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Introduction 
Digital dermatitis (DD) and sole ulcers (SU) are common infectious and non-infectious foot 

lesions, respectively, that cause lameness and welfare concerns to dairy cattle (Amory et al., 

2008; Solano et al., 2015; Lai et al., 2021) and lead to substantial economic losses (Cha et al., 

2010; Dolecheck et al., 2019) due to decreased reproductive performance, milk yield and 

longevity (Amory et al., 2008). Heritability estimates of up to 0.40 for DD and 0.30 for SU (Lai 

et al., 2021) underpin the feasibility of preventive selective breeding. Genomic studies have 

been conducted separately for DD (e.g., Tarsani et al., 2025; Biemans et al., 2019) and SU (e.g., 

Li et al., 2023; van der Spek et al. 2015), indicating a complex genetic architecture for each 

trait. However, there is scarce reporting on the association between the two types of lesions. 

The present study aims to investigate the genetic co-architecture and correlation between DD 

and SU utilising phenotypic, genotypic and pedigree data on Holstein cows. 

 

Materials & Methods 
Data and quality control. Our data consisted of 2,031 dairy cows from four farms in the 

United Kingdom (UK). Each cow was clinically examined by a veterinary team at four key 

stages of lactation: pre-calving (up to 120 days before calving, mean = 55.3 days), 

immediately after calving (0–21 days in milk, mean = 5.4 days), near peak milk yield (50–120 

days in milk, mean = 83.9 days), and the latter part of lactation (170–305 days in milk, 

mean = 199.6 days). At each stage, every foot was individually examined for DD and SU 

lesions; DD was classified using the M-stage system (Döpfer et al., 1997), where M0 denotes 

healthy feet free of lesions, while M1-M4 represent different levels of affliction. 

Binary phenotypes were defined for each trait (DD and SU), where cows with a score other 

than 0 in at least one foot at any stage of examination were considered cases and cows whose 

feet were always healthy were controls. Accordingly, we observed 37% DD-infected cows and 

11% SU-affected animals. 

Genome-wide genotypes, imputed to the 80K SNP panel used in the UK national dairy 

evaluations, were available for all animals in the study (Li et al., 2023). Only autosomal SNPs 

were analysed. After quality control comprising a minimum call rate of 0.90, autosomal 

heterozygosity outside the 1.5 inter-quartile range, minor allele frequency of 0.05, and HWE 

test P-value of 0.0001, 2,031 animals and 66,604 SNPs were retained. Quality control was 

performed in PLINK (Purcell et al., 2007). Quality-assured pedigree from the national genetic 

evaluation (n=14,092 records) was also collated for the ensuing analyses. 

 

Genetic parameters and genomic markers and regions. Heritability and genetic correlation 

estimates for DD and SU were obtained based on the following bivariate model of single-step 

https://doi.org/10.31274/wcgalp.23970
https://creativecommons.org/licenses/by/4.0/
mailto:Eirini.Tarsani@sruc.ac.uk


2 
 

genome-wide association study (GWAS) using the BLUPF90 family software (Misztal et 

al.,2014; Wang et al., 2012): 

         y = Xb + Zg + e                                                                                                                              (1) 

where y = the cow phenotype (DD and SU); b = fixed effects (farm, lactation number, calendar 

month of calving, age of cow at calving, and the first Principal Component (PC) from the PC 

analysis of genotypes); g = random animal additive genetic effects with var(g) ~ N(0, Hσ2
g), 

where σ2
g is the additive genetic variance and H is the relationship matrix incorporating both 

pedigree and genomic information (Legarra et al.,2009); e = random residuals with var(e) ~ 

N(0, Iσ2
e) in which I is the identity matrix and σ2

e is the residual variance; X and Z are incidence 

matrices relating phenotypic records to b and g, respectively. 

BLUPF90+ was used to estimate genomic breeding values per animal and trait. SNP effects and 

P-values were obtained by back-solving genomic breeding values with POSTGSF90 (Wang et 

al., 2012; Aguilar et al., 2019). Following Bonferroni correction, a SNP was considered as 

genome-wide significant for P-value<7.51e-07(0.05/66,604) or as suggestive for P-

value<1.50e-05 (1/66,604). 

Additionally, a 1 Mb sliding-window genomic analysis was performed using POSTGSF90 to 

calculate the proportion of genetic variance explained by each genomic window. 

 

Positional and functional candidate genes. We searched for positional candidate genes 

using the Ensembl BioMarts hub (Kinsella et al., 2011) based on the ARS-UCD1.2 bovine 

genome assembly. We first addressed genes that encompass or are located near significant or 

suggestive GWAS markers. Subsequently, we identified genes within the top ten genomic 

windows accounting for the highest proportion of DD and SU genetic variance. To refine the 

list of positional candidate genes, a minimum gene network was constructed with the 

available Bos taurus genes and Protein–Protein Interaction data in NetworkAnalyst (Xia et 

al., 2015). Genes were then subjected to Gene Ontology Biological Process term enrichment 

analysis. 

 

Results & Discussion 
Genetic parameters and genomic markers and regions. Heritability estimates were 0.37 ± 

0.04 and 0.11 ± 0.03 (P<0.05) for DD and SU, respectively, within the broad range of 

previous reports (Tarsani et al., 2025; Li et al., 2023). We found no significant genetic 

correlation (-0.09 ± 0.16; P>0.05) between DD and SU, suggesting differences in the genetic 

background of the two traits. In contrast, the only previous study reporting a positive genomic 

correlation between DD and SU (0.46 ± 0.25) was based on a smaller sample size (n=409 US 

Holstein cows) and included genomic but not pedigree relationships among animals (Lai et 

al., 2021). 

Distinct markers were linked to the two traits. Two suggestive SNPs on chromosome 18 were 

associated with DD (Table 1). For SU, two genome-wide significant SNPs were identified on 

chromosome 5 and four suggestive SNPs on chromosomes 5 and 21 (Table 1). 

The top ten genomic windows by proportion of additive genetic variance explained also differed 

between the two lesion types. Each genomic window accounted for 0.39-0.73% and 0.34-0.77% 

of the DD and SU variance, respectively. 
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Table 1. Markers associated with digital dermatitis (DD) and sole ulcers (SU) from the single-

marker GWAS. Positional candidate genes in bold font enclosed the corresponding marker 

while the remaining genes were the nearest to the marker. 

Trait Chromosome 

SNP’s 

Position (bp) P-value Positional candidate gene 

DD 18 36,986,777 9.06E-07 PSMD7 

DD 18 37,062,814 5.22E-06 PSMD7 

SU 5 87,262,266 1.68E-08 ETNK1 

SU 5 90,364,435 2.01E-07 AEBP2 

SU 5 89,051,206 1.79E-06 SLCO1C1 

SU 5 87,436,773 6.35E-06 ETNK1 

SU 21 48,062,786 6.43E-06 TTC6 

SU 5 86,546,341 1.42E-05 SOX5 

 

Positional and functional candidate genes. The total number of positional candidate genes 

across the two traits was 183, and all were recognised by NetworkAnalyst. The SOX5 (SRY-

box transcription factor 5) gene contained a DD SNP that had been previously reported in 

relation to DD infection in late lactation (Tarsani et al., 2025). The top ten genomic windows 

by trait variance explained included 118 and 62 positional candidates for DD and SU, 

respectively. Notably, two genes, PTK2(protein tyrosine kinase 2) and FOS (Fos proto-onco, 

AP-1 transcription factor subunit), were found to participate in the humoral immune response 

(Fig.1). PTK2 was also previously reported as a DD candidate (Tarsani et al., 2025). 

According to the Mouse Genome Informatics (MGI) database (Eppig et al., 2015), FOS is 

related to the immune system phenotype. More genes from the list of positional candidates, 

such as KHDRBS3 (KH RNA binding domain containing, signal transduction associated 3) 

and RBL2 (RB transcriptional corepressor like 2), were associated with DD (Tarsani et al., 

2025) and SU (Li et al., 2023)  in dairy cattle. 

 

 
Figure 1. Minimum network with seed genes (grey nodes with red outline) and non-seed 

genes from Protein–Protein Interaction data. Genes in the three red nodes participate in the 

humoral immune response (p-value=0.0000093). The network was created with 

NetworkAnalyst (Xia et al.,2015). 

 

Conclusions 
Findings contribute to understanding the genetic mechanisms underlying the development of 

contagious DD and non-contagious SU lesions in dairy cows. Our results revealed multiple 

genes implicated in the genetic architecture of these complex foot lesion traits. The significant 
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heritability estimates for both traits, combined with the zero correlation and distinct genomic 

profiles reported here, indicate that animal resistance to either condition can be improved 

independently through selective breeding. 
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