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Abstract

Background Ruminant livestock are essential for global food production, and understanding sex-specific rumen fer-
mentation and microbial differences is key to improving production efficiency and meat quality. This study explored
sex-specific variations in backfat thickness, eye muscle area, rumen fermentation, and microbiota in Qinchuan cattle.

Results The results revealed that heifers exhibited higher backfat thickness, butyrate concentrations, and acetate/
propionate ratio, whereas bulls had larger eye muscle areas and higher propionate concentrations. Volatile fatty acids
(VFAs) transport-related genes (CA4, DRA, and NHET) were more highly expressed in bulls. Heifers showed greater
microbial diversity with distinct sex-specific community structures. Bulls had a higher abundance of Prevotella,

while butyrate-producing bacteria like Butyrivibrio and Pseudobutyrivibrio were more abundant in heifers. Functional
predictions revealed that bulls were enriched in glycan biosynthesis and amino acid metabolism pathways, whereas
heifers showed enhanced lipid metabolism pathways. Correlation analyses showed that backfat thickness was posi-
tively correlated with acetate and butyrate production, and acetate/propionate ratio, but negatively correlated

with Veillonellaceae_UCG-001. Eye muscle area was negatively correlated with isobutyrate production and the abun-
dance of Elusimicrobium and Anaeroplasma, but positively correlated with Lachnospiraceae_NK3A20_group. Redun-
dancy analysis (RDA) identified propionate and butyrate as key drivers of microbial community differences. The Ran-
dom Forest model identified key predictors for backfat thickness, including rumen fermentation parameters, microbial
taxa, and metabolic pathways, explaining 28% of the variation. However, eye muscle area was not well predicted

by the current parameters.

Conclusion These findings enhance our understanding of sex-specific microbial and metabolic profiles, offering
potential strategies for optimizing livestock management and breeding programs.
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Background

Optimizing livestock production efficiency and meat
quality is a key objective in animal agriculture. Physi-
ological traits such as fat deposition, muscle develop-
ment, and rumen fermentation are key determinants of
carcass composition, nutrient utilization efficiency, and
economic value [1, 2]. Backfat thickness and eye mus-
cle area serve as essential indicators, directly influenc-
ing meat quality traits such as marbling, tenderness,
and consumer preference [3, 4]. Sex differences have
been reported in AngusX Nellore cattle, Chikso, and
Suffolk Down X Merino Precoz Aleman crosses lambs,
with males generally exhibiting greater muscle develop-
ment and large eye muscle area, while females accumu-
late more fat, resulting in higher backfat thickness and
marbling scores and high levels of monounsaturated
fatty acids (MUFAs) [5-7]. These sex-specific variations
are primarily regulated by hormonal factors, with tes-
tosterone promoting muscle hypertrophy by regulating
muscle protein synthesis and breakdown, while estrogen
affecting adipogenesis [8, 9]. Moreover, these variations

also affect carcass attributes and play a crucial role in
determining beef flavor, texture, and nutritional proper-
ties, which are central to consumer preferences [10, 11].
Understanding these differences is vital for developing
targeted breeding and management strategies to opti-
mize production efficiency and quality.

Rumen microbiota plays a crucial role in fermenta-
tion processes and nutrient metabolism, influencing
host energy utilization and production performance [9,
12-14]. Through the fermentation of carbohydrates,
rumen microbes produce volatile fatty acids (VFAs), such
as acetate, propionate, and butyrate, which serve as pri-
mary energy sources for cattle [15]. Acetate and butyrate
are substrates for oxidation and as precursors of lipids,
which predominantly utilized in lipogenesis [16], while
propionate is the only glucogenic VFA, plays a key role
in gluconeogenesis and supporting muscle protein syn-
thesis [17-19]. Studies have identified significant sex dif-
ferences in VFA production, correlating with observed
disparities in fat distribution and muscle growth [2, 20,
21]. Studies have identified significant sex differences in
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VFA production, correlating with variations in fat dis-
tribution and muscle growth. Females tend to product
higher levels of acetate, favoring fat deposition, whereas
males exhibit increased propionate production, which
enhances muscle development [22]. These metabolic dif-
ferences are largely shaped by rumen microbial compo-
sition and functional potential, which are influenced by
host physiology, diet, and hormonal regulation [13, 23].

Despite advances in understanding rumen microbial
roles, the mechanisms by which sex influences fat and
muscle traits via rumen fermentation remain underex-
plored. Most studies have focused primarily on microbial
taxonomy, leaving the functional roles of the microbiome
and its metabolic contributions to host traits underex-
plored. This knowledge gap limits our ability to develop
targeted interventions. This study hypothesizes that sex
differences regulate rumen fermentation and microbial
community composition, thereby affecting backfat thick-
ness and eye muscle area. By integrating physiological
measurements, fermentation parameter analysis, and 16S
rRNA sequencing, this research aims to provide a com-
prehensive understanding of how sex-specific microbial
and metabolic differences influence fat deposition and
muscle development. The findings aim to provide novel
insights into the interplay between host physiology and
microbial functionality and expected to inform targeted
strategies for optimizing beef cattle production and
enhancing meat quality.

Materials and methods

Experiment design

A total of 142 healthy adult Qinchuan cattle from Qin-
chuan Cattle Breeding Farm within the National Beef
Cattle Improvement Center at Northwest A&F University
were selected and grouped by sex, including 114 heifers
(4.12+£0.07 year-old) and 28 bulls (non-castrated males,
3.75+0.25 year-old). No steers (castrated males) were
included in this study to avoid hormonal confounding
effects. All cattle have the same genetic backgrounds and
management conditions. Backfat thickness and eye mus-
cle area were measured, and rumen fluid samples were
collected to assess rumen fermentation performance and
for 16S rRNA sequencing of rumen microorganisms.
After sampling, 10 individuals (5 bulls and 5 heifers) were
selected for slaughter, and rumen tissue samples were
collected. The contents of the tissue were quickly washed
away with normal saline, then placed in cryogenic tubes,
flash-frozen in liquid nitrogen, and stored at -80°C for
subsequent RNA extraction.

All experimental cattle were managed under a stand-
ardized feeding regimen, with feedings conducted at
06:00, 12:00, and 18:00 each day. Each cattle was fed
1.0 kg of concentrate and 10 kg of whole-plant corn silage
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daily, with free access to wheat straw and water. The con-
centrate formula was prepared according to the Feeding
Standards of Beef Cattle (NY/T81-2004), and the compo-
sition and nutritional levels were shown in Table 1. Prior
to sampling, all experimental cattle had undergone rou-
tine vaccinations and deworming.

Sample collection

Backfat thickness and eye muscle area were measured
using an Aloka 500 V SSD ultrasound device (Aloka,
Tokyo, Japan) with a 7.5 MHz probe. After removing the
surface hair and applying coupling gel, the ultrasound
probe was used to scan the cross-section of the 12th-13th
rib, obtaining backfat thickness images. Each cow was
measured three times consecutively.

Two hours after the morning feeding on the sampling
day, rumen fluid was collected using an oral rumen tube.
After discarding the initial 30 ml of saliva-contaminated
fluid, 50 ml was collected in enzyme-free, sterile centri-
fuge tubes, flash-frozen in liquid nitrogen, and stored at
-80°C for subsequent determination of rumen fermenta-
tion performance and microbial 16S rRNA sequencing.
Following sample collection, anesthesia was induced
in ten subjects (5 bulls and 5 heifers) via intravenous
administration of sodium pentobarbital (50 mg/kg body

Table 1 Composition and nutrient levels of diet for cattle (dry
matter basis)

Items Contents
Ingredients, %

Corn 530
Soybean meal 10.0
Cottonseed meal 15.0
Wheat bran 15.0
Nacl 1.00
CaHPO, 1.00
Limestone 1.00
Premix? 4.00
Total 100
Nutrient levels®

ME/(MJ/kg) 9.83
OM, % 96.2
CP % 12.6
NDF, % 36.2
ADF, % 214
EE, % 3.96

@The premix provided the following per kg of diets: VA 2560 IU, VD 3 550 IU,

VE 20 mg, Fe(as ferrous sulfate) 61 mg, Cu(as copper sulfate) 18 mg, Zn(as zinc
sulfate) 49 mg, Mn(as manganese sulfate) 47 mg, Co 0.12 mg, l(as potassium
iodide) 0.31 mg, Se(as sodium selenite) 0.36 mg. OM, organic matter; CP, crude
protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; EE, Ether extract

5 Metabolic energy (ME) was a calculated value [24], whereas the others were
measured values
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weight). After confirming deep anesthesia through
absence of corneal reflex and withdrawal responses to
nociceptive stimuli, euthanasia was performed by intra-
venous overdose of sodium pentobarbital (100 mg/kg).
Subsequently, rumen tissue samples were collected for
analysis.

Determination of rumen fermentation parameters

The concentrations of VFAs in the rumen fluid were
measured using gas chromatography-flame ionization
detection (GC-FID)(GC-6850, Agilent, USA). Ammonia
nitrogen (NH;-N) concentration was determined using
an ultraviolet—visible spectrophotometer (colorimetric
method; Cary 60, Agilent, USA).

Chemical analysis

The chemical composition of the feed sample was col-
lected and dried in an oven at 65°C for 72 h to determine
dry matter content. The dried samples were then ground
to pass through a 1 mm sieve and stored in sealed con-
tainers at room temperature for nutritional analysis.
Nitrogen content was measured using an automatic Kjel-
dahl nitrogen analyzer (UDK159, VELDP, Italy), following
the Chinese national standard GB/T 6432-2018 (semi-
micro method). The crude protein (CP) content was cal-
culated as Nx6.25. Neutral detergent fiber (NDF) and
acid detergent fiber (ADF) contents were analyzed with
an automated fiber analyzer (F800, Hanon, Jinan, China),
in accordance with the national standard GB/T 20806—
2022 (filter bag method, ANKOM F57 filter bags) and
industry standard NY/T 1459-2022 (filter bag method,
ANKOM XT4 filter bags), respectively. Ash content was
measured using a muffle furnace at 550°C for 5 h, with
preliminary ashing conducted on an electric heating
panel (F47910-33, Thermo Scientific, Waltham, MA,
USA). Organic matter (OM) content was calculated by
subtracting the ash content from 100%. The ether extract
(EE) content was determined using an automatic Soxhlet
extractor (SOX606, Hanon, Jinan, China).

DNA extraction and sequencing

Total bacterial DNA was extracted from rumen fluid
samples using the TIANamp Stool DNA Kit (Tiangen
Biotech Co., Ltd., China). The V3-V4 region of the 16S
rRNA genes was amplified using specific primers (F:
ACTCCTACGGGAGGCAGCA; R: GGACTACHVGGG
TWTCTAAT). Sequencing adapters were added to the
ends of the primers, followed by PCR amplification. The
PCR products were then purified, quantified, and nor-
malized to generate the sequencing library. After quality
assessment, sequencing was performed on the Illumina
NovaSeq 6000 platform (Illumina, San Diego, CA, USA).
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The sequencing process was carried out by Beijing Bio-
marker Technologies Co., Ltd.

Determination of mMRNA expression in rumen tissue

Total RNA was extracted from the rumen epithelial tis-
sues of Qinchuan cattle using AG RNAex Pro reagent
(Accurate Biology, China). The RNA concentration and
purity were assessed using the spectrophotometer (Nan-
oDrop 2000, Thermo Scientific, USA). A reverse tran-
scription kit (Evo M-MLV RT Kit, AG Bio, China) was
used to synthesize gDNA for qPCR, following the manu-
facturer’s instructions. Specific primers for mRNA PCR
were designed using Primer 5.0 software and listed in
Table 2. Quantitative real-time PCR (qRT-PCR) was per-
formed using the PerfectStart® Green qPCR SuperMix
(TransGen Biotech, China). All reaction were performed
with three biological replicates and three technical rep-
licates to ensure reproducibility. The relative expres-
sion levels were calculated using the 272t method and
GAPDH as the reference gene.

Bioinformatics analysis

The raw sequencing data were quality-filtered using
Trimmomatic (version 0.33) [25], and primer sequences
were identified and removed using Cutadapt (version
1.9.1) [26]. Paired-end reads were merged and chimeras
were removed using USEARCH (version 10) [27] with the
UCHIME algorithm (version 8.1) [28], resulting in high-
quality sequences for further analysis. Denoising of the
quality-controlled data was performed using the DADA2
algorithm in QIIME2 (version 2020.6) [29], applying a
minimum read depth threshold of 5000 reads per sample
to ensure high-quality sequence retention. Additionally,
an amplicon sequence variant (ASV) filtering threshold
of 0.005% of the total sequence count was implemented
to remove low-abundance variants. SILVA (Release 138,
http://www.arb-silva.de) was used as the reference data-
base [30], and feature sequences were annotated using
the Naive Bayes classifier. a-diversity and p-diversity
metrics were assessed in QIIME2 (version 2020.6) [29].
Microbial functional profiles were predicted using PIC-
RUSt2 [31].

Statistics and analysis

To address concerns regarding the sample size imbalance
between bull (#=28) and heifers (n=114), a post-hoc
power analysis was performed using G*power (3.1.9.7)
to evaluate the statistical power for detecting differences
in backfat thickness and eye muscle area. Bootstrap res-
ampling analysis (1000 iterations) was conducted in R
(boot package) to further validate robustness. SPSS (ver-
sion 26.0) was used to test for normality of distribution
and homogeneity of variance. For data meeting these
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Table 2 Primer sequences of fatty acid-related genes of cattle
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Gene Primer Length Accession number

GAPDH F: AGTTCAACGGCACAGTCAAGG 124 bp NM_001034034.2
R: ACCACATACTCAGCACCAGCA

CA4 F: GACCCAATATGAACACCACAATGAAAG 87 bp NM_173897.1
R: AGCGGAAGTAGTGCCTCAGAC

NHET F: CCTTCGTTGCTTGTGGTGGTAG 93 bp NM_174833.2
R: TCTGATGGTGCTGGCGGTAG

NHE2 F: GGACCAGTTCATCATTGCCTACG 83 bp XM_002691185.7
R: GGAACACTGAGGACGGAAGGAG

SLC26A9 F: CTCGCTCATCTTCGCTCTTATCAG 120 bp XM_010813049.4
R: GCCACCACTACCACAATCATCTC

DRA F: TCGTTGCCATCGGATTTCTCTTG 120 bp NM_001083676.1
R: CCTTTCGCCACAATCTTCGTATTTC

AE2 F: AGGAGGGCGAGGAAGAGGAG 81 bp NM_001205664.3
R: GTGTGGAGGCAGGCGAAGG

MCT1 F: CTGTTGGAGTCATTGGAGGTCTTG 95 bp NM_001037319.1
R: TGCCAGCGGTCGTCTCTTATAG

MCT4 F: TGGTGTCTGCGTCCTTCTGTG 116 bp NM_001109980.3

R: GTAGCGGTTGAGCATGATGAGTG

assumptions, t-tests were applied; otherwise, the Wil-
coxon rank-sum test was used. Results were presented
as mean t standard error, with P<0.05 considered statis-
tically significant and 0.05<P<0.10 indicating a trend.
Microbial differences at the phylum and genus levels
were analyzed using STAMP (version 2.1.3) [32], filtering
out taxa with relative abundances below 0.01%. Microbial
co-occurrence networks were constructed using Gephi
software. Spearman correlation analysis was performed
in SPSS 26.0, and correlation networks were visualized
with Cytoscape 3.6.0. A redundancy analysis (RDA) was
completed using the Wekemo Bioincloud (https://www.
bioincloud.tech) [33]. To identify the best predictors for
backfat thickness and eye muscle area, we used Random
Forest regression models using Python (version 3.12.3)
with the scikit-learn library (version 0.24.2). Feature
importance scores from the Random Forest models were
used to identify the key factors influencing backfat thick-
ness and eye muscle area.

Results

Backfat thickness, eye muscle area, and rumen
fermentation performance

Post-hoc power analysis demonstrated that the power of
eye muscle area was 1.00 (Cohen’s d=1.85), confirming a
robust statistical difference between bulls and heifers. For
backfat thickness, the power was 0.76 (Cohen’s d=-0.57),
which was slightly below 0.8 but still provided moderate
statistical confidence. Moreover, the bootstrap-estimated
mean backfat thickness was 0.689 (95% CI: 0.641-0.745),
and the mean eye muscle area was 65.30 (95% CI: 61.71—
68.99). These confidence intervals confirm that the

observed differences between bulls and heifers are statis-
tically stable.

Backfat thickness and eye muscle area were analyzed
in Qinchuan cattle of different sexes (Fig. 1). The results
showed that backfat thickness was significantly higher
of heifers than in bulls (P=0.006), while eye muscle area
was significantly larger in bulls (P<0.001).

The concentration of rumen NH;-N was significantly
higher in bulls than in heifers (P<0.001, Table 3). Moreo-
ver, propionate concentration was significantly higher
in bulls, showing a 13.4% increase compared to heifers
(P=0.021). However, the concentrations of isobutyrate,
butyrate, and the ratio of acetate/propionate were sig-
nificantly higher in heifers (P<0.05). Acetate concen-
tration tended to be higher in heifers compared to bulls
(P=0.086). Nevertheless, no significant differences were
observed in isovalerate, valerate, and total VFAs concen-
trations between bulls and heifers (P>0.05).

VFA absorption-related gene expression

Significant differences were observed in the expression
of VFA transport-related genes in rumen tissue between
heifers and bulls (Fig. 2). The relative expression levels of
CA4, DRA, and NHE1 were significantly higher in bulls
than in heifers (P<0.05), while MCT4 exhibited a trend
toward higher expression in heifers (P=0.078). However,
no significant differences were detected for MCT1, AE2,
and NHE2 (P>0.05).

Microbial diversity
A total of 74,266 ASVs were obtained from 142 samples
using 16S rRNA gene sequencing. Alpha diversity of
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Table 3 Analysis of sex differences in rumen fermentation
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the rumen microbial communities indicated that Chaol
index, Shannon index, and PD whole-tree index was sig-

nificantly increased in heifers than the bulls (P<0.001,
Fig. 3A-C), indicating an increase in microbial diversity

performance

Items Heifers Bulls SEM P-value

NH;-N, mmol/L 334 532 0.188 <0.001

Concentration of VFAs, mmol/L

Acetate 101.19 95.33 1.368 0.086
Propionate 23128 2657" 0.538 0.010
Isobutyrate 1374 1078 0026 <0001
Butyrate 11.36% 9,668 0.266 0010
Isovalerate 1.85 1.98 0.055 0.337
Valerate 1.367 1.53 0.052 0.199
Total VFAs 140.25 136.13 1.900 0.386
Acetate/Propionate 472" 3.66° 0.125 0.001

and evenness in heifers. However, no significant differ-
ence was observed in Shannon index between bulls and
heifers (P>0.05, Fig. 3D). Non-metric multidimensional
scaling (NMDS) analysis based on Bray—Curtis distance
at the ASV level, combined with permutational multivar-
iate analysis of variance (PERMANOVA), revealed differ-
ences in microbial community structure between bulls
and heifer group (F=2.176, P=0.001). This suggests the
higher spatial heterogeneity and lower community simi-
larity in the rumen microbial communities among differ-

NH,-N, ammonia nitrogen. VFAs, volatile fatty acid. SEM, standard error of
the mean. Within the same row, distinct capital letter superscripts indicate
significant differences between bulls and heifers (P <0.05)

Relative abundance, %

Fig. 2 Expression of VFA transport-related genes. * indicates P < 0.05; ** indicates P<0.01
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Microbial composition
In all samples, a total of 25 bacterial phyla and 486 bacte-
rial genera were detected at the taxonomic level. Stacked
histograms illustrate the microbial composition at the
phylum and genus levels. Bacteroidota and Firmicutes
were the dominant phyla, with Prevotella as the domi-
nant genus (Fig. 5A, B). Microbial differences at the
phylum and genus levels were analyzed using STAMP.
At the phylum level, the relative abundance of Chloro-
flexi and Bacteroidota was significantly higher in bulls
(P<0.05), whereas the relative abundance of Proteobacte-
ria, Patescibacteria, and Cyanobacteria were significantly
higher in heifers (P<0.05, Fig. 6A). At the genus level,
Prevotella, Lachnospiraceae_ NK3A20_group, and Fam-
ily XIII AD3011_group were significantly more abun-
dant in bulls (P<0.05), while Succinivibrio, Butyrivibrio,
Pseudobutyrivibrio, and Candidatus_Saccharimonas
were more abundant in heifers (P<0.05, Fig. 6B).

Linear discriminant analysis (LDA >4; P<0.05) effect
size (LEfSe) and cladograms were used to identify

differentially abundant bacterial taxa in each group
(Fig. 7). Specifically, 21 bacterial genera were identi-
fied in heifers, 9 bacterial genera in bulls (Fig. 7A). The
cladogram illustrates the most significant taxonomic dif-
ferences (Fig. 7B). The Patescibacteria phylum and Bac-
teroidales order were the most differentially abundant
bacterial genera in heifers and bulls, respectively.

Microbial function prediction

To investigate how the functions of rumen bacteria vary
with sex, we utilized PICRUSt2 to predict the func-
tions of rumen bacteria. Four differential KEGG path-
ways at level 1 were identified (Fig. 8A). ‘Metabolism’
and ‘Organismal system’ pathways in bulls were signifi-
cantly enriched (P<0.05), while ‘Environmental infor-
mation processing’ and ‘Cellular processes’ in heifers
were significantly enriched (P<0.05). A total of 32 sig-
nificant sex-related pathways involved in ‘metabolism’
(Fig. 8B). Among them, 23 pathways related to ‘Car-
bohydrate metabolism; ‘Sulfur metabolism, ‘Microbial
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metabolism in diverse environments, ‘Steroid hormone
biosynthesis, ‘Glutathione metabolism, ‘Glycosphin-
golipid biosynthesis (globo and isoglobo series)” and
‘Chloroalkane and chloroalkene degradation’ were
more abundant in heifers than in bulls (P<0.05). On
the contrary, 9 pathways related to ‘Carbon fixation in
photosynthetic organisms, ‘Alanine aspartate and glu-
tamate metabolism, ‘beta Alanine metabolism, ‘Alanine
aspartate and glutamate metabolism; ‘Glycosaminogly-
can degradation’ and ‘Glycosphingolipid biosynthesis
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(globo and isoglobo series)’” were more abundant in
bulls than in heifers (P < 0.05).

Correlation analysis

Correlation analysis was conducted between backfat
thickness, eye muscle area, rumen fermentation param-
eters, and rumen microbiota. The results showed that
backfat thickness was significantly positively correlated
with the concentrations of total VFAs, acetate, butyrate,
and the acetate/propionate ratio (Fig. 9; r=0.363, 0.492,
0.223, and 0.464, respectively; P<0.05), while negatively
correlated with Veillonellaceae UCG_001 (r=-0.205;
P<0.05). Eye muscle area was negatively correlated with
isobutyrate concentration, and the relative abundance of
Anaeroplasma and Elusimicrobium (r=-0.217, -0.287,
-0.205; P<0.05), while positively correlated with the
relative abundance of Lachnospiraceae NK3A20_group
(r=0.264; P<0.05). Additionally, Butyrivibrio, Lachno-
spiraceae_NK4A136_group, Ruminobacter were posi-
tively correlated with butyrate concentrations (r=0.219,
0.261, and 0.273, respectively; P<0.05). Candidatus_Sac-
charimonas was positively correlated with isobutyrate
concentrations and acetate/propionate ratio (r=0.241,
0.204; P<0.05).

RDA was conducted to analyze the relationships
between bacterial communities, rumen fermentation
parameters, backfat thickness (BFT), and eye muscle
area (EMA)(Fig. 10). RDA1 and RDA2 accounted for
28.17% and 24.08%, respectively, of the variation in bacte-
rial community structure. Propionate and butyrate were
the most significant factors associated with the bacterial
community, explaining 32.91% and 17.32% of the varia-
tion, respectively, followed by NH;-N concentrations
(10.97%) and acetate (10.04%) (P<0.05). Rikenellaceae

Genus

Succinivibrionaceae_UCG-002

I Lachnospiraceae_ AC2044_group

B Butyrivibrio

M Fibrobacter
Lachnospiraceae_ XPB1014_group

[l UCG-004
Ruminococcus

I Prevotellaceae_ UCG-003
Candidatus_Saccharimonas

B Prevotellaceae UCG-001
Saccharofermentans

B NK4A214_group
Succiniclasticum

B Rikenellaceae RC9-gut_group
Prevotella

Heifer Bull

Fig. 5 Rumen microbial composition. The stacked histogram showed the microbial composition at the phylum (A) and genus (B) levels
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exclusively displaying microbiota with P<0.05

RC9-gut group and Prevotellaece UCG-003 were posi-
tively correlated with backfat thickness, while Saccha-
rofermentans was positively correlated with eye muscle
area (P<0.05).

Random forest prediction

The random forest models identified key predictors for
both backfat thickness and eye muscle area. Rumen fer-
mentation parameters, bacterial genera present in at least
90% of the samples, and level 2 KEGG metabolic path-
ways were included in the analysis. The feature impor-
tance results revealed that specific rumen fermentation
parameters, microbial community composition, and
metabolic pathways were highly influential in predicting
these traits (Fig. 11). For BFT prediction, acetate, propi-
onate, and butyrate concentrations, amino acid metabo-
lism, Prevotellaceae UUCG-001, Chaol index, metabolism
of cofactors and vitamins, Lachnospiraceae NK3A20
group, and Rikenellaceae RC9-gut group were identi-
fied as the most influential factors (R2=0.28). In con-
trast, Prevotella, Ruminococcus, U29-B03, PD whole-tree
index, Lachnospiraceae XPB1014 group, Elusimicrobium,

Ruminobacter and NH;-N were the most important pre-
dictors for EMA (R?>=-0.58). However, the low R? value
for EMA prediction suggests that EMA is a complex trait
that cannot be accurately predicted using the current set
of rumen fermentation parameters, microbial taxa, and
metabolic pathways.

Discussion

The differences in backfat thickness, eye muscle area, and
rumen fermentation performance between heifers and
bulls of Qinchuan cattle offer significant insights into the
physiological mechanisms underlying fat deposition and
muscle development. These sex-based variations can be
attributed to a complex interplay of hormonal regulation,
microbial ecology, and metabolic pathways, all of which
are influenced by sex-specific physiological demands and
evolutionary adaptations.

The significantly higher backfat thickness in heif-
ers can be explained by differences in energy allocation
[34]. Heifers have larger subcutaneous adipose tissue
for lipid storage and tend to prioritize fat deposition as
a reserve for reproductive activities, which aligns with
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their evolutionary role in gestation and lactation [35].
Studies have shown that estrogen promotes adipogenesis
by upregulating lipogenic genes and enhancing adipocyte
differentiation, thereby facilitating higher fat storage in
heifers [36]. Moreover, heifers generally produce more
acetate, a primary precursor for lipogenesis, contributing
70-80% of the substrates for synthesis in subcutaneous
adipose tissue [22, 37, 38]. This acetate-driven fat deposi-
tion aligns with the higher backfat thickness observed in
heifers, reflecting a metabolic tendency towards energy
storage as adipose tissue. In contrast, the significantly
larger eye muscle area in bulls is primarily driven by tes-
tosterone, which enhances muscle growth by stimulating
protein synthesis and inhibiting protein degradation [39].
Testosterone has also been reported to influence rumen
fermentation by promoting microbial communities that
favor propionate production [40]. This is consistent with
the higher propionate concentration observed in bulls.
Propionate is a key gluconeogenic precursor in the liver,
supporting muscle growth by providing energy for pro-
tein synthesis [41]. Moreover, propionate also promotes
glucose uptake by muscle cells by influencing insulin
secretion and sensitivity [42]. The increased propionate
concentration in bulls suggests a metabolic shift toward
greater energy availability for muscle development,
contributing to the observed differences in eye muscle
area. Previous studies have found that cows with high

efficiency exhibit significantly higher propionate concen-
trations, as propionate competitively utilizes hydrogen to
reduce methane production, thereby improving energy
utilization [21, 43, 44]. This enhanced efficiency may
further explain the faster growth rate and higher muscle
yield observed in bulls.

The significantly higher concentrations of butyrate and
the acetate/propionate ratio in heifers suggests a rumen
environment that favors fat metabolism. Butyrate serves
as a key energy source for rumen epithelial cells and can
interconvert with acetate [45, 46]. It also has been asso-
ciated with increased fat deposition in ruminants [47].
Additionally, butyrate promotes lipid synthesis through
the PB-hydroxy-p-methylglutaryl-CoA pathway by con-
verting ketone bodies or acetyl-CoA into fatty acids,
potentially contributing to adipose tissue accumulation
[48]. However, further research is needed to clarify the
specific mechanisms through which butyrate influences
fat deposition in cattle. The difference in acetate/propi-
onate ratio between bulls and heifers indicates distinct
rumen fermentation patterns [49]. Under identical feed-
ing and management conditions, this variation is primar-
ily influenced by the differences in the rumen microbial
community structure [50]. Moreover, heifers exhibit a
higher acetate/propionate ratio, which aligns with their
greater capacity for lipogenesis, as acetate is the primary
substrate for fatty acid synthesis in ruminants [51].



Pan et al. BMC Microbiology (2025) 25:277 Page 11 of 17
A
B Heifer £33 Bull 95% confidence intervals
Environmental Information Processing § : o+ 4.15¢-4
Metabolism f i 0016 2
Cellular Processes B —e— 002 $
Organismal Systems § ol 0038 =
L L L L L 1 L L 1
0.0 723 03 02 -0.1 0.0 0.1 0.2 0.3
Level 1 Mean proportion (%) Difference in mean proportion (%)
B E= Heifer 3 Bull 95% confidence intervals
Carbohydrate metabolism Ascorbate and aldarate metabolism B ] 0.013
Sulfur metabolism B '® 9.54¢-3
Energy metabolism Photosynthesis B4 ‘H 0.043
Carbon fixation in photosynthetic organisms B o] 0.046
Biosynthesis of other secondary metabolites Neomycin kanamycin and gentamicin biosynthesis B Q 0.025
Amino acid metabolism Alanine aspartate and glutamate metabolism B el 8.12¢3
. Microbial metabolism in diverse environments B o 0.031
Global and overview maps . .
Degradation of aromatic compounds | & 8.52¢-3
Lipid metabolism Steroid hormone biosynthesis | + 0.011
Chemical structure transformation maps Biosynthesis of terpenoids and steroids B | —o— oon2
Nicotinate and nicotinamide metabolism E== ] 0.030
Metabolism of cofactors and vitamins Retinol metabolism | ® 0.024
One carbon pool by folate = oA 0.013
Metabolism of terpenoids and polyketides Sesquiterpenoid and triterpenoid biosynthesis | ® 0.016
Glutathione metabolism B e 0.013
Metabolism of other amino acids Taurine and hypotaurine metabolism E=5 h 0.032
beta Alanine metabolism E=} o 0.024
Glycosphingolipid biosynthesis globo and isoglobo series E= o 0.019
Glycosphingolipid biosynthesis ganglio series B a 0.023
Glycan biosynthesis and metabolism Various types of N glycan biosynthesis Bt —o—! 0.027
Other glycan degradation B HH: 0.031
Glycosaminoglycan degradation E==3 FoH,| 537¢:3
Chloroalkane and chloroalkene degradation B @ 8.63e-3
Toluene degradation | [} 2.19¢-3
Metabolism of xenobiotics by cytochrome P450 f o 0.020
Naphthalene degradation B ‘U 0.021
Xenobiotics biodegradation and metabolism Drug metabolism cytochrome P450 B i 0022
Fluorobenzoate degradation | - 2.49¢-3
Chlorocyclohexane and chlorobenzene degradation | [ 6.09¢-4
Caprolactam degradation | ] 0.032
Steroid degradation | o 0.033
__Atrazine degradation | ‘W 0.050

L I L I I
0.0 22

Mean proportion (%)

I I 1
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Level 2 Level 3 Difference in mean proportion (%)
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P-value

NH;-N in the rumen is a critical factor influenc-
ing microbial protein synthesis [52]. The significantly
higher NH;3-N concentrations observed in bulls com-
pared to heifers may reflect variations in protein
metabolism and microbial activity. Elevated NH;-N
levels in bulls suggest increased protein degradation
and deamination by rumen microbes, potentially due
to higher intake of dietary protein or greater microbial
turnover [53]. This aligns with the greater eye muscle
area observed in bulls, as increased nitrogen availability
enhances microbial protein synthesis, facilitates amino
acid absorption in the small intestine, and ultimately
contributes to muscle accretion [54].

Further analysis of the expression of genes involved
in VFA absorption revealed that the relative expres-
sion levels of CA4, DRA, and NHEI were significantly
higher in bulls compared to heifers, suggesting an
enhanced capacity for VFA transport. CA4 is involved
in bicarbonate transport, facilitating the establishment
of a favorable proton gradient essential for VFA uptake
across the rumen epithelium, a process that optimizes
rumen fermentation efficiency [55]. DRA is central to
chloride-bicarbonate exchange, a mechanism crucial for
maintaining ionic balance and enhancing VFA absorp-
tion. NHEI contributes to pH homeostasis by exchang-
ing intracellular H* for extracellular Na®, ensuring an
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optimal intracellular environment for VFA transport [56,
57]. The increased expression of these genes in bulls indi-
cates a greater capacity for VFA absorption, potentially
linked to their higher energy demands for muscle devel-
opment and growth. These funding suggest that sex-spe-
cific regulation of VFA transport genes may contribute to
physiological differences in energy utilization and nutri-
ent absorption between bulls and heifers. Interestingly,
no significant differences were observed in the expression
of MCT1, MCT4, AE2, and NHE2, suggesting that these
transporters may play a less dominant role in sex-specific
VEA absorption dynamics.

Microbial diversity analysis revealed that heifers exhib-
ited significantly higher alpha diversity indices, including
Chaol, Shannon, and PD whole-tree indices. This finding
aligns with previous research on Tibetan sheep, which
demonstrated greater bacterial diversity in adult heif-
ers compared to bulls [58]. Higher microbial diversity is

often associated with a more robust and resilient rumen
ecosystem, which can efficiently metabolizing a wider
variety of dietary substrates [59]. This enhanced diver-
sity in heifers may contribute to their ability to process
different feed types, particularly those that favor fat
synthesis, as reflected in their higher backfat thickness.
However, some studies have observed that individuals
with higher feed efficiency tend to exhibit lower rumen
microbial diversity but higher propionate concentrations,
suggesting that a less diverse yet more specialized micro-
bial community may better support the host’s energy
requirements [21]. In this study, the lower microbial
diversity and higher propionate concentration observed
in bulls are consistent with their potentially greater feed
efficiency. Moreover, NMDS analysis showed significant
differences in microbial community structure between
bulls and heifers, indicating that sex influences not only
the diversity but also the composition of the rumen
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microbiota. These structural differences may underlie the
observed variations in host traits [23, 60].

This study identified significant sex-specific differences
in rumen microbial composition. The higher abundance
of Prevotella in bulls suggests a greater capacity for car-
bohydrate fermentation, as Prevotella are known for their
ability to degrade polysaccharides and produce propion-
ate, a key glucogenic precursor [61]. Propionate is a key
precursor for hepatic gluconeogenesis, providing glu-
cose for muscle protein synthesis and maintenance of
metabolic homeostasis [62, 63]. Increased propionate
availability has been linked to enhanced feed efficiency
and growth performance in cattle [62, 64], which may
partially explain the greater eye muscle area observed in
bulls. Furthermore, metabolic pathways related to amino
acid and carbohydrate metabolism, including "Alanine,
Aspartate and Glutamate metabolism", "Beta-Alanine
metabolism", and "Glycosaminoglycan degradation" were
significantly enriched in bulls, further supporting these
findings. Conversely, Butyrivibrio and Pseudobutyrivibrio
were more abundant in heifers, indicating an increased
potential for fiber degradation and butyrate produc-
tion. Butyrivibrio is well-known for its ability to ferment
complex carbohydrates into butyrate, a key short-chain
fatty acid associated with lipogenesis [65, 66]. The higher
abundance of Butyrivibrio in heifers likely facilitates the
conversion of dietary fiber into butyrate, increasing the
supply of this fatty acid for lipogenesis and contributing
to greater fat deposition in heifers [67]. Similarly, Pseu-
dobutyrivibrio, a genus closely related to Butyrivibrio, is
also a significant butyrate producer [68], aligning with
the observed increase in backfat thickness in heifers.
Additionally, Butyrivibrio is involved in biohydrogena-
tion of unsaturated fatty acids [69], which may further
influence lipid metabolism and fat composition in cat-
tle. These findings suggest that microbial composition
differences are not merely correlative but functionally
linked to distinct metabolic strategies in bulls and heif-
ers. Prevotella supporting muscle development through
propionate-driven gluconeogenesis and Butyrivibrio
supports lipid accumulation via butyrate-mediated path-
ways. Acetobacter, an important acetate-producing bac-
terium, generates acetate through the oxidation of sugars
[70]. Previous studies have reported that a decline in
Acetobacter is associated with reduced acetate levels in
the rumen [70, 71]. In this study, Acetobacter was sig-
nificantly more abundant in heifers, which may partially
explain their higher acetate concentration. The positive
correlation between Acetobacter and total VFAs sug-
gests its contribution to acetate production. However,
given the relatively low abundance of Acetobacter, further
investigation is needed to verify the role of other bacteria
in the elevated acetate concentrations observed.
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The correlation and RDA revealed significant asso-
ciations between rumen fermentation parameters,
microbial taxa, and economically important produc-
tion traits. The positive correlation between backfat
thickness and total VFAs, acetate and butyrate con-
centrations, and the acetate/propionate ratio indi-
cates that higher VFA availability, particularly acetate
and butyrate, promotes lipogenesis and fat deposition
in cattle. For eye muscle area, the positive correlation
with Lachnospiraceae NK3A20 group is possibly due
to its role in fiber degradation and energy metabolism
[72]. The RDA results further highlighted the major
role of propionate and butyrate in shaping the micro-
bial community. Notably, Rikenellaceae RC9-gut group
and Prevotellaceae UCG-003 were positively associated
with BFT, while Saccharofermentans correlated with
EMA, suggesting distinct microbial contributions to fat
and muscle deposition [73]. The Random Forest model
identified acetate, propionate, and butyrate concentra-
tions, amino acid metabolism, and key microbial taxa
as influential predictors for BFT, whereas Prevotella,
Ruminococcus, U29-B03, and NH;-N were the most rel-
evant for EMA. The relatively low R* for EMA predic-
tion suggests that muscle development is regulated by
additional genetic and environmental factors beyond
microbial influence [74]. These findings highlight the
potential of microbiome-driven interventions in fat
regulation but indicate that EMA prediction requires a
more integrative approach, including host genetic and
metabolic data.

Overall, the observed sex-based differences in rumen
fermentation, microbial diversity and composition in
Qinchuan cattle highlight the intricate relationship
between host physiology and microbiota. However,
the study has several limitations. First, the sample dis-
tribution was uneven, which may affect the generaliz-
ability of the results. Although power analysis supports
the reliability of the observed differences, future stud-
ies with a more balanced sample size are needed for
validation. Furthermore, this study did not measure
testosterone and estrogen levels, which play key roles
in sex-specific metabolic differences. Future research
should integrate hormonal data to better understand
their influence on rumen microbiota and fermenta-
tion dynamics. Moreover, the study focused only on
Qinchuan cattle, without considering breed-specific
variations in microbial composition and metabolism.
Expanding the study to multiple breeds would provide
deeper insights into how genetic background influences
host-microbiota interactions. By addressing these limi-
tations, future studies can enhance our understanding
of the complex relationships between sex, microbiota,
and production traits in cattle.
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Conclusion

This study highlights the significant sex-specific dif-
ferences in backfat thickness, eye muscle area, rumen
fermentation parameters, microbial composition, and
metabolic pathways in Qinchuan cattle under the same
feeding conditions. Heifers had higher backfat thickness,
while bulls exhibited larger eye muscle areas. Rumen
fermentation analysis showed that NH;-N and propion-
ate concentrations were higher in bulls, while butyrate
concentration and acetate/propionate ratio were higher
in heifers, and acetate showed a tendency to be higher
in heifers. Gene expression related to VFA transport was
also higher in bulls. Microbial diversity was greater in
heifers than in bulls. The relative abundance of Prevotella
and Lachnospiraceae NK3A20_group was significantly
increased in bulls, while Butyrivibrio and Pseudobu-
tyrivibrio were significantly more abundant in heifers.
Functional predictions revealed that pathways involved
in "Lipid metabolism", "Carbohydrate metabolism" and
"Xenobiotics biodegradation and metabolism" were sig-
nificantly enriched in heifers, while "Amino acid metab-
olism" and "Glycan biosynthesis and metabolism" were
enriched in bulls. Correlation analyses showed that back-
fat thickness was positively associated with acetate and
butyrate production and the acetate/propionate ratio,
while it was negatively associated with Veillonellaceae
UCG-001. RDA analysis identified propionate and
butyrate as key drivers of microbial community differ-
ences. The Random Forest model identified key predic-
tors for BFT, including rumen fermentation parameters,
microbial taxa, and metabolic pathways, explaining 28%
of its variation. However, EMA was not well predicted
by the current parameters, suggesting that factors
beyond the rumen microbiome play a more significant
role. These findings provide a deeper understanding of
how sex-specific microbial and metabolic profiles influ-
ence nutrient utilization and body composition, offering
potential strategies for enhancing livestock management
and breeding programs.

Abbreviations
VFA Volatile fatty acids
BFT Backfat thickness

NH3-N Ammonia nitrogen
OM Organic matter
@3 Crude protein

NDF Neutral detergent fiber

ADF Acid detergent fiber

EE Ether extract

ME Metabolic energy

ASVs Amplicon sequence variants

Acknowledgements
Not applicable.

Authors’ contributions
LZ: Conceptualization, Methodology, Supervision. WY: Conceptualization,
Methodology. CM: Investigation, Resources. YP: Writing—original draft, Data

Page 150f 17

curation, Formal analysis. GS: Investigation, Data curation. GL: Investigation,
Data curation. SC: Investigation, Data curation. H-Liu: Investigation, Data cura-
tion. H-Li: Investigation, Data curation. All authors reviewed and approved the
final manuscript.

Funding

The study was financially supported by the National Key Research and Devel-
opment Program of China (2023YFD1300100), National Beef and Yak Industrial
Technology System (CARS-37), Special Project for the Central Government

to Guide Local Science and Technology Development (2060404 —51301),
Shenzhen Science and Technology Plan Project (JCYJ20230807111502006),
Key Project of "Two Chains" Integration of Livestock and Poultry Breeding in
Western Shaanxi Province (2022 GD-TSLD-46-0102), and Key Research and
Development Program of Shaanxi Province (2022ZDLNY01-01).

Data availability

All amplicon sequences are available in the Genome Sequence Archive of the
National Genomics Data Center, China National Center for Bioinformation/
Beijing Institute of Genomics, Chinese Academy of Sciences repository, under
accession number CRA020672 (https://ngdc.cncb.ac.cn/gsa).

Declarations

Ethics approval and consent to participate

Approval of animal use and permission for specimen collection in this study
was granted by the the Animal Welfare and Ethics Committee of Northwest
A&F University under the laboratory animal operation guidelines (Protocol
Number: NWAFUCAST2018-168). Written informed consent was obtained
from the owners for the participation of their animals in this study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

!College of Animal Science and Technology, Northwest A&F University, Yan-
gling 712100, China. 2Northwest A&F University Shenzhen Research Institute,
Shenzhen 518000, China. *College of Grassland Agriculture, Northwest A&F
University, Yangling 712100, China. “National Beef Cattle Improvement Center,
Yangling 712100, China.

Received: 12 January 2025 Accepted: 22 April 2025
Published online: 08 May 2025

References

1. Warner RD, Greenwood PL, Pethick DW, Ferguson DM. Genetic and envi-
ronmental effects on meat quality. Meat Sci. 2010,86:171-83.

2. LiuK, Zhang,Yu Z Xu Q, Zheng N, Zhao S, et al. Ruminal microbiota—
host interaction and its effect on nutrient metabolism. Animal Nutr.
2021;7:49-55.

3. Silva-Vignato B, Coutinho LL, Cesar ASM, Poleti MD, Regitano LCA, Balieiro
JCC. Comparative muscle transcriptome associated with carcass traits of
Nellore cattle. BMC Genomics. 2017;18:506.

4. Tan Z, Jiang H. Molecular and Cellular Mechanisms of Intramuscular Fat
Development and Growth in Cattle. Int J Mol Sci. 2024;25:2520.

5. Park B, ChoiTJ, Park MN, Oh S-H. Estimation of environmental effects and
genetic parameters of carcass traits on Chikso (Korean brindle cattle).
Asian-Australas J Anim Sci. 2020;33:525-30.

6. Pérez P, Maino M, Morales MS, Kébrich C, Bardon C, Pokniak J. Gender and
slaughter weight effects on carcass quality traits of suckling lambs from
four different genotypes. Small Ruminant Res. 2007;70:124-30.

7. Mueller LF, Balieiro JC, Ferrinho AM, Martins TD, da Silva Corte RR, de
Amorim TR, de Jesus Mangini Furlan J, Baldi F, Pereira AS. Gender status
effect on carcass and meat quality traits of feedlot AngusxNellore cattle.
Anim Sci J. 2019;90:1078-89.



Pan et al. BMC Microbiology

20.

21.

22.

23.

24.

25.
26.
27.

28.

29.

30.

31.

32.

(2025) 25:277

Cesari M, Pahor M. Target population for clinical trials on sarcopenia. J
Nutr Health Aging. 2008;12:470-8.

Cooke PS, Naaz A. Effects of estrogens and the phytoestrogen genistein
on adipogenesis and lipogenesis in males and females. Birth Defects Res
A.2005;73:472-3.

Maltin C, Balcerzak D, Tilley R, Delday M. Determinants of meat quality:
tenderness. P Nutr Soc. 2003;62:337-47.

. Pogorzelska-Przybytek P, Nogalski Z, Sobczuk-Szul M, Momot M. The

effect of gender status on the growth performance, carcass and meat
quality traits of young crossbred Holstein-FriesianxLimousin cattle. Anim
Biosci. 2021,34:914-21.

Flint HJ, Bayer EA, Rincon MT, Lamed R, White BA. Polysaccharide utiliza-
tion by gut bacteria: potential for new insights from genomic analysis.
Nat Rev Microbiol. 2008;6:121-31.

Henderson G, Cox F, Ganesh S, Jonker A, Young W, Abecia L, et al. Rumen
microbial community composition varies with diet and host, but a

core microbiome is found across a wide geographical range. Sci Rep.
2015;5:14567.

Shabat SK, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg
Miller ME, White BA, Shterzer N, Mizrahi |. Specific microbiome-depend-
ent mechanisms underlie the energy harvest efficiency of ruminants.
ISME J. 2016;10(12):2958-72.

Matthews C, Crispie F, Lewis E, Reid M, O'Toole PW, Cotter PD. The rumen
microbiome: a crucial consideration when optimising milk and meat pro-
duction and nitrogen utilisation efficiency. Gut Microbes. 2019;10:115-32.
Seymour WM, Campbell DR, Johnson ZB. Relationships between rumen
volatile fatty acid concentrations and milk production in dairy cows: a
literature study. Anim Feed Sci Tech. 2005;119:155-69.

Zhang Y, Zhang X, Li F, Li C, Zhang D, Li X, et al. Exploring the Ruminal
Microbial Community Associated with Fat Deposition in Lambs. Animals.
2021;11:3584.

Belanche A, Palma-Hidalgo JM, Jiménez E, Yanez-Ruiz DR. Enhancing
rumen microbial diversity and its impact on energy and protein metabo-
lism in forage-fed goats. Front Vet Sci. 2023;10:1272835.

Dou L, Liu C, Chen X, Yang Z, Hu G, Zhang M, et al. Supplemental Clostrid-
jum butyricum modulates skeletal muscle development and meat qual-
ity by shaping the gut microbiota of lambs. Meat Sci. 2023;204:109235.
Newbold CJ, Ramos-Morales E. Review: Ruminal microbiome and
microbial metabolome: effects of diet and ruminant host. Animal.
2020;14:578-86.

Shabat SKB, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg
Miller ME, et al. Specific microbiome-dependent mechanisms underlie
the energy harvest efficiency of ruminants. ISME J. 2016;10:2958-72.
PanY, Li H,Wang J, Sun X, Liang E, Guo J, et al. Gender and age-related
variations in rumen fermentation and microbiota of Qinchuan cattle.
Animal biosci. 2024. https://doi.org/10.5713/ab.24.0328.

Mizrahi I, Wallace RJ, Morais S. The rumen microbiome: balancing food
security and environmental impacts. Nat Rev Microbiol. 2021;19:553-66.
National Academies of Sciences E, Medicine. Nutrient Requirements of
Beef Cattle: Eighth. Revised. Washington, DC: The National Academies
Press; 2016.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu-
mina sequence data. Bioinformatics. 2014;30:2114-20.

Martin M. CUTADAPT removes adapter sequences from high-throughput
sequencing reads. EMBnet. 2011;17:10-2.

Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26:2460-1.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME

improves sensitivity and speed of chimera detection. Bioinformatics.
2011;27:2194-200.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,

et al. Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat biotechnol. 2019;37:852-7.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41:D590-6.

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM,

et al. PICRUSt2 for prediction of metagenome functions. Nat biotechnol.
2020;38:685-8.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. STAMP: statistical analysis of
taxonomic and functional profiles. Bioinformatics. 2014;30:3123-4.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 16 of 17

GaoY, Zhang G, Jiang S, Liu YX. Wekemo Bioincloud: A user-friendly
platform for meta-omics data analyses. iMeta. 2024;3(1):e175.

Ethun K. Sex and Gender Differences in Body Composition, Lipid Metabo-
lism, and Glucose Regulation. In: Neigh GN, Mitzelfelt MM, editors. Sex
Differences in Physiology. Boston: Academic Press; 2016. p. 145-65.
Mauvais-Jarvis F. Sex differences in energy metabolism: natural selection,
mechanisms and consequences. Nat Rev Nephrol. 2024;20:56-69.

Bjune J-I, Stremland PP, Jersin RA, Mellgren G, Dankel SN. Metabolic and
Epigenetic Regulation by Estrogen in Adipocytes. Front Endocrinol.
2022;13:828780.

Liu X, Cooper DE, Cluntun AA, Warmoes MO, Zhao S, Reid MA, et al.
Acetate Production from Glucose and Coupling to Mitochondrial
Metabolism in Mammals. Cell. 2018;175:502-13.

Smith SB, Crouse JD. Relative Contributions of Acetate, Lactate and Glu-
cose to Lipogenesis in Bovine Intramuscular and Subcutaneous Adipose
Tissue. J Nutr. 1984;114:792-800.

Vingren JL, Kraemer WJ, Ratamess NA, Anderson JM, Volek JS, Maresh CM.
Testosterone Physiology in Resistance Exercise and Training. Sports Med.
2010;40:1037-53.

Ren H, Su X, Bai H, Yang Y, Wang H, Dan Z, et al. Specific enrichment of
microbes and increased ruminal propionate production: the potential
mechanism underlying the high energy efficiency of Holstein heifers fed
steam-flaked corn. AMB Express. 2019;9:209.

Pang R, Xiao X, Mao T, Yu J, Huang L, Xu W, et al. The molecular mecha-
nism of propionate-regulating gluconeogenesis in bovine hepatocytes.
Anim Biosci. 2023;36:1693-9.

Han JH, Kim IS, Jung SH, Lee SG, Son HY, Myung C-S. The Effects of
Propionate and Valerate on Insulin Responsiveness for Glucose Uptake in
3T3-L1 Adipocytes and C2C12 Myotubes via G Protein-Coupled Receptor
41.PLoS ONE. 2014;9:95268.

Li F, Guan LL. Metatranscriptomic Profiling Reveals Linkages between

the Active Rumen Microbiome and Feed Efficiency in Beef Cattle. Appl
Environ Microb. 2017,83:e00061-e117.

LiZ LiuN, CaoY, Jin C, Li F, Cai C, et al. Effects of fumaric acid supple-
mentation on methane production and rumen fermentation in goats
fed diets varying in forage and concentrate particle size. J Anim Sci
Biotechno. 2018;9:1-9.

Holman DB, Gzyl KE, Scott H, Service C, Prieto N, Lépez-Campos O.
Associations between the rumen microbiota and carcass merit and meat
quality in beef cattle. Appl Microbiol Biotechnol. 2024;108:287.

ShaY, Liu X, Pu X, He Y, Wang J, Zhao S, et al. Characterizing the dynam-
ics of the rumen microbiota, its metabolites, and blood metabolites
across reproductive stages in Small-tailed Han sheep. Microbiol Spectr.
2023;11:e0286723.

Li MM, Ghimire S, Wenner BA, Kohn RA, Firkins JL, Gill B, et al. Effects of
acetate, propionate, and pH on volatile fatty acid thermodynamics in
continuous cultures of ruminal contents. J Dairy Sci. 2022;105:8879-97.
Saban Guler M, Arslan S, Agaguindiiz D, Cerqua |, Pagano E, Berni Canani
R, Capasso R. Butyrate: A potential mediator of obesity and microbiome
via different mechanisms of actions. Food Res Int. 2025;199:115420.

Qiu X, Qin X, Chen L, Chen Z, Hao R, Zhang S, et al. Serum Biochemical
Parameters, Rumen Fermentation, and Rumen Bacterial Communities Are
Partly Driven by the Breed and Sex of Cattle When Fed High-Grain Diet.
Microorganisms. 2022;10:323.

Lin X, Hu Z, Zhang S, Cheng G, Hou Q, Wang Y, et al. A Study on

the Mechanism Regulating Acetate to Propionate Ratio in Rumen
Fermentation by Dietary Carbohydrate Type. Adv Biosci Biotechnol.
2020;11:369-90.

Rauckhorst AJ, Sheldon RD, Pape DJ, Ahmed A, Falls-Hubert KC, Merrill RA,
et al. A hierarchical hepatic de novo lipogenesis substrate supply network
utilizing pyruvate, acetate, and ketones. Cell Metab. 2024. https://doi.org/
10.1016/j.cmet.2024.10.013.

Lu Z, Xu Z, Shen Z, Tian Y, Shen H. Dietary Energy Level Promotes Rumen
Microbial Protein Synthesis by Improving the Energy Productivity of the
Ruminal Microbiome. Front Microbiol. 2019;10:00847.

Lima J, Ingabire W, Roehe R, Dewhurst RJ. Estimating Microbial Protein
Synthesis in the Rumen—Can ‘Omics'Methods Provide New Insights into
a Long-Standing Question? Vet Sci. 2023;10:679.

LiW,Ye B,Wu B, Yi X, Li X, AR, et al. Effect of Total Mixed Ration on Growth
Performance, Rumen Fermentation, Nutrient Digestion, and Rumen


https://doi.org/10.5713/ab.24.0328
https://doi.org/10.1016/j.cmet.2024.10.013
https://doi.org/10.1016/j.cmet.2024.10.013

Pan et al. BMC Microbiology ~ (2025) 25:277 Page 17 of 17

Microbiome in Angus Beef Cattle during the Growing and Fattening Publisher’s Note
Phases. Fermentation. 2024;10:205. Springer Nature remains neutral with regard to jurisdictional claims in pub-
55. Sun D,YinY,Guo C, Liu L, Mao S, Zhu W, et al. Transcriptomic analysis lished maps and institutional affiliations.

reveals the molecular mechanisms of rumen wall morphological and
functional development induced by different solid diet introduction in a
lamb model. J Anim Sci Biotechnol. 2021;12:33.

56. Yu Q. Slc26a3 (DRA) in the Gut: Expression, Function, Regulation, Role in
Infectious Diarrhea and Inflammatory Bowel Disease. Inflam Bowel Dis.
2021;27:575-84.

57. Becker HM, Seidler UE. Bicarbonate secretion and acid/base sensing by
the intestine. Pflug Arch Eur J Phy. 2024;476:593-610.

58. Han X, LiuH, Hu L, Ma L, XuS, XuT, et al. Impact of sex and age on the
bacterial composition in rumen of Tibetan sheep in Qinghai China. Livest
Sci. 2020;238:104030.

59. Keum GB, Pandey S, Kim ES, Doo H, Kwak J, Ryu S, et al. Understand-
ing the Diversity and Roles of the Ruminal Microbiome. J Microbiol.
2024,62:217-30.

60. Xue M, XieY, Zang X, Zhong Y, Ma X, Sun H, et al. Deciphering functional
groups of rumen microbiome and their underlying potentially causal
relationships in shaping host traits. iMeta. 2024;3(4):e225.

61. Betancur-Murillo CL, Aguilar-Marin SB, Jovel J. Prevotella: A Key Player in
Ruminal Metabolism. Microorganisms. 2023;11:1.

62. Crocker Cunningham H, Cammack KM, Hales KE, Freetly HC, Lindholm-
Perry AK. Differential transcript abundance in adipose tissue of mature
beef cows during feed restrictionand realimentation. PLoS One.
2018;13:e0194104.

63. Guan LL, Nkrumah JD, Basarab JA, Moore SS. Linkage of microbial ecol-
ogy to phenotype: correlation of rumen microbial ecology to cattle’s feed
efficiency. FEMS Microbiol Lett. 2008;288:85-91.

64. Rivera-Villegas A, Carrillo-Muro O, Rodriguez-Cordero D, Hernandez-
Briano P, Sénchez-Barbosa OY, Lazalde-Cruz R, Castro-Pérez B, Plascencia
A. Effects of Supplemental Calcium Propionate and Concentrate Level:
Growth Performance, Body Fat Reserves, and Health of High-Risk Beef
Calves. Vet Sci. 2024;11(8):336.

65. Palevich N, Kelly WJ, Leahy SC, Altermann E, Rakonjac J, Attwood GT.
The complete genome sequence of the rumen bacterium Butyrivibrio
hungatei MB2003. Stand Genomic Sci. 2017;12:72.

66. Zambell KL, Fitch MD, Fleming SE. Acetate and butyrate are the major
substrates for de novo lipogenesis in rat colonic epithelial cells. J Nutr.
2003;133(11):3509-15.

67. Paillard D, McKain N, Chaudhary LC, Walker ND, Pizette F, Koppova |, et al.
Relation between phylogenetic position, lipid metabolism and butyrate
production by different Butyrivibrio-like bacteria from the rumen. Anton
Van Leeuw. 2007;,91:417-22.

68. 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 carbohydrate-active enzyme family isoforms. Microbial
genomics. 2021;7:000638.

69. LiX, Park BK, Shin JS, Choi SH, Smith SB, Yan CG. Effects of dietary
linseed oil and propionate precursors on ruminal microbial commu-
nity, composition, and diversity in Yanbian yellow cattle. PLoS ONE.
2015;10:e0126473.

70. LyonsT, Bielak A, Doyle E, Kuhla B. Variations in methane yield and micro-
bial community profiles in the rumen of dairy cows as they pass through
stages of first lactation. J Dairy Sci. 2018;101:5102-14.

71. Zhao S, Min L, Zheng N, Wang J. Effect of Heat Stress on Bacterial Com-
position and Metabolism in the Rumen of Lactating Dairy Cows. Animals.
2019;9:295.

72. Rabee AE, Abou-Souliman I, Yousif Al, Lamara M, El-Sherbieny MA, Elwa-
keel EA, et al. Variations in rumen microbiota and host genome impacted
feed efficiency in goat breeds. Front Microbiol. 2025;16:1492742.

73. Wang R, Bai B, Huang Y, Degen A, Mi J, Xue Y, et al. Yaks Are Dependent
on Gut Microbiota for Survival in the Environment of the Qinghai Tibet
Plateau. Microorganisms. 2024;12:1122.

74. QiY,Wang X, Zhu C, Mi B, Cui C, Chen S, et al. Mutations in the FOXO3
Gene and Their Effects on Meat Traits in Gannan Yaks. Int J Mol Sci.
2024,25:1948.



	Sex-specific microbiota associations with backfat thickness, eye muscle area, and rumen fermentation in Qinchuan cattle
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Materials and methods
	Experiment design
	Sample collection
	Determination of rumen fermentation parameters
	Chemical analysis
	DNA extraction and sequencing
	Determination of mRNA expression in rumen tissue
	Bioinformatics analysis
	Statistics and analysis

	Results
	Backfat thickness, eye muscle area, and rumen fermentation performance
	VFA absorption-related gene expression
	Microbial diversity
	Microbial composition
	Microbial function prediction
	Correlation analysis
	Random forest prediction

	Discussion
	Conclusion
	Acknowledgements
	References


