate oxidation, pyruvate to acetyl-CoA 
M00532 CA metabolism 0.031 0.0082 0.0218 Photorespiration 
M00150 EN metabolism -0.609 0.1450 0.0179 Fumarate reductase, prokaryotes 
M00149 EN metabolism 0.067 0.0203 0.0350 Succinate dehydrogenase, prokaryotes 
M00144 EN metabolism 0.066 0.0179 0.0236 NADH:quinone oxidoreductase, prokaryotes 
M00153 EN metabolism 0.052 0.0156 0.0343 Cytochrome bd ubiquinol oxidase 

1 Linear associations were evaluated using Microbiome multivariable association with linear models (MaAsLin2).  632 
2 Only Kyoto encyclopedia of Genes and Genomes (KEGG) modules for amino acid metabolism (AA), 633 
carbohydrate metabolism (CA), and energy metabolism (EN) are presented. 634 
2 Statistical P values from MaAsLin2 were adjusted using Benjamini–Hochberg adjustment (FDR-P). 635 
 636 

637 
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Figure legends 638 

 639 

 640 

Figure 1. Differences in alpha diversity measurements of the rumen microbiota. 641 

642 
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 643 

Figure 2. Principal coordinate analysis based on (A) unweighted and (B) weighted UniFrac distance matrices of 644 

rumen microbiota. Permutational multivariate analysis of variance was used to compare differences in the rumen 645 

microbiota. 646 
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 648 

Figure 3. Distribution of rumen microbiota according to dietary CP adjusted using DDGS. (A-B) Venn diagram 649 

depicting the shared and unique microbiota at the (A) phylum and (B) species levels in the rumen microbiome. (C-650 
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D) Taxa bar plot of the predominant rumen microbiota at the (C) phylum and (D) species levels. Only taxa having ≥ 651 

30% of occurrence and 0.5% of relative abundance are visualized. 652 

653 
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 654 

Figure 4. Differentially abundant rumen microbiota depending on dietary crude protein levels. (A) Cladogram 655 

describing the overall differences in rumen microbiota. (B) Differentially abundant phyla and species. Differentially 656 

abundant microbiota were identified based on the Kruskal–Wallis test, followed by Dunn’s post hoc test with 657 

Benjamini–Hochberg adjustment; only microbial taxa detected in at least 30% of occurrences among the treatments 658 

were evaluated. p_, phylum; c_, class; o_, order; f_, family; g_, genus; s_, species; US_, unclassified species; T, 659 

0.05 ≤ P ≤ 0.10; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 660 
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 662 

Figure 5. Linear association between the ruminal microbiota and dietary crude protein levels. (A) Cladogram 663 

showing a linear association between microbial taxa and crude protein levels. (B) Linear associations at phylum and 664 

species levels. Only microbial taxa detected in ≥ 30% of the occurrences among the treatments were evaluated. 665 

Linear associations were evaluated using Microbiome multivariable association with linear models (MaAsLin2). 666 

Statistical P values from MaAsLin2 were adjusted using Benjamini–Hochberg adjustment (FDR-P). 667 

668 
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 669 

Figure 6. Overall changes in the predicted functional profiles according to dietary crude protein levels. Predicted 670 

functional profiles were determined using the Phylogenetic Investigation of Communities by Reconstruction of 671 

Unobserved States 2 (version 2.5.0) and matched based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) 672 

database. (A) Principal component analysis plot based on KEGG orthologs. (B) Differentially enriched KEGG 673 

modules. Only significant KEGG modules belonging to amino acid, carbohydrate, and energy metabolism at KEGG 674 

Brite level 2 were visualized. 675 

676 
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 677 

Figure 7. Correlation analysis of rumen microbiota and animal characteristics. Spearman’s correlation coefficient 678 

between rumen microbiota and animal characteristics was calculated, and correlations above |r| = 0.4 and P < 0.10 679 

were visualized. Only rumen microbiota detected in at least one statistical tendency on the Kruskal–Wallis test or 680 

microbiome multivariable association with linear models analysis (MaAsLin2) were evaluated. The degree of each 681 

correlation is indicated by the intensity of the color based on the color key on the right-hand side. US_, unclassified 682 

species; T, 0.05 ≤ P ≤ 0.10; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 683 
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