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Introduction 

Feed is the most important operational cost in dairy farming (USDA ERS, 2025). Therefore, 

genetic selection for feed efficiency is an important tool to improve production efficiency while 

reducing the environmental impact of dairy production. Residual feed intake is commonly used 

as a proxy for feed efficiency, and it is calculated as the difference between predicted and actual 

dry matter intake (Connor, 2015). The identification of genetic variants and individual genes 

affecting feed efficiency could have multiple benefits, including better understanding of the 

genetic basis of this complex phenotype, as well as more accurate genomic predictions. 

Previous studies have evaluated genome-wide associations for feed efficiency in dairy cattle 

using medium- to high-density genotypes (Lu et al., 2017; Li et al., 2019). However, the use 

of whole-genome sequence data may help identify causal variants and genes in regions not 

covered by those single nucleotide polymorphism (SNP) chips. Thus, the aim of this study was 

to use imputed whole-genome sequence data to identify genetic variants and individual genes 

associated with dry matter intake, consistency of dry matter intake, and residual feed intake in 

mid-lactation cows. 

 

Materials & Methods 

Data consisted of 7,623 Holstein cows enrolled in 142 trials conducted at eight research stations 

across the United States (Aimes, IA; Arlington, WI; Beltsville, MD; East Lansing, MI; 

Gainesville, FL; Madison, WI; Marshfield, WI; Praire du Sac, WI) between 2007 and 2025. 

For each cow, only records obtained between 50 and 200 days in milk were considered for the 

analysis. Daily feed intake was used to calculate the average dry matter intake during each trial. 

Feed intake was measured using automatic roughage intake control systems for cows housed 

in free-stall facilities, or by manual weigh-back of refusals for cows in tie-stall facilities. The 

weekly residual feed intake per cow per trial residual feed intake was obtained by regressing 

weekly dry matter intake on milk energy, metabolic body weight, change in body weight, and 

the fixed effects of cohort (formed by trial and treatment), week, lactation number, and days in 

milk. The average residual feed intake per cow per trial was then used in the analyses. Finally, 

consistency of dry matter intake was calculated as the logarithm-transformed variance of 

deviation between observed and expected values of dry matter intake. The expected dry matter 

intake was considered as the average dry matter intake per cow per trial. 

All cows had genotypic information for 69k SNP markers. Two consecutive rounds of 

imputation were performed for the genomic analysis. First, the 7,623 cows were imputed from 

69k to 309k SNP markers using a reference set of 7,427 proven Holstein bulls born between 

2000 and 2010 and genotypes with 309k SNP panel. Next, the 7,623 cows were imputed from 
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309k SNPs to whole-genome sequence data using 180 Holstein bulls born in the United Stated 

from the 1000 Bulls Genome Project (Hayes and Daetwyler, 2019) as a reference set. For this 

analysis, each chromosome was processed separately, and both imputation steps were 

performed using FImpute3 program (Sargolzaei et al., 2014).  

Only autosomal SNPs with a minor allele frequency greater than 1% were retained for the 

genomic scans. After quality control, 12.9 million SNPs were available for subsequent 

analyses. Dry matter intake, residual feed intake, and consistency of dry matter intake were 

analyzed using a two-step mixed model-based approach. In the first step, the following model 

was fitted: 

y=Xb+Zu+e 

where y is the vector of evaluated traits, b is the vector of fixed effects, u is the vector of 

random animal effects, and e is the vector of random residual effects. Fixed effects included 

cohort (defined as trial-treatment), class of lactation number (1 to 3+), and class of days in milk 

(10 levels). The analysis for residual feed intake did not include fixed effects, as they were 

previously included in the regression used to estimate the trait. The incidence matrices X and 

Z relate phenotypic records to fixed and animal effects, respectively. The animal effects were 

modeled using a genomic relationship matrix. 

For the genomic scans, a genomic relationship matrix was created using 69,999 SNPs randomly 

selected (Wang et al., 2025), proportionally to the size of each chromosome. In the second 

step, the following model was fitted for every SNP: 

y=X+XSNPSNP+e 

where XSNP is the design matrix for the marker under consideration, and SNP is the regression 

coefficient, also known as SNP effect. The genomic scans were performed using the SLEMM-

GWA function of the SLEMM software (Cheng et al., 2023).  

 

Results 

The mean (± standard deviation) values for dry matter intake, residual feed intake, and 

consistency of dry matter intake were equal to 24.83 ± 3.89 kg, 0.00 ± 1.63 kg, and 1.77 ± 0.69, 

respectively. The heritability estimates based on genomic information were 0.33 for dry matter 

intake, 0.19 for residual feed intake, and 0.25 for consistency of dry matter intake.   

The results of the genomic scan for dry matter intake are shown in Fig. 1. The quantile-quantile 

plot indicated that the test statistics appeared well behaved, with little evidence of significant 

associations. This result is reflected in the Manhattan plot, which did not show any regions 

with major peaks, indicating that dry matter intake is a highly polygenic trait. 

 

 
Figure 1. Manhattan plot and quantile-quantile plot for dry matter intake using whole-genome 

sequence data. 
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Similarly, the quantile-quantile plot for residual feed intake showed little evidence of 

significant associations (Fig. 2). Indeed, the Manhattan plot showed an absence of clear peaks, 

indicating that residual feed intake is also highly polygenic.  

 

 
Figure 2. Manhattan plot and quantile-quantile plot for residual feed intake using whole-

genome sequence data. 

 

Finally, both the Manhattan plot and the quantile-quantile plot for consistency of dry matter 

intake indicate that this trait is also highly polygenic, since no significant peaks were observed 

(Fig 3). The quantile-quantile plot showed no evidence of significant associations.  

 

 
Figure 3. Manhattan plot and quantile-quantile plot for consistency of dry matter intake using 

whole-genome sequence data. 

 

Discussion 

Genetic selection for feed efficiency is an important tool to improve production efficiency 

while reducing the environmental impact of dairy production. Residual feed intake is 

commonly used as a proxy for feed efficiency, and identifying genetic variants affecting this 

trait can help better understanding its genetic basis and the accuracy of genomic predictions. 

In this study, imputed whole-genome sequence data was used to identify genetic variants 

associated with dry matter intake, consistency of dry matter intake, and residual feed intake in 

mid-lactation cows. 

The heritability estimates obtained using genomic information show that direct genetic 

selection for these traits is possible. Slightly lower estimates have been reported in previous 

studies using repeatability models for dry matter intake and residual feed intake (Cavani et al., 

2022) and for alternative methods to calculate consistency of dry matter intake (Cavani et al., 

2024). The higher estimates observed in our study may be partially explained by the use of a 

single observation per cow, which does not account for permanent environment effects.  
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No major significant peaks were identified for any of the three traits analyzed, indicating the 

highly polygenic nature of traits related to feed efficiency. Feed intake and feed efficiency are 

influenced by multiple biological processes, including physiology, behavior, metabolism, and 

gut microbiome. So, it is expected that dry matter intake and residual feed intake are both 

regulated by many genes each with small effects. These results are consistent with Li et al. 

(2019), who also did not find large peaks in their genomic scan for residual feed intake using 

high-density genotypes. They observed that the 20 SNPs with highest standardized genetic 

effects for residual feed intake were close to genes related to digestion, metabolism of 

carbohydrates and proteins, immune regulation, and mitochondrial ATP activities. Future work 

includes the discovery of biological pathways and molecular mechanisms using enrichment 

tools. This may provide further insights into the biological mechanisms underlying feed 

efficiency. 

 

Conclusions 

Our findings suggest that dry matter intake, residual feed intake, and consistency of dry matter 

intake are highly polygenic traits, influenced by many genes with small individual effects. 
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