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Introduction 
Feed efficiency (FE) is a critical factor in livestock farming systems with significant influence 

on overall productivity, profitability and environmental footprint (Ellison et al., 2022). FE traits 

such as absolute dry matter intake (DMI) and average daily live weight gain (ADG) are the 

major drivers of growth, productivity and metabolic effectiveness in livestock systems, yet the 

biological and molecular mechanisms behind DMI and ADG variations remain less explored, 

especially in sheep. The moderate heritability estimates for DMI (0.25 to 0.49) and ADG (0.18 

to 0.50) (Sepulveda et al., 2022) (Gowane et al., 2015) along with positive genetic correlations 

between DMI and ADG (R2 = 0.41) (Valente et al., 2025) indicate that selection on one trait 

will produce correlated responses in the other pointing to its applicability in future breeding 

programmes aiming to deliver improvements in sustainable farming. While multiple genome-

wide association studies have reported candidate loci associated with several FE traits in 

livestock (Chacko Kaitholil et al., 2024), these methods alone lack power to understand the 

regulatory mechanisms connecting genetic variants to phenotypes. Cis-expression quantitative 

trait loci (cis-eQTL) mapping offers a powerful method to identify variants that affect changes 

in gene activities providing a deeper insight into the transcriptional regulation (Gilad et al., 

2008). Mediation analysis complements this by evaluating whether gene expression serves as 

an intermediate step connecting genetic variations to FE variations (VanderWeele, 2012). 

Therefore, this study aimed to integrate cis-eQTL mapping method with mediation analysis to 

discover genetic regulators influencing DMI and ADG, thereby providing a deeper 

understanding of their transcriptional regulation and highlighting candidate genes to enhance 

production efficiency. 

 

Materials & Methods 
Thirty-six male weaned lambs (Texel x mule, 27 weeks; 34.1 ± 3.0 kg) were divided into four 

groups (nine lambs each) and were fed equal proportions of grass silage and concentrates along 

with varying levels of microalgae oil (Schizochytrium sp.): 0 g, 5.4 g, 10.8 g, and 16.2 g per kg 

dry matter for 14 weeks. Peripheral blood was collected at the end of 14th week, followed by 

total RNA isolation and sequencing on an Illumina NovaSeq PE150 platform. Resulting reads 

generated were subjected to quality control (QC) using FastQC, adapter trimming using 

Trimmomatic, and alignment to the sheep reference genome (ARS-UI_Ramb_v3.0) using 

HISAT2 software. Subsequently, a matrix representing the mapped reads for each gene were 

generated using the featureCounts software. Genes with low expression (< 5counts in more 

than 70% samples) were filtered out and the remaining gene expression matrix was normalized 

using DESeq2 in R. Genotype data was generated for twenty-eight of the thirty-six lambs using 

the Illumina OvineSNP50 BeadChip. A QC was applied to acquired data using PLINK 

software where individuals with more than 10% missing genotypes, single nucleotide 

polymorphisms (SNPs) with more than 10% missing data, or SNPs with minor allele frequency 
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< 0.05 were excluded. Samples with matched expression and genotype data (n=28) were 

subjected to cis-eQTL mapping where a genomic window of ± 1Mb was employed to find 

significant cis-eQTLs using the MatrixeQTL package in R, using a linear regression model 

followed by SNP-level multiple testing using the Benjamini-Hochberg (BH) false discovery 

rate (FDR) method. A gene-level permutation-based method (n=1,000) was then employed to 

account for SNP density, and linkage disequilibrium (LD) to derive empirical P followed by a 

BH-FDR method to control for multiple testing to identify candidate eGenes. Mediation R 

package (Tingley et al., 2014) was used to establish if gene expression mediates genetic 

variations on the analysed traits, estimating the average causal mediation effect 

(ACME/indirect). 

 

Results & Discussion 
Varying levels of microalgae oil fed to study lambs did not display significant effects on DMI 

(ANOVA, P=0.11) or ADG (ANOVA, P=0.41) suggesting no dietary factors requiring 

correction. 11,790 genes were removed due to low expression (<5 counts in more than 

70%samples) retaining a total of 19,514 genes across 28 samples for further analysis. Cis-

eQTL mapping was run on an initial dataset comprising 60,3446 SNPs tested against 18,654 

genes that had at least one SNP within ± 1Mb cis window. The SNP-level multiple testing 

revealed 106 significant cis-eQTLs within 77 genes (FDR<0.05) suggesting extensive evidence 

of local genetic regulation. Gene-level permutation followed by multiple testing revealed 280 

eGenes (FDR< 0.2, empirical P< 0.03) representing strong cis regulatory signals in the studied 

dataset. While no genes passed a strict FDR threshold of 0.05, likely due to the small sample 

size employed in this study, the empirical P distribution suggests that a subset of genes display 

strong reproducible cis signals. Interestingly, a strong concordance was observed between the 

SNP-level cis-eQTLs and eGenes (n=77) highlighting consistency in identification of loci with 

robust regulatory roles, providing further evidence supporting these genes as true cis-regulatory 

targets, and that all SNP-level genes had a gene-level QTL counterpart. Mediation analyses 

performed on the 77 overlapping genes revealed that 19 SNPs exhibited significant mediation 

effects through expression of 14 genes demonstrating that gene expression partially mediates 

genetic effects on either DMI or ADG (Table 1).  

Notably, SNP s71260.1 associated with PLPPR1 gene expression exhibited strong positive 

mediation (P<0.05) effects with both DMI and ADG, suggesting it to be a putative candidate 

gene linking genetic variation to FE differences. PLPPR1 has been implicated in lipid 

metabolic pathways (Wang et al., 2017) and neuronal growth (Fuchs et al., 2022) and the 

mediation effect observed in this study suggests a role in balancing metabolic and behaviour-

related responses to availability of nutrients. Beyond PLPPR1, five additional SNP-gene pairs 

(Table 1) exhibited significant mediation effects on DMI.  Although no previous studies have 

reported the role of COL13A1 and COL5A1 gene associations with DMI in livestock, these 

genes belong to the collagen type family regulating structure of connective tissue, cell adhesion 

and organisation of muscle fiber (Wenstrup et al., 2011; Dusl et al., 2019), suggesting a 

structural contribution to DMI variations likely through muscle efficiency effects. The 

remaining three DMI-associated mediators were uncharacterized warranting further research. 

Several SNP-gene pairs (13 SNPs associated with 8 genes) were also found to display 

significant mediation effects on ADG (Table 1).  Among these, STN1 has a role in the 

maintenance of telomere length and was reported as a marker for predicting health status 

(Wilbourn et al., 2018) suggesting that genome stability or cell ageing may influence growth. 

RAD51D, primarily involved in homologous recombinant repair plays a major role in various 
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cellular and biological mechanisms including growth and development (Wu et al., 2023). 

RHPN1, implicated in cytoskeletal organisation and cellular adhesion, has previously been 

reported with association to milk fat and protein percentage in cattle (Jayawardana et al., 2023), 

 

Table 1. SNP-gene pairs showing significant mediation effects to DMI and ADG. 

Trait Variant Gene ACME ACME (P) 

DMI 

OAR17_36154362.1 LOC105602806 0.14 0.01 

OAR25_25639445.1 
COL13A1 (collagen type 13 alpha 

1 chain) 
0.11 0.02 

s10820.1 LOC101116324 0.16 0.02 

s30082.1 
COL5A1 (collagen type 5 alpha 1 

chain) 
0.12 0.03 

s71260.1 PLPPR1 0.18 0.04 

OAR2_1189108.1 LOC121818569 -0.1 0.04 

ADG 

OAR22_24607042.1 
STN1 (STN1 subunit of CST 

complex) 
0.04 0.002 

OAR14_51383053.1 LOC121816523 0.03 0.004 

OAR14_52345906.1 LOC121816523 0.02 0.006 

s54274.1 LOC121816523 0.03 0.008 

OAR11_14457337.1 RAD51D (RAD51 paralog D) -0.03 0.01 

OAR15_15729207.1 LOC114118382 -0.04 0.02 

OAR21_1390902.1 LOC121817511 0.04 0.02 

OAR9_14653377.1 
RHPN1 (rhophilin Rho GTPase 

binding protein 1) 
0.03 0.02 

OAR6_58614245.1 RELL1(RELT like 1) -0.04 0.02 

OAR6_58694819.1 RELL1 -0.04 0.02 

OAR6_58718613.1 RELL1 -0.04 0.02 

s71260.1 
PLPPR1 (phospholipid 

phosphatase related 1) 
0.04 0.03 

OAR21_6678031.1 NOX4 (NADPH oxidase 4) 0.03 0.03 

 

pointing to broad role of this gene in tissue structuring and metabolic regulation that may 

extend to growth traits. Although RELL1 is a membrane-bound protein expressed across tissues 

such as skeletal muscle, no prior studies have reported its association to growth traits, 

highlighting this as a novel gene for further investigation. The NOX4 gene codes for NADPH 

oxidase influencing cellular differentiation and tissue remodelling. SNPs associated with 

NOX4 have been previously reported in sheep with significant associations to litter size 

suggesting pleiotropic and functional roles in developmental and physiological processes that 

could indirectly affect growth (Li et al., 2024). Taken together, these findings reveal important 

genes that connect FE to genetic variations and despite the small sample size, concordance 

across SNP-level and gene-level analyses confirms the robustness of findings.  

 

Conclusions 
This study performed an integrated analysis to understand the complex regulatory architecture 

behind feed intake and growth. Cis-eQTL mapping analysis identified 77 highly concordant 

cis-regulatory genes between SNP-level and gene-level analyses. Mediation analysis further 
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demonstrated that expression of 14 genes partially mediates genetic effects on DMI and ADG. 

The PLPPR1 gene was observed as an important mediator for both DMI and ADG, while 

additional candidate genes such as collagen family-related genes (COL13A1, COL5A1), 

oxidative signalling-associated genes (NOX4), and telomere and DNA repair genes (RAD51D, 

STN1) points to the diverse pathways influencing variations in feed intake and growth. Findings 

reveal a set of candidate cis-regulatory genes that connects genetic variants to FE phenotypes, 

offering targets for further functional validation and livestock genomic improvement 

programmes. 
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