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            Abstract
Characterization of genetic regulatory variants acting on livestock gene expression is essential for interpreting the molecular mechanisms underlying traits of economic value and for increasing the rate of genetic gain through artificial selection. Here we build a Cattle Genotype–Tissue Expression atlas (CattleGTEx) as part of the pilot phase of the Farm animal GTEx (FarmGTEx) project for the research community based on 7,180 publicly available RNA-sequencing (RNA-seq) samples. We describe the transcriptomic landscape of more than 100 tissues/cell types and report hundreds of thousands of genetic associations with gene expression and alternative splicing for 23 distinct tissues. We evaluate the tissue-sharing patterns of these genetic regulatory effects, and functionally annotate them using multiomics data. Finally, we link gene expression in different tissues to 43 economically important traits using both transcriptome-wide association and colocalization analyses to decipher the molecular regulatory mechanisms underpinning such agronomic traits in cattle.
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                    Fig. 1: Hierarchical clustering and PCA of samples.[image: ]


Fig. 2: Tissue specificity of gene expression, alternative splicing and DNA methylation.[image: ]


Fig. 3: Discovery and characterization of cis-eQTLs and cis-sQTLs.[image: ]


Fig. 4: Tissue-sharing patterns of cis-QTLs.[image: ]


Fig. 5: Functional annotation of cis-QTLs.[image: ]


Fig. 6: Relationship between complex traits and cis-QTLs.[image: ]
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                Data availability

              
              All raw data analyzed in this study are publicly available for download without restrictions from SRA (https://www.ncbi.nlm.nih.gov/sra/) and BIGD (https://bigd.big.ac.cn/bioproject/) databases. Details of RNA-seq, WGBS and WGS can be found in Supplementary Tables 1, 2 and 15, respectively. All processed data, the full summary statistics of QTL mapping are available at https://cgtex.roslin.ed.ac.uk/.

            

Code availability

              
              All the computational scripts and codes for RNA-seq and DNA methylation data quantification, quality control, gene expression normalization, genotype imputation, QTL mapping, functional enrichment, TWAS and colocalization are available at both the web portal of CattleGTEx (https://cgtex.roslin.ed.ac.uk/) and the github website (https://github.com/shuliliu/cattleGTEx, https://doi.org/10.5281/zenodo.6510550)57.
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Extended data

Extended Data Fig. 1 Data summary of publicly available RNA-Seq data.
(a) The number of publicly available RNA-Seq samples increases rapidly over years by fitting a second order polynominal model. (b) Distribution of sequence platforms of all 8,536 RNA-Seq samples. (c) Percentage of RNA-seq with single or paired reads. (d) Distribution of numbers of clean reads across all samples. (e) Distribution of read lengths. (f) Distribution of sexes. (g) Distribution of ages (Year-old). (h) Distribution of uniquely mapping rates. (i) Distribution of major tissues and breeds/ancestries in the 7,180 high quality RNA-Seq datasets (clean read > 500,000 & mapping rate > 60%).


Extended Data Fig. 2 Gene expression and alternative splicing profiles across samples.
(a) Number of expressed genes (Transcripts per Million, TPM > 0.1) increases rapidly with the increasing number of clean reads across all 8,536 samples, reaching a plateau at 50 million reads. The black line is the smoothed curve fitted by a generalized additive model using geom_smooth function from ggplot2 (v3.3.6) in R (v3.4.1). The shaded area around the lines represents the 95% confidence interval for the fitted values (the line). (b) The percentage of unexpressed genes (TPM < 0.1 across all samples) on known chromosomes (Known) and unplaced scaffolds (Unplaced, 54.10%). (c-f) Compared to expressed genes, the unexpressed genes have shorter gene length (df = 21,921, P = 2.2 × 10−4) (c), fewer exons (df = 27,675, P = 2.5 × 10−5) (d), higher CG density (df = 21,921, P = 1.5 × 10−103) (e), and higher dN/dS ratio (df = 19,718, P = 5.4 × 10−21) (f). (g) The number of spliced introns increases rapidly with the increasing number of clean reads across samples, reaching a plateau at 100 million reads. The smoothed curve and the shaded band are obtained using the same method as in (a). (h-k) Compared to all genes, genes without spliced introns in any tissues have shorter gene length (df = 22,320, P = 2.9 × 10−18) (h), fewer exons (df = 17,690, P = 7.4 × 10−52) (i), lower expression levels (median gene expression levels across samples, df = 28,479, P = 0.35) (j), and higher dN/dS ratio (df = 19,921, P = 3.7 × 10−32) (k). All the P values above are obtained based on the two-sided Welch two sample t-test, and * indicates P < 0.05. (l) Distribution of gene types for those without spliced introns. (m) Significant terms (P < 0.05) of Gene Ontology for genes without spliced introns based on the hypergeometric test.


Extended Data Fig. 3 DNA methylation profiles of 144 WGBS samples.
(a) The percentage of covered CpGs (read depth ≥ 5× or ≥ 10×) in the entire genome increases rapidly with the increasing number of reads used for methylation extraction, approximately reaching a plateau at 200 million reads. The black solid line and dash line are the smoothed curves fitted by a generalized additive model using geom_smooth function from ggplot2 (v3.3.6) in R (v3.4.1) for read depth ≥ 5× and ≥ 10×, respectively. The shaded area around the lines represents the 95% confidence interval for the fitted values (the lines). (b) Compared to covered CpGs (Covered), the uncovered CpGs (read depth < 5× across all samples, Uncovered) tend to be located within gene deserts (df = 15,074,753, P < 2.2×10−308) and regions with higher CG density (df = 15,074,753, P < 2.2×10−308). All the P values above are obtained based on the two-sided Welch two sample t-test, and * indicates P < 0.05. (c) Distribution of uncovered CpGs (< 5×) along the entire genome.


Extended Data Fig. 4 Genotyping and imputation of variants from RNA-Seq data.
(a) Distribution of numbers of SNPs directly called from RNA-Seq data across all 8,536 samples. (b) Concordance rates between genotypes (mean = 78,587, range = 47,407–113,868) called from RNA-Seq data and imputed genotypes (mean = 2.50 million, range = 1.20–2.73 million) in three tissues and those called from whole genome sequencing (WGS) data across four Holstein (HOL) animals. (c) Proportion of variants within functional categories using different imputation accuracy cutoffs. These results are derived from 109 Holstein animals with both RNA-seq and 50 K SNP array. ‘All.SNPs’ are those 31,377,923 imputed variants common in the two imputation processes (that is, the genotype imputation based on RNA-Seq SNPs and that based on SNP array). ‘imp.acc>=0.80.Aus’ are those imputed based on 50 K SNP array genotypes (Australian HOL animals) and variants with imputation accuracy DR2 > 0.80 were selected (n = 16,501,943). ‘imp.acc>=0.80.GTEx’ are those in the CattleGTEx data where the imputation was based on RNA-seq SNPs and variants with imputation accuracy DR2 > 0.80 were selected (n = 5,292,828). (d) Comparison of DR2 of SNPs imputed from SNP array (50 K) and those imputed from RNA-Seq SNPs along 1 Mb up-/down- stream of gene body. The up-/down-stream is divided into windows of 100 kb length, while the gene body region of each gene is evenly divided into 10 windows. The DR2 values of SNPs within each window are then averaged for plotting. (e) Pearson correlations of genotype counts between variants imputed from RNA-Seq SNPs and those from 50 K SNP arrays across different imputation quality cutoffs and chromosomes. The horizontal dashed line in each graph indicates the mean of correlations across chromosomes. (f) Distribution of identity by state (IBS) distance between all sample pairs. The IBS distance is calculated using PLINK v1.90 to measure the average proportion of alleles shared between samples. The sample pairs with IBS distance > 0.85 are considered as duplicated samples.


Extended Data Fig. 5 Functional annotation of tissue-specific genes and their sequence conservation in mammals.
(a) Significant Gene Ontology (GO) terms for genes with tissue-specific expression, based on the one-sided Fisher’s exact test using ClusterProfiler v3.0.4. FDR is obtained after the Benjamini-Hochberg correction for the raw P value. (b) Significant GO terms for genes with tissue-specific hypomethylated promoters (P < 0.05). (c) Significant GO terms for genes with brain-specific spliced introns (Benjamini-Hochberg corrected P (FDR) < 0.05 after correction). (d) dN/dS ratio (between cattle and humans) of orthologous genes with tissue-specific expression across tissues. The red dash line indicates median value of 0.154. (e) PhastCons scores of regions with tissue-specific hypomethylation across tissues. PhastCons scores were obtained from UCSC website and calculated on the basis of DNA sequences of 46 placental mammals. The red dash line indicates the median value of 0.1. (f) The Pearson’s correlation (r = −0.68, the two-sided Student’s t-test: P = 0.0036) between PhastCons scores of tissue-specific DNA methylation regions and dN/dS ratios of tissue-specific expressed genes across 16 common tissues. (f) has the same color key as (d).


Extended Data Fig. 6 Characterization of cis-eQTLs across tissues.
(a) Factor weight variance as a function of PEER factors computed up to 75 factors for each of 23 distinct tissues. Factor weight variances become small for most of tissues when the number of inferred hidden PEER factors reaches 10. (b) Pearson’s correlation between inferred factors and known covariates in adipose. The color in each cell denotes −log10(FDR) after the Benjamini-Hochberg correlation of P values (the two-sided Student’s t-test). Only significant correlations (FDR < 0.05) are shown in cells. (c) The proportion of cis-eQTLs with |log2(aFC)| ≤ 1 over all cis-eQTLs as a function of sample size across 23 distinct tissues. |log2(aFC)|, that is, the log2 transformed allelic fold change, which is used to measure the effect size of cis-eQTL. (d) The cis-eQTL cumulative proportion plot of |log2(aFC)| distribution across 9 tissues with variable sample sizes. The arrow indicates tissues in legend were listed from largest to smallest sample size. (e) Distribution of cis-eQTLs around TSS (1 Mb up- and down-stream) in adipose. All gene-variant pairs tested as null; ‘Significant’ indicates the top eQTLs for significant eGenes; ‘Top, Not significant’ indicates the top associated SNP for non-significant genes (non-eGenes). (f) Distribution of cis-eQTLs around the TSS (1 Mb up- and down-stream) across all 23 distinct tissues. (g) Correlation of effect sizes (fastQTL slope) of cis-eQTLs and aFC of matched loci tested by allelic specific expression (ASE) analysis in adipose (Spearman’s rho = 0.75, the two-sided Student’s t-test: P < 2.2 × 10−308) and muscle (Spearman’s rho = 0.68, the two-sided Student’s t-test: P = 2.1 × 10−162). (h) Percentage of cis-eQTLs in the combined muscle data that are replicated in multi-subspecies meta-analysis at different P-value cutoffs used for defining cis-eQTLs. The cis-eQTLs with higher significant levels are more likely to be specifically detected in the combined population. (i) Effects sizes (|log2(aFC)|) of cis-eQTLs specifically detected in combined population are significantly (the two-sided Welch two sample t-test: P = 1.25 × 10−26) smaller than those that are replicated in multi-breed meta-analysis.


Extended Data Fig. 7 Sharing of QTLs across ancestries and tissues.
(a) Distribution of minor allele frequency (MAF) of loci with bos taurus specific (n = 202,583) and overlapped (n = 459) cis-eQTLs in bos indicus population. (b) Distribution of MAF of loci with bos indicus specific (n = 437) and overlapped cis-eQTLs in bos taurus population. (c) Tissue-sharing patterns of cis-sQTL. (d) The gene co-expression patterns across tissues. (e) The co-splicing patterns of spliced introns across tissues. The π1 values are calculated to measure the replication rates between tissues. (f) The Pearson’s correlation of π1 values of matched tissue-pairs (that is, values in the tissue-sharing heatmaps above) across four data types. The P value is obtained by the two-sided Student’s t-test.


Extended Data Fig. 8 Characterization and internal replications of trans-eQTLs.
(a) Comparison of imputation quality (DR2) of trans-eQTLs and all tested SNPs. Dashed lines are median values of DR2. (b) Inter-chromosomal linkage disequilibrium (LD) (the genotype correlation in absolute values) between trans-eQTLs and cis-eQTLs of the same genes in muscle. (c) Comparison of LD of cis-eQTLs vs. trans-eQTLs of the same genes and that of cis-eQTLs vs. random SNPs with matched minor allele frequency (MAF) and chromosomes. The comparisons of all tissues are statistically significant (P < 0.05, the two-sided Student’s t-test). Box plots depict the interquartile range (IQR), whiskers depict 1.5 × IQR. (d) Tissue-sharing patterns (π1 statistics) of trans-eQTLs across tissues and replicates. Muscle_G1 (n = 435) and Muscle_G2 (n = 435) are two replicates of muscle samples by dividing the whole muscle samples randomly into two groups. Similarly, Blood_G1 (n = 349) and Blood_G2(n = 349) are two replicates of blood samples. (e) Pearson correlations of effect sizes (beta values) of trans-eQTLs in one tissue (x-axis) and those of matched SNPs in another tissue (y-axis). (f) Pearson correlation of effect sizes (beta values) of trans-eQTLs (n = 5,782) in blood tissue in Group1 (G1, n = 349) and those of matched SNPs in Group2 (G2, n = 349) (r = 0.66, the two-sided Student’s t-test: P < 2.2 × 10−308). (g) Pearson correlation of effect sizes (beta values) of trans-eQTLs (n = 4,344) in muscle tissue in Group1 (G1, n = 435) and those of matched SNPs in Group2 (G2, n = 435) (r = 0.75, the two-sided Student’s t-test: P < 2.2 × 10−308).


Extended Data Fig. 9 Associations of cis-eQTLs and GWAS loci for important agronomic traits in cattle.
(a) cis-eQTLs discovered in monocytes, and mammary gland show enrichments for top SNPs (top 10%) associated with age at first calving (AFC) (P = 0.001, the two-sided permutation test with 1,000 times), and somatic cell score (SCS) (P = 0.001, the two-sided permutation test with 1,000 times) respectively, compared to the null expectation (shown in gray) defined by ‘Not eQTLs’. (b) Pearson correlation between z-scores from permutation tests (1000 times) and sample sizes of cis-eQTL tissues for milk yield trait (top, r = 0.70, the two-sided Student’s t-test: P = 0.0002) and ketosis trait (bottom, r = 0.49, the two-sided Student’s t-test: P = 0.02). (c) An example of a colocalization of cis-eQTLs of TIGAR gene in muscle and GWAS loci of strength in cattle on chromosome 5. Four independent GWAS signals (that is, rs210875465, rs381714832, rs1115089453 and rs135928140) are located within the region. The All-but-One conditional analysis across the individual GWAS signals shows that only rs135928140 in strength GWAS is colocalized with cis-eQTLs of TIGAR in muscle, when conditioning on the remaining three signals. The colocalized SNP (that is, rs132865837) of TIGAR in muscle is in LD (r2 = 0.49) with the GWAS loci rs135928140. (d) Colocalization between GWAS loci of sire calving ease (Sire_Calv_Ease) in cattle and cis-eQTLs across 23 distinct tissues.


Extended Data Fig. 10 Locuscompare plots for six colocalized events detected by two TWAS methods (S-PrediXcan and MetaXcan), fastENLOC and Coloc simultaneously.
(a) eQTLs of DGAT1 colocalized with GWAS signals of fat percentage in liver. (b) eQTLs of CACNB3 colocalized with GWAS signals of protein percentage in blood. (c) eQTLs of MRPL45 colocalized with GWAS signals of somatic cell score (SCS) in blood. (d) eQTLs of P2RY2 colocalized with GWAS signals of protein percentage in muscle. (e) eQTLs of TSPAN32 colocalized with GWAS signals of Teat length in uterus. (f) eQTLs of DGAT1 colocalized with GWAS signals of udder depth in liver.
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