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A multi-omics database of buffaloes 
from Yangtze valley reveals 
diversity of water buffalo (Bubalus 
bubalis)
Yangyang Shen1,2, Zhenjiang An1,2,3, Shuwen Xia1,2, Qiang Ding1,2, Kunlin Chen1,2, 
Yilong Miao3, Tao Wang4, Jifeng Zhong1,2, Jianbin Li5, Xiao Wang   5,6 ✉ & Huili Wang1,2 ✉

Asian water buffalo (Bubalus bubalis) is the fundamental livestock resource for local rural populations 
and holds a promising prospect of their milk and meat. Xuyi mountain (XYM) and Haizi (HZ) buffaloes 
from Yangtze valley comprises of species diversity of Asian water buffaloes. Current multi-omics enables 
identification of causal genes and elucidation of genetic regulatory mechanisms underlying complex 
traits in buffaloes. Here, we conducted the integrated analysis of metabolome and metagenome of 
rumen fluid, transcriptome and metabolome of blood, and whole genome sequence data from XYM 
(n = 7) and HZ (n = 10) male buffaloes. Our results revealed the apparent diversity of multi-layer omics 
profiles between two buffalo species. The built-up multi-omics database supports the discoveries of 
diversity in Asian water buffalo and potentially serves valuable resources for studying causal regulatory 
variants and their mechanisms.

Background & Summary
Asian water buffaloes (Bubalus bubalis), acclaimed by the Food and Agriculture Organization (FAO) as the 
livestock species that sustain the most human population (http://www.fao.org/faostat/), are primarily distrib-
uted in Asia1,2. In China, buffaloes play the crucial roles in farming activities and transportation as the power 
providers and in meat and milk as the food supplies in the rice-growing regions of the Yangtze valley3–5. As the 
typical extant swamp buffaloes of Asian water buffaloes, Xuyi mountain (XYM) buffaloes are bred in the areas of 
Jiangsu province along Yangtze valley characterized by numerous hills and fewer plains, and developed through 
long-term selection by local mountain farmers. Haizi (HZ) buffaloes are raised in similar regions to XYM buf-
faloes but in coastal areas5. Higher phylogeographic genetic diversity but lower phenotype differentiations are 
observed in such buffalo populations1. Therefore, accurate elucidation of the domestic buffalo phenotypes holds 
the significant importance in understanding the genetic regulatory mechanisms underlying their important 
economic traits for enhancing their further productivity6–8.

Currently, multi-omics technologies have been employed to study buffaloes for muscle development, embry-
onic development, and spermatogenesis9–12. Wu et al.13 utilized a combination strategy of transcriptomics and 
metabolomics to explore the potential molecular mechanisms regulating buffalo meat quality traits. Wang  
et al.14 investigated the nutritional metabolism mechanisms of rumen bacteria under heat stress in buffaloes 
using metagenomics and metabolomics technologies. Huang et al.15 generated a high-resolution single-cell 
transcriptomic atlas of sperms and somatic cells and revealed the normal spermatogenesis maintenance within 
buffalo testicular microenvironment. However, the handicap of understanding the regulatory mechanisms of 
domestic buffaloes still remains because of the limited multi-omics at the moment.
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To explore genetic resources and decipher regulatory mechanisms underlying complex traits in domestic 
buffaloes, we selected XYM (n = 7 individuals) and HZ (n = 10 individuals) male buffaloes from two similar 
management farms (Table 1). Integrated analysis of metabolomics and metagenomics of rumen fluid, transcrip-
tomics and metabolomics of blood samples, and whole genome sequence (WGS) data were comprehensively 
performed (Fig. 1). Consequently, our study generated a high-quality database including five datasets of the 
genome, transcriptome, metabolome, and metagenome above, the preliminary results of measured growth phe-
notype and identified genes, metabolites, and microorganisms, and the analysis pipelines with all programming 
scripts. The population genetic structure was also investigated using WGS data of HZ and XYM buffaloes with 
the other three local buffaloes that are Dehong (DH), Wenzhou (WZ), and Yibing (YB) buffaloes. Based on the 
119.52 gigabyte (GB) of blood transcriptome of HZ and XYM buffaloes, we identified 23,703 and 23,216 genes, 
respectively, with 1,739 differentially expressed genes (DEGs) between them. Subsequently, 508 rumen fluid 
and 851 plasma metabolites in HZ buffalo and 846 rumen fluid and 897 plasma metabolites in XYM buffalo 
were identified using untargeted metabolomics sequencing. We revealed the species-level composition of rumen 
microbiota and differences in KEGG enrichments based on 69.15 GB and 45.76 GB of rumen metagenome from 
HZ and XYM buffaloes, respectively. Our database reveals the diversities of multi-layer omics profiles between 
two Asian water buffaloes and offers the valuable multi-omics resources for further investigation of molecular 
mechanisms.

Methods
Animals and sample collection.  Seventeen healthy buffaloes were selected from two local buffalo breeding 
farms using similar managing systems in Jiangsu Province, China, including 7 XYM and 10 HZ male individuals 
(Table 1). Their ages range from 26 to 42 months and weights range from 430 to 700 kilograms (Kg). The feeding 
and management of both HZ and XYM buffaloes followed the local guidelines and it included the free access to 
an exercise yard, feeding twice daily, regular vaccination. The weight description of all 17 buffaloes is shown in 
Table 1.

The whole blood sample of each individual was collected from the tail vein using sodium heparin anticoagu-
lant tubes. Those samples were subsequently centrifuged at 3000 rpm for 10 minutes at 4 °C and the supernatant 
plasma was transferred to 1.5 mL centrifuge tubes. The plasma collections were flash-frozen in liquid nitrogen 
for 15 minutes. In the meantime, the surplus of the whole blood samples was used for DNA and RNA extrac-
tions. Rumen fluid was collected using a negative-pressure oral stomach tube. To avoid saliva contamination, 
the initial 50 mL of the collected fluid was discarded and the subsequent 20 mL of them was obtained and filtered 
through gauze to remove feed residues. The filtered rumen fluid was aliquoted into 5 mL sterile tubes and stored 
in liquid nitrogen. All sample collections were simultaneously performed 2 hours after the first morning feeding.

Whole genome sequencing and data processing.  Genomic DNA was extracted from the whole blood 
samples using the standard phenol-chloroform protocol. For each individual, at least 5 μg of DNA was used 
to construct paired-end libraries. The whole genome sequencing (WGS) was performed at ~30 × coverage of 
2 × 150 bp paired-end reads on the DNBSEQ platform by MGI Tech Co., Ltd. After preprocess by Fastp (v0.19.5)16, 
all clean data were mapped to the buffalo reference genome (NDDB_SH_1, Gene bank: GCA_019923935.1) 
using BWA-mem2 (v2.2.1)17 with default parameters. The delivered mapping reads in SAM format were 
then transferred to BAM format and sorted using Samtools (v1.10)18. GATK (v4.1.6)19 Haplotypecaller and 
GenotypeGVCFs were used to generate an intermediate GVCF of each sample for the joint genotyping of mul-
tiple samples. GATK VariantFiltration was used for the efficient high-quality SNP identification after removing 

Sample ID Breed Gender Age (Month) Weight (Kg)

XYM1 Xuyi mountain buffalo Male 26 440

XYM2 Xuyi mountain buffalo Male 40 640

XYM3 Xuyi mountain buffalo Male 42 700

XYM4 Xuyi mountain buffalo Male 42 679

XYM5 Xuyi mountain buffalo Male 40 632

XYM6 Xuyi mountain buffalo Male 30 470

XYM7 Xuyi mountain buffalo Male 28 462

HZ1 Haizi buffalo Male 30 550

HZ2 Haizi buffalo Male 28 430

HZ3 Haizi buffalo Male 26 540

HZ4 Haizi buffalo Male 27 490

HZ5 Haizi buffalo Male 26 510

HZ6 Haizi buffalo Male 30 520

HZ7 Haizi buffalo Male 28 440

HZ8 Haizi buffalo Male 28 430

HZ9 Haizi buffalo Male 28 440

HZ10 Haizi buffalo Male 26 480

Table 1.  Description of breed, gender, age and weight of all 17 buffaloes.
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the potential false-positive variant calls following the parameters of QD < 2.0, MQ < 40.0, FS > 60.0, SOR > 3.0, 
MQRankSum < −12.5, and ReadPosRankSum < −8.0. Genotype density distribution was plotted using R pack-
age CMplot (https://github.com/YinLiLin/CMplot). Population genetic structure was investiaged by principal 
components analysis (PCA) and ADMIXTURE (v1.3.0)20 using the WGS data of HZ and XYM buffaloes and the 
other three local buffaloes that are Dehong (DH, n = 5), Wenzhou (WZ, n = 4) and Yibing (YB, n = 5) buffaloes21 
obtained from Genome Sequence Archive (GSA) of China National Center for Bioinformation with the accession 
number CRA001463 (https://ngdc.cncb.ac.cn/gsa/browse/CRA001463)21.
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Fig. 1  Integrated analysis of genome-transcriptome-metabolome-metagenome multi-omics database of Xuyi 
mountain and Haizi male buffaloes.
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RNA sequencing and data processing.  Total RNA was extracted from the whole blood samples using 
TRIzol reagent, followed by an assessment of RNA concentration, purity, and integrity using Nanodrop 2000 

Fig. 2  Population structure analysis based on whole genome sequencing data of five local buffaloes including 
Xuyi mountain (XYM, n = 7), Haizi (HZ, n = 10), Dehong (DH, n = 5), Wenzhou (WZ, n = 4) and Yibing (YB, 
n = 5) buffaloes. (A) Distribution map of whole-genome SNP marker density across chromosomes calculated 
using a 1 Mb sliding window. The color gradient from green to red indicates increasing SNP density in the 
respective regions. (B) Principal component analysis (PCA) of five local buffaloes. (C) Evolutionary tree of five 
local buffaloes based on genetic distance. (D) Ancestry compositions with the assumed number of ancestries at 
K value from 2 to 6. K is an adjustable parameter representing the number of possible ancestral varieties, where 
K = 2 is the best value after calculation of the cross-validation error.
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and Agilent 2100 bioanalyzer systems. Subsequently, mRNA was enriched from total RNA using magnetic beads 
with Oligo(dT) to fragment and reverse-transcribe them into cDNA using random hexamers. Double-stranded 
cDNA was synthesized using DNA polymerase I and RNase H purified with AMPure XP beads and subjected to 
end repair, A-tailing, adapter ligation, and size selection with AMPure XP beads. The constructed libraries were 
sequenced using the BGISEQ DNBSEQ-T7 platform by Beijing Novogene Technology Co., Ltd.

Quality control was performed using Fastp (v0.19.5) software to trim adapters, polyG tails, and polyX tails 
and filter out reads with uncertain N content > 10% and low-quality (Qphred < 20). High-quality reads were 
aligned to the buffalo reference genome (NDDB_SH_1) using HISAT2 (v2.0.5)22 and all transcripts were quan-
tified by fragments per kilobase of transcript per million mapped reads (FPKM) values to measure each gene 
expression level. R package DESeq2 (v1.44.0)23 was used for differential expression analysis with the screening 

Fig. 3  Differential metabolite identifications of rumen liquids between Haizi and Xuyi mountain buffaloes 
in the positive ion mode. (A) VIP values and Fold change of metabolites. (B) Volcano plots of differential 
metabolites based on log2Fold change and -log10P-value. (C) KEGG pathway enrichment of differential 
metabolites. The size of the black points indicates the number of differential metabolites enriched.
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Fig. 4  Comparative analysis of microbial composition and function at species level of Haizi (HZ) and Xuyi 
mountain (XYM) buffaloes. (A) The abundance percentages of HZ buffalo. (B) The abundance percentages  
of XYM buffalo. (C) The average relative abundance of the same species between HZ and XYM buffaloes.  
The vertical coordinate indicates the species under different classification levels. The horizontal coordinate 
indicates the abundance proportions of a certain species. Red asterisk indicates * of 0.01 < P-value ≤ 0.05,  
** of 0.001 < P-value ≤ 0.01, *** of P-value ≤ 0.001. (D) Circos plots of species in relationship with HZ and 
XYM buffaloes. The abundance distribution of different species is connected through the inner color bands. 
The left semicircle (smaller circle) indicates the composition of species, while the right semicircle (larger circle) 
indicates the distribution of species. (E) Comparison of microbial functions based on the KEGG database at 
KEGG level 3. The vertical coordinate indicates the KEGG function names under different classification levels. 
The horizontal coordinate indicates the abundance proportions of a certain KEGG function.
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criteria of |log2(FoldChange)| ≥ 2 and Padj < 0.05. R package clusterProfiler (v4.12.0)24 was applied to identify 
significant GO terms and KEGG pathways associated with differentially expressed genes (DEGs) with a signifi-
cant threshold of Padj value < 0.05.

Liquid chromatography–mass spectrometry and data processing.  According to the previous met-
abolic profiling method25, 100 μL of each plasma and rumen fluid sample and 400 μL of 80% methanol aqueous 
solution were mixed for 1 minute and incubated for 30 minutes at −20 °C. After incubation, the mixture was 
centrifuged at 12,000 rpm for 20 minutes at 4 °C and 150 μL of supernatant was resuspended with 150 μL of 80% 
methanol solution containing 2-chlorobenzylalanine and filtered through a 0.22 μm sterile membrane to obtain 
the test sample. A QC sample was created by mixing 50 μL of each test sample to ensure the consistency of pro-
cessing and detection. Liquid chromatography–mass spectrometry (LC-MS) analysis was performed and every 
five samples accompanying with QC sample was designed to evaluate the detection stability during the analysis.

The processed samples undergo chromatographic separation using the Vanquish Ultra-High Performance 
Liquid Chromatography (UHPLC) system (Thermo Fisher, Germany) with a Hypesil Gold C18 column 
(100 mm × 2.1 mm, 1.9 μm, Thermo Fisher, USA). Chromatographic conditions include a column temperature 
of 40 °C, a flow rate of 0.2 mL/min, and a mobile phase consisting of 0.1% formic acid (A) and methanol (B) for 
positive ion modes and 5 mmol/L ammonium acetate (A) and methanol (B) for negative ion modes. The chro-
matographic peaks were analyzed using the Q Exactive™HF-X mass spectrometer (Thermo Fisher, Germany) 
with a scan range of m/z 100–1500. The ESI source settings include a spray voltage of 3.5 kV, sheath gas flow rate 
of 35 psi, auxiliary gas flow rate of 10 L/min, capillary temperature of 320 °C, S-lens RF level of 60, and auxiliary 
gas heater temperature of 350 °C. MS/MS secondary scan is performed using data-dependent scans.

The data files were processed using the Compound Discoverer26 software (v3.1) to conduct retention time 
and mass-to-charge ratio screening for each metabolite. Peak alignment was performed with a retention time 
deviation of 0.2 minutes and a mass deviation of 5 ppm across different samples to enhance identification accu-
racy. Peak extraction was conducted with a mass deviation of 5 ppm, a signal intensity deviation of 30%, and 
a signal-to-noise ratio of 3. Based on molecular ion peaks and fragment ions, target ions were integrated and 
molecular formulas were predicted to compare with the mzCloud, mzVault, and Masslist databases. The back-
ground ions were removed using blank samples and the original quantitative results were standardized using the 
formula of sample original quantitative value/(total quantitative value of sample metabolites/total quantitative 
value of QC sample metabolites) to obtain the relative peak areas. After removing compounds with a coefficient 
of variation (CV) of relative peak areas >30% in all QC samples, metabolite identification and relative quantifi-
cation results were finally obtained.

PCA and orthogonal partial least squares discriminant analysis (OPLS-DA) were conducted using R pack-
age ropes (v1.6.2) with 7-fold cross-validation to assess model stability. Significant differential metabolites are 
selected based on the student’s t-test and differential multiple analysis using OPLS-DA model with variable 
importance in the projection (VIP) values > 1 and P values < 0.05. Metabolic pathway annotation is performed 
using the KEGG database (https://www.kegg.jp/kegg/pathway.html) based on differential metabolites.

Microbial community and function profiling.  The extraction procedures of total metagenome DNA 
followed the FastDNA® Spin Kit for Soil protocol (MP Biomedicals). Quality assessment evaluations included 
DNA purity, concentration, and integrity using NanoDrop 2000, TBS-380, and 1% agarose gel electrophore-
sis. Ultrasonication with a Covaris M220 instrument fragmented samples into approximately 400 bp fragments. 
Library construction was executed using the NEXTFLEX Rapid DNA-Seq Kit. Next, adapter trimming of 3′ and 
5′ ends and removal of reads shorter than 50 bp, with an average base quality below 20, and containing N bases 
were performed for high-quality clean reads using the Fastp (v0.19.5) tool16. The BWA software was used to 
align clean reads to host DNA sequences and to filter out contaminating reads with high alignment similarity. 
Subsequent open reading frames (ORFs) prediction on the selected contigs was performed using the Prodigal 
tool (v2.6.3)27.

All predicted gene sequences were clustered using CD-HIT (https://sites.google.com/view/cd-hit)28 (90% 
identity and 90% coverage), where the longest gene from each cluster formed a non-redundant gene set. The 
SOAPaligner29 was used to align the high-quality reads from each sample to the non-redundant gene set (95% 
similarity threshold) to quantify gene abundance in each sample. Diamond software (v0.8.35)30 was conducted 
for BLASTP comparisons of amino acid sequences of the non-redundant gene sets against KEGG databases 
(e-value threshold of 1 × 10−5) to obtain species information and KEGG functional annotations. Species 
α-diversity differences were assessed using one-way analysis of variance (ANOVA). Principal coordinate anal-
ysis (PCoA) was generated with inter-group and analysis of similarity (ANOSIM) using R package QIIME31. 
Linear discriminant analysis (LDA) effect size (LEfSe) was estimated with an LDA threshold of 2 for differential 
species and functional analysis. Spearman correlation analysis was used to assess the correlation among differ-
entially identified species, functional genes and rumen carbohydrate-degrading enzyme activity.

Data Records
Three datasets were deposited into NCBI Sequence Read Archive with BioProject ID of PRJNA1173791 with 
the SRP accession number SRP53962932 for genome, blood transcriptome, and rumen metagenome of 7 Xuyi 
mountain (XYM) and 10 Haizi (HZ) buffaloes. Two datasets of raw rumen fluid and plasma metabolome of 
those buffaloes were deposited into Figshare with the accession number 2616163333. In addition, the whole 
five datasets above together with the procedures of quality control and statistical analysis, processed data, and 
preliminary results were uploaded to an online database (https://shenyy01.github.io/shenyy.github.io/) that can 
be easily and freely accessed.
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Technical Validation
Whole genome alignments and population structure.  The HZ and XYM buffaloes yielded 108.90 GB 
and 95.53 GB of raw reads and 108.78 GB and 95.42 GB of clean reads, respectively. An overall moderate marker 
density was distributed across the whole genome using a 1 Mb sliding window (Fig. 2A). The PCA results demon-
strated a good clustering among five local buffaloes, where first and second principal components explained 
11.02% and 7.5% of variances, respectively (Fig. 2B). The Neighbor-Joining (NJ) tree indicated a close genetic 
distance between HZ and XYM buffaloes, but XYM buffaloes was divided into two clades. YB buffalo was found 
to have an earlier evolutionary timeline compared to the other four local buffaloes (Fig. 2C). The ancestral com-
ponents for five local buffalo populations are shown in Fig. 2D.

Transcriptome and differentially expressed genes.  RNA sequencing (RNA-Seq) generated an aver-
age of 119.52 GB of raw data and 113.98 GB of clean data (Supplementary table S1). A total of 23,703 and 23,216 
genes were identified in HZ and XYM buffaloes, respectively and 1,739 DEGs were identified between them, 
where EGR1, SKI, and PHF13 were listed as the top three DEGs.

Metabolites profiling and pathway enrichment.  For rumen liquid and plasma, around 203~569 
metabolites were identified (Supplementary figure S1). We identified 12 and 6 upregulated metabolites and 58 
and 48 downregulated metabolites in the positive and negative ion modes, respectively, for rumen liquid compar-
ing HZ buffalo to XYM buffalo (Fig. 3A,B, Supplementary figure S2A, and Supplementary figure S2B). The top 
significant KEGG pathways included the metabolic pathways, the glutathione metabolism, and the arginine and 
proline metabolism (Fig. 3C and Supplementary figure S2C).

Metagenomic profiling and taxonomic classification.  The rumen metagenome generated 69.15 
GB and 45.76 GB of raw data and 68.96 GB and 45.65 GB of clean data for HZ and XYM buffaloes, respec-
tively (Supplementary table S2). Compared to XYM buffaloes, HZ buffaloes exhibited a significant increasing 
index but a significant decreasing in Simpson index (Supplementary figure S3). We identified 13 kingdoms, 
221~222 phyla, 437~447 classes, 897~941 orders, 1725~1890 families, 4165 ~4630 genera, and 13827~15448 
species (Supplementary figure S3). The top three taxa included Bacteroidaceae_bacterium (6.70% and 6.98%), 
Clostridia_bacterium (5.92% and 6.69%), and Lachnospiraceae_bacterium (5.29% and 4.10%) (Fig. 4A,B). The 
significant differences of taxa between two buffalo species were found in Prevotella_sp (P-value = 7.60 × 10−4) 
(Fig. 4C). The relationship of species with two buffalo species was visualized in the Circos plots (Fig. 4D). Based 
on the KEGG database of level 3, the metabolic pathways were enriched as the most significant pathway (Fig. 4E).

Ethics declarations.  All experimental procedures and protocols were approved by the Research Committee 
of Jiangsu Academy of Agricultural Sciences following the regulations for the Administration of Affairs 
Concerning Experimental Animals (Decree No. 63 of Jiangsu Academy of Agricultural Science on 8 July 
2014). All experiments were performed in accordance with the ARRIVE (Animal Research: Reporting In Vivo 
Experiments) guidelines.

Code availability
All software and tools used in this study are accessible from their published journals and have been carefully 
described in the Methods section. The scripts for whole analysis of genome, transcriptome, metagenome, and 
metabolome were deposited in GitHub (https://github.com/Shenyy01/omics). The datasets and preliminary 
results were deposited into an online database (https://shenyy01.github.io/shenyy.github.io/) for the easier access.
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