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Abstract
Background  This study aimed to investigate differences in the structure and function of the rumen microbiome and 
its associated changes in rumen fermentation patterns and apparent nutrient digestibility in dairy cattle with different 
sorting behavior. Twenty-four Holstein cows in mid-lactation were initially enrolled in the experiment. All cows were 
fed and milked three times daily throughout the entire 28-day experimental period, comprising a 7-day pre-trial 
and a 21-day main trial. On days 1, 7, 14, and 21 of the main trial, feed sorting behavior was measured, and feed and 
feces samples were collected to determine apparent nutrient digestibility. Rumen content samples were collected 
on day 21 to measure pH, volatile fatty acids (VFA), and rumen microbiome structure and function. Based on feed 
sorting behavior, twelve cows were selected and divided into two groups: six cows that were severely sorted for fine 
particles-severely rejected long particles (SES; n = 6) and six cows that were slightly sorted for fine particles-slightly 
rejected long particles (SLS; n = 6).

Results  Comparative analysis revealed significant differences between the groups. The SES group exhibited 
lower rumen pH values and higher concentrations of total VFA (TVFA) and acetate (P < 0.05) than the SLS group. 
Data on apparent nutrient digestibility showed that compared to the SLS group, the SES group lowered the 
digestibility of neutral detergent fiber (NDF) and acid detergent fiber (ADF) (P < 0.05). Differential analysis of rumen 
microbiota indicated that the SES group had a higher relative abundance of Prevotella, Lactobacillus, Bifidobacterium, 
Selenomonas, and Acetitomaculum by a lower relative abundance of Fibrobacter, Ruminobacter, Pseudobutyrivibrio, 
Butyrivibrio, and Ruminococcus. Carbohydrate-active enzyme (CAZyme) annotation revealed that the SES group 
showed increased abundance of GH13 and GH65 enzymes, while exhibiting decreased abundance of GH1, GH3, GH5, 
GH6, and GH94. Functional profiling of Kyoto encyclopedia of genes and genomes (KEGG) modules revealed that 
compared to the SLS group, the rumen microbiota in the SES group upregulated the abundance of carbohydrate 
metabolism, amino acid metabolism, energy metabolism, and lipid metabolism. In carbohydrate metabolism, the 
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Background
Formulating a balanced total mixed ration (TMR) is fun-
damental for ensuring the health, productivity, and meta-
bolic stability of dairy cows. TMR is designed to provide 
a uniform blend of forages and concentrates, precisely 
tailored to meet the nutritional requirements of dairy 
cows while promoting optimal rumen function and sta-
bilizing rumen pH [1]. However, the effectiveness of this 
feeding strategy is often compromised by feed sorting 
behavior. Dairy cows have an intrinsic ability to separate 

grains from forage in TMR, leading them to selectively 
consume grains while rejecting forage components [2]. 
As a result, they ingest more non-structural carbohy-
drates and less physically effective neutral detergent 
fiber (peNDF) than intended in the TMR formula [3]. 
This behavior can be particularly detrimental when cows 
excessively sort TMR for finer particles, as it disrupts the 
uniformity of nutrient intake, alters substrate availability 
in the rumen, and destabilizes rumen fermentation pat-
terns. Such disturbances can result in subacute ruminal 

rumen microbiota in the SES group upregulated the abundance of starch and sucrose metabolism, the citrate 
cycle, and pyruvate metabolism, while downregulating the pentose phosphate pathway. Functional profiling of 
KEGG Orthology (KO) enzymes revealed that the microbiota in the SES group preferred energy production through 
increasing glycolysis and supported the metabolism changes toward acetate production and fatty acid biosynthesis.

Conclusion  Our findings reveal that feed sorting behavior significantly alters the rumen microbial ecosystem and its 
metabolic functions, negatively impacting fermentation efficiency, fiber digestibility, and overall nutrient utilization, 
even when cows are provided a well-balanced, standardized diet. This underscores the importance of early detection 
and management of feed sorting in dairy farms to promote cows’ health and support sustainable dairy production.
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acidosis (SARA) and other metabolic disorders [4], ulti-
mately impairing cow health, milk production, and over-
all herd productivity.

The diet–microbiome–host interaction forms a com-
plex symbiotic relationship that has attracted consid-
erable interest in recent decades due to its profound 
implications for health and disease [5, 6]. Rumen micro-
biota, which are intimately related to dietary composition 
and host metabolism, can be impacted by diet-related 
factors such as pH and substrate availabilities in the 
rumen [7]. As mentioned earlier, feed sorting, especially 
excessive sorting for fine particles in TMR, can signifi-
cantly alter the substrate availability in the rumen, poten-
tially disrupting the rumen microbiota composition and 
function, affecting key microbial enzymatic activities, 
and associated metabolic pathways in the rumen. To date, 
limited studies on such interaction in grain-based diets 
have been conducted in dairy cows [8]. However, how 
feeding behavior, especially excessive sorting for fine par-
ticles within a balanced TMR, can alter rumen microbi-
ome structure and function remains largely unexplored.

The digestibility of nutrients in dairy cows is heav-
ily influenced by the rumen microbiota, which plays a 
critical role in digesting starch and fiber into absorbable 
nutrients [9]. Microbial populations, including amylolytic 
and fibrolytic bacteria, adapt to dietary changes, with 
grain-based diets enriching starch-digesting microbiota 
while reducing fiber-degrading microbiota [10]. Excessive 
sorting for fine particles potentially disrupts the micro-
biota’s structure and enzymatic functions, impairing the 
digestibility of NDF and ADF. Such changes highlight the 
potential role of rumen microbiota in modulating fiber 
digestibility in response to different sorting behavior, ulti-
mately impacting nutrient utilization and rumen health.

We hypothesize that excessive sorting for fine particles 
disrupts the structure and function of the rumen micro-
biome, alters rumen fermentation patterns, and induces 
changes in apparent nutrient digestibility. Therefore, the 
objectives of this study were to investigate the implica-
tions of excessive sorting for fine particles in TMR on the 
rumen microbiome’s structure and function, as well as 
the associated changes in rumen fermentation patterns 
and apparent nutrient digestibility in dairy cows.

Results
Feed sorting index
Feed sorting indices indicated that both SES and SLS 
groups sorted TMR for fine particles (P < 0.001; Table 1), 
but the SES group sorted to a greater extent than the SLS 
group. Additionally, both groups refused long (P < 0.001), 
medium (P < 0.001), and short (P < 0.001) particles, but 
the SES group sorted against these particles to a greater 
extent (Table  1). The results showed that sorting time 
had no significant effect on the sorting behavior of each 
group, implying that all cows maintained consistent feed 
sorting behavior over the course of the experimental 
period.

Rumen pH, rumen fermentation, and nutrients digestibility
Data on ruminal pH showed that the SES group recorded 
lower rumen pH values than the SLS group (pH = 6.14 
vs. 6.46; P = 0.013; Table  2). Data on VFA showed that 
compared with the SLS group, the SES group recorded 
higher concentrations of TVFA (P = 0.026) and acetate 
(P = 0.025) in the rumen, and no significant differences 
were found in the rest of the VFA portions between the 

Table 1  Feed sorting index of long, medium, short, and fine particles selected by the SES and SLS groups
Sorting index1 Groups SEM P-value

SES SLS Group Day Group*day
> 19 mm 93.65b 98.66a 1.101 < 0.001 0.156 0.403
8–19 mm 95.89b 99.38a 0.533 < 0.001 0.069 0.824
1.18–8 mm 97.53b 99.71a 0.371 < 0.001 0.822 0.822
< 1.18 mm 103.62a 100.52b 0.346 < 0.001 0.071 0.097
1Sorting index were calculated by taking the ratio of actual intake to expected intake for the particles that were retained on each layer of the Penn State Particle 
Separator. A sorting index above 100 signifies sorting in favor of specific particles, a sorting index below 100 indicates sorting against specific particles [70]. Mean 
values with different superscripts (a, b) differ significantly at P < 0.05

Table 2  Effect of excessive sorting for fine particles on rumen 
pH and rumen VFA concentrations
Item Groups SEM P-value

SES SLS
Ruminal pH 6.14b 6.46a 0.097 0.013
Acetate, mmol/L 79.49a 69.15b 3.925 0.025
Propionate, mmol/L 25.13 21.96 2.625 0.256
Butyrate, mmol/L 11.86 11.20 0.802 0.435
Isobutyrate, mmol/L 0.77 0.72 0.271 0.863
Valerate, mmol/L 1.10 0.99 0.094 0.259
Isovalerate, mmol/L 1.00 0.93 0.150 0.668
TVFA, mmol/L 119.37a 104.96b 5.513 0.026
Acetate, % 66.71 65.78 1.636 0.582
Propionate, % 20.89 21.02 1.943 0.950
Butyrate, % 9.98 10.64 0.576 0.286
Isobutyrate, % 0.64 0.69 0.238 0.844
Valerate, % 0.92 0.95 0.091 0.777
Isovalerate, % 0.83 0.90 0.163 0.674
A/P 3.25 3.23 0.369 0.958
TVFA = total volatile fatty acids, A/P = acetate/propionate ratio. Mean values 
with different superscripts (a, b) differ significantly at P < 0.05
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groups. Additionally, no differences were observed in the 
percentage of all VFA fractions, nor in the acetate/propi-
onate (A/P) ratio between the two groups (Table 2). Data 
on apparent nutrient digestibility showed that compared 
to the SLS group, the SES group lowered the digestibility 
of NDF (P = 0.017; Table 3) and ADF (P = 0.001; Table 3), 
and there were no significant differences observed 
between the groups in terms of dry matter (DM), organic 
matter (OM), crude protein (CP), and ether extract (EE) 
digestibility.

Taxonomic classifications of ruminal microbiota
To investigate variations in microbial composition, four 
domains, including bacteria, archaea, eukaryota, and 
viruses, were detected in metagenomic samples. Sta-
tistical analysis revealed that the relative abundance of 
bacteria was significantly lower in the SES group com-
pared to the SLS group (SES: 94.64% vs. SLS: 95.37%; 
P = 0.002). However, no statistically significant difference 
was observed in the relative abundance of archaea (SES: 
0.61% vs. SLS: 0.63%), eukaryota (SES: 1.97% vs. SLS: 
1.17%), or viruses (SES: 2.78% vs. SLS: 2.84%) between 
the groups (Fig.  1A). The analysis of ruminal bacterial 
communities revealed an average of 34,329 ± 3,181 reads 
per sample through gene sequencing. Further analysis of 
ruminal bacterial communities using a principal coor-
dinates analysis (PCoA) plot based on the Bray-Curtis 
metric demonstrated clear segregation and dissimilari-
ties between the two groups (Fig. 2A), indicating distinct 
bacterial community structures. Alpha diversity analy-
sis indicated that the SES group exhibited significantly 
lower bacterial richness compared to the SLS group, 
as evidenced by the observed species (P = 0.003) and 
Chao1 indices (P = 0.003). However, no significant differ-
ences were observed in bacterial evenness, as indicated 
by the Shannon index (P = 0.300) and the Simpson index 
(P = 0.393) (Fig. 1B).

At the phylum level, we only listed the top 13 bacterial 
phyla, whose relative abundance was more than 0.1% in 
at least one group (Fig.  2B). Most sequences were allo-
cated into Bacteroidota (SES = 66.77%; SLS = 59.85%), 

Bacillota_A (SES = 21.83%; SLS = 27.35%), Bacillota_C 
(SES = 3%; SLS = 2.25%), and Bacillota (SES = 3.84%; 
SLS = 3.92%). The differential analysis of the relative 
abundance (P < 0.05) revealed that 6 phyla were affected 
by excessive sorting for fine particles. Among them, the 
relative abundance of Bacteroidota, Bacillota_C, and 
Actinomycetota increased, whereas the relative abun-
dance of Bacillota_A, Fibrobacterota, and Pseudomo-
nadota decreased in the SES group (P < 0.05; Fig. 2B).

At the genus level, we listed the 30 bacterial genera with 
relative abundance more than 0.1% in at least one group 
(Fig.S1). Among them, Prevotella was the most predomi-
nant genus in the rumen (SES = 35.70%; SLS = 32.62%). 
Differential analysis (P < 0.05; LDA > 3) revealed that 25 
genera were affected between groups (Fig. 2C and D). The 
relative abundances of Prevotella, Lactobacillus, Bifido-
bacterium, Selenomonas, Treponema, Lachnobacterium, 
Saccharofermentans, Bacteroidales RF16 group, Anaero-
sporobacter, and Acetitomaculum were higher in the SES 
group. Moreover, the relative abundances of Fibrobacter, 
Ruminobacter, Pseudobutyrivibrio, Butyrivibrio, Papil-
libacter, Lachnospiraceae NK3A20 group, Unclassified 
Prevotellaceae, Christensenellaceae R_7 group, Eubacte-
rium, Unclassified Ruminococcaceae, Rikenellaceae RC9 
gut group, Acinetobacter, Succinivibrio, Ruminococcus, 
and Anaeroplasma were lower in the SES group.

At the OTU (operational taxonomic unit) level, the 
Venn analysis indicated that the SES and SLS groups had 
118 (8.8%) and 153 (11.4%) unique OTUs, respectively, 
and both groups shared 1070 (79.8%) bacterial species 
(Fig. 2E). We filtered 189 OTUs that exhibited a relative 
abundance of more than 0.1% in at least one group. The 
differential analysis (P < 0.05) revealed that 38 OTUs were 
changed between the SES and SLS groups. Among them, 
the relative abundance of Prevotella albensis, Prevotella 
bryantii, Prevotella ruminicola, Prevotella brevis, Lac-
tobacillus acidophilus, Treponema bryantii, Selenomo-
nas ruminantium, Saccharofermentans acetigenes, 
Lachnobacterium bovis, Bifidobacterium adolescentis, 
Bifidobacterium merycicum, and Acetitomaculum rumi-
nis were increased in the SES group. Additionally, the 
relative abundances of Butyrivibrio fibrisolvens, Butyri-
vibrio proteoclasticus, Fibrobacter succinogenes, Papilli-
bacter cinnamivorans, Pseudobutyrivibrio xylanivorans, 
Ruminobacter amylophilus, Eubacterium cellulosolvens, 
Acinetobacter baumannii, Ruminococcus albus, Rumino-
coccus flavefaciens, and Anaeroplasma bactoclasticum 
were decreased in the SES group compared to the SLS 
group (Table S1).

Changes in KEGG modules in response to different sorting 
behavior
For KEGG modules, a total of 341 endogenous third-
level pathways were identified as microbial metabolic 

Table 3  Effect of excessive sorting for fine particles on apparent 
nutrient digestibility (%)
Item Groups SEM P-value

SES SLS
DM 63.00 63.47 1.835 0.806
OM 68.67 70.62 1.082 0.106
CP 76.30 77.80 2.240 0.519
EE 65.85 63.15 5.345 0.626
NDF 53.01b 63.03a 3.507 0.017
ADF 48.64b 62.80a 2.934 0.001
DM = dry matter, OM = organic matter, CP = crude protein, EE = ether extract, 
NDF = neutral detergent fiber, ADF = acid detergent fiber. Mean values with 
different superscripts (a, b) differ significantly at P < 0.05
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Fig. 1  Differences in ruminal microbiota abundance and diversity between SES and SLS groups (A) Differences in the relative abundance of ruminal 
microbiota at the domain level; **P < 0.01. (B) Variations in alpha diversity indices (Observed species, Chao 1, Shannon, and Simpson) of ruminal bacterial 
communities between SES and SLS groups. The SES group is represented in red, while the SLS group is shown in blue (n = 6)
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Fig. 2  Changes of ruminal bacterial composition profiles between SES and SLS groups. (A) Principal Coordinate Analysis (PCoA) based on bacterial op-
erational taxonomic units (OTUs), where the x-axis and y-axis represent the variance explained by PCoA1 and PCoA2, respectively. Shaded ellipses indicate 
95% confidence intervals for each group. (B) Relative abundance of rumen bacteria at the phylum level; *P < 0.05. (C) Linear Discriminant Analysis (LDA) 
scores highlighting differentially abundant bacterial genera between SES and SLS groups (P < 0.05; LDA > 3). (D) Cladogram illustrating genus-level differ-
ences in bacterial abundance between the SES and SLS groups. (E) Venn diagram displaying the number of shared and unique species between the SES 
and SLS groups. The SES group is represented in red, while the SLS group is in blue (n = 6)
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pathways in the rumen of SES and SLS groups. These 
pathways belonged to five first-level categories, including 
metabolism (62.12 ± 0.84%), genetic information process-
ing (18.82 ± 0.74%), environmental information process-
ing (8.62 ± 0.30%), cellular processes (7.25 ± 0.04%), and 
organismal system (3.19 ± 0.23%) (Fig. S2). At the second 
level of classification, 33 categories were detected in both 
groups. Among them, the abundance of carbohydrate 
metabolism, biosynthesis of other secondary metabo-
lites, energy metabolism, lipid metabolism, amino acid 
metabolism, metabolism of other amino acids, glycan 
biosynthesis and metabolism, metabolism of cofactors 
and vitamins, replication and repair, folding, sorting, and 
degradation, translation, aging, digestive system, endo-
crine system, and cell growth and death was increased in 
SES group (P < 0.05; Fig. 3A). Conversely, the abundance 
of transcription, immune system, signal transduction, 
and membrane transport was decreased in the SES group 
(P < 0.05; Fig. 3A).

To further investigate the differential metabolic cat-
egories identified within the metabolism section of the 
second-level KEGG classification, we analyzed the KEGG 
modules at the third level to pinpoint the specific meta-
bolic pathways contributing to these differences. Only 
pathways under the third-level metabolism category were 
screened. The results revealed that four metabolic path-
ways related to carbohydrate metabolism were enriched. 
Among these, the abundance of starch and sucrose 
metabolism, the citrate cycle (TCA cycle), and pyruvate 
metabolism were enriched in the SES group, whereas the 
abundance of the pentose phosphate pathway was down-
regulated in the SES group (P < 0.05; Fig. 3B). For amino 
acid metabolism, the abundance of histidine metabolism, 
lysine degradation, and alanine, aspartate and glutamate 
metabolism was enriched in the SES group, and the abun-
dance of phenylalanine, tyrosine and tryptophan biosyn-
thesis was enriched in the SLS group (P < 0.05; Fig. 3B). In 
the case of lipid metabolism, the abundance of fatty acid 
biosynthesis and linoleic acid metabolism was enriched 
in the SES group, while the abundance of arachidonic 
acid metabolism was enriched in the SLS group (P < 0.05; 
Fig. 3B). Regarding energy metabolism, the abundance of 
nitrogen metabolism was elevated, and the abundance 
of methane metabolism was lowered in the SES group 
(P < 0.05; Fig.  3B). In glycan biosynthesis and metabo-
lism, the abundance of lipopolysaccharide biosynthesis, 
peptidoglycan biosynthesis, and other glycan degrada-
tion pathways was enriched in the SES group (P < 0.05; 
Fig.  3B). Additionally, the SES group demonstrated 
increased abundance in pathways related to the metabo-
lism of other amino acids (D-glutamine and D-glutamate 
metabolism), biosynthesis of other secondary metabo-
lites (biosynthesis of various secondary metabolites - part 

2), and metabolism of cofactors and vitamins (vitamin B6 
metabolism) (P < 0.05; Fig. 3B).

Functional profiling of carbohydrate metabolism
In the rumen, structural and nonstructural carbohy-
drates are primarily degraded into simple sugars by 
rumen microbiota, which are then converted into VFAs 
through pyruvate metabolism or oxidized via the Krebs 
cycle to generate more energy, with methane produced 
as a byproduct. To clarify the effects of excessive sorting 
for fine particles on carbohydrate metabolism and micro-
bial gene abundance shifts in the SES and SLS groups, an 
analysis of KO genes encoding enzymes was conducted. 
A total of 4,175 KO genes encoding enzymes were iden-
tified in the rumen. After filtration, we obtained 1,441 
genes with an abundance of more than 5 CPM (counts 
per million reads). Among these, 187 enzymes were 
matched to the KEGG database as being involved in car-
bohydrate metabolism. We only screened KO enzymes of 
carbohydrate metabolism.

Statistical analysis revealed that 22 KO gene-encoding 
enzymes were significantly enriched (P < 0.05; Fig.  4) in 
response to different sorting behavior. Among these, 16 
genes were enriched in the SES group, while 6 genes were 
upregulated in the SLS group. In the starch and sucrose 
metabolism pathway, the SES group exhibited upregu-
lation of gene K01176 encoding α-amylase (amyA; EC 
3.2.1.1) and gene K00691 encoding maltose phosphory-
lase (mapA; EC 2.4.1.8), whereas gene K05349 encoding 
beta-glucosidase (bglX; EC 3.2.1.21) and gene K00702 
encoding cellobiose phosphorylase (EC 2.4.1.20) were 
downregulated. Within pyruvate metabolism, the SES 
group showed upregulation of gene K00873 encoding 
pyruvate kinase (PK; EC 2.7.1.40), gene K01960 encod-
ing pyruvate carboxylase subunit B (pycB; EC 6.4.1.1), 
gene K00016 encoding L-lactate dehydrogenase (LDH; 
EC 1.1.1.27), gene K22212 encoding malolactic enzyme 
(mleA; EC 4.1.1.101), and gene K03737 encoding pyru-
vate-ferredoxin/flavodoxin oxidoreductase (por; EC 
1.2.7.1). In the TCA cycle, the SES group demonstrated 
upregulation of gene K00024 encoding malate dehydro-
genase (mdh; EC 1.1.1.37), gene K01679 encoding fuma-
rate hydratase class II (FH; EC 4.2.1.2), gene K01902 
encoding succinyl-CoA synthetase alpha subunit (sucD; 
EC 6.2.1.5), gene K01903 encoding succinyl-CoA syn-
thetase beta subunit (sucC; EC 6.2.1.5), gene K01682 
encoding aconitate hydratase (acnB; EC 4.2.1.3), and 
gene K01647 encoding citrate synthase (CS; EC 2.3.3.1). 
In contrast, within propanoate metabolism, gene K01026 
encoding propionate CoA-transferase (pct; EC 2.8.3.1) 
was enriched in the SLS group. For acetate and butyr-
ate metabolism, the SES group exhibited downregula-
tion of gene K01895 encoding acetyl-CoA synthetase 
(acs; EC 6.2.1.1), while gene K00625 encoding phosphate 
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Fig. 3  Differential Ruminal Microbial KEGG Modules Between SES and SLS Groups (P < 0.05). (A) Differentially enriched microbial KEGG modules at the 
second level of classification, highlighting functional variations between the SES and SLS groups. (B) Differential microbial KEGG pathways within the me-
tabolism category at the third level of classification, highlighting the metabolic functional shifts in response to different sorting behavior. Red represents 
the SES group, while blue represents the SLS group. CPM = counts per million reads. n = 6

 



Page 9 of 22Mousa et al. Animal Microbiome            (2025) 7:82 

Fig. 4  Schematic representation of changes in KO genes encoding enzymes involved in carbohydrate metabolism between SES and SLS groups. Red 
and blue indicate KO genes with significantly increased or decreased abundance in the SES group, respectively. Black denotes genes with no significant 
enrichment, and gray indicates undetected genes. PEP = phosphoenolypyruvic acid; PRPP = phosphoribosyl pyrophosphate. CPM = counts per million 
reads *P < 0.05; n = 6
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Fig. 5 (See legend on next page.)
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acetyltransferase (pta; EC 2.3.1.8), gene K00925 encod-
ing acetate kinase (ackA; EC 2.7.2.1), and gene K00209 
encoding enoyl-[acyl-carrier protein] reductase (fabV; EC 
1.3.1.44) were upregulated. Additionally, the SES group 
downregulated KO enzymes in the pentose phosphate 
pathway, including gene K00615 encoding transketolase 
(tktA; EC 2.2.1.1) and gene K00948 encoding ribose-
phosphate pyrophosphokinase (PRPS; EC 2.7.6.1). These 
findings highlight the differential regulation of key meta-
bolic pathways in response to sorting behavior, providing 
insights into the functional shifts in microbial carbohy-
drate metabolism.

Changes in the cazyme profiles in response to different 
sorting behavior
For CAZyme profiles, a total of 405 unique genes encod-
ing CAZymes were identified, including 16 auxiliary 
activities (AAs), 93 carbohydrate-binding modules 
(CBMs), 18 carbohydrate esterases (CEs), 155 glycoside 
hydrolases (GHs), 89 glycosyltransferases (GTs), and 34 
polysaccharide lyases (PLs). In general, the SES group 
had a lower abundance of these six classes than the SLS 
group (Fig.  5C). Principal coordinate analysis (PCA) 
of CAZyme family profiles revealed a clear separation 
between the two groups (Fig. 5A). Additionally, statistical 
analysis of the total abundance of CAZyme profiles was 
comparable between groups (Fig.  5B). However, among 
CAZyme classes, GHs was significantly lower in the SES 
group compared to the SLS group (P = 0.002; Fig.  5C). 
These findings prompted us to screen for genes encoding 
CAZyme families within the GHs class. After analysis, we 
found that starch-degrading enzymes (GH13 and GH65) 
were upregulated, and cellulose-degrading enzymes 
(GH1, GH6, GH94, GH5, and GH3) were downregulated 
in the SES group compared to the SLS group (P = 0.002; 
Fig.  5D). These differential CAZyme families were pri-
marily responsible for the segregation of the SES and SLS 
groups observed in the PCA analysis.

Correlation of rumen microbiota and rumen fermentation 
parameters
To investigate the intricate relationship between rumen 
microbiota and fermentation dynamics under varying 
feed sorting patterns, a correlation analysis was per-
formed using the differential relative abundance of bac-
terial genera, rumen pH, and VFA concentrations. The 
resulting correlation network comprised 30 nodes and 
50 edges (Fig.  6), including 33 positive and 17 negative 

correlations (|r| >0.6, P < 0.05). The findings revealed that 
the majority of ruminal bacteria in the SES group exhib-
ited positive correlations with acetate and TVFA concen-
trations and negative correlations with ruminal pH. For 
instance, the relative abundances of Prevotella, Lactoba-
cillus, Bifidobacterium, Selenomonas, Treponema, Lach-
nobacterium, Saccharofermentans, and Acetitomaculum 
were positively correlated with acetate levels and nega-
tively correlated with ruminal pH. Conversely, in the SLS 
group, several bacterial genera, including Fibrobacter, 
Ruminobacter, Pseudobutyrivibrio, Butyrivibrio, Papilli-
bacter, Lachnospiraceae NK3A20 group, Unclassified Pre-
votellaceae, Christensenellaceae R_7 group, Eubacterium, 
Unclassified Ruminococcaceae, Rikenellaceae RC9 gut 
group, Acinetobacter, Succinivibrio, Ruminococcus, and 
Anaeroplasma, demonstrated positive correlations with 
ruminal pH (Fig. 6).

Discussion
Variations in feed sorting behavior distinctly altered rumen 
fermentation profiles and modified fiber digestibility in 
SES and SLS cows
Feed sorting is a well-recognized but undesirable behav-
ior exhibited by dairy cows, as it can significantly disrupt 
rumen fermentation patterns and metabolic processes. 
Previous studies have consistently demonstrated that 
dairy cows tend to sort TMR in favor of shorter par-
ticles [3, 11]. However, the extent of this behavior varies 
considerably among individual cows and across farms, 
influenced by factors such as management practices and 
environmental conditions [4, 12]. In the present study, 
the same TMR offered resulted in different degrees of 
feed sorting among the experimental cows, and 12 cows 
were selected and classified into two groups based on 
their degree of sorting behavior for fine particles. The 
analysis of feed sorting indices of the two groups over 
the course of the experimental period showed that sort-
ing time had no significant effect on the sorting behavior 
of each group, implying that all cows maintained consis-
tent feed sorting behavior over the course of the experi-
mental period. The SES group exhibited a pronounced 
preference for fine particles, rejecting long, medium, and 
short particles to a greater extent than the SLS group. 
This result suggests substantial variations in the intake of 
structural and non-structural carbohydrates between the 
two groups.

The impact of feed sorting on rumen pH is intricately 
linked to the dynamics of rumen fermentation processes. 

(See figure on previous page.)
Fig. 5  Changes in ruminal microbial CAZyme genes between SES and SLS groups. (A) Principal coordinate analysis of CAZyme family profiles. (B) Com-
parison of total microbial CAZyme gene abundance in the rumen of SES and SLS groups. (C) Differences in the abundance of CAZyme gene families, 
including auxiliary activities (AA), carbohydrate-binding modules (CBM), carbohydrate esterases (CE), glycoside hydrolases (GH), glycosyltransferase (GT), 
and polysaccharide lyases (PL), between SES and SLS groups. (D) Differential abundance of microbial GH family genes between SES and SLS groups 
(P < 0.05). Red represents the SES group, while blue represents the SLS group. CPM = counts per million reads *P < 0.05; n = 6
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Excessive sorting for fine particles compromises the con-
sistency of nutrient intake, often elevating the intake of 
rapidly fermentable carbohydrates while reducing the 
intake of effective fiber. This imbalance disrupts the sta-
bility of rumen fermentation, resulting in heightened 
production of VFA and lactic acid, which subsequently 
declines rumen pH [13–15]. In this study, the SES group 
exhibited significantly higher concentrations of TVFA 
and acetate while recording lower rumen pH values com-
pared to the SLS group, providing clear evidence of the 
strong link between excessive sorting for fine particles 
and rumen fermentation dynamics. Regarding the SARA 
challenge, previous research has demonstrated that 

sorting TMR against long particles increased the suscep-
tibility to SARA [3, 16]. Overall, SARA challenge occurs 
when the ruminal pH remains between 5.2 and 6 for pro-
longed times [17]. In the current study, the SES group 
recorded lower rumen pH values than the SLS group 
(pH = 6.14 vs. 6.46), indicating that excessive sorting for 
fine particles may exacerbate the decline in ruminal pH 
compared to slight sorting. This further highlights the 
potential for increased susceptibility to SARA if the sort-
ing behavior continues to be more extreme for fine parti-
cles, as the reduction in rumen pH can induce alterations 
in rumen microbiota structure, shifting fermentation 

Fig. 6  Schematic correlation networks between differential rumen bacterial genera and rumen fermentation parameters based on Spearman’s cor-
relation coefficients (|r| >0.6, P < 0.05). Blue edges represent correlations network of differential genera with rumen pH, red edges represent correlations 
network of differential genera with VFAs, and edge thickness indicates the strength of the correlation, with thicker edges indicating stronger positive 
correlations and thinner edges indicating negative correlations
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towards increased organic acid production, and further 
inducing pH depression in the rumen.

Another important finding in this study was that the 
SES group exhibited lower apparent digestibility of NDF 
and ADF compared to the SLS group. This result high-
lights the negative effects of excessive sorting behavior on 
rumen function. Excessive sorting for finer particles often 
leads to reduced intake of fiber-rich particles, which are 
essential for maintaining optimal rumen function and 
microbial activity, especially cellulolytic bacteria [18]. The 
reduced fiber digestibility observed in the SES group may 
be attributed to the decreased intake of peNDF, which is 
critical for maintaining rumen pH and cellulolytic bacte-
ria structure and function in the rumen. Additionally, the 
nutrient retention time plays an important role in nutri-
ent digestibility. The SES group is theoretically expected 
to have less retention time and lower nutrient digestibil-
ity compared to the SLS group due to increasing finer 
particle intake [19]. However, the lack of difference in 
DM, OM, EE, and CP digestibility between SES and SLS 
groups suggests that retention time is unlikely to be the 
primary reason for these results. Instead, the suggested 
negative impact of finer particles on the rumen micro-
biota appears to be the primary factor contributing to the 
reduced fiber digestibility observed in the SES group.

Variations in bacterial communities were primarily 
responsible for the differences in fermentation patterns 
and fiber digestibility in the rumen between SES and SLS 
groups
In the current study, excessive sorting for fine particles 
had no significant effect on ruminal archaea, eukaryota, 
or viruses. However, the relative abundance of bacte-
ria decreased in the SES group compared to the SLS 
group, prompting us to further investigate ruminal bac-
terial communities. The PCoA analysis of ruminal bac-
terial profiles revealed clear segregation between the 
two groups, indicating that feed sorting behavior sig-
nificantly influences the structural composition of the 
rumen microbiota. Alpha diversity metrics further sup-
ported this observation, with the SES group exhibiting 
significantly lower bacterial richness compared to the 
SLS group, as evidenced by the observed species and 
Chao1 indices. However, no significant differences were 
observed in the Shannon and Simpson indices, suggest-
ing that while species richness was reduced in the SES 
group, the evenness of species distribution remained rel-
atively unaffected.

At the phylum level, Bacteroidota and Firmicutes 
dominated the rumen microbiota in both groups, con-
sistent with previous studies that identify these phyla as 
key players in rumen fermentation [20, 21]. However, 
the relative abundance of Bacteroidota, Bacillota_C, and 
Actinomycetota increased, while the relative abundance 

of Bacillota_A, Fibrobacterota, and Pseudomonadota 
decreased in the SES group compared to the SLS group. 
These shifts suggest that excessive sorting for fine par-
ticles may favor the proliferation of certain bacterial 
taxa more specialized in fermenting easily fermented 
substrates and reduce the population of fiber-degrading 
bacteria, potentially impacting the overall functional 
capacity of the rumen microbiome. At the genus level, 
consistent with many previous studies [22, 23], Prevotella 
emerged as the most abundant genus in both groups, 
with a higher relative abundance in the SES group. Spe-
cies such as Prevotella albensis, Prevotella bryantii, Pre-
votella ruminicola, and Prevotella brevis were enriched in 
the SES group, consistent with their roles in starch fer-
mentation and carbohydrate metabolism [24–26]. This 
study further revealed that the higher relative abundance 
of Prevotella in the SES group was positively correlated 
with acetate and TVFA concentrations but negatively 
correlated with ruminal pH. These findings confirmed 
that while Prevotella is essential for energy metabolism, 
its higher proliferations in the rumen can lead to exces-
sive VFA production, increasing the risk of low rumen 
pH as documented in previous studies [27, 28]. Similarly, 
other starch-fermenting genera, including Lactobacillus 
(Lactobacillus acidophilus) [29], Bifidobacterium (Bifido-
bacterium adolescentis and Bifidobacterium merycicum) 
[30], Selenomonas (Selenomonas ruminantium) [31], 
Saccharofermentans (Saccharofermentans acetigenes) 
[32], Treponema (Treponema bryantii) [33], Lachnobac-
terium (Lachnobacterium bovis) [34], and Acetitomacu-
lum (Acetitomaculum ruminis) [35], were also more 
abundant in the SES group. These genera are known 
for their roles in carbohydrate metabolism. Specifically, 
Lactobacillus acidophilus, Bifidobacterium adolescen-
tis, and Selenomonas ruminantium are recognized for 
their ability to ferment starch and release lactic acid in 
the rumen [36], exacerbating the risk of low rumen pH. 
Saccharofermentans, which ferments glucose to produce 
acetate and lactate, has been associated with laminitis in 
previous studies [37]. Additionally, Lachnobacterium has 
been reported to increase in abundance during SARA 
challenges [38, 39]. The correlation analysis in this study 
reinforced these findings, showing that the enriched gen-
era in the SES group were positively correlated with VFA 
concentrations and negatively correlated with ruminal 
pH. These results highlight the critical role of starch-
fermenting bacteria in driving VFA production and acid 
accumulation in the rumen in response to excessive sort-
ing for fine particles.

Conversely, fiber-degrading genera such as Fibro-
bacter (Fibrobacter succinogenes), Ruminococcus 
(Ruminococcus albus and Ruminococcus flavefaciens), 
Butyrivibrio (Butyrivibrio fibrisolvens and Butyrivibrio 
proteoclasticus), Pseudobutyrivibrio (Pseudobutyrivibrio 
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xylanivorans), Ruminobacter (Ruminobacter amylophi-
lus), and Papillibacter (Papillibacter cinnamivorans) were 
less abundant in the SES group. These genera are criti-
cal for the degradation of structural carbohydrates such 
as cellulose and hemicellulose [40], and their suppression 
likely contributed to the lower apparent digestibility of 
NDF and ADF observed in the SES group. The reduced 
abundance of Christensenellaceae R_7 group, Lachnospi-
raceae NK3A20 group, Unclassified Ruminococcaceae, 
and Unclassified Prevotellaceae, which are also associated 
with fiber degradation and rumen micro-ecological sta-
bility [20, 41, 42], further highlights the negative impact 
of excessive sorting on fiber digestion and rumen func-
tion. These findings collectively suggest that excessive 
sorting for fine particles may shift the rumen micro-
biota toward a community more specialized in starch 
and sugar metabolism, at the expense of fiber-degrading 
taxa. Regarding concerns about pathogenic bacteria, 
no increase in opportunistic or pathogenic taxa was 
detected in the SES group. Notably, the relative abun-
dance of Acinetobacter, including Acinetobacter bauman-
nii, was significantly decreased in SES cows. This decline 
likely reflects the lower ruminal pH induced by excessive 
sorting for fine particles and increased starch fermenta-
tion in the rumen. Recent evidence has highlighted the 
sensitivity of Acinetobacter baumannii to acidic condi-
tions, demonstrating that low pH environments inhibit 
its growth and biofilm formation [43]. Therefore, rather 
than promoting pathogenic bacteria, the acidotic rumi-
nal environment in SES group appears to exert selective 
pressure that suppresses pH-sensitive opportunistic taxa.

Variations in microbial metabolic pathways, KO enzymes, 
and CAZymes in response to different sorting behavior 
were primarily responsible for changes in the carbohydrate 
metabolism and VFA production in the rumen
The functional profiling of microbial genes further elu-
cidates the metabolic shifts associated with feed sort-
ing behavior. The functional analysis of the rumen 
microbiome revealed significant metabolic differences 
between the SES and SLS groups. The SES group exhib-
ited increased relative abundances of pathways related to 
carbohydrate metabolism, including starch and sucrose 
metabolism, pyruvate metabolism, and the TCA cycle. 
This was accompanied by the upregulation of key KO 
genes encoding enzymes involved in these pathways. 
In starch and sucrose metabolism, key enzymes such as 
K01176 (amyA) and K00691 (mapA) were upregulated, 
whereas K05349 (bglX) and K00702 (EC 2.4.1.20) were 
downregulated in the SES group. The amyA gene encodes 
α-amylase, an enzyme with extracellular localization pri-
marily produced by certain Prevotella and Lactobacillus 
species [24, 44], while the mapA gene encodes maltose 
phosphorylase, also with extracellular localization, and is 

primarily produced by Lactobacillus species [44]. There-
fore, we deduce that when cows are excessively sorted 
TMR for fine particles, the proliferation of Prevotella and 
Lactobacillus increases rapidly, which enriches the amyA 
and mapA in the rumen, accelerating the starch degra-
dation in the rumen. In addition, the bglX gene encodes 
beta-glucosidase, and the EC 2.4.1.20 gene encodes cel-
lobiose phosphorylase, both of which are involved in cel-
lulose and hemicellulose degradation. These enzymes are 
typically found in Fibrobacter and Ruminococcus, two 
main fiber degradation genera in the rumen [45, 46]. The 
lower abundance of these genera in the SES group likely 
explains the downregulation of bglX and EC 2.4.1.20 
enzymes, leading to decreased efficiency in cellulose and 
hemicellulose breakdown in the rumen. This aligns with 
the observed lower NDF and ADF digestibility in the SES 
group.

The simple sugars in the rumen are fermented into 
VFAs by the majority of rumen microbiota, with pyru-
vate metabolism serving as a central pathway in this pro-
cess. In pyruvate metabolism, enzymes such as K00873 
(PK), K00016 (LDH), and K01960 (pycB) were upregu-
lated in the SES group. The PK catalyzes the final step 
of glycolysis, converting phosphoenolpyruvate (PEP) to 
pyruvate while generating ATP. The upregulation of PK 
suggests an increased glycolytic flux in the SES group, 
likely driven by the higher availability of fermentable 
carbohydrates. This enhanced glycolysis provides more 
pyruvate as a substrate for downstream metabolic path-
ways, such as the TCA cycle or lactate production. The 
LDH converts pyruvate to lactate, regenerating NAD + for 
continued glycolysis [47]. The LDH can also catalyze lac-
tate back into pyruvate for generating more acetate and 
butyrate in certain conditions [48]. The upregulation of 
LDH indicates a shift toward lactate production and uti-
lization, which is common in carbohydrate-rich diets. 
This metabolic adaptation helps maintain energy produc-
tion in the rumen but may also lead to lactate accumu-
lation, potentially leading to lower rumen pH. However, 
previous studies indicated a significant increase in the 
conversion of lactate into acetate and butyrate in the 
rumen during SARA challenges [49]. The upregulation 
of K22212 (mleA) in the SES group further indicates a 
metabolic shift toward lactate production, in which mleA 
facilitates lactate production from malate. In addition, 
the downregulation of K01026 (pct), an enzyme involved 
in converting lactate to propionate, suggests a potential 
limitation in lactate utilization into propionate. Simul-
taneously, the upregulation of K01960 (pycB), which 
catalyzes the conversion of pyruvate to oxaloacetate, 
along with other TCA cycle enzymes such as K01647 
(CS), K00024 (mdh), and K01679 (FH), indicates that the 
rumen microbiota in the SES group is prioritizing oxi-
dative metabolism to meet energy demands. In terms of 



Page 15 of 22Mousa et al. Animal Microbiome            (2025) 7:82 

rumen microbiota, Selenomonas [50] and Bifidobacte-
rium [51] are known to produce PK, while Lactobacillus 
is known to produce mleA [52]. Additionally, Lactobacil-
lus [53] and Selenomonas [54] have the ability to encode 
LDH. While Selenomonas is primarily recognized for its 
role in fermenting lactate to propionate, it is also capable 
of producing lactate under certain conditions or even 
converting lactate into pyruvate for more acetate and 
butyrate production. Previous studies have shown that 
during SARA challenges, Selenomonas shifts its meta-
bolic activity, utilizing more lactate to produce acetate 
and butyrate rather than propionate, resulting in lower 
propionate levels [49]. We deduce that a higher abun-
dance of LDH and mleA from Lactobacillus increases 
the lactic acid release in the rumen of the SES group, and 
at least part of the lactic acid is utilized by Selenomonas 
ruminantium to increase acetate production.

In acetate and butyrate metabolism, the SES group 
demonstrated an upregulation of K03737 (por), which 
encodes pyruvate: ferredoxin oxidoreductase, a critical 
enzyme that converts pyruvate into acetyl-CoA, a central 
intermediate in metabolic pathways, including acetate 
and butyrate production. This upregulation suggests a 
metabolic shift favoring acetyl-CoA production, which 
is essential for short-chain fatty acid (SCFA) synthesis. 
Furthermore, the SES group exhibited upregulation of 
K00625 (pta) and K00925 (ackA), the two main enzymes 
in the phosphate acetyltransferase-acetate kinase (Pta-
AckA) pathway, while downregulating K01895 (acs), 
which encodes acetyl-CoA synthetase. This indicates that 
acetate production in the SES group is primarily driven 
by the Pta-AckA pathway, a thermodynamically favorable 
and energy-efficient route that catalyzes the conversion 
of acetyl-CoA to acetate with ATP generation. The down-
regulation of acs reflects a reduced reliance on acetate 
assimilation, emphasizing acetate excretion as a meta-
bolic endpoint, which aligns with the observed higher 
acetate concentration in the rumen of the SES group. 
These results are further supported by the increased 
abundance of acetate-producing bacteria, including Pre-
votella, Selenomonas, Treponema, Saccharofermentans, 
and Acetitomaculum, which collectively suggested con-
tributing to the elevated acetate levels observed in the 
SES group [55–61]. Most of these genera likely produce 
acetate via the Pta-AckA pathway, a typical metabolic 
route in acetogenesis. However, Selenomonas ruminan-
tium appears to utilize an atypical pathway or contrib-
utes to acetate production by elevating acetyl-CoA levels, 
due to the absence of ackA and pta activities, as reported 
in previous studies [62]. Additionally, the SES group 
showed an upregulation of K00209 (fabV), which encodes 
enoyl-ACP reductase, a critical enzyme involved in fatty 
acid biosynthesis and butyrate production [63, 64]. In 
this study, butyrate levels were comparable between the 

SES and SLS groups, suggesting an increased demand for 
fatty acid biosynthesis rather than butyrate production. 
This suggests that microbiota enhanced fatty acid pro-
duction, potentially to support membrane synthesis or 
energy storage, as part of an adaptive response to main-
tain cellular homeostasis or cope with environmental 
stresses in the rumen in response to excessive sorting for 
fine particles.

Regarding the pentose phosphate pathway, the SES 
group downregulated K00615 (tktA) and K00948 (PRPS), 
the two enzymes essential for producing NADPH and 
ribose-5-phosphate, critical for nucleotide and amino 
acid biosynthesis. This metabolic reallocation favored 
energy production and carbohydrate metabolism, sup-
ported by the enrichment of glycolytic and TCA cycle 
pathways and increased amino acid degradation (e.g., 
histidine metabolism and lysine degradation), while bio-
synthetic pathways (e.g., phenylalanine, tyrosine, and 
tryptophan biosynthesis) were downregulated. Con-
sistent with previous findings in high-grain diets [10], 
the SES group also exhibited upregulated nitrogen 
metabolism and downregulated methane metabolism. 
The enhanced nitrogen metabolism can be attributed 
to increased oxoglutarate formation in the TCA cycle, 
facilitated by the upregulation of genes such as K01647 
(CS) and K01682 (acnB), which promote the conversion 
of oxoglutarate to glutamate and subsequently to other 
amino acids. Furthermore, the downregulation of meth-
ane metabolism can be attributed to the higher relative 
abundance of acetogenic bacteria in the rumen of the SES 
group, such as Acetitomaculum, which utilize CO2 and 
H2 to produce acetate, thereby reducing the substrates 
available for methanogenesis [65].

The results of the CAZyme profiles align closely with 
the findings of KO enzymes, highlighting significant dif-
ferences in carbohydrate metabolism between groups. In 
the SES group, CAZyme families related to starch metab-
olism, such as GH13 and GH65, were upregulated. These 
enzymes are primarily produced by certain amylolytic 
bacteria in the rumen, suggesting that the higher relative 
abundance of starch-degrading bacteria in the rumen, 
including Prevotella and Lactobacillus, contributed to the 
increased production of these enzymes. Conversely, the 
SES group exhibited downregulation of CAZyme families 
associated with cellulose, hemicellulose, and oligosac-
charide metabolism, including GH1, GH6, GH94, GH5, 
and GH3. These enzymes are predominantly produced by 
cellulolytic bacteria such as Ruminococcus, Fibrobacter, 
Butyrivibrio, and Pseudobutyrivibrio [66, 67]. The lower 
relative abundance of these cellulolytic bacteria in the 
rumen of the SES group likely explains the reduced abun-
dance of these CAZyme families. This reduction in cel-
lulolytic enzyme activity may be a key factor contributing 
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to the lower digestibility of ADF and NDF observed in 
the SES group.

Conclusions
The key findings of this study are summarized in Fig. 7. 
Our findings highlight the detrimental implications of 
feed sorting on rumen function and fiber digestibility in 
dairy cows. Excessive sorting for fine particles in TMR 
increased the relative abundance of bacterial taxa more 
specialized in starch metabolism (Prevotella, Lactobacil-
lus, Selenomonas, Bifidobacterium, Acetitomaculum) at 
the expense of fiber-degrading taxa (Fibrobacter, Rumino-
coccus, Butyrivibrio, Pseudobutyrivibrio). These changes 
were accompanied by upregulation of key enzymes 
involved in starch metabolism, glycolysis, acetate pro-
duction, and fatty acid biosynthesis, alongside down-
regulation of fiber-degrading enzymes. This resulted in 
lower rumen pH, increased TVFA and acetate concentra-
tions, and reduced digestibility of ADF and NDF. Over-
all, our findings indicate that the rumen microbiota and 
its functionality are influenced not only by imbalances 

in dietary composition but also by how cows consume 
a well-balanced TMR. To mitigate the adverse effects of 
feed sorting on rumen health and digestibility, we recom-
mend implementing early detection tools, such as elec-
tronic feeders and machine vision systems, to monitor 
individual feeding behavior. Detection of sorting should 
be followed by targeted mitigation strategies, including 
optimizing forage particle size and enhancing feed bunk 
management. Further research is warranted to explore 
the implications of feed sorting on host metabolism and 
overall cow health.

Methods
Animals, housing, and experimental design
Twenty-four multiparous Holstein cows in mid-lacta-
tion, with an average body weight of 581.59  kg (range: 
512.39–631.24 kg), and an average parity of 4.00 (range: 
3–5), were initially selected for this study. The cows were 
housed in a tethered barn and had ad libitum access to 
feed and water. The experiment was performed over 
28 days, including a 7-day pre-trial period followed by 

Fig. 7  Schematic flowchart illustrating changes in rumen microbiome and gene functions involved in carbohydrate metabolism in response to excessive 
sorting TMR for finer particles in dairy cows. In this flowchart, excessive sorting for fine particles increased the relative abundance of ruminal bacterial taxa 
more specialized in starch metabolism (Prevotella, Lactobacillus, Selenomonas, Bifidobacterium, Treponema, saccharofermentans, Acetitomaculum) at the 
expense of fiber-degrading taxa (Fibrobacter, Ruminococcus, Butyrivibrio, Pseudobutyrivibrio). This microbial shift was associated with the upregulation of 
key enzymes involved in starch metabolism, glycolysis, and acetate production, while fiber-degrading enzymes were downregulated, ultimately reduc-
ing the digestibility of ADF and NDF. These changes collectively contributed to a reduction in rumen pH. Red indicates enriched abundance, and blue 
indicates reduced abundance
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a 21-day main trial period. The cows were fed a TMR 
with a 50:50 forage-to-concentrate ratio, formulated in 
accordance with the Chinese dairy cow feeding standard 
requirements [68]. The composition and nutritional levels 
of the TMR are detailed in Table 4. Fresh TMR was pre-
pared three times daily at 7:30 a.m., 1:00 p.m., and 6:00 
p.m. and was distributed in equal portions using an auto-
matic feeding system. The fresh TMR was provided in 
quantities that allowed for a minimum of 10% feed refus-
als. Feed bunks were emptied and thoroughly cleaned 
each day prior to the morning feeding. Fresh TMR sam-
ples were obtained at the delivery time and within min-
utes of delivery from five distinct points along the feed 
bunk to ensure accurate representation. Leftover samples 
from each cow were collected individually three hours 
post-feeding, following thorough mixing of each cow’s 
leftovers. At each sampling time, the collected samples 
were promptly separated into four particle size fractions 

using a 3-sieve and bottom-pan Penn State Particle 
Separator (PSPS, model C24682N, Nasco, Fort Atkin-
son, WI): long particles (> 19  mm), medium particles 
(8–19  mm), short particles (1.18–8  mm), and fine par-
ticles (< 1.18 mm), following the methodology described 
by [69]. The degree of feed sorting for each fraction was 
assessed, and feed sorting indices were calculated by 
determining the ratio of actual intake to expected intake 
for the particles retained on each layer of the PSPS [70]. 
The anticipated intake for each fraction was calculated by 
multiplying the dry matter intake (DMI) of the total diet 
by the dry matter (DM) percentage of that fraction pres-
ent in the delivered TMR.

Feed chemical analysis and digestibility
On days 1, 7, 14, and 21 of the main trial period, samples 
of the offered TMR in morning, noon, and night feeding 
were collected randomly from different feeding points 
and well mixed in polythene bags before being frozen at 
− 20 °C. Approximately 500 g of the mixed TMR sample 
was divided into four fractions using PSPS. Each frac-
tion was weighed, placed in polythene bags, and stored 
at − 20 °C for downstream analysis. On days 1, 7, 14, and 
21 of the main trial period, feces samples were collected 
from each cow’s rectum four hours after the morning 
feeding and immediately preserved using 20 ml of sulfu-
ric acid 10% (vol/vol) and stored at − 20 °C for subsequent 
analysis. Before chemical analysis, the feces samples 
of each cow were well mixed, and the representative 
samples of TMR, feces, and PSPS fractions were taken 
using the quadrat sampling method. The representative 
samples were later analyzed to determine their chemical 
composition. The contents of DM (method 934.01), CP 
(method 976.05), EE (method 973.18), crude ash (method 
942.05), and ADF (method 973.18) in TMR were assessed 
following the methods described in AOAC [71]. The 
NDF content was evaluated using the Van Soest method 
[72], which involved the use of heat-stable alpha-amylase 
and sodium sulfite. The organic matter (OM) content was 
calculated as the difference between DM and crude ash. 
The non-fiber carbohydrate (NFC) in TMR was calcu-
lated using the following equation: NFC = 100 - [NDF % 
+ CP % + EE % + ash %]. The detailed chemical composi-
tion of the experimental TMR and the PSPS fractions are 
presented in Tables 4 and 5, respectively. To calculate the 
percentage of apparent nutrient digestibility, the follow-
ing equation was used: Digestibility = [(Nutrient intake - 
Nutrient excretion in feces) / Nutrient intake] × 100.

Rumen content sampling and VFA analysis
On the last day of the experimental period, rumen con-
tent samples from all cows were collected 3  h after 
morning feeding using a stomach tube into 50 ml tubes. 
To prevent any possible contamination from saliva, 

Table 4  Ingredients and chemical composition of the 
experimental TMR
Item %
Ingredients, % of DM
Corn 19.33
Beer lees 10.03
Corn silage 28.08
Leymus chinensis 5.58
Alfalfa hay 11.47
Soybean meal 11.03
Wheat bran 2.78
DDGS 4.39
Molasses bean skin 2.83
NaCl 0.55
NaHCO3 0.83
Premix1 2.25
Mycotoxin adsorbents 0.06
CaHPO4 0.59
Dried yeast 0.19
Total 100.00
Nutrient composition
DM, % 47.23
OM, % 39.81
EE, % of DM 3.91
CP, % of DM 16.44
NDF, % of DM 35.03
ADF, % of DM 18.45
Ash, % of DM 7.42
NFC2, % of DM 37.20
NFC/NDF 1.06
DDGS = distiller’s dried grains with solubles, EE = ether extract, CP = crude 
protein, NDF = neutral detergent fiber, ADF = acid detergent fiber. NFC = non-
fiber carbohydrate
1The premix provided the following nutrients per kilogram of diet: vitamin 
D3 (6.0 kIU), vitamin A (21.5 kIU), vitamin K3 (5.0  mg), vitamin E (39.5 IU), Mn 
(64.5 mg), Cu (25.6 mg), Zn (112.9 mg), and Fe (159.3 mg)
2NFC (%) = 100 - [NDF (%) + CP (%) + EE (%) + ash (%)]
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approximately 150  ml of the initially gathered rumen 
content was discarded before the collection of samples. 
Following the collection, the ruminal pH was assessed 
immediately using a pH meter (206-pH2; Testo AG, Ger-
many). The ruminal content samples were then divided 
into two portions: the first portion was preserved in liq-
uid nitrogen for subsequent microbial DNA extraction, 
while the second portion was filtered through four lay-
ers of gauze to obtain ruminal fluid. The filtered ruminal 
fluid samples were stored at − 20 °C for VFA determina-
tion. The concentrations of VFA, including acetate, pro-
pionate, butyrate, isobutyrate, valerate, and isovalerate, 
were determined using the gas chromatography tech-
nique (GC-2014B, Shimadzu, Japan; capillary column 
specifications: 30  m × 0.32  mm × 0.25  μm; detector 
temperature = 210  °C; gasification temperature = 220  °C; 
chromatographic column temperature = 160  °C), follow-
ing the methodologies outlined by [73].

Total DNA extraction
The microbial DNA was extracted from 0.3  g of rumi-
nal content per sample using the E.Z.N.A.® Soil DNA 
Kit (Omega Bio-Tek, Norcross, GA, USA). The extrac-
tion procedure was conducted in strict accordance with 
the standard operating protocol provided by the manu-
facturer. A bead-beating method was employed to break 
down microbial cell walls and facilitate the release of 
DNA. The purity and concentration of the extracted 
DNA were assessed using a NanoDrop spectrophotome-
ter (NanoDrop 1000, Thermo Fisher Scientific, Madison, 
USA) and 1% agarose gel electrophoresis. All extracted 
DNA samples were subsequently stored at − 80  °C until 
further analysis [74].

DNA library construction and sequencing
For each sample, 1 µg of genomic DNA was fragmented 
into approximately 450  bp fragments using the Cova-
ris M220 ultrasonicator (Covaris Inc., Woburn, MA). 
Paired-end metagenomic libraries were subsequently 
constructed using the TruSeq DNA Sample Prep Kit 
(Illumina, San Diego, CA) and were sequenced on the 
Illumina HiSeq X Ten platform.

Following sequencing, low-quality reads, as well as 
contaminating adaptor sequences, were eliminated from 
the raw sequencing data using Trimmomatic [75]. To 
further remove host-genome contamination, the reads 
were aligned to the Bos taurus ARS-UCD1.2 reference 
genome (obtained from the National Center for Bio-
technology Information) using the BWA-MEM (v0.7.17) 
[76]. The resulting clean reads were then processed with 
MEGAHIT (v1.1.1), employing the option of “--min-
contig-len 500“ to assemble the data [77]. Contig abun-
dance was then quantified using Salmon (v1.9.0) [78], 
run in metagenomic mode (--meta) with selective align-
ment enabled (--validateMappings). Mean coverage per 
contig was calculated using Salmon’s output. Contigs 
with mean coverage < 60% were subsequently discarded 
to ensure robust downstream analysis. Open reading 
frames (ORFs) were predicted from the filtered contigs 
using Prodigal (v2.6.3) in metagenomic mode (-p meta) 
[79], and the derived ORFs were clustered into a non-
redundant gene catalog using CD-HIT (v4.6.7) [80], with 
a sequence identity threshold of 0.95 [81].

Taxonomic classification and functional annotation
The non-redundant gene catalog was translated into 
amino acid sequences using EBI-TRANSEQ (​h​t​t​p​​s​:​/​​
/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​T​​o​o​​l​s​/​​s​t​/​​e​m​b​o​​s​s​​_​t​r​a​n​s​e​q​/) [82]. ​T​a​
x​o​n​o​m​i​c annotation was performed using BLASTP 
(v2.12.0+) against the NCBI NR database (​h​t​t​p​​s​:​/​​/​w​w​
w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​​/​r​e​​f​s​e​q​​/​a​​b​o​u​​t​/​n​​o​n​r​e​​d​u​​n​d​a​n​t​p​r​o​t​e​i​
n​s​/), with an e-value threshold of 1e-5 and a minimum 
alignment length of 60 amino acids. Functional annota-
tion was conducted using BLASTP (v2.12.0+) against 
the KEGG database (https://www.genome.jp/kegg/) [83]. 
CAZyme identification was performed using hmms-
can (HMMER v3.3.2) against the dbCAN3 CAZy HMM 
database (http://www.cazy.org/) [84]. Taxonomic ​p​r​o​f​
i​l​e​s were established at the domain, phylum, class, fam-
ily, genus, and species levels. Features with a relative 
abundance > 0.1% in at least one group were retained for 
downstream analysis. The abundances of KEGG mod-
ules, KO genes, and CAZymes were normalized to CPM. 
For statistical analyses, only features with CPM > 5 in at 
least one group were included.

Table 5  Detailed chemical composition of the experimental 
TMR fractions separated by PSPS1

Item > 19 mm 8–19 mm 1.18–8 mm < 1.18 mm
Weight, g 71.40 115.17 96.21 217.22
DM, % 46.12 47.51 49.75 51.88
OM, % 37.80 39.81 42.26 43.48
EE, % of DM 3.87 4.16 4.92 5.86
CP, % of DM 12.21 14.31 17.12 19.87
NDF, % of DM 42.72 38.16 29.99 17.65
ADF, % of DM 28.52 19.24 12.14 7.12
Ash, % of DM 8.32 7.70 7.49 8.40
NFC2, % of DM 32.88 35.67 40.48 48.22
NFC/NDF 0.77 0.93 1.35 2.73
PSPS = Penn state particle separator, EE = ether extract, CP = crude protein, 
NDF = neutral detergent fiber, ADF = acid detergent fiber. NFC = non-fiber 
carbohydrate
1A total of 500 g of TMR (as fed) was separated into four fractions for analysis
2NFC (%) = 100 - [NDF (%) + CP (%) + EE (%) + ash (%)]

https://www.ebi.ac.uk/Tools/st/emboss_transeq/
https://www.ebi.ac.uk/Tools/st/emboss_transeq/
https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/
https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/
https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/
https://www.genome.jp/kegg/
http://www.cazy.org/
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Statistical analysis
Sample size determination using G*Power software (v 
3.1.9.6) based on a t-test for dependent means (α = 0.01, 
power = 80%) revealed that a minimum of 6 cows in each 
group was required. Feed sorting behavior was identi-
fied by averaging feed sorting data of all cows across 
days 1, 7, 14, and 21 of the main trial period. Cows were 
then categorized based on their sorting indices into two 
groups: severe sorting (SES; n = 6), representing excessive 
sorting for fine particles, and slight sorting (SLS; n = 6), 
representing slight sorting for fine particles. Further-
more, 12 cows were excluded from the analysis due to 
either consistent normal sorting across all particle sizes 
or inconsistent sorting for fine particles throughout the 
experimental period.

Statistical analysis of feed sorting indices was per-
formed using the linear mixed model (MIXED) pro-
cedure in SPSS software (IBM SPSS v. 24; IBM Corp., 
Armonk, NY, USA), with the model: Yij = µ + Ai + Pj + 
(AP)ij + eij, where µ is the overall mean, Ai is the fixed 
effect of sorting group (i = 1–2), Pj is the fixed effect of 
day (j = 1–4), (AP)ij is the fixed effect of the sorting group 
by day interaction, and eij is the random residual error. 
Furthermore, the independent t-tests were used to ana-
lyze the data of pH, VFA, and apparent nutrient digest-
ibility. Alpha diversity indices were calculated using the 
“vegan“ package in R software (v4.3.2). Differential analy-
sis of rumen microbiota composition, microbiota func-
tions, and alpha diversity indices was conducted using 
the Wilcoxon rank-sum test on the Biozeron Cloud Plat-
form (​h​t​t​p​​:​/​/​​w​w​w​.​​c​l​​o​u​d​​.​b​i​​o​m​i​c​​r​o​​c​l​a​​s​s​.​​c​o​m​/​​C​l​​o​u​d​P​l​a​t​f​o​r​
m) [85]. The correlation analysis between rumen ​m​i​c​r​o​b​
i​o​t​a​, pH, and VFA was calculated using the Spearman’s 
correlation test implemented in the “Hmisc” package 
in the R software (v4.3.2). Only significant correlations 
(p < 0.05) with a Spearman’s correlation coefficient|R| 
>0.6 were then visualized using Gephi software (v4.3.2) 
(https://gephi.org).

Abbreviations
VFA	� Volatile fatty acids
TVFA	� Total volatile fatty acids
TMR	� Total mixed ration
peNDF	� Physically effective neutral detergent fiber
SARA	� Subacute ruminal acidosis
NDF	� Neutral detergent fiber
ADF	� Acid detergent fiber
PSPS	� Penn state particle separator
DMI	� Dry matter intake
DM	� Dry matter
OM	� Organic matter
CP	� Crude protein
EE	� Ether extract
NFC	� Non-fiber carbohydrate
ORFs	� Open reading frames
KEGG	� Kyoto encyclopedia of genes and genomes
CAZymes	� Carbohydrate-active enzymes
KO	� KEGG orthology
CPM	� Counts per million

PCoA	� Principal coordinates analysis
OTU	� Operational taxonomic unit
AAs	� Auxiliary activities
CBMs	� Carbohydrate-binding modules
CEs	� Carbohydrate esterases
GHs	� Glycoside hydrolases
GTs	� Glycosyltransferase
PLs	� Polysaccharide lyases
PCA	� Principal coordinate analysis
PEP	� Phosphoenolpyruvate
Pta-AckA	� Phosphate acetyltransferase-acetate kinase

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​4​2​5​2​3​-​0​2​5​-​0​0​4​3​9​-​3.

Supplementary Material 1

Acknowledgements
Not applicable.

Author contributions
A.A.M., Z.H, D.H, and Z.J performed the experiments. A.A.M. performed 
statistical and bioinformatic analysis, designed the figures, and wrote the 
manuscript. M.S acquired the funding and supervised the experiments. M.S 
and A.A.M. revised the manuscript. All authors read and approved the final 
manuscript.

Funding
This research was funded by the Natural Science Foundation of China 
(32072755).

Data availability
All data generated and/or analysed during this study are available upon 
reasonable request to the corresponding author.

Declarations

Ethics approval and consent to participate
All the experimental procedures applied in the current study were conducted 
according to the Animal Protection Law and followed the Guide for the Care 
and Use of Laboratory Animals, as approved by the Ethics Committee of 
Nanjing Agricultural University. (NTAU.No20231215N09).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Ruminant Nutrition and Feed Engineering Technology Research 
Center, College of Animal Science and Technology, Nanjing Agricultural 
University, Nanjing 210095, Jiangsu, China
2Laboratory of Gastrointestinal Microbiology, College of Animal Science 
and Technology, Nanjing Agricultural University, Nanjing 210095, China
3Animal Production Department, Faculty of Agriculture, Benha University, 
Benha 13736, Egypt

Received: 22 April 2025 / Accepted: 2 July 2025

References
1.	 Schingoethe DJ. A 100-year review: total mixed ration feeding of dairy cows. 

J Dairy Sci. 2017;100(12):10143–50. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​2​0​1​7​-​1​2​9​6​7
2.	 Xiao J, Alugongo GM, Khan MZ, Liu S, Ma Y, Wang J, et al. Different feed pre-

sentations affect subsequent feed sorting and rumen pH for a short period in 

http://www.cloud.biomicroclass.com/CloudPlatform
http://www.cloud.biomicroclass.com/CloudPlatform
https://gephi.org
https://doi.org/10.1186/s42523-025-00439-3
https://doi.org/10.1186/s42523-025-00439-3
https://doi.org/10.3168/jds.2017-12967


Page 20 of 22Mousa et al. Animal Microbiome            (2025) 7:82 

weaned calves. J Dairy Sci. 2021;104(4):4146-56. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​2​
0​2​0​-​1​9​1​7​0.

3.	 Miller-Cushon EK, DeVries TJ. Feed sorting in dairy cattle: causes, conse-
quences, and management. J Dairy Sci. 2017;100(5):4172–83. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​3​1​6​8​​/​j​​d​s​.​2​0​1​6​-​1​1​9​8​3

4.	 Jurkovich V, Könyves L, Bakony M. Association between feed sorting and the 
prevalence of metabolic disorders in Hungarian large-scale dairy herds. J 
Dairy Res. 2019;86(2):162-4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​7​​/​S​​0​0​2​2​0​2​9​9​1​9​0​0​0​2​7​X.

5.	 Kostic AD, Howitt MR, Garrett WS. Exploring host–microbiota interactions in 
animal models and humans. Genes Dev. 2013;27(7):701– 18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​1​0​1​​/​g​​a​d​.​2​1​2​5​2​2​.​1​1​2.

6.	 Peixoto RS, Harkins DM, Nelson KE. Advances in microbiome research for 
animal health. Annu Rev Anim Biosci. 2021;9(1):289–311. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
1​4​6​​/​a​​n​n​u​​r​e​v​​-​a​n​i​​m​a​​l​-​0​9​1​0​2​0​-​0​7​5​9​0​7.

7.	 Palmonari A, Federiconi A, Formigoni A. Animal board invited review: 
the effect of diet on rumen microbial composition in dairy cows. Animal. 
2024;18(10):101319. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​n​​i​m​a​​l​.​2​0​​2​4​​.​1​0​1​3​1​9.

8.	 Mu Y, Qi W, Zhang T, Zhang J, Mao SY. Multi-omics analysis revealed 
coordinated responses of rumen microbiome and epithelium to high-
grain-induced subacute rumen acidosis in lactating dairy cows. mSystems. 
2022;7(1):e01490-21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​s​y​s​t​e​m​s​.​0​1​4​9​0​-​2​1.

9.	 Liu K, Zhang Y, Yu Z, Xu Q, Zheng N, Zhao S, et al. Ruminal microbiota–host 
interaction and its effect on nutrient metabolism. Anim Nutr. 2021;7(1):49–55. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​n​​i​n​u​​.​2​0​2​​0​.​​1​2​.​0​0​1

10.	 Mu Y, Qi W, Zhang T, Zhang J, Mao SY. Coordinated response of milk bacterial 
and metabolic profiles to subacute ruminal acidosis in lactating dairy cows. J 
Anim Sci Biotechnol. 2023;14(1):60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​0​4​-​0​2​3​-​0​0​8​5​
9​-​8.

11.	 Spina AA, Iommelli P, Morello AR, Britti D, Pelle N, Poerio G, et al. Particle size 
distribution and feed sorting of hay-based and silage-based total mixed 
ration of Calabrian dairy herds. Dairy. 2024;5(106–17). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​
/​d​​a​i​r​y​5​0​1​0​0​0​9

12.	 Sova A, LeBlanc S, McBride B, DeVries T. Associations between herd-level 
feeding management practices, feed sorting, and milk production in freestall 
dairy farms. J Dairy Sci. 2013;96(7):4759-70. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​2​0​1​3​-​6​
6​7​9.

13.	 Golder H, Lean I. Ruminal acidosis and its definition: A critical review. J Dairy 
Sci. 2024;107(12):10066-98. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​2​0​2​4​-​2​4​8​1​7.

14.	 Dijkstra J, Ellis J, Kebreab E, Strathe A, López S, France J, et al. Ruminal pH 
regulation and nutritional consequences of low pH. Anim Feed Sci Technol. 
2012;172(1–2):22–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​n​​i​f​e​​e​d​s​c​​i​.​​2​0​1​1​.​1​2​.​0​0​5

15.	 Nagaraja TG, Titgemeyer EC. Ruminal acidosis in beef cattle: the current 
Microbiological and nutritional outlook. J Dairy Sci. 2007;90(Suppl 1):17–38. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​2​0​0​6​-​4​7​8

16.	 Nasrollahi SM, Zali A, Ghorbani GR, Shahrbabak MM, Abadi MHS. Variability 
in susceptibility to acidosis among high producing mid-lactation dairy cows 
is associated with rumen pH, fermentation, feed intake, sorting activity, and 
milk fat percentage. Anim Feed Sci Technol. 2017;228:72–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​1​6​​/​j​​.​a​n​​i​f​e​​e​d​s​c​​i​.​​2​0​1​7​.​0​3​.​0​0​7.

17.	 Li S, Danscher A, Plaizier J. Subactue ruminal acidosis (SARA) in dairy cattle: 
new developments in diagnostic aspects and feeding management. Can J 
Anim Sci. 2013;94(1):353–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​1​4​1​​/​c​​j​a​s​2​0​1​3​-​0​3​6

18.	 Xue B, Wu M, Yue S, Hu A, Li X, Hong Q, et al. Changes in rumen bacterial 
community induced by the dietary physically effective neutral detergent 
fiber levels in goat diets. Front Microbiol. 2022;13:820509. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​
3​8​9​​/​f​​m​i​c​b​.​2​0​2​2​.​8​2​0​5​0​9.

19.	 Nousiainen J, Rinne M, Huhtanen P. A meta-analysis of feed digestion in dairy 
cows. 1. The effects of forage and concentrate factors on total diet digest-
ibility. J Dairy Sci. 2009;92(10):5019–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​2​0​0​8​-​1​8​3​3

20.	 Zhang R, Liu Y, Yin Y, Jin W, Mao SY, Liu J. Response of rumen microbiota, and 
metabolic profiles of rumen fluid, liver and serum of goats to high-grain diets. 
Animal. 2019;13(9):1855-64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​7​​/​S​​1​7​5​1​7​3​1​1​1​8​0​0​3​6​7​1.

21.	 Xue MY, Sun HZ, Wu XH, Liu JX, Guan LL. Multi-omics reveals that the rumen 
microbiome and its metabolome together with the host metabolome con-
tribute to individualized dairy cow performance. Microbiome. 2020;8:1–19. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​6​8​-​0​2​0​-​0​0​8​1​9​-​8.

22.	 Lin L, Xie F, Sun D, Liu J, Zhu W, Mao SY. Ruminal microbiome-host crosstalk 
stimulates the development of the ruminal epithelium in a lamb model. 
Microbiome. 2019;7(83):1–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​6​8​-​0​1​9​-​0​7​0​1​-​y.

23.	 Mao SY, Zhang M, Liu J, Zhu W. Characterising the bacterial microbiota across 
the gastrointestinal tracts of dairy cattle: membership and potential function. 
Sci Rep. 2015;5(1):16116. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​r​e​p​1​6​1​1​6.

24.	 Bandarupalli VVK, St-Pierre B. Identification of a candidate starch utiliz-
ing strain of Prevotella albensis from bovine rumen. Microorganisms. 
2020;8(12):2005. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​8​1​2​2​0​0​5.

25.	 Purushe J, Fouts DE, Morrison M, White BA, Mackie RI. Comparative genome 
analysis of Prevotella ruminicola and Prevotella bryantii: insights into their 
environmental niche. Microb Ecol. 2010;60:721-9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​
2​4​8​-​0​1​0​-​9​6​9​2​-​8.

26.	 Zhang Z, Li F, Ma X, Li F, Wang Z. Effects of barley starch level in diet on fer-
mentation and microflora in rumen of Hu sheep. Animals. 2022;12(15):1941. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​i​1​2​1​5​1​9​4​1

27.	 Petri RM, Schwaiger T, Penner GB, Beauchemin KA, Forster RJ, Mckinnon JJ, et 
al. Characterization of the core rumen microbiome in cattle during transition 
from forage to concentrate as well as during and after an acidotic challenge. 
PLoS One. 2013;8(12):83424-38. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​0​8​3​4​2​
4.

28.	 McCann JC, Luan S, Cardoso FC, Derakhshani H, Khafipour E, Loor JJ. Induc-
tion of subacute ruminal acidosis affects the ruminal microbiome and epithe-
lium. Front Microbiol. 2016;7:701. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​6​.​0​0​7​0​1.

29.	 Early L, Nangle J, Gilliland S. Lactobacillus acidophilus isolated from cattle 
with potential to improve starch utilization. J Anim Sci. 2006;84:86.

30.	 Duranti S, Turroni F, Lugli GA, Milani C, Viappiani A, Mangifesta M, et 
al. Genomic characterization and transcriptional studies of the starch-
utilizing strain Bifidobacterium adolescentis 22L. Appl Environ Microbiol. 
2014;80(19):6080-90. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​A​​E​M​.​0​1​9​9​3​-​1​4.

31.	 Hua D, Hendriks WH, Xiong B, Pellikaan WF. Starch and cellulose degradation 
in the rumen and applications of metagenomics on ruminal microorganisms. 
Animals. 2022;12(21):3020. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​i​1​2​2​1​3​0​2​0.

32.	 Chen S, Niu L, Zhang Y. Saccharofermentans acetigenes gen. Nov., sp. Nov., an 
anaerobic bacterium isolated from sludge treating brewery wastewater. Int J 
Syst Evol Microbiol. 2010;60(Pt 12):2735–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​i​​j​s​.​0​.​0​1​7​5​9​
0​-​0

33.	 Paster B, Canale-Parola E. Physiological diversity of rumen spirochetes. Appl 
Environ Microbiol. 1982;43(3):686–93. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​a​​e​m​.​​4​3​.​​3​.​6​8​​6​-​​6​
9​3​.​1​9​8​2

34.	 Whitford M, Yanke L, Forster R, Teather R. Lachnobacterium bovis gen. nov., 
sp. nov., a novel bacterium isolated from the rumen and faeces of cattle. Int J 
Syst Evol Microbiol. 2001;51(6):1977-81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​0​​0​2​0​7​7​1​3​-​5​
1​-​6​-​1​9​7​7.

35.	 Greening R, Leedle J. Enrichment and isolation of Acetitomaculum ruminis, 
gen. nov., sp. nov.: acetogenic bacteria from the bovine rumen. Arch Micro-
biol. 1989;151(399–406. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​B​​F​0​0​4​1​6​5​9​7.

36.	 Poothong S, Tanasupawat S, Chanpongsang S, Kingkaew E, Nuengjamnong 
C. Anaerobic flora, Selenomonas ruminis sp. nov., and the bacteriocinogenic 
Ligilactobacillus salivarius strain MP3 from crossbred-lactating goats. Sci Rep. 
2024;14(1):4838. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​4​-​5​4​6​8​6​-​6.

37.	 Opdahl LJ, Gonda MG, St-Pierre B. Identification of uncultured bacterial 
species from Firmicutes, Bacteroidetes and CANDIDATUS Saccharibacteria as 
candidate cellulose utilizers from the rumen of beef cows. Microorganisms. 
2018;6(1):17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​6​0​1​0​0​1​7.

38.	 Chen X, Su X, Li J, Yang Y, Wang P, Yan F, et al. Real-time monitoring of ruminal 
microbiota reveals their roles in dairy goats during subacute ruminal acidosis. 
NPJ Biofilms Microbi. 2021;7(1):45. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​2​2​-​0​2​1​-​0​0​2​1​
5​-​6.

39.	 Ricci S, Pacífico C, Castillo-Lopez E, Rivera-Chacon R, Schwartz-Zimmermann 
HE, Reisinger N, et al. Progressive microbial adaptation of the bovine rumen 
and hindgut in response to a step-wise increase in dietary starch and the 
influence of phytogenic supplementation. Front Microbiol. 2022;13:920427. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​2​.​9​2​0​4​2​7.

40.	 Moraïs S, Mizrahi I. Islands in the stream: from individual to commu-
nal fiber degradation in the rumen ecosystem. FEMS Microbiol Rev. 
2019;43(4):362– 79. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​f​​e​m​s​r​e​/​f​u​z​0​0​7.

41.	 Li Y, Gao J, Xue Y, Sun R, Sun X, Sun Z, et al. Nutrient availability of roughages 
in isocaloric and isonitrogenous diets alters the bacterial networks in the 
whole gastrointestinal tract of Hu sheep. BMC Microbiol. 2023;23(1):70. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​6​6​-​0​2​3​-​0​2​8​1​4​-​z.

42.	 Zhang J, Shang J, Hao Y, Wang Y, Cao Z, Yang H, et al. Growth performance, 
blood metabolites, ruminal fermentation, and bacterial community in pre-
weaning dairy calves fed corn silage-included starter and total mixed ration. J 
Dairy Sci. 2023;106(7):4545-58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​2​0​2​2​-​2​2​4​7​6.

43.	 Subbarayudu S, Snega priya P, Rajagopal R, Alfarhan A, Guru A, Arockiaraj 
J. Impact of acidic and alkaline conditions on Staphylococcus aureus and 

https://doi.org/10.3168/jds.2020-19170
https://doi.org/10.3168/jds.2020-19170
https://doi.org/10.3168/jds.2016-11983
https://doi.org/10.3168/jds.2016-11983
https://doi.org/10.1017/S002202991900027X
https://doi.org/10.1101/gad.212522.112
https://doi.org/10.1101/gad.212522.112
https://doi.org/10.1146/annurev-animal-091020-075907
https://doi.org/10.1146/annurev-animal-091020-075907
https://doi.org/10.1016/j.animal.2024.101319
https://doi.org/10.1128/msystems.01490-21
https://doi.org/10.1016/j.aninu.2020.12.001
https://doi.org/10.1016/j.aninu.2020.12.001
https://doi.org/10.1186/s40104-023-00859-8
https://doi.org/10.1186/s40104-023-00859-8
https://doi.org/10.3390/dairy5010009
https://doi.org/10.3390/dairy5010009
https://doi.org/10.3168/jds.2013-6679
https://doi.org/10.3168/jds.2013-6679
https://doi.org/10.3168/jds.2024-24817
https://doi.org/10.1016/j.anifeedsci.2011.12.005
https://doi.org/10.3168/jds.2006-478
https://doi.org/10.3168/jds.2006-478
https://doi.org/10.1016/j.anifeedsci.2017.03.007
https://doi.org/10.1016/j.anifeedsci.2017.03.007
https://doi.org/10.4141/cjas2013-036
https://doi.org/10.3389/fmicb.2022.820509
https://doi.org/10.3389/fmicb.2022.820509
https://doi.org/10.3168/jds.2008-1833
https://doi.org/10.1017/S1751731118003671
https://doi.org/10.1186/s40168-020-00819-8
https://doi.org/10.1186/s40168-020-00819-8
https://doi.org/10.1186/s40168-019-0701-y
https://doi.org/10.1038/srep16116
https://doi.org/10.3390/microorganisms8122005
https://doi.org/10.1007/s00248-010-9692-8
https://doi.org/10.1007/s00248-010-9692-8
https://doi.org/10.3390/ani12151941
https://doi.org/10.3390/ani12151941
https://doi.org/10.1371/journal.pone.0083424
https://doi.org/10.1371/journal.pone.0083424
https://doi.org/10.3389/fmicb.2016.00701
https://doi.org/10.1128/AEM.01993-14
https://doi.org/10.3390/ani12213020
https://doi.org/10.1099/ijs.0.017590-0
https://doi.org/10.1099/ijs.0.017590-0
https://doi.org/10.1128/aem.43.3.686-693.1982
https://doi.org/10.1128/aem.43.3.686-693.1982
https://doi.org/10.1099/00207713-51-6-1977
https://doi.org/10.1099/00207713-51-6-1977
https://doi.org/10.1007/BF00416597
https://doi.org/10.1038/s41598-024-54686-6
https://doi.org/10.3390/microorganisms6010017
https://doi.org/10.1038/s41522-021-00215-6
https://doi.org/10.1038/s41522-021-00215-6
https://doi.org/10.3389/fmicb.2022.920427
https://doi.org/10.3389/fmicb.2022.920427
https://doi.org/10.1093/femsre/fuz007
https://doi.org/10.1186/s12866-023-02814-z
https://doi.org/10.1186/s12866-023-02814-z
https://doi.org/10.3168/jds.2022-22476


Page 21 of 22Mousa et al. Animal Microbiome            (2025) 7:82 

Acinetobacter baumannii interactions and their biofilms. Arch Microbiol. 
2024;206(11):426. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​0​3​-​0​2​4​-​0​4​1​4​2​-​w.

44.	 Andersen S, Møller MS, Poulsen JN, Pichler MJ, Svensson B, Lo Leggio L, et al. 
An 1,4-α-glucosyltransferase defines a new maltodextrin catabolism scheme 
in Lactobacillus acidophilus. Appl Environ Microbiol. 2020;86(15):00661– 20. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​a​​e​m​.​0​0​6​6​1​-​2​0.

45.	 Buchanan C, Mitchell W. Two β-glucosidase activities in Fibrobacter succino-
genes S85. J Appl Bacteriol. 1992;73(3):243– 50. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​3​​6​5​
-​​2​6​7​2​​.​1​​9​9​2​.​t​b​0​2​9​8​4​.​x.

46.	 Lou J, Dawson KA, Strobel HJ. Cellobiose and cellodextrin metabolism by the 
ruminal bacterium Ruminococcus albus. Curr Microbiol. 1997;35:221-7. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​8​4​9​9​0​0​2​4​2.

47.	 Rogatzki MJ, Ferguson BS, Goodwin ML, Gladden LB. Lactate is always the 
end product of glycolysis. Front Neurosci. 2015;9:22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​
n​i​n​s​.​2​0​1​5​.​0​0​0​2​2.

48.	 Zhao S, Lau R, Zhong Y, Chen MH. Lactate cross-feeding between Bifidobac-
terium species and Megasphaera indica contributes to butyrate formation in 
the human colonic environment. Appl Environ Microbiol. 2024;90(1):0101923. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​a​​e​m​.​0​1​0​1​9​-​2​3.

49.	 He B, Fan Y, Wang H. Lactate uptake in the rumen and its contributions to 
subacute rumen acidosis of goats induced by high-grain diets. Front Vet Sci. 
2022;9:964027. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​v​e​t​s​.​2​0​2​2​.​9​6​4​0​2​7.

50.	 Asanuma N, Hino T. Molecular characterization, enzyme properties and tran-
scriptional regulation of phosphoenolpyruvate carboxykinase and pyruvate 
kinase in a ruminal bacterium, Selenomonas ruminantium. Microbiology. 
2001;147(Pt 3):681– 90. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​0​​0​2​2​1​2​8​7​-​1​4​7​-​3​-​6​8​1.

51.	 Brandt K, Barrangou R. Phylogenetic analysis of the Bifidobacterium genus 
using glycolysis enzyme sequences. Front Microbiol. 2016;7:657. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​6​.​0​0​6​5​7.

52.	 Landete JM, Ferrer S, Monedero V, Zúñiga M. Malic enzyme and malolactic 
enzyme pathways are functionally linked but independently regulated in 
Lactobacillus casei BL23. Appl Environ Microbiol. 2013;79(18):5509-18. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​A​​E​M​.​0​1​1​7​7​-​1​3.

53.	 Junko U, Takahiro T, Tomohiko F, Takatoshi I. Identification of species among 
the Lactobacillus acidophilus group by electrophoresis of lactate dehydroge-
nases. J Anim Sci Technol. 1994;65(2):111-9.

54.	 Evans JD, Martin SA. Cloning of the L-lactate dehydrogenase gene from 
the ruminal bacterium Selenomonas ruminantium HD4. Curr Microbiol. 
2002;44(3):155– 60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​8​4​-​0​0​1​-​0​0​8​2​-​9.

55.	 Trautmann A, Schleicher L, Deusch S, Gätgens J, Steuber J, Seifert J. Short-
chain fatty acids modulate metabolic pathways and membrane lipids in 
Prevotella bryantii B14. Proteomes. 2020;8(4):28. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​r​o​t​
e​o​m​e​s​8​0​4​0​0​2​8.

56.	 Seo JK, Kim SW, Kim MH, Upadhaya SD, Kam DK, Ha JK. Direct-fed microbials 
for ruminant animals. Asi-Aust J Anim Sci. 2010;23(12):1657-67. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​5​7​1​3​​/​a​​j​a​s​.​2​0​1​0​.​r​.​0​8.

57.	 Michel TA, Macy JM. Purification of an enzyme responsible for acetate forma-
tion from acetyl coenzyme A in Selenomonas ruminantium. FEMS Microbiol 
Lett. 1990;68(1–2):189– 94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​5​​7​4​-​​6​9​6​8​​.​1​​9​9​0​.​t​b​0​4​1​4​7​.​
x.

58.	 Stanton TB. Glucose metabolism of Treponema bryantii, an anaerobic rumen 
spirochete. Can J Microbiol. 1984;30(5):526– 31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​9​​/​m​​8​
4​-​0​8​0.

59.	 Wei H, Liu J, Liu M, Zhang H, Chen Y. Rumen fermentation and microbial 
diversity of sheep fed a high-concentrate diet supplemented with hydro-
ethanolic extract of walnut green husks. Anim Biosci. 2023;37(4):655. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​5​7​1​3​​/​a​​b​.​2​3​.​0​2​1​3.

60.	 Le Van TD, Robinson JA, Ralph J, Greening RC, Smolenski WJ, Leedle JA, et al. 
Assessment of reductive acetogenesis with indigenous ruminal bacte-
rium populations and Acetitomaculum ruminis. Appl Environ Microbiol 
1998;64(9):3429-36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​A​​E​M​.​​6​4​.​​9​.​3​4​​2​9​​-​3​4​3​6​.​1​9​9​8.

61.	 Murali N, Srinivas K, Ahring BK. Increasing the production of volatile fatty 
acids from corn stover using bioaugmentation of a mixed rumen culture with 
homoacetogenic bacteria. Microorganisms. 2021;9(2):337. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​9​0​2​0​3​3​7.

62.	 Hackmann TJ, Ngugi DK, Firkins JL, Tao J. Genomes of rumen bacteria encode 
atypical pathways for fermenting hexoses to short-chain fatty acids. Environ 
Microbiol. 2017;19(11):4670-83. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​1​​4​6​2​-​2​9​2​0​.​1​3​9​2​9.

63.	 Sebastià C, Folch JM, Ballester M, Estellé J, Passols M, Muñoz M, et al. Inter-
relation between gut microbiota, SCFA, and fatty acid composition in pigs. 
mSystems. 2024;9(1):e0104923. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​s​y​s​t​e​m​s​.​0​1​0​4​9​-​2​3.

64.	 López-García A, Saborío-Montero A, Gutiérrez-Rivas M, Atxaerandio R, Goiri 
I, García-Rodríguez A, et al. Fungal and ciliate protozoa are the main rumen 
microbes associated with methane emissions in dairy cattle. GigaScience. 
2022;11:giab088. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​g​​i​g​a​​s​c​i​​e​n​c​e​​/​g​​i​a​b​0​8​8.

65.	 Li QS, Wang R, Ma ZY, Zhang XM, Jiao JZ, Zhang ZG, et al. Dietary selection 
of metabolically distinct microorganisms drives hydrogen metabolism in 
ruminants. ISME J. 2022;16(11):2535-46. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​6​-​0​2​2​-​0​
1​2​9​4​-​9.

66.	 Comtet-Marre S, Parisot N, Lepercq P, Chaucheyras-Durand F, Mosoni P, 
Peyretaillade E, et al. Metatranscriptomics reveals the active bacterial and 
eukaryotic fibrolytic communities in the rumen of dairy cow fed a mixed diet. 
Front Microbiol. 2017;8(67. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​7​.​0​0​0​6​7.

67.	 Pidcock SE, Skvortsov T, Santos FG, Courtney SJ, Sui-Ting K, Creevey CJ, et al. 
Phylogenetic systematics of Butyrivibrio and Pseudobutyrivibrio genomes 
illustrate vast taxonomic diversity, open genomes and an abundance of car-
bohydrate-active enzyme family isoforms. Microb genom. 2021;7(10):000638. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​m​​g​e​n​.​0​.​0​0​0​6​3​8.

68.	 NY C. Feeding standard of dairy cattle. China NongYe HangYe Biaozhun/Tui-
jian-34. 2004.

69.	 Kononoff P, Heinrichs A, Buckmaster D. Modification of the Penn State forage 
and total mixed ration particle separator and the effects of moisture content 
on its measurements. J Dairy Sci. 2003;86(5):1858-63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​
j​​d​s​.​S​0​0​2​2​-​0​3​0​2​(​0​3​)​7​3​7​7​3​-​4.

70.	 Stauder A, Humer E, Neubauer V, Reisinger N, Kaltenegger A, Zebeli Q. Dis-
tinct responses in feed sorting, chewing behavior, and ruminal acidosis risk 
between primiparous and multiparous Simmental cows fed diets differing in 
forage and starch levels. J Dairy Sci. 2020;103(9):8467-81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​
1​6​8​​/​j​​d​s​.​2​0​1​9​-​1​7​7​6​0.

71.	 AOAC. Official methods of analysis. 17th ed. editor. Gaithersburg, MD, USA: 
association of official analytical chemists 2000. Methods 934.01, 73.18, 76.05, 
42.05.

72.	 Van Soest PV, Robertson JB, Lewis BA. Methods for dietary fiber, neutral 
detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. 
J Dairy Sci. 1991;74(10):3583-97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​S​0​0​2​2​-​0​3​0​2​(​9​1​)​7​
8​5​5​1​-​2.

73.	 Sun Y, Yu K, Zhou L, Fang L, Su Y, Zhu W. Metabolomic and transcriptomic 
responses induced in the livers of pigs by the long-term intake of resistant 
starch. J Anim Sci. 2016;94(3):1083-94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​5​2​7​​/​j​​a​s​.​2​0​1​5​-​9​7​1​5.

74.	 Lin L, Huiting M, Jiawei Z, Huisheng Y, Jiyou Z, Lai Z, et al. Lignocellulolytic 
microbiomes orchestrating degradation cascades in the rumen of dairy 
cattle and their diet-influenced key degradation phases. Anim Advances. 
2024;1:e002. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​8​1​3​​0​/​​a​n​i​m​a​d​v​-​0​0​2​4​-​0​0​0​2.

75.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics. 2014;30(15):2114-20. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​
b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​/​b​t​u​1​7​0.

76.	 Li H. Aligning sequence reads, clone sequences and assembly contigs with 
BWA-MEM. arXiv [Preprint]. 2013. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​8​5​5​​0​/​​a​r​X​i​v​.​1​3​0​3​.​3​9​9​7.

77.	 Li D, Liu C-M, Luo R, Sadakane K, Lam TW. MEGAHIT: an ultra-fast single-node 
solution for large and complex metagenomics assembly via succinct de 
Bruijn graph. Bioinformatics. 2015;31(10):1674-6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​b​​i​o​i​​
n​f​o​​r​m​a​t​​i​c​​s​/​b​t​v​0​3​3.

78.	 Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast 
and bias-aware quantification of transcript expression. Nat methods. 
2017;14(4):417-9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​m​e​t​h​.​4​1​9​7.

79.	 Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: pro-
karyotic gene recognition and translation initiation site identification. BMC 
Bioinformatics. 2010;11:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​7​1​-​2​1​0​5​-​1​1​-​1​1​9.

80.	 Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28(23):3150-2. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​0​9​3​​/​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​/​b​t​s​5​6​5.

81.	 Karlsson FH, Tremaroli V, Nookaew I, Bergström G, Behre CJ, Fagerberg B, et al. 
Gut metagenome in European women with normal, impaired and diabetic 
glucose control. Nature. 2013;498(7452):99–103. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​a​t​u​
r​e​1​2​1​9​8.

82.	 Mu Y, Qi W, Zhang T, Zhang J, Mao SY. Gene function adjustment for carbo-
hydrate metabolism and enrichment of rumen microbiota with antibiotic 
resistance genes during subacute rumen acidosis induced by a high-grain 
diet in lactating dairy cows. J Dairy Sci. 2021;104(2):2087– 105. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​3​1​6​8​​/​j​​d​s​.​2​0​2​0​-​1​9​1​1​8.

83.	 Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucl 
Acids Res. 2000;28(1):27–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​n​​a​r​/​2​8​.​1​.​2​7.

https://doi.org/10.1007/s00203-024-04142-w
https://doi.org/10.1128/aem.00661-20
https://doi.org/10.1128/aem.00661-20
https://doi.org/10.1111/j.1365-2672.1992.tb02984.x
https://doi.org/10.1111/j.1365-2672.1992.tb02984.x
https://doi.org/10.1007/s002849900242
https://doi.org/10.1007/s002849900242
https://doi.org/10.3389/fnins.2015.00022
https://doi.org/10.3389/fnins.2015.00022
https://doi.org/10.1128/aem.01019-23
https://doi.org/10.1128/aem.01019-23
https://doi.org/10.3389/fvets.2022.964027
https://doi.org/10.1099/00221287-147-3-681
https://doi.org/10.3389/fmicb.2016.00657
https://doi.org/10.3389/fmicb.2016.00657
https://doi.org/10.1128/AEM.01177-13
https://doi.org/10.1128/AEM.01177-13
https://doi.org/10.1007/s00284-001-0082-9
https://doi.org/10.3390/proteomes8040028
https://doi.org/10.3390/proteomes8040028
https://doi.org/10.5713/ajas.2010.r.08
https://doi.org/10.5713/ajas.2010.r.08
https://doi.org/10.1111/j.1574-6968.1990.tb04147.x
https://doi.org/10.1111/j.1574-6968.1990.tb04147.x
https://doi.org/10.1139/m84-080
https://doi.org/10.1139/m84-080
https://doi.org/10.5713/ab.23.0213
https://doi.org/10.5713/ab.23.0213
https://doi.org/10.1128/AEM.64.9.3429-3436.1998
https://doi.org/10.3390/microorganisms9020337
https://doi.org/10.3390/microorganisms9020337
https://doi.org/10.1111/1462-2920.13929
https://doi.org/10.1128/msystems.01049-23
https://doi.org/10.1093/gigascience/giab088
https://doi.org/10.1038/s41396-022-01294-9
https://doi.org/10.1038/s41396-022-01294-9
https://doi.org/10.3389/fmicb.2017.00067
https://doi.org/10.1099/mgen.0.000638
https://doi.org/10.1099/mgen.0.000638
https://doi.org/10.3168/jds.S0022-0302(03)73773-4
https://doi.org/10.3168/jds.S0022-0302(03)73773-4
https://doi.org/10.3168/jds.2019-17760
https://doi.org/10.3168/jds.2019-17760
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.2527/jas.2015-9715
https://doi.org/10.48130/animadv-0024-0002
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1038/nature12198
https://doi.org/10.1038/nature12198
https://doi.org/10.3168/jds.2020-19118
https://doi.org/10.3168/jds.2020-19118
https://doi.org/10.1093/nar/28.1.27


Page 22 of 22Mousa et al. Animal Microbiome            (2025) 7:82 

84.	 Finn RD, Clements J, Eddy SR. HMMER web server: interactive sequence 
similarity searching. Nucl Acids Res. 2011;39(suppl 2):29–37. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​9​3​​/​n​​a​r​/​g​k​r​3​6​7.

85.	 Wang N, Li Y, Han S, Zhang Y, Yang J, Yin Z, et al. CFViSA: a comprehensive and 
free platform for visualization and statistics in omics-data. Comput Biol Med. 
2024;171:108206. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​1​​​6​/​j​​.​c​o​m​​p​b​i​​o​​m​​e​d​.​​2​0​2​4​.​1​0​8​2​0​6.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1093/nar/gkr367
https://doi.org/10.1093/nar/gkr367
https://doi.org/10.1016/j.compbiomed.2024.108206

	﻿Metagenomic analysis reveals rumen microbiome enrichment and functional genes adjustment in carbohydrate metabolism induced by different sorting behavior in mid-lactation dairy cows
	﻿Abstract
	﻿Background
	﻿Results
	﻿Feed sorting index
	﻿Rumen pH, rumen fermentation, and nutrients digestibility
	﻿Taxonomic classifications of ruminal microbiota
	﻿Changes in KEGG modules in response to different sorting behavior
	﻿Functional profiling of carbohydrate metabolism
	﻿Changes in the cazyme profiles in response to different sorting behavior
	﻿Correlation of rumen microbiota and rumen fermentation parameters

	﻿Discussion
	﻿Variations in feed sorting behavior distinctly altered rumen fermentation profiles and modified fiber digestibility in SES and SLS cows
	﻿Variations in bacterial communities were primarily responsible for the differences in fermentation patterns and fiber digestibility in the rumen between SES and SLS groups
	﻿Variations in microbial metabolic pathways, KO enzymes, and CAZymes in response to different sorting behavior were primarily responsible for changes in the carbohydrate metabolism and VFA production in the rumen

	﻿Conclusions
	﻿Methods
	﻿Animals, housing, and experimental design
	﻿Feed chemical analysis and digestibility
	﻿Rumen content sampling and VFA analysis
	﻿Total DNA extraction
	﻿DNA library construction and sequencing
	﻿Taxonomic classification and functional annotation
	﻿Statistical analysis

	﻿References


