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Integrated metagenomics and
metabolomics analyses revealed
biomarkers in f-casein A2A2-type
COWS

Jinyan Zhao'?, Chuanchuan Wang'?, Jiahuan Hu'?,
Ruoshuang Ma??, Baojun Yu®?, Wei Zhao'?, Hua Wang'?,
Yaling Gu*? and Juan Zhang*?*

!Key Laboratory of Molecular Cell Breeding for Ruminants, Yinchuan, China, 2Ningxia University
College of Animal Science and Technology, Yinchuan, China

In Holstein cows, p-casein, one of the most critical proteins in milk, exists in two
main genotypes, Al and A2. Herein, 45 Holstein cows [categorized into three
groups based on p-casein A1Al, A1A2, and A2A2 genotypes (N =15)] with the
same feeding management and litter size were enrolled to explore differences
in rumen microflora and metabolites across various p-casein genotypes.
Rumen fluids were collected for metagenomics and metabolomics analyses.
Metabolomics and weighted gene co-expression network analysis (WGCNA)
revealed that arachidonic acid (AA), adrenic acid (AdA), glycocholic acid (GCA),
and taurocholic acid (TCA) were significantly and positively correlated with milk
fat % in dairy cows (p<0.05). Furthermore, macro-genomics and Spearman’s
correlation analysis revealed significant positive correlations (p<0.05)
between the characteristic flora (g_Acetobacter, g_Pseudoxanthomonas,
g_Streptococcus, and g_Pediococcus) and the five characteristic metabolites
in the rumen of A2A2 dairy cows. Moreover, functional enrichment analysis
revealed more genes enriched to the TRP channel’s inflammatory mediator-
regulated pathway and the mTOR signaling pathway in A2A2 genotyped cows.
Additionally, the regulatory effects of AA on bovine mammary epithelial cells
(BMECs) were examined using CCK-8, EdU, and gqRT-PCR assays, revealing that
AA promoted triglyceride (TG) synthesis and upregulated the milk fat marker
genes including SREBF1, ACSS2, AGPAT6, and FASN. Overall, we identified
characteristic microorganisms and metabolites in A2A2 Holstein cows and
established that AA could be a biomarker for higher milk fat %.

KEYWORDS

Holstein dairy cows, beta-casein, A2A2, milk fat percentage, metabolomics,
metagenomics

Background

Milk, one of the body’s primary sources of nutrients, is rich in lactose, triglycerides
(TGs), proteins, minerals, and vitamins (1). Milk proteins are classified based on their
solubility into casein (~80%), whey proteins (~14%), and fat globule membrane proteins
(~6%), with casein-soluble proteins being the most abundant and further classified into
four categories: al-casein, a2-casein, p-casein, and k-casein (2). The structure of
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f-casein depends on the dairy cow’s breed and genotype, with A1l
and A2 as the two main isoforms (3). The disparity between the
two isoforms stems from a mutation at position 67, which induces
a transformation of the amino acid from histidine (in Al) to
proline (in A2), and this is attributed to genetic predetermination
(4, 5). Cows with the p-casein A2A2 genotype produce the
popular “A2 milk” (3). Additionally, A2A2 genotyped cows have a
higher milk fat % than their A1A1 and A1A2 counterparts (6).
Furthermore, during digestion and metabolism, Al f-casein
produces B-casein-7, which has been linked with Gastrointestinal
(GI) issues and lactose intolerance disorders in humans (7, 8). It
is also noteworthy that Al B-casein possesses pro-inflammatory
properties that can synergize, negatively affecting GI, endocrine,
neurological, and cardiovascular systems. On the other hand, A2
milk (9, 10), which is free of A1 p-casein, has beneficial effects on
human health and is easier to digest in lactose-intolerant
individuals (11), making it a feasible alternative solution for
individuals with pertinent GI disorders (12).

In ruminants, the rumen is the primary organ responsible for
converting plant feeds into nutrients and energy (13, 14).
diet
composition, and host metabolism influence rumen metabolite

According to research, microorganism derivatives,
concentrations and colony structure, with all three factors
collectively shaping the mechanisms underlying microbiota-host
interactions (15). Rumen microbes have been established to
be crucially involved in ruminant productivity and health (16).
For instance, cows with mastitis exhibited significant alterations
in inflammation-associated microbial communities and
metabolite abundance in their rumen (17). Additionally, Zhang
et al. (18) employed rumen fluid metabolomics to identify
potential milk production biomarkers in high- and low-yielding
cows. Biohydrogenation-linked rumen microbial populations
were also associated with individual milk fat % in dairy cows (19).
Although scholars both at home and abroad have extensively
assessed A2 B-casein genotypes in cows, they mostly used milk or
genetic tests (3, 20). Furthermore, to the best of our knowledge,
no studies have characterized biomarkers and their roles in the
rumen of A2-type p-casein dairy cows. Consequently, we explored
the rumen microbiomes and metabolomes of different genotyped
cows and examined the roles of characteristic metabolites and
microorganisms in A2A2 genotyped cows using an integrated
approach involving weighted gene co-expression network analysis
(WGCNA) and Spearman correlation analysis.

Herein, 45 Holstein cows of three different f-casein genotypes
[A1A1, A1A2, and A2A2 (N=15)] from the Ningxia Nongken
Helanshan dairy farm were included. Their rumen fluids were
analyzed using metagenomics and metabolomics techniques.
Metabolite clustering analysis and association analysis of
characteristic metabolites with their characteristic microorganisms
were performed using the WGCNA-Spearman integrated
approach to further elucidate the contribution of metabolites to
milk fat synthesis. Additionally, the regulatory role of AA on
BMECs was explored using CCK-8, EAU, and qRT-PCR assays.
Our analysis of the differences between rumen flora composition
and metabolic pathways in cows of different B-casein genotypes
could provide an essential reference for subsequent studies on the
molecular genetic mechanisms of the characteristics of Holstein
cows with the A2 pure genotype.
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Materials and methods
Animals and experimental design

Holstein cow rumen fluids were collected from the Ningxia
Nongken Helanshan dairy farm. The experimental cows were fed the
same balanced total mixed ration (TMR) diet (Supplementary Table S1).
Notably, the cows were previously typed using the competitive allele-
specific PCR (KASP), and three genotypes were obtained: A1Al,
A1A2, and A2A2 (21). For each genotype, 15 Holstein cows were
selected in good condition and in their first lactation, in which the
milk fat and protein content were similar across the three groups
(Supplementary Table S2).

Sample collection

Two hours after the morning feeding, the rumen contents were
collected using a rumen fluid collection tube. Specifically, after
inserting the rumen fluid collection tube, rumen vesicle contents were
aspirated and collected under negative pressure. To avoid
contamination with saliva, the first 150 mL of the collected rumen
contents were discarded. Subsequently, 100 mL rumen content was
collected and filtered using four sterile gauze layers, portioned, quickly
frozen in liquid nitrogen, and stored in a —80°C refrigerator, awaiting
further use. The Institutional Animal Care Committee of Ningxia
University approved our experimental protocol (Approval Number:
NXU-2024-065).

Microbiota analysis

First, total DNA was extracted from the rumen fluid and purified
using a DNA extraction kit (TruSeq Nano DNA LT Sample
Preparation Kit, Illumina, United States), following the manufacturer’s
instructions. Subsequently, DNA concentration and quality were
assessed using 1.0% agarose gel electrophoresis and a NanoDrop
spectrophotometer. Following that, purified and tested DNA samples
underwent fragmentation and end repair using the Covaris S220
before attaching the Y-junctions to the sample ends. We then
performed PCR amplification to recover the target fragments and
create a library. Subsequently, the libraries were sequenced on the
Mlumina HiSeq 2000 platform at the Shanghai Ouyi Biomedical
Technology Co., Ltd. Following that, the genes were filtered and
quality-controlled using Trimmomatic (v0.36) and Bowtie2 (v2.2.9)
before splicing the sequences using MEGAHIT (v1.1.2) software. The
spliced contigs’ open reading frames (ORFs) were predicted using
Prodigal (v2.6.3) software. Finally, clustering was performed using
CDHIT (v4). After predicting the ORF of the spliced contig,
we constructed the non-redundant gene set of the predicted genes
using CDHIT (v4.5.7) software.

The obtained set of non-redundant genes was compared to the
GeneBank non-redundant (NR) database of nucleic acid sequences'
using DIAMOND (v0.9.7) software. The sequences with an e-value

1 https://www.ncbi.nlm.nih.gov/guide/taxonomy/
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<Ix10~° were considered meaningful for obtaining species annotation
information. Differences in a-diversity indices, including Shannon,
Simpson, and ACE, were examined to detect the median, dispersion,
maximum, minimum, and outliers of species diversity, yielding
insights into rumen microbial diversity. The rumen fluid characteristic
microorganisms of dairy cows across the three genotypes were
screened using the Linear discriminant analysis Effect Size (LEfSe)
approach based on the LDA >2 and p<0.05 criteria. Finally, the
predicted genes were integrated with the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database’ to obtain the gene function
annotation information.

Untargeted metabolomics

First, the stored sample was thawed slowly on ice before obtaining
I mL from the SPE solid-phase column and precisely adding 3 mL
methanol. After blow drying, the sample was further dried through
nitrogen blowing using a nitrogen blowing instrument before adding
300pL (V:V=4:1,
L-2-chlorophenylalanine, 4 pg/mL) to redissolve it. Subsequently, the

methanol-water ~ mixture containing
sample was vortexed for 1 min, sonicated for 10 min in an ice-water
bath, and incubated at —40°C for 30min. The sample was then
centrifuged at 12,000 rpm for 10 min at 4°C before aspirating 150 pL
of the supernatant using a syringe, which was filtered through a
0.22 pm organic-phase pinhole membrane, transferred to a liquid
chromatography-mass spectrometry (LC-MS) injection vial, and
stored at —80°C, awaiting LC-MS analysis.

Metabolite detection was performed using a liquid-mass
spectrometry platform comprising an ACQUITY UPLC I-Class plus
ultrahigh-performance liquid chromatography-tandem system and a
QE plus high-resolution mass spectrometer. The LC-MS instrument
was equipped with a preset ACQUITY UPLC HSS T3 chromatography
column (100 mm X 2.1 mm, 1.8 pm), operated at a flow rate of 0.35mL/
min and a temperature of 45°C. Mobile phase A consisted of water
and 0.1% formic acid, whereas mobile phase B comprised 100%
acetonitrile. Supplementary Table S3 shows the elution process of the
mobile phases. Each sample (2 pL) was injected into an autosampler
set at 4°C. The spray voltages for the positive and negative modes were
set at 3.8kV and 3.0kV, respectively. Other parameters were the same
for both the
temperature =320°C; aux gas heater temperature =350°C). The raw

positive and negative modes (capillary
peaks were extracted, analyzed, and quantified using the LECO-Fiehn
Rtx5 database, and normalization analyses were performed (22). To
obtain precise qualitative and relative quantitative results, the peaks
were compared to those in various databases such as mzCloud,’
mzVault, and MassList. Statistical analyses were performed using R
v3.43, Python v276, and Cent vOS66 software.

MetaX, a metabolomics data processing software, was used to
perform principal component analysis (PCA) and partial least squares
discriminant analysis (PLS-DA). Statistical significance (p-value) was
evaluated using one-way analysis of variance, and marker metabolite

screening was aided by the variable importance for the projection

2 http://www.genome.jp/kegg/pathway.html

3 https://www.mzcloud.org/
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(VIP) of the (O)PLS-DA model variables. Metabolites with VIP >1,
p<0.05, FC >2, or FC <0.5 were considered differential expressed.
Annotation and metabolite pathway analysis was performed using
metabolites obtained from the KEGG (see text footnote 2), HMDB,*
and LIPID MAPS® databases.

Metabolite co-expression module
construction

To obtain precise qualitative and relative quantitative results, the
peaks were compared to those in databases such as mzCloud (see text
footnote 3), mzVault, and MassList. Statistical analyses were
performed using R v3.43, Python v276, and CentOS66 software (23).
For network construction, we used the soft threshold power (f) based
on an R-value of 0.96. The smallest module comprised 35 genes
(minimum module size=35), and the merged module had a height of
0.25. Correlations between modules and cow milk fat % were
determined to identify modules that affect milk fat, and metabolomics
was used to enrich for metabolites within those modules.

Statistical analysis

Univariate ANOVA (t-test) was used to assess statistical
significance (p-value), with p <0.05 and p < 0.01 indicating significant
and highly significant differences, respectively. GraphPad Prism 8 was
used to plot histograms. Dominant rumen flora (R > 0.6, p <0.05) were
correlated with milk fat-related metabolites using Spearman
correlation analysis, and all significant correlation networks were
visualized using Cytoscape (3.8.2). Receiver operating characteristic
(ROC) curves were plotted, and the corresponding area under the
curve (AUC) values were computed using the ROCR software
package (24).

Cell culture

Mammary epithelial cell lines from dairy cows were cultured and
frozen in the preliminary phase of this experiment. Specifically,
BMECs were grown in a DMEM/F12 growth medium supplemented
with 10% fetal bovine serum (FBS) (Cell Max, Beijing, China) in a 5%
CO, and 37°C incubator. Passaging and culture treatments were
performed at ~70-80% cell density.

AA master mix configuration

To prepare AA mother liquor at a 10 mM concentration, 10 mg
AA dry powder (Sigma, America) was first weighed and then
transferred into a 5mL centrifuge tube before adding 3.28 mL
anhydrous ethanol to dissolve it at room temperature (RT). After
thorough mixing, the solution was filtered to remove bacteria,

4 https://hmdb.ca/metabolites

5 http://www.lipidmaps.org
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dispensed into 200 pL centrifuge tubes, and stored at —20°C in a
refrigerator in the dark for spare use. The experimental group received
AA at final concentrations of 1, 5, and 10 pM, whereas the control
group (NC) received anhydrous ethanol.

CCK-8 cell viability and cell proliferation
EdU assays

First, cells were inoculated into 96-well plates, and the optimal
concentrations from the AA treatment and experimental groups were
selected for the EAU assay. Following the instructions in the EAU assay
kit (Beyotime, Shanghai, China), the 2xEdU working solution was
prepared in equal volumes and added into petri dishes after seeding
cells in optimal growth conditions into 6-well plates. The cells were
then observed under an inverted fluorescence microscope DMi8
(Leica, Germany) and counted using Image]J software.

TG content determination

The treated cells were tested for TG content using the cell-specific
high-fat sample TG enzymatic assay kit (E1025, Prilosec, Beijing,
China). Based on the reagent instructions, the lysed supernatant was
added to the prepared working solution, and the reaction was
conducted at 37°C for 15 min. Each tube’s optical density (OD) value
was detected at 550 nm, and the TG content was adjusted based on
protein concentration per mg.

RT-gPCR-related gene expression
detection

Total RNA was extracted using TRizol reagent (Invitrogen,
Thermo Fisher, United States) and then reverse-transcribed into
complementary DNA (cDNA) using Prime Script RT Reagent Kit
(Takara, Dalian, China). Following the manufacturer’s instructions,
SYBR Premix Ex Taq™ II (Takara, Dalian, China) was used to extract
RNA from the cells for RT-qPCR on the Bio-Rad CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
United States). The primers used were designed using the Primer
Premier 5.0 system (Supplementary Table 54). The 2724 technique
was used to analyze the relative mRNA expression in different
treatment groups. Gene expression was normalized to GAPDH, and
all results were subjected to ANOVA using SAS software (version 9.2,
SAS Institute, Cary, NC). Three replicates were set up for each gene,
and results or differences with p <0.05 and p<0.01 were considered
significant and highly significant, respectively.

Results

Structural analysis of microbial
communities

Herein, rumen fluid samples from 45 Holstein cows were

subjected to macro genome sequencing. According to the results,
the samples’ clean reads and contig N50 statistics were distributed
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in the 10.01-16.63 G and 299-475 bp ranges, respectively, and the
number of ORFs in the constructed gene catalog (non-redundant
genes) 15,361,808
(Supplementary Table S5). Furthermore, sample size significance

after de-redundancy was
was determined using core-pan gene dilution curve analysis.
According to the results, the number of subjects selected for the
study (n=45) was sufficient (Supplementary Figure SIA). A
comparison of specific genes across the three groups (AlAl,
A1A2, and A2A2) revealed that their proportions were 2.23, 3.29,
and 2.58%, respectively (Supplementary Figure S1B). Additionally,
we determined the rumen flora o diversity indices based on
species abundance (Supplementary Table 56). According to the
results, the three groups showed no significant differences in the
three o diversity indices (Shannon, Simpson, and ACE) (p>0.05).
Conversely, PCA revealed microbial p diversity differences in the
rumen fluid of the dairy cows with different genotypes
(Supplementary Figure S1C). Furthermore, Analysis of Similarities
(ANOSIM) revealed that the differences among the three groups
were significantly greater than those within each group, indicating
meaningful (R=0.078, p<0.05;
Supplementary Figure S1D). The top 15 most abundant phyla and

subgroup  distinctions

genera among the 45 cows were plotted using a species relative
abundance bar chart (Figures 1A,B). The dominant phylum- and
genus-level microorganisms were p_Bacteroidetes and p_
Firmicutes and g_Prevotella and g_Clostridium, respectively. The
potential biomarkers in the rumen of the three different dairy cow
genotypes were further examined through LEfSe analysis.
According to the results, 55 characterized microorganisms were
enriched in A2A2 cows (Supplementary Table S7), of which the
key biomarker genera were g_Stenotrophomonas, g_Fusobacterium,
g Mannheimia, g_Acetobacter, g Xanthomonas,
g_Pichia, g_Pseudoxanthomonas, g_Pediococcus, g_Gluconobacter,
g_Komagataeibacter, g_Glomus, g_Luteimonas, g_Pasteurella, and

g_Streptococcus (Figures 1C,D).

Analysis of marker bacteria in the rumen of
dairy cows across the three different
genotypes

Differential KEGG functional enrichment through STAMP

analysis revealed that arrhythmogenic right ventricular
cardiomyopathy (ARVC) and jak-STAT signaling pathway, among
others, were the functions enriched in A1A1 and A1A2 genotyped
cows. On the other hand, TRP channels’ inflammatory mediator
regulation and the mTOR signaling pathway, among others, were

the functions enriched in A2A2 genotyped cows (Figure 2).

Analysis of metabolomics results

Differentially expressed metabolites (DEMs) in the rumens of
Holstein cows across the three different genotypes were detected
using  UPLC-MS metabolomics
chromatogram (TIC) overlap plot was obtained via superimposition

technology. A total ion
of the mass spectra of the QC samples from the positive and
negative  ion TIC data
(Supplementary Figures S2A,B), revealing that the peaks’ response

detection modes on the
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intensities and retention times overlapped and had stable baseline
values. These findings confirmed the reliability of the experimental
data. According to the PCA and PLS-DA results, metabolites in the
three dairy cow genotypes showed inter- and intra-group disparities
(Supplementary Figures S2C,D). Furthermore, the OPLS-DA score
plots of metabolites showed significant differences across the rumen
metabolite groups of the three dairy cow genotypes, and the
permutation test revealed that all OPLS-DA models were reliable
and did not overfit (Supplementary Figures S3A-F). Venn diagrams
of DEMs and differential metabolic pathways among the three
groups showed that the two comparison groups overlapped
significantly (Supplementary Figures S2E,F). Statistical analysis of
mass spectrometry-identified metabolites revealed 691 DEMs in the
rumen fluid of the A1A1 and A1A2 dairy cow groups (Figure 3A
and Supplementary Table S8) and 283 DEMs in the rumen fluid of
the Al1Al and A2A2 dairy cow groups (Figure 3B and
Supplementary Table S9). Furthermore, the analysis of the rumen
fluid of the A1A2 and A2A2 dairy cow groups revealed 1,025 DEMs
(Figure 3C and Supplementary Table S10). The top 50 DEMs were
then  analyzed their
(Supplementary Figures S4A-C). The substances enriched in the

for respective  enrichments
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A2A2 group were arachidonic acid (AA), adrenic acid (AdA),
taurocholic acid (TCA), and glycocholic acid (GCA). To better
understand differential metabolite enrichment across the three
groups, the top 20 metabolic pathways of differential metabolites
were identified (Figures 3D-F), including those related to
cholesterol metabolism, vascular smooth muscle contraction,
ovarian steroidogenesis, primary bile acid biosynthesis, the GnRH
signaling pathway, AA metabolism, Fc gamma R-mediated
phagocytosis, and necroptosis.

WGCNA

We constructed co-expression networks between the identified
metabolites and milk fat % using WGCNA to better understand the
relationship between metabolites and milk fat % in Holstein cows. Ten
co-expression modules were identified after merging modules with
similar characteristics (Figure 4A). Furthermore, the results showed
that MEturquoise correlated positively with milk fat content
(Figure 4B) and 1,308 metabolites from this module were selected for
further analysis.
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FIGURE 2
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value, with p <0.05 indicating a significant difference. (D) Violin plot of the key KEGG functional entries in cows of the A2A2 genotype.

Metabolic pathway analysis

MEturquoise metabolites were significantly positively
% (cor=0.6, p=7.7x10"*)
(Supplementary Figure S5A). Notably, enrichment analysis of the
1,308 MEturquoise metabolites yielded 35 DEMs (VIP >1.00,
p<0.05), including AA, GCA, and TCA
(Supplementary Figure S5C). All 35 DEMs, as well as those
between the three groups, were subjected to metabolic pathway
enrichment (661 metabolites, VIP >1, p<0.05) (Figures 5A,B).
According to the results, pathways such as cholesterol metabolism,

correlated with milk fat

vascular smooth muscle contraction, ovarian steroidogenesis,
ferroptosis, primary bile acid biosynthesis, the GnRH signaling
pathway, AA metabolism, Fc gamma R-mediated phagocytosis,
and necroptosis were co-enriched (Supplementary Figure S5B).
Furthermore, the metabolites included in the co-enrichment
pathway were AA, AdA, GCA, TCA, and 8,9-Epoxyeicosatrienoic
Acid (8,9-EET) (Supplementary Table S11). Specifically, AA, AdA,
GCA, and TCA were significantly enriched in A2A2 cows,
whereas 8,9-EET was significantly enriched in both A2A2 and
A1A1 cows (p<0.05) (Figures 5D-I).

Correlation analysis of key metabolites in
rumen milk fat with characteristic flora in
A2A2 genotyped dairy cows

Herein, we employed Spearman’s correlation analysis to
examine the relationship between characteristic genera (LDA >2;
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p<0.05) and key differential rumen metabolites of milk fat in the
rumen fluid of A2A2 dairy cows in order to characterize the
relationship between the rumen flora and key metabolites of milk
fat (Figure 6A). According to the results, some of the genera and
metabolites correlated significantly and strongly (|R| > 0.6, p<0.01)
(Figure 6B). Among them, g_Acetobacter, g_Pseudoxanthomonas,
g
Stenotrophomonas, g_Komagataeibacter, g_Gluconobacter, and g_

g_Streptococcus, g_Pediococcus, g Mannheimia,
Luteimonas correlated significantly positively with both primary
bile acid biosynthesis (GCA and TCA) and AA metabolism (AA
and 8,9-EET). It has been established that AA regulates milk lipid
synthesis and secretion (25). In this regard, it is noteworthy that
biomarker prediction using ROC curves to identify significantly
enriched characteristic metabolites and flora in A2A2 cows
revealed that the model had a good prognostic effect, with AUC
values for AA of 0.713 in groups A1A1l vs. A1A2 and 0.846 in
groups A1A2 vs. A1A2 (Supplementary Figure 56). We will focus
more on AA in the subsequent sections.

Effects of the candidate marker
metabolite AA on BMEC proliferation

After culturing BMECs in vitro for 12 and 24h, different AA
concentrations were added to the culture medium, and their effects
on BMEC viability were evaluated using the CCK-8 assay.
According to the results, 5pM AA was the optimal concentration,
with the cells reaching the highest viability after 24 h (Figures 7A,B).
Furthermore, the EAU results showed that the 5pM AA-treated
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FIGURE 5
Differential metabolites and differential metabolic pathway analysis. (A) Top 20 differential metabolic pathways enriched in differential metabolites
among the three groups (MEturquoise). (B) Top 20 differential metabolic pathways enriched in differential metabolites among the three groups; color
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Levels of adrenic acid, AA, glycocholic acid, 8,9-EET, and taurocholic acid in the rumen of dairy cows of three genotypes.

group exhibited enhanced BMEC proliferation after 24h of
incubation (Figures 7C,D).

Effects of the candidate marker
metabolite AA on milk fat synthesis

We treated BMECs with 5 uM AA for 24 h to further determine
whether AA influences the cells’ milk lipid synthesis. We then
assessed TG concentration and expression levels of milk lipid
marker genes. According to the results, the 5pM concentration
AA-treated group exhibited a significantly elevated TG
concentration (p<0.01) (Figure 8A), as well as the upregulation of
lactolipid marker genes, including SREBF1, ACSS2, AGPAT6, and
FASN (Figures 8B-E).
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Discussion

A triad of flora, metabolites, and organismal immunity has been
established to regulate the internal rumen environment,
significantly impacting dairy cow health and performance (15). In
the rumen, flora digest polysaccharides from feeds into Short-Chain
Fatty Acids (SCFA) such as acetate, butyrate, and propionate,
contributing up to 70% of animals’ total energy intake (14).
Metabolites are important markers of biochemical reactions in the
rumen microecosystem and are sensitive to changes in rumen
microbiology (26). According to research, -casein is essential for
individual cow health and lactation performance (27, 28), a
phenomenon consistent with our findings, which demonstrated
that A2A2 genotyped cows exhibited a higher milk fat % than the
other two genotyped groups. Furthermore, Alp-casein and

frontiersin.org


https://doi.org/10.3389/fvets.2024.1438717
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhao et al.

10.3389/fvets.2024.1438717

. X 0.
Glycocholic acid |0_3
Taurocholic acid

8,9-EET

Arachidonic acid

FIGURE 6

gradient according to the size of the centrality value.

g_Acetosaclev

g_Peaowccus

o
Ara'ﬁc acid

nglenotroaomonas

g_Komaga(gelbacter

g_GIucon.obacur

Adrenic.acid

Gly'lic acid
Yaumcl.acid

g_Pseud*nnthamonas

g_L*imonas

nglr?mcoccus

gﬁXanlho%mnas

g_Mannhfeimia

group
@ Metabolite
@ Microorganism

degree

[ X
@ 5
- 4
group

@ Metabolite
abs_rho

=- 0.8
- 07
— 06

relation
positive

Correlation analysis of key flora and metabolites for differences among groups. (A) Heatmap of the Spearman correlation coefficient matrix between
key rumen metabolites for milk fat synthesis and key microorganisms of group A2A2; ** represents a significant p <0.01, * represents a significant

p <0.05. (B) A correlation network map; the colors of the lines represent positive and negative values of the correlation coefficients between the two
(blue for negative correlation, red for positive correlation, only correlation with |R|>0.6 and p < 0.01), and the thickness of the lines is directly
proportional to the absolute value of the correlation coefficients; degree: centrality, the number of other nodes to which each node is connected,

A 120.00 -
-, 10000 4
|
=
3 -
% 80.00 =
2 :
60.00 - r
Nl
& &S
v LA

EdU cell proliferation staining

FIGURE 7

140.00 -

120.00

100.00

80.00

24h Cell viability (%)

60.00

D -
*¥
60 -
50 A
]
g
o 40
£
S 30 4
2
2
= 20
10 A
0
N
& YE=§\
?

The effects of AA on cell proliferation. (A,B) Effects of different concentrations of AA on the viability of BMECs at 12 h and 24 h. (C) EdU cell proliferation

staining images. (D) EdU proliferating cell counting analysis.

Frontiers in Veterinary Science

09

frontiersin.org



https://doi.org/10.3389/fvets.2024.1438717
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhao et al. 10.3389/fvets.2024.1438717
A B 4 - c
70 - — 39
*x E a
[ —— %]
7 E * U *¥
23 —— 2 —
g . = g 2
2 2 S
g 2 Z
& 1 £ 2 ¢
S ) B
S 30+ : g
£ 2 Z 1
S 20 14 %
g : :
10 - = z
Mo g 0
0 =
$ $ > S
& 5 o
& §f>$ beQ (% YS&’Q
D E
5 - , 4
-]
g 4
-] *% o]
O 41 —_— s
~ =31
e @
g 3- £
w
£ g,
o =
L
> :
g 1
= @
8 ]
L |
g 0- 04
s @
O >
< Y;,Q O 6§\
FIGURE 8
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A2p-casein can impact colony fermentation, and the rumen flora
structure could affect colony metabolites and milk fat synthesis
processes (29, 30). Nonetheless, whether rumen flora and
metabolites differ in B-casein A1A1, A1A2, and A2A2 genotyped
cows remained unclear. Consequently, we screened the
characteristic metabolites related to milk fat synthesis in A2A2
genotyped cows using an integrated metabolomics and WGCNA
approach. We then examined the rumen characteristic flora and
functions in cows with different P-casein genotypes using
metagenomics technology. Finally, Spearman correlation analysis
was employed to determine the relationships between characteristic
flora and metabolites of A2A2 genotyped cows.

Our findings revealed that AA, AdA, GCA, and TCA were
significantly upregulated in A2A2 cows (p<0.05). According to
research, AdA, as a substance downstream of AA, has anti-
inflammatory effects (31, 32). On the other hand, TCA and GCA
are mainly enriched in the primary bile acid synthesis and
cholesterol metabolism pathways, which are critically involved in
34).
Furthermore, TCA can inhibit the production of inflammatory
mediators such as nitric oxide (NO), prostaglandin E2 (PGE2), and

histamine, exerting anti-inflammatory effects (35). Additionally,

lipid homeostasis and inflammation regulation (33,
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TCA can regulate ACACA, FASN, AACS, and LPL expression,
potentially promoting adipogenesis. On the other hand, GCA has
been established to lower the serum levels of NO and Leukotriene
B4 (LTB4), as well as PGE2 levels in inflammatory tissues, exerting
an anti-inflammatory effect (36). Notably, AA is enriched in the AA
metabolic pathway (part of the lipid metabolic pathway) and is
closely related to lipid synthesis (37). According to research, AA can
be converted to PGE2 and LTB4 via the cyclooxygenase pathway,
inhibiting inflammatory cell migration and activation, thus exerting
anti-inflammatory effects (38, 39). Furthermore, as an -6
Polyunsaturated Fatty Acid (PUFA), AA regulates milk lipid
synthesis and secretion via PPARy activity modulation (25).
Research has also shown that AA can act via a specific G Protein-
Coupled Receptor (GPR120) (40), and GPRI20 activators can
promote milk fat synthesis through SREBPI and FASN upregulation
(41). Herein, the AA-treated group exhibited SREBFI and FASN
upregulation. Similarly, AGPAT6 and ACSS2, key genes involved in
fatty acid and TG synthesis regulation (42-44), were upregulated in
the AA-treated group, resulting in enhanced TG synthesis. Based
on these findings, we deduced that AA, a characteristic metabolite
in the rumen of A2A2 genotyped cows, promotes milk fat synthesis.
We further hypothesized that the higher milk fat % and
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anti-inflammatory effect of “A2 milk” on the GI tract of A2A2
genotyped cows may be related to AA, AdA, GCA, and
TCA enrichment.

Rumen microbiota composition has been established to
significantly impact milk production and composition in dairy
cows (29). Herein, consistent with previous research (45, 46), the
dominant phylum- and genus-level microorganisms in the flora
content were p_Bacteroidetes and g_Prevotella, respectively. At the
genus level, several significantly differentially expressed species
were identified in the rumen of A2A2 cows, primarily belonging to
genera g Pseudomonas, g Acetobacter, g Streptococcus, and g_
Pediococcus. According to research, g Pseudomonas secrete lipase,
which breaks down lipids in feeds into free fatty acids (FFAs),
promoting saturated fatty acid accumulation in meat and milk (47,
48). On the other hand, g_Acetobacter oxidizes sugars to produce
acetate, the precursor of milk fat synthesis, thus facilitating milk fat
synthesis in the mammary glands (49). Furthermore, Edward et al.
(48) discovered that g_Acetobacter can promote milk fat synthesis.
Based on these findings, we hypothesized that milk fat synthesis in
A2A2 genotypes cows could be linked to g_Acetobacter and g_
Pseudomonas content. Moreover, g_Streptococcus and g_Pediococcus
are lactic acid bacteria that produce lactic acid, which can be used
as a substrate for secondary fermentation to produce precursors for
milk fat synthesis: acetate, propionate, and butyrate (50, 51). In
addition to increasing energy conversion efficiency to milk fat
through its involvement in amino acid biosynthesis and energy
substrate metabolism, g Streptococcus has also been positively
associated with serum bile acid levels (52, 53). Furthermore, not
only is g Pediococcus positively correlated with bile acid content,
but its Pediococcus pentosaceus strain KID7 can regulate bile acid
regulation via the bile salt hydrolase BSH (54-56). It is also
noteworthy that bile acids promote fatty acid transport and
absorption in the body (57). We also found that g_Streptococcus and
g_Pediococcus were significantly positively correlated (p <0.01) with
primary bile acids (GCA and TCA). These findings collectively
suggest that g_Streptococcus and g_Pediococcus may modulate the
synthesis of GCA and TCA, among other bile acids, potentially
impacting milk fat synthesis. However, additional research will
be required to verify the specific contribution of these genera in
milk fat synthesis.

Functional enrichment results in the KEGG analysis for the
colony revealed that the JAK-ATAT pathway was enriched in cows
containing B-casein Al. This pathway has been implicated in the
diabetes
inflammation, and immune regulation (58, 59). Type Al B-casein

occurrence of cardiovascular disease, mellitus,
has negative effects on gastrointestinal, endocrine, neurological,
and cardiovascular systems by promoting inflammation via the
JAK-ATAT pathway (9, 10). A2A2 genotype cows The genes
involved in inflammatory mediator-regulated and mTOR signaling
pathways of the TRP channel, which inhibit inflammation and milk
fat synthesis, respectively (60, 61). The high rate of milk fat in the
A2A2 genotyped cows and the suppressive effect of “A2 milk” on
the intestinal inflammation may contribute to this effect.

Taken together, these results suggest that the rumen fluid
characteristic flora and metabolites of A2A2 genotyped dairy cows are
involved in milk fat synthesis and inflammation inhibition. Studies
have demonstrated that the mechanisms and pathways of milk fat
synthesis are complex, and are not were understood. In this study,

significant correlations were observed between the rumen characteristic
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flora (g_Streptococcus, g_Pediococcus, g Acetobacter, and g_
Pseudomonas) and metabolites involved in milk fat rate (AA, adrenic
acid, taurocholic acid, and glycocholic acid) of the A2A2 genotypic
dairy cows. Furthermore, we found that the characteristic metabolite
AA enhances milk fat synthesis. However, this study only screened
rumen characteristic flora and metabolites without conducting a joint
analysis with serum and milk metabolites. In future, the characteristic
metabolites in serum and milk of A2A2-type cows need to
be investigated to identify biomarkers in rumen fluid and understand

the mechanisms of milk lipid synthesis in A2A2-type cows.

Conclusion

In conclusion, cows with the A2A2 genotype in herds with similar
body condition exhibited higher milk fat rates, with rumen signature
metabolites including AA, adrenic acid, taurocholic acid and
glycocholic acid, and signature genera including g_Acetobacter, g_
Pseudoxanthomonas, g Streptococcus and g_Pediococcus. Among
them, the signature metabolite AA promotes the synthesis of milk
lipids in BMECs, suggesting that they may serve as potential
biomarkers in the A2A2 genotyped cows.

Data availability statement

The raw sequence data reported in this paper have been deposited
in the Genome Sequence Archive (Genomics, Proteomics &
Bioinformatics 2021) in National Genomics Data Center (Nucleic
Acids Res 2021), China National Center for Bioinformation/Beijing
institute of Genomics, Chinese Academy of Sciences (GSA:
OMIX007432, GSA: OMIX007436) that are publicly accessible at

https://ngdc.cncb.ac.cn/gsa.

Ethics statement

The animal studies and animal experimental protocols were
approved by the Animal Protection Committee of Ningxia University.
The studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent was obtained
from the owners for the participation of their animals in this study.

Author contributions

JiZ: Data curation, Software, Writing — original draft, Writing —
review & editing. CW: Software, Writing — original draft, Writing —
review & editing. JH: Writing - review & editing. RM: Writing — review
& editing, Methodology. BY: Writing - review & editing, Data curation.
WZ: Writing - review & editing, Formal analysis. HW: Writing —
review & editing, Software. YG: Writing - review & editing, Supervision.
JuZ: Software, Writing - review & editing, Writing - original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
financially supported by the Key Research and Development Project

frontiersin.org


https://doi.org/10.3389/fvets.2024.1438717
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://ngdc.cncb.ac.cn/gsa

Zhao et al.

of Ningxia Hui Autonomous Region (2022BBF02017) and the
Autonomous Region Youth Top Talent Training Project.

Acknowledgments

The authors wish to thank the laboratory staff for their
ongoing assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Jaiswal L, Worku M. Recent perspective on cow’s milk allergy and dairy nutrition.
Crit Rev Food Sci Nutr. (2022) 62:7503-17. doi: 10.1080/10408398.2021.1915241

2. Fernéandez-Rico S, Mondragén ADC, Lopez-Santamarina A, Cardelle-Cobas A,
Regal P, Lamas A, et al. A2 milk: new perspectives for food technology and human
health. Foods. (2022) 11:2387. doi: 10.3390/foods11162387

3. De Poi R, De Dominicis E, Gritti E, Fiorese F, Saner S, de Laureto PP. Development
of an LC-MS method for the identification of B-casein genetic variants in bovine milk.
Food Anal Methods. (2020) 13:2177-87. doi: 10.1007/s12161-020-01817-0

4. Daniloski D, McCarthy NA, Markoska T, Auldist MJ, Vasiljevic T. Conformational
and physicochemical characteristics of bovine skim milk obtained from cows with
different genetic variants of B-casein. Food Hydrocoll. (2022) 124:107186. doi: 10.1016/j.
foodhyd.2021.107186

5. Wang W, Zhang Y, Zhang X, Li C, Yuan L, Zhang D, et al. Heritability and recursive
influence of host genetics on the rumen microbiota drive body weight variance in male
Hu sheep lambs. Microbiome. (2023) 11:197. doi: 10.1186/s40168-023-01642-7

6. Marko R, Uros G, Branislav V, Milan M, Danijela K, Vlado T, et al. Beta-casein gene
polymorphism in Serbian Holstein-Friesian cows and its relationship with milk
production traits. Acta Vet. (2020) 70:497-510. doi: 10.2478/acve-2020-0037

7. Wada Y, Lonnerdal B. Bioactive peptides released from in vitro digestion of human
milk with or without pasteurization. Pediatr Res. (2015) 77:546-53. doi: 10.1038/
pr.2015.10

8. Cieslinska A, Kostyra E, Kostyra H, Olenski K, Fiedorowicz E, Kaminski S. Milk
from cows of different p-casein genotypes as a source of f-casomorphin-7. Int ] Food Sci
Nutr. (2012) 63:426-30. doi: 10.3109/09637486.2011.634785

9. Chin-Dusting J, Shennan J, Jones E, Williams C, Kingwell B, Dart A. Effect of
dietary supplementation with beta-casein A1 or A2 on markers of disease development
in individuals at high risk of cardiovascular disease. Br ] Nutr. (2006) 95:136-44. doi:
10.1079/BJN20051599

10. Sheng X, Li Z, Ni]J, Yelland G. Effects of conventional milk versus milk containing
only A2 B-casein on digestion in Chinese children: a randomized study. ] Pediatr
Gastroenterol Nutr. (2019) 69:375-82. doi: 10.1097/MPG.0000000000002437

11. Kay SS, Delgado S, Mittal J, Eshraghi RS, Mittal R, Eshraghi AA. Beneficial effects
of milk having A2 B-casein protein: myth or reality? J Nutr. (2021) 151:1061-72. doi:
10.1093/jn/nxaa454

12. Jiangin S, Leiming X, Lu X, Yelland GW, Ni ], Clarke AJ. Effects of milk containing
only A2 beta casein versus milk containing both A1 and A2 beta casein proteins on
gastrointestinal physiology, symptoms of discomfort, and cognitive behavior of people
with self-reported intolerance to traditional cows’ milk. Nutr J. (2016) 15:35. doi:
10.1186/512937-016-0147-z

13. Flint HJ, Bayer EA, Rincon MT, Lamed R, White BA. Polysaccharide utilization by
gut bacteria: potential for new insights from genomic analysis. Nat Rev Microbiol. (2008)
6:121-31. doi: 10.1038/nrmicro1817

14. Jami E, White BA, Mizrahi 1. Potential role of the bovine rumen microbiome in
modulating milk composition and feed efficiency. PLoS One. (2014) 9:e85423. doi:
10.1371/journal.pone.0085423

15. Franzosa EA, Sirota-Madi A, Avila-Pacheco J, Fornelos N, Haiser HJ, Reinker S,
et al. Gut microbiome structure and metabolic activity in inflammatory bowel disease.
Nat Microbiol. (2019) 4:293-305. doi: 10.1038/s41564-018-0306-4

16. Tong J, Zhang H, Yang D, Zhang Y, Xiong B, Jiang L. Illumina sequencing analysis
of the ruminal microbiota in high-yield and low-yield lactating dairy cows. PLoS One.
(2018) 13:€198225:€0198225. doi: 10.1371/journal.pone.0198225

Frontiers in Veterinary Science

10.3389/fvets.2024.1438717

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1438717/
full#supplementary-material

17. Wang Y, Nan X, Zhao Y, Jiang L, Wang M, Wang H, et al. Rumen microbiome
structure and metabolites activity in dairy cows with clinical and subclinical mastitis. J
Anim Sci Biotechnol. (2021) 12:36. doi: 10.1186/s40104-020-00543-1

18. Zhang H, Tong J, Zhang Y, Xiong B, Jiang L. Metabolomics reveals potential
biomarkers in the rumen fluid of dairy cows with different levels of milk production.
Asian Australas ] Anim Sci. (2020) 33:79-90. doi: 10.5713/ajas.19.0214

19. Zhang L, Shen H, Zhang J, Mao S. Variety of rumen microbial populations
involved in biohydrogenation related to individual milk fat percentage of dairy cows.
Front Vet Sci. (2023) 10:1106834. doi: 10.3389/fvets.2023.1106834

20. Xiao S, Wang Q, Li C, Liu W, Zhang J, Fan Y, et al. Rapid identification of A1l and
A2 milk based on the combination of mid-infrared spectroscopy and chemometrics.
Food Control. (2022) 134:108659. doi: 10.1016/j.foodcont.2021.108659

21. Wu ZW, Gu YL, Zhang J, Liu LY, Wen W, Guo P, et al. The screening of A2
homozygous Holstein cows. Heilongjiang Anim Husbandry Vet Med. (2019) 8:44-7. doi:
10.13881/j.cnki.hljxmsy.2018.10.0106

22.Kind T, Wohlgemuth G, Lee DY, Lu Y, Palazoglu M, Shahbaz S, et al. FiehnLib:
mass spectral and retention index libraries for metabolomics based on quadrupole and
time-of-flight gas chromatography/mass spectrometry. Anal Chem. (2009) 81:10038-48.
doi: 10.1021/ac9019522

23.Zhang B, Horvath S. A general framework for weighted gene co-expression
network analysis. Stat Appl Genet Mol Biol. (2005) 4:17. doi: 10.2202/1544-6115.1128

24.Sing T, Sander O, Beerenwinkel N, Lengauer T. ROCR: visualizing classifier
performance in R. Bioinformatics. (2005) 21:3940-1. doi: 10.1093/bioinformatics/
bti623

25. Dozsa A, Dezso B, Toth BI, Bacsi A, Poliska S, Camera E, et al. PPARy-mediated
and arachidonic acid-dependent signaling is involved in differentiation and lipid
production of human sebocytes. J Invest Dermatol. (2014) 134:910-20. doi: 10.1038/
jid.2013.413

26. Wang M, Wang H, Zheng H, Dewhurst R, Roehe R. A knowledge-driven network-
based analytical framework for the identification of rumen metabolites. IEEE Trans
Nanobioscience. (2020) 19:518-26. doi: 10.1109/TNB.2020.2991577

27.Silva RCE, de Moura JFP, de Souza BB, Filho JMP, Bezerra LR, do Nascimento
ES, et al. Polymorphism of the beta-casein gene and adaptability of Sindhi cows to
semiarid conditions. Trop Anim Health Prod. (2021) 53:534. doi: 10.1007/
s11250-021-02948-0

28.Perna A, Intaglietta I, Gambacorta E, Simonetti A. The influence of casein
haplotype on quality, coagulation, and yield traits of milk from italian Holstein cows. ]
Dairy Sci. (2016) 99:3288-94. doi: 10.3168/jds.2015-10463

29.Jiang B, Qin C, Xu Y, Song X, Fu Y, Li R, et al. Multi-omics reveals the mechanism
of rumen microbiome and its metabolome together with host metabolome participating
in the regulation of milk production traits in dairy buffaloes. Front Microbiol. (2024)
15:1301292. doi: 10.3389/fmicb.2024.1301292

30. Nuomin BR, Tsuruta T, Nishino N. Modulatory effects of A1 milk, A2 milk, soy,
and egg proteins on gut microbiota and fermentation. Microorganisms. (2023) 11:1194.
doi: 10.3390/microorganisms11051194

31. Cagen LM, Baer PG. Adrenic acid inhibits prostaglandin synthesis. Life Sci. (1980)
26:765-70. doi: 10.1016/0024-3205(80)90281-7

32. Brouwers H, Jonasdoéttir HS, Kuipers ME, Kwekkeboom JC, Auger JL, Gonzalez-
Torres M, et al. Anti-inflammatory and proresolving effects of the omega-6
polyunsaturated fatty acid adrenic acid. ] Immunol. (2020) 205:2840-9. doi: 10.4049/
jimmunol.1801653

frontiersin.org


https://doi.org/10.3389/fvets.2024.1438717
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2024.1438717/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2024.1438717/full#supplementary-material
https://doi.org/10.1080/10408398.2021.1915241
https://doi.org/10.3390/foods11162387
https://doi.org/10.1007/s12161-020-01817-0
https://doi.org/10.1016/j.foodhyd.2021.107186
https://doi.org/10.1016/j.foodhyd.2021.107186
https://doi.org/10.1186/s40168-023-01642-7
https://doi.org/10.2478/acve-2020-0037
https://doi.org/10.1038/pr.2015.10
https://doi.org/10.1038/pr.2015.10
https://doi.org/10.3109/09637486.2011.634785
https://doi.org/10.1079/BJN20051599
https://doi.org/10.1097/MPG.0000000000002437
https://doi.org/10.1093/jn/nxaa454
https://doi.org/10.1186/s12937-016-0147-z
https://doi.org/10.1038/nrmicro1817
https://doi.org/10.1371/journal.pone.0085423
https://doi.org/10.1038/s41564-018-0306-4
https://doi.org/10.1371/journal.pone.0198225
https://doi.org/10.1186/s40104-020-00543-1
https://doi.org/10.5713/ajas.19.0214
https://doi.org/10.3389/fvets.2023.1106834
https://doi.org/10.1016/j.foodcont.2021.108659
https://doi.org/10.13881/j.cnki.hljxmsy.2018.10.0106
https://doi.org/10.1021/ac9019522
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.1093/bioinformatics/bti623
https://doi.org/10.1093/bioinformatics/bti623
https://doi.org/10.1038/jid.2013.413
https://doi.org/10.1038/jid.2013.413
https://doi.org/10.1109/TNB.2020.2991577
https://doi.org/10.1007/s11250-021-02948-0
https://doi.org/10.1007/s11250-021-02948-0
https://doi.org/10.3168/jds.2015-10463
https://doi.org/10.3389/fmicb.2024.1301292
https://doi.org/10.3390/microorganisms11051194
https://doi.org/10.1016/0024-3205(80)90281-7
https://doi.org/10.4049/jimmunol.1801653
https://doi.org/10.4049/jimmunol.1801653

Zhao et al.

33. Chang YB, Ahn Y, Seo D, Bae S, Suh HJ, Hong YH, et al. Centella asiatica lowers
body fat accumulation via regulating cholesterol homeostasis- and lipid metabolism-
related genes in mice with high-fat, high-sugar diet-induced obesity. Appl Biol Chem.
(2023) 66:88. doi: 10.1186/s13765-023-00846-7

34.Jia W, Wei M, Rajani C, Zheng X. Targeting the alternative bile acid synthetic
pathway for metabolic diseases. Protein Cell. (2021) 12:411-25. doi: 10.1007/
513238-020-00804-9

35. Xue Y. Studies on the anti-inflammatory effect and its mechanism of taurocholic
acid In: Dissertation: Inner Mongolia Agricultural University (2005)

36. Li HE. Studies on the anti-inflammatory effect and its mechanism of glycocholic
acid In: Dissertation: Inner Mongolia Agricultural University (2006, 2006)

37. Albertolle ME, Peter GE. The relationships between cytochromes P450 and H,0,:
production, reaction, and inhibition. ] Inorg Biochem. (2018) 186:228-34. doi: 10.1016/j.
jinorgbio.2018.05.014

38. Wang T, Fu X, Chen Q, Patra JK, Wang D, Wang Z, et al. Arachidonic acid
metabolism and kidney inflammation. Int J Mol Sci. (2019) 20:3683. doi: 10.3390/
ijms20153683

39. Calder PC, Grimble RF. Polyunsaturated fatty acids, inflammation and immunity.
Eur J Clin Nutr. (2002) 56:514-9. doi: 10.1038/sj.ejcn.1601478

40.Fan G, Li Y, Chen ], Zong Y, Yang X. DHA/AA alleviates LPS-induced Kupffer cells
pyroptosis via GPR120 interaction with NLRP3 to inhibit inflammasome complexes
assembly. Cell Death Dis. (2021) 12:73. doi: 10.1038/s41419-020-03347-3

41. Wan L. Molecular mechanism of GPR120 synergistically regulating of milk fat
metabolism and inflammatory response in dairy cows breast epithelial cells. Heilongjiang
Bayi Nongken Univ. (2024). doi: 10.27122/d.cnki.ghlnu.2023.000175

42.Mu T, Hu H, Ma Y, Feng X, Zhang J, Gu Y. Regulation of key genes for milk fat
synthesis in ruminants. Front Nutr. (2021) 8:765147. doi: 10.3389/fnut.2021.765147

43. Tian Z, Zhang Y, Zhang H, Sun Y, Mao Y, Yang Z, et al. Transcriptional regulation
of milk fat synthesis in dairy cattle. ] Funct Foods. (2022) 96:105208. doi: 10.1016/j.
jff.2022.105208

44. Le Hellard S, Miihleisen TW, Djurovic S, Ferng J, Ouriaghi Z, Mattheisen M, et al.
Polymorphisms in SREBF1 and SREBF2, two antipsychotic-activated transcription
factors controlling cellular lipogenesis, are associated with schizophrenia in German and
Scandinavian samples. Mol Psychiatry. (2010) 15:463-72. doi: 10.1038/mp.2008.110

45. Wu X, Huang S, Huang J, Peng P, Liu Y, Han B, et al. Identification of the potential
role of the rumen microbiome in milk protein and fat synthesis in dairy cows using
metagenomic sequencing. Animals. (2021) 11:1247. doi: 10.3390/ani11051247

46. Xue MY, Sun HZ, Wu XH, Guan LL, Liu JX. Assessment of rumen bacteria in dairy
cows with varied milk protein yield. J Dairy Sci. (2019) 102:5031-41. doi: 10.3168/
jds.2018-15974

47. Qafary M, Khajeh K, Ramazzotti M, Moosavi-Movahedi AA, Chiti F. Urea titration
of a lipase from Pseudomonas sp. reveals four different conformational states, with a
stable partially folded state explaining its high aggregation propensity. Int J Biol
Macromol. (2021) 174:32-41. doi: 10.1016/j.ijjbiomac.2021.01.153

48. Edwards HD, Shelver WL, Choi S, Nisbet DJ, Krueger NA, Anderson RC, et al.
Immunogenic inhibition of prominent ruminal bacteria as a means to reduce lipolysis

Frontiers in Veterinary Science

13

10.3389/fvets.2024.1438717

and biohydrogenation activity in vitro. Food Chem. (2017) 218:372-7. doi: 10.1016/j.
foodchem.2016.09.052

49. Lyons T, Bielak A, Doyle E, Kuhla B. Variations in methane yield and microbial
community profiles in the rumen of dairy cows as they pass through stages of first
lactation. J Dairy Sci. (2018) 101:5102-14. doi: 10.3168/jds.2017-14200

50. Caufield PW, Schon CN, Saraithong P, Li Y, Argimoén S. Oral lactobacilli and dental
caries: a model for niche adaptation in humans. J Dent Res. (2015) 94:110S-8S. doi:
10.1177/0022034515576052

51. Moye ZD, Zeng L, Burne RA. Fueling the caries process: carbohydrate metabolism
and gene regulation by Streptococcus mutans. ] Oral Microbiol. (2014) 6:24878. doi:
10.3402/jom.v6.24878

52. Wang D, Chen L, Tang G, Yu J, Chen J, Li Z, et al. Multi-omics revealed the long-
term effect of ruminal keystone bacteria and the microbial metabolome on lactation
performance in adult dairy goats. Microbiome. (2023) 11:215. doi: 10.1186/
540168-023-01652-5

53.Jin M, Cui J, Ning H, Wang M, Liu W, Yao K, et al. Alterations in gut microbiota
and metabolite profiles in patients with infantile cholestasis. BMC Microbiol. (2023)
23:357. doi: 10.1186/s12866-023-03115-1

54. Fan X, Zhang Q, Guo W, Wu Q, Hu J, Cheng W, et al. The protective effects of
Levilactobacillus brevis FZU0713 on lipid metabolism and intestinal microbiota in
hyperlipidemic rats. Food Sci Human Wellness. (2023) 12:1646-59. doi: 10.1016/j.
fshw.2023.02.021

55. Damodharan K, Lee YS, Palaniyandi SA, Yang SH, Suh J. Preliminary probiotic
and technological characterization of Pediococcus pentosaceus strain kid 7 and in vivo
assessment of its cholesterol-lowering activity. Front Microbiol. (2015) 6:768. doi:
10.3389/fmicb.2015.00768

56. Adebola OO, Corcoran O, Morgan WA. Prebiotics may alter bile salt hydrolase
activity: possible implications for cholesterol metabolism. Pharmanutrition. (2020)
12:100182. doi: 10.1016/j.phanu.2020.100182

57.Zeng X, Zhang X, Su H, Gou H, Lau HC, Hu X, et al. Pien tze huang protects
against non-alcoholic steatohepatitis by modulating the gut microbiota and metabolites
in mice. Engineering. (2024) 35:257-69. doi: 10.1016/j.eng.2022.10.010

58. Huang I, Chung W, Wu P, Chen C. JAK-STAT signaling pathway in the
pathogenesis of atopic dermatitis: an updated review. Front Immunol. (2022) 13:1068260.
doi: 10.3389/fimmu.2022.1068260

59. Shen-Orr SS, Furman D, Kidd BA, Hadad E, Lovelace P, Huang Y, et al. Defective
signaling in the JAK-STAT pathway tracks with chronic inflammation and
cardiovascular risk in aging humans. Cell Syst. (2016) 3:374-384.e4. doi: 10.1016/j.
cels.2016.09.009

60. Wang ], Cao Y, Long X, Li F, Jiang N, Sun M, et al. Acylated ghrelin activates PI3K
and mTOR signaling pathway by promoting ThPOK acetylation to promote milk fat
synthesis in bovine mammary epithelial cells. ] Agric Food Chem. (2024) 72:390-404.
doi: 10.1021/acs.jafc.3c06977

61. Trevisani M, Siemens J, Materazzi S, Bautista DM, Nassini R, Campi B, et al.
4-hydroxynonenal, an endogenous aldehyde, causes pain and neurogenic inflammation
through activation of the irritant receptor TRPA 1. Proc Natl Acad Sci USA. (2007)
104:13519-24. doi: 10.1073/pnas.0705923104

frontiersin.org


https://doi.org/10.3389/fvets.2024.1438717
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1186/s13765-023-00846-7
https://doi.org/10.1007/s13238-020-00804-9
https://doi.org/10.1007/s13238-020-00804-9
https://doi.org/10.1016/j.jinorgbio.2018.05.014
https://doi.org/10.1016/j.jinorgbio.2018.05.014
https://doi.org/10.3390/ijms20153683
https://doi.org/10.3390/ijms20153683
https://doi.org/10.1038/sj.ejcn.1601478
https://doi.org/10.1038/s41419-020-03347-3
https://doi.org/10.27122/d.cnki.ghlnu.2023.000175
https://doi.org/10.3389/fnut.2021.765147
https://doi.org/10.1016/j.jff.2022.105208
https://doi.org/10.1016/j.jff.2022.105208
https://doi.org/10.1038/mp.2008.110
https://doi.org/10.3390/ani11051247
https://doi.org/10.3168/jds.2018-15974
https://doi.org/10.3168/jds.2018-15974
https://doi.org/10.1016/j.ijbiomac.2021.01.153
https://doi.org/10.1016/j.foodchem.2016.09.052
https://doi.org/10.1016/j.foodchem.2016.09.052
https://doi.org/10.3168/jds.2017-14200
https://doi.org/10.1177/0022034515576052
https://doi.org/10.3402/jom.v6.24878
https://doi.org/10.1186/s40168-023-01652-5
https://doi.org/10.1186/s40168-023-01652-5
https://doi.org/10.1186/s12866-023-03115-1
https://doi.org/10.1016/j.fshw.2023.02.021
https://doi.org/10.1016/j.fshw.2023.02.021
https://doi.org/10.3389/fmicb.2015.00768
https://doi.org/10.1016/j.phanu.2020.100182
https://doi.org/10.1016/j.eng.2022.10.010
https://doi.org/10.3389/fimmu.2022.1068260
https://doi.org/10.1016/j.cels.2016.09.009
https://doi.org/10.1016/j.cels.2016.09.009
https://doi.org/10.1021/acs.jafc.3c06977
https://doi.org/10.1073/pnas.0705923104

	Integrated metagenomics and metabolomics analyses revealed biomarkers in β-casein A2A2-type cows
	Background
	Materials and methods
	Animals and experimental design
	Sample collection
	Microbiota analysis
	Untargeted metabolomics
	Metabolite co-expression module construction
	Statistical analysis
	Cell culture
	AA master mix configuration
	CCK-8 cell viability and cell proliferation EdU assays
	TG content determination
	RT-qPCR-related gene expression detection

	Results
	Structural analysis of microbial communities
	Analysis of marker bacteria in the rumen of dairy cows across the three different genotypes
	Analysis of metabolomics results
	WGCNA
	Metabolic pathway analysis
	Correlation analysis of key metabolites in rumen milk fat with characteristic flora in A2A2 genotyped dairy cows
	Effects of the candidate marker metabolite AA on BMEC proliferation
	Effects of the candidate marker metabolite AA on milk fat synthesis

	Discussion
	Conclusion

	References

