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Abstract 

Background Lameness in dairy cattle is primarily caused by foot lesions including the claw horn lesions (CHL) of sole 
haemorrhage (SH), sole ulcers (SU), and white line disease (WL). This study investigated the genetic architecture of 
the three CHL based on detailed animal phenotypes of CHL susceptibility and severity. Estimation of genetic param‑
eters and breeding values, single‑step genome‑wide association analyses, and functional enrichment analyses were 
performed.

Results The studied traits were under genetic control with a low to moderate heritability. Heritability estimates of 
SH and SU susceptibility on the liability scale were 0.29 and 0.35, respectively. Heritability of SH and SU severity were 
0.12 and 0.07, respectively. Heritability of WL was relatively lower, indicating stronger environmental influence on the 
presence and development of WL than the other two CHL. Genetic correlations between SH and SU were high (0.98 
for lesion susceptibility and 0.59 for lesion severity), whereas genetic correlations of SH and SU with WL also tended to 
be positive. Candidate quantitative trait loci (QTL) were identified for all CHL, including some on Bos taurus chromo‑
some (BTA) 3 and 18 with potential pleiotropic effects associated with multiple foot lesion traits. A genomic window 
of 0.65 Mb on BTA3 explained 0.41, 0.50, 0.38, and 0.49% of the genetic variance for SH susceptibility, SH severity, WL 
susceptibility, and WL severity, respectively. Another window on BTA18 explained 0.66, 0.41, and 0.70% of the genetic 
variance for SH susceptibility, SU susceptibility, and SU severity, respectively. The candidate genomic regions associ‑
ated with CHL harbour annotated genes that are linked to immune system function and inflammation responses, 
lipid metabolism, calcium ion activities, and neuronal excitability.

Conclusions The studied CHL are complex traits with a polygenic mode of inheritance. Most traits exhibited genetic 
variation suggesting that animal resistance to CHL can be improved with breeding. The CHL traits were positively 
correlated, which will facilitate genetic improvement for resistance to CHL as a whole. Candidate genomic regions 
associated with lesion susceptibility and severity of SH, SU, and WL provide insights into a global profile of the genetic 
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background underlying CHL and inform genetic improvement programmes aiming at enhancing foot health in dairy 
cattle.

Background
About one in three dairy cows in the United Kingdom 
(UK) suffer from lameness at any time point [1] and 
reducing the prevalence of the condition is a key prior-
ity for the dairy industry [2, 3]. Lameness is primarily 
caused by foot lesions [4–6] including sole haemor-
rhage (SH), sole ulcers (SU), and white line disease 
(WL) [7–10]. These three lesions, collectively referred 
to as claw horn lesions (CHL) [11], have been associ-
ated with severe pain response [12, 13], reduced milk 
production [14], compromised reproductive perfor-
mance [15], and increased risk of premature culling 
[16] in dairy cattle.

Recent studies in dairy cattle have revealed genetic 
variation in resistance to CHL, with reported heritabil-
ity estimates ranging from 0.01 to 0.35 in Holstein cat-
tle [17–19]. Genome-wide association (GWA) analyses 
have shown a complex genetic background for CHL in 
dairy cattle [20–24] and possible quantitative trait loci 
(QTL), but results generally differ between studies, 
which may be attributed to differences in experimen-
tal populations, data sizes and analyses, and trait defi-
nition. Previous genetic analyses on CHL mainly used 
data recorded by farmers or foot-trimmers [17, 20, 21, 
24–28]. Although foot-trimming records are undoubt-
edly a valuable resource for foot lesion management, 
there are concerns about variability between individual 
recorders and differences in terminology among stud-
ies [29]. Furthermore, mild lesions, which often only 
require minimal intervention, may be under-recorded 
when the primary purpose of handling cattle is to per-
form preventative or therapeutic foot-trimming. In 
addition, not all cows on a farm may be foot-trimmed 
during a visit, which may introduce bias in the esti-
mation of genetic variance and genetic parameters for 
CHL.

In the present study, we closely monitored a large 
cohort of Holstein dairy cows across multiple lacta-
tions and collected detailed foot lesion records from 
individual animals. The objectives of our study were to 
(i) estimate genetic parameters for different phenotype 
definitions of SH, SU, and WL using linear and thresh-
old models, and (ii) characterise the genomic architec-
ture that underlies SH, SU, and WL phenotypes with 
single-step GWA analyses and post-GWA functional 
enrichment analyses.

Methods
Animals and data recording
In total, 2352 Holstein dairy cows were prospectively 
enrolled in four herds in the northwest of the UK. The 
four herds were selected for participation based on 
practicalities of frequent data collection; animals were 
enrolled between April and December 2019. A few 
animals that were enrolled prior to calving but did not 
subsequently calve due to health issues were excluded 
from further analyses. Consequently, data on a total of 
2305 cows were considered in the present study. The 
number of animals by herd and lactation number are 
in Table 1. Some of the herds had been expanding their 
milking herd before the start of our study, resulting in 
more second lactation cows being included in our data 
than first lactation animals. Pedigree information span-
ning seven generations was extracted from the national 
database for all studied animals.

Data collection was performed from February 2019 
to July 2020. Individual animals were assessed for foot 
lesions at four time points (one inspection per time 
point): (1) prior to calving (pre-calving stage, range from 
0 to 120  days before calving, mean = 55.3  days before 
calving); (2) immediately after calving (calving stage, 
range from 0 to 21 days in milk, mean = 5.4 days in milk); 
(3) near peak yield (early lactation stage, range from 50 to 
120 days in milk, mean = 83.9 days in milk); and (4) lat-
ter part of lactation (late lactation stage, range from 170 
to 305  days in milk, mean = 199.6  days in milk). A few 
records that fell outside of the planned sampling time 
frame were removed from the final data analyses. Con-
sequently, the number of cows included at each stage 
was 2277 for pre-calving stage, 2185 for calving stage, 
2124 for early lactation stage, and 1931 for late lactation 

Table 1 Number of cows by herd and lactation number in the 
studied population

Lactation number Number of cows

Herd A Herd B Herd C Herd D Total

1 36 70 445 51 602

2 37 161 462 63 723

3 23 75 237 48 383

4 24 57 191 32 304

5 7 34 86 17 144

6 and more 5 19 108 17 149

Total 132 416 1529 228 2305
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stage. The relatively smaller number of phenotyped cows 
at the  late lactation stage was due to temporary move-
ment restrictions for farm visits during the COVID-19 
pandemic.

During the visit, animals were restrained in a foot-
trimming crush and lesions on each claw were recorded 
by qualified veterinary surgeons using case definitions 
described in the International Committee for Animal 
Recording (ICAR) claw health atlas [30]. All four feet 
were examined for each lesion and were scored accord-
ing to lesion severity (Table  2): 0 (absence of lesion), 1 
(mild lesion), 2 (moderate lesion), and 3 (severe lesion). 
Over 90% of foot lesion identification and recording was 
performed by the same veterinarian. Data collection was 
the same at all time points with the exception of calving 
stage on Herd C where only the hind feet were assessed 
to reduce the handling time of large numbers of newly 
calved cows on the herd each week.

Trait definition
Two phenotypes were defined for each CHL: lesion sus-
ceptibility and lesion severity.

Lesion susceptibility (binary trait)
Lesion susceptibility classified animals as either affected 
(case, 1) or unaffected (control, 0) by each CHL over the 
whole study period. Animals were considered affected 
if the lesion was present on any foot at any time point, 
regardless of the lactation stage or the severity of the 
lesion. Animals were considered unaffected if the lesion 
was absent on all feet at all four time points. Based on 
this trait definition, each animal had one lesion suscep-
tibility record (0 or 1) for each CHL. Repeated measure-
ments of the same CHL at multiple time points were not 
taken into account.

Lesion severity (continuous trait)
This phenotype was calculated as the average score of 
each lesion across all assessed feet of an individual cow. 
The trait definition accounts for both the number and 
severity of the lesions, providing extra information on the 
foot health status of each individual. The phenotype was 
calculated separately at each time-point of foot examina-
tion, so each animal had repeated records of lesion sever-
ity at multiple lactation stages.

Genotypes and quality control
Genome-wide genotypes were available for 2250 animals 
among all the phenotyped animals. The genotypes had 
been imputed to 80K single nucleotide polymorphism 
(SNP) genotypes using the platform for the UK national 
dairy cattle genomic evaluation. The 80K SNP panel 
(79,051 SNPs spanning the entire bovine genome), used 

for national dairy cattle genomic evaluation in the UK, 
was developed based on Illumina BovineSNP50 Bead-
Chip, 777K Illumina BovineHD BeadChip (Illumina Inc., 
San Diego, CA), and other commercial genotyping arrays, 
extra gene tests, and large-effect sequence variants [31]. 
The chromosome location of the SNPs in the 80K panel 
uses the latest assembly of the Bos taurus genome (ARS-
UCD 1.2) [32]. Genotype quality control removed SNPs 
and animals with call rates lower than 0.90, SNPs with a 
minor allele frequency lower than 0.05, SNPs with a sig-
nificant deviation from Hardy–Weinberg equilibrium 
(P < 1E − 6), and animals with parent-progeny Mende-
lian conflicts. After quality control, 65,211 SNPs for 2167 
genotyped individuals were retained for further analyses.

Estimation of genetic parameters and genomic breeding 
values
Lesion susceptibility
As binary phenotypes, lesion susceptibility for SH, SU, 
and WL was analysed using a threshold model on a 
latent liability scale [33]. A Markov chain Monte Carlo 
approach was used to obtain posterior distributions for 
model parameters via the Gibbs sampling algorithm in 
the THRGIBBS1F90 software (version 2.118) [34]. A 
chain length of 500,000 iterations with a 50,000 sample 
burn-in produced consistent results, and convergence of 
Gibbs sampling was assessed using the coda package in R 
(version 4.2) [35]. A thinning interval of 50 samples was 
used to reduce the lag correlation between consecutive 
samples. Using the THRGIBBS1F90 software, variance 
components and heritability for lesion susceptibility of 
SH, SU, and WL on the liability scale were estimated with 
univariate analyses, and the animals’ estimated genomic 
breeding values (GEBV) for each trait were obtained 
afterwards using the estimated variance components 
[34]. Genetic correlations between SH, SU, and WL were 
estimated with bivariate analyses. In all cases, the thresh-
old model used was:

where � is a vector of unobserved liabilities for lesion 
susceptibility of SH, SU, or WL; b is a vector of the 
fixed effects of parity and herd-year-season of calving; 
a is a vector of the random additive genetic effect with 
var(a) ∼ N(0,Hσ

2
a ), where σ2a is the additive genetic 

variance and H is the relationship matrix incorporating 
pedigree and genomic information [36]; e is a vector of 
random residuals with var(e) ∼ N(0, Iσ2e ) where σ2e is the 
residual variance; and X and Z are incidence matrices 
relating records to b and a , respectively.

(1)� = Xb+ Za + e,
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Lesion severity
Variance components and genetic parameters for lesion 
severity of SH, SU, and WL (continuous phenotypes) 
were analysed with linear models using the average infor-
mation-restricted maximum likelihood (AIREML) algo-
rithm implemented in the AIREMLF90 software (version 
1.148) [37]. An animal repeatability model was used to 
take the repeated lesion measurements for individu-
als at multiple time-points into account. The animals’ 
GEBV for each trait were estimated afterwards using the 
BLUPF90 software (version 1.70) [37] based on the same 
model with the estimated variance components. The ani-
mal repeatability model used was:

where y is a vector of the lesion severity phenotype of 
SH, SU, or WL; b is a vector of fixed effects of parity, 
lactation stage (four lactation stages) nested within par-
ity, and herd-year-season effect of recording; a is a vec-
tor of the random animal additive genetic effect with 
var(a) ∼ N(0,Hσ

2
a) , where σ2a is the additive genetic 

variance and H is the relationship matrix incorporat-
ing pedigree and genomic information [36]; pe is a vec-
tor of the random permanent environmental effect with 
var(pe) ∼ N(0, Iσ2pe ), where σ2pe is the permanent envi-
ronmental variance and I is an identity matrix; e is a vec-
tor of the random residual with var(e) ∼ N(0, Iσ2e ) where 
σ
2
e is the residual variance; and X , Z , and W are incidence 

matrices relating records to b , a , and pe , respectively.

(2)y = Xb+ Za +Wpe+ e,

Principal component analyses
The structure of the studied population was explored 
with principal component analyses (PCA) using all ani-
mals’ genotypes and the GEMMA software [38]. The 
principal component analyses revealed no distinct clus-
ters in the studied population (Fig.  1a). Possible group-
ings of the genotyped animals by farm, parity, age, and 
sire group were carefully investigated and no distinct 
clusters attributable to each variable were revealed. The 
proportion of the variance explained by each principal 
component (PC) was small with the top five PC explain-
ing 1.62, 1.19, 1.13, 1.03 and 0.94% of the total variance, 
respectively.

Single‑step genome‑wide association analyses
The single-step genome-wide association method 
(ssGWAS) was applied to estimate single marker effects 
on each trait by back-solving the animals’ GEBV [39], 
as implemented with the POSTGSF90 software (version 
1.73) [40]. The ssGWAS accounts for population struc-
ture and uses all data available by effectively combining 
the genomic and pedigree relationship matrix among 
individual animals and information from genotyped and 
non-genotyped animals with phenotypes [39, 41–44]. 
The P-values of marker effects were calculated for lesion 
severity of SH, SU, and WL using the POSTGSF90 soft-
ware (version 1.73) [42]. To account for any poten-
tial remaining inflation, the ratio of the median of the 
empirically observed distribution of the test statistic to 
the expected median (i.e., inflation factor λ) was used to 
correct for inflation [45]. A genome-wide significance 

Fig. 1 a Structure of the studied population explored with principal component analyses (PCA) using the genotypes of all animals. b Linkage 
disequilibrium (LD) decay between markers in the studied population
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threshold at P-value = 7.67E−07 (P-value = 0.05/total 
number of tested markers, i.e., Bonferroni correction for 
multiple testing) and a suggestive significance thresh-
old at P-value = 1.53E−05 (P-value = 1/total number of 
tested markers, i.e., one false positive per genome scan 
and Bonferroni correction for multiple testing) were 
applied. Specifically for the binary lesion susceptibility 
traits, the P-values of marker effects were not applicable 
to single-step GWA analyses when a threshold model 
with Gibbs sampling was used. Instead, the standard-
ized SNP effects were calculated using the estimated 
SNP effects divided by the empirical standard deviation 
of SNP effects in the POSTGSF90 software (version 1.73) 
[37].

In addition to assessing single marker effects, 0.65-
Mb sliding genomic windows were constructed to cal-
culate the corresponding proportion of genetic variance 
explained by each window. The 0.65-Mb window size was 
determined based on the average distance in the genome 
where linkage disequilibrium (LD) between markers was 
halved (Fig.  1b), using all studied genotypes evaluated 
with the PLINK software (version 1.07) [46]. In addition, 
extra window sizes (e.g., ranging from 0.5 to 1 Mb) were 
also tested, with the results on top genomic windows 
remaining the same as those from the 0.65-Mb window. 
For each lesion trait, the proportion of total genetic vari-
ance explained by each sliding window was calculated 
[41] using the POSTGSF90 software (version 1.73) [40].

Functional annotation analyses
Candidate genes located in the vicinity of large-effect 
variants within 0.2  Mb upstream and downstream or 
within the candidate windows from GWA analyses were 
identified using the USCS Genome Browser [47] based 
on the latest Bos taurus genome assembly of ARS-
UCD1.2 and NCBI Bos taurus Annotation Release 106. 
Gene functional annotation was performed using the 
UniProt database (Release 2022_04) [48]. The candidate 
gene list associated with CHL was further examined by 
performing functional enrichment analyses using the 

DAVID bioinformatic resource (Release v2022q3) [49, 
50] to highlight biological processes and pathways under-
lying the candidate genes.

Results
Lesion prevalence and severity across lactation
The prevalence of SH and WL was generally higher than 
that of SU in the studied population (Table 3). The high-
est SH prevalence (57.5%) and most severe SH lesions 
appeared at the early lactation stage. For SU, lesion prev-
alence and severity were similar in early and late lactation 
stages, both higher than those in pre-calving and calving 
stages. For WL, the prevalence increased from calving 
(30.3%) to early lactation (37.8%) and then to late lacta-
tion (59.2%). The average severity of WL also tended to 
increase from calving and early lactation stages to the late 
lactation stage.

Genetic parameters of claw horn lesions
For lesion susceptibility traits, SH and SU were found to 
be under genetic control with low to moderate heritabil-
ity estimates (Table 4). These estimates are expressed on 
the underlying trait liability scale. The genetic correla-
tion between SH and SU susceptibility was high at 0.98 
(Table 5). Compared to SH and SU, the genetic variance 
and heritability for WL susceptibility tended to be lower 
and were not statistically different from zero (Table  4). 
The genetic correlation of WL with SU was also posi-
tive at 0.70 (posterior standard deviation = 0.20). The 
genetic correlation of WL with SH was estimated to be 
0.20 but with a large posterior standard deviation of 0.27 
(Table 5).

For lesion severity, SH, SU, and WL were found to be 
under genetic control with heritability estimates of 0.12 
(SE = 0.02), 0.07 (SE = 0.02), and 0.04 (SE = 0.01), respec-
tively (Table  4). The genetic correlations of the lesion 
severity of SU with SH and WL were 0.59 and 0.67, 
respectively (Table  5). The genetic correlation of the 
lesion severity between SH and WL was not statistically 
different from zero (Table 5).

Table 3 Prevalence (%) and average lesion severity of sole haemorrhage (SH), sole ulcers (SU), and white line disease (WL) at each 
lactation stage (pre‑calving stage, calving stage, early lactation stage, and late lactation stage) in the studied population

a The lesion severity of an individual was calculated as the average lesion score of all assessed feet of an animal

Lesion Pre‑calving Calving Early Late Overall

SH Prevalence (%) 32.5% 33.0% 57.5% 52.9% 83.0%

Average lesion  severitya 0.140 0.189 0.328 0.269 –

SU Prevalence (%) 3.9% 2.5% 6.1% 6.0% 13.9%

Average lesion severity 0.015 0.015 0.022 0.027 –

WL Prevalence (%) 31.0% 30.3% 37.8% 59.2% 88.9%

Average lesion severity 0.134 0.177 0.163 0.285 –



Page 7 of 15Li et al. Genetics Selection Evolution           (2023) 55:16  

Single‑marker genome‑wide association results
Single-marker GWA results for each lesion susceptibil-
ity and severity trait are illustrated in Additional file  2: 
Fig. S1 and Fig. 2, respectively. Furthermore, the top ten 
markers associated with each lesion severity and suscep-
tibility trait are summarised in Additional file 1: Tables S1 
and S2, respectively.

No genome-wide significant markers were identified for 
the lesion severity traits, although certain peaks of inter-
est reached the suggestive significance threshold (Fig. 2). 
Two such markers were found associated with SU sever-
ity on Bos taurus chromosome (BTA) 8 at 44,652,431 bp 
and 44,735,178 bp, and one marker was found associated 
with WL severity on BTA23: 43,909,068 bp. However, the 
signal on BTA23 for WL severity appeared to be a sin-
gle significant marker without a trailing tail of adjacent 
markers, and this result needs to be viewed with caution. 
No single marker was significantly associated with any 
lesion susceptibility trait (see Additional file 2: Fig. S1).

In addition to the markers reaching a certain level 
of statistical significance presented above, other large-
effect markers of potential interest were observed for 
SH severity on BTA1: 137,395,018–141,713,562  bp, 
SU severity on BTA10: 65,020,001–65,180,176  bp and 
BTA18: 21,483,055–22,535,135  bp, for WL severity on 

BTA3: 89,579,909–90,937,024 bp and BTA17: 6,204,290–
7,269,721  bp, with most of these signals being also 
observed in the subsequent window-based GWA results. 
These results may be of interest considering the strict and 
conservative nature of the Bonferroni correction applied 
to the significance thresholds in single-marker GWA.

Window‑based genome‑wide association results
Window-based GWA revealed a clearer picture of 
genomic regions that explained quantifiable propor-
tions of the genetic variance for each lesion (Table  6; 
Fig.  3). Among the top windows, two genomic regions 
located on BTA3: 88,750,416–91,356,392 bp and BTA18: 
21,454,669–22,223,573 bp (Table 6) were associated with 
multiple lesions. Specifically, windows within the for-
mer region on BTA3 explained a relatively large genetic 
variance for SH susceptibility and severity, and WL sus-
ceptibility and severity. This is consistent with the single-
marker GWA results for which large-effect markers (see 
Additional file 1: Table S1) with clear peaks (Fig. 2) were 
observed within or flanking the region on BTA3 associ-
ated with SH and WL severity. The top genomic window 
within this region on BTA3 explained 0.41, 0.50, 0.38, and 
0.49% of the genetic variance for SH susceptibility, SH 
severity, WL susceptibility, and WL severity, respectively.

The other genomic region on BTA18: 21,422,708–
22,223,573 bp was associated with SH susceptibility, and 
SU susceptibility and severity. The top genomic window 
within this region on BTA18 explained 0.66, 0.41, and 
0.70% of the genetic variance for SH susceptibility, SU 
susceptibility, and SU severity, respectively. The same 
region on BTA18: 21.4–22.5  Mb harbours large-effect 
markers associated with SU severity in the single-marker 
GWA results (see Additional file 1: Table S1).

In addition to regions on BTA3 and 18 that were asso-
ciated with multiple lesions, the genomic window on 
BTA20: 58,161,594–58,795,440  bp was linked to both 

Table 4 Estimates of additive genetic variance (Va), permanent environmental variance (Vpe), residual variance (Ve), and heritability 
 (h2) for lesion susceptibility and severity of sole haemorrhage (SH), sole ulcers (SU), and white line disease (WL)

Posterior standard deviations of estimates (for lesion susceptibility traits) or standard errors of estimates (for lesion severity traits) are in brackets
a Lesion susceptibility classified animals as either affected at any time point (case, 1) or unaffected throughout the period of study (control, 0); estimates are expressed 
on the liability scale
b The lesion severity of an individual was calculated as the average lesion score of all assessed feet

Trait Model Lesion Va Vpe Ve h2

Lesion  susceptibilitya 
(binary trait)

Threshold model SH 0.42 (0.14) – 1.01 (0.04) 0.29 (0.07)

SU 0.56 (0.20) – 1.01 (0.05) 0.35 (0.08)

WL 0.12 (0.08) – 1.01 (0.04) 0.10 (0.06)

Lesion  severityb (con‑
tinuous trait)

Linear model SH 0.012 (0.002) 9.8E−3 (0.002) 0.077 (0.001) 0.12 (0.02)

SU 0.001 (2E−4) 0.003 (3E−4) 0.008 (1E−4) 0.07 (0.02)

WL 0.003 (8E−4) 0.003 (0.001) 0.069 (0.001) 0.04 (0.01)

Table 5 Genetic correlations between sole haemorrhage (SH), 
sole ulcers (SU), and white line disease (WL) for lesion severity 
(above the diagonal) and lesion susceptibility (below the 
diagonal)

Standard errors of estimates (for lesion severity traits) or posterior standard 
deviations of estimates (for lesion susceptibility traits) are in brackets

SH SU WL

SH – 0.59 (0.17) 0.03 (0.27)

SU 0.98 (0.04) – 0.67 (0.33)

WL 0.20 (0.27) 0.70 (0.20) –
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Fig. 2 Manhattan plots and quantile–quantile (Q‑Q) plots of lesion severity of sole haemorrhage (SH), sole ulcers (SU), and white line disease (WL). 
The solid line represents the genome‑wide significance threshold (P‑value = 7.67E−07) and the dashed line represents the suggestive significance 
line (P‑value = 1.53E−05)



Page 9 of 15Li et al. Genetics Selection Evolution           (2023) 55:16  

SH susceptibility and severity (Table  6). This genomic 
window explained 0.47 and 0.77% of the total genetic 
variance for SH susceptibility and SH severity, respec-
tively. For WL, apart from BTA3, regions on BTA6: 37.4–
38.4  Mb and BTA25: 4.2–4.9  Mb were related to both 
WL susceptibility and severity.

Gene functional annotation and enrichment
Genes located within the top genomic windows or 0.2-
Mb upstream/downstream of large-effect variants belong 
mainly to the group of immune system functions in Bos 
taurus including inflammation response and innate 
immune response (GC and OTULIN), complement acti-
vation (C8B and C8A), B cell activities (PLCL2), leukocyte 
migration (TRIO) [51], and production of pro-inflamma-
tory cytokines (PLPP3). In addition, genes within the top 
windows are also related to calcium ion activities (ANKH, 
PRKAA2 and ITPR1), neuronal excitability (KCNQ3), 

gene expression (KHDRBS3, POLR2K, SATB1 and RBL2) 
and protein biosynthesis (GATB).

In the functional enrichment analyses, the identi-
fied genes from GWA results are enriched in immune 
responses of complement activation (GO:0006957; 
GO:0006958) and cytolysis (GO:0019835) from biologi-
cal processes of Gene Ontology (GO) terms, and are also 
enriched in metabolism of lipids (Bos taurus) (R-BTA-
556833) from the Reactome pathways.

Discussion
Genetic parameters for lesion susceptibility and severity
Two types of claw horn lesion phenotypes, one asso-
ciated with susceptibility and the other with severity, 
were studied for each of the SH, SU, and WL conditions. 
Lesion severity phenotypes considered the average lesion 
severity of all feet at multiple time points before and 
across lactation since the lesion status of animals was 

Table 6 Genomic  windowsa that explain the highest proportion of genetic variance (Var%) for sole haemorrhage (SH), sole ulcer (SU), 
and white line disease (WL), including chromosome (BTA), positions of the window (Pos_start, Pos_end), and Bos taurus RefSeq gene(s) 
within the window

a Only the top window of each peak was reported. Sliding windows that fall into the same peak due to LD with the top window were not reported

Lesion Trait BTA Pos_start Pos_end Var% RefSeq gene(s) within the window

SH Lesion susceptibility 18 21,574,466 22,223,573 0.66 RBL2, CHD9, AKTIP, FTO

20 58,161,594 58,795,440 0.47 ANKH, OTULIN, OTULINL, TRIO

3 90,725,628 91,356,392 0.41 BSND, TMEM61

Lesion severity 20 58,161,594 58,795,440 0.77 ANKH, OTULIN, OTULINL, TRIO

22 21,284,764 21,911,533 0.61 ITPR1, BHLHE40, SUMF1

3 88,750,416 89,386,272 0.50 C8B, C8A

21 14,912,081 15,547,515 0.44 SLCO3A1

24 6,860,561 7,499,698 0.38 RTTN

16 53,817,301 54,451,982 0.34 PDPN

1 137,657,855 138,268,870 0.33 MIR2288

SU Lesion susceptibility 6 86,762,457 87,405,290 0.56 GC, SLC4A4

18 21,422,708 22,070,855 0.41 RBL2, CHD9, AKTIP, FTO

Lesion severity 14 8,954,477 9,597,429 0.86 KCNQ3, EFR3A

18 21,454,669 22,081,129 0.70 RBL2, CHD9, AKTIP, FTO

14 5,922,777 6,526,644 0.52 KHDRBS3

WL Lesion susceptibility 14 64,061,208 64,708,627 0.60 POLR2K, RNF19A

3 88,750,416 89,386,272 0.38 C8B, C8A

10 97,152,695 97,799,000 0.37 –

6 37,796,921 38,426,291 0.36 –

25 4,353,128 4,984,105 0.30 –

Lesion severity 25 4,231,415 4,872,654 0.75 –

6 37,412,062 38,055,681 0.72 LCORL

19 59,814,966 60,461,025 0.61 –

1 153,405,778 154,054,353 0.61 PLCL2, DAZL

1 155,049,738 155,696,507 0.49 SATB1

3 89,466,489 90,090,412 0.49 PLPP3, PRKAA2

17 5,843,870 6,493,219 0.48 GATB
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recorded in detail for each foot over time in the studied 
population. Compared to lesion severity, the lesion sus-
ceptibility phenotype focused only on the presence of a 
lesion (i.e., as 0/1 for healthy/affected) at any time point 
and on any foot, regardless of lesion severity, number 
of feet affected, or lactation stage when the animal was 
affected. The lesion susceptibility phenotype is relatively 
close to the trait definition derived from foot-trimming 
records that is commonly used for genetic studies on foot 

lesions, except that in our study we carefully recorded 
mild lesions of SH, SU or WL, which may not always be 
represented in foot-trimming records. We recognize that 
it would also be possible to use binary lesion records at 
four time points as repeated measurements to analyse 
lesion susceptibility with an animal repeatability model, 
although this approach would increase the chance of mis-
phenotyping because less information is used to classify 
unaffected (healthy) animals. Given this, we explored 

Fig. 3 Manhattan plots of the proportion of genetic variance (%) explained by each genomic window of 0.65 Mb for lesion susceptibility (left) and 
lesion severity (right) of sole haemorrhage (SH), sole ulcers (SU), and white line disease (WL)
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this approach and found similar heritability estimates 
for lesion susceptibility considering standard deviation 
of estimates. Thus, the results of analysing lesion suscep-
tibility using repeated records are not reported in this 
paper.

Genetic parameters were estimated for lesion suscep-
tibility and lesion severity, respectively. Although herit-
ability estimates for lesion severity traits are not directly 
comparable to those for lesion susceptibility, since the 
latter are expressed on an underlying liability scale, 
both suggest the presence of significant genetic vari-
ance among animals, at least for SH and SU, to underpin 
genetic selection for improved foot health.

Lesion susceptibility for SH and SU was found to be 
under genetic control with low to moderate heritabili-
ties, in agreement with previous studies on foot lesions 
in dairy cattle [17, 18, 26–28, 52, 53]. The high positive 
genetic correlation between SH and SU susceptibility 
(0.98) is in broad agreement with previous studies that 
reported positive genetic correlations between SH and 
SU ranging from 0.38 to 0.90 [17, 18, 28, 52–55]. This is 
also consistent with SU developing from evolved severe 
cases of SH. For WL susceptibility, the heritability was 
estimated to be 0.10 in this study but not statistically 
different from zero. Previous studies reported heritabil-
ity estimates for WL susceptibility ranging from 0.01 to 
0.11 [18], with the variation of these heritability estimates 
being partly due to differences in the populations stud-
ied, limited data sizes, phenotype definitions or pheno-
typing accuracy. In our study, the susceptibility of WL 
was shown to be positively genetically correlated with SH 
and SU, which is consistent with previous studies report-
ing genetic correlation estimates of 0.06 to 0.73 between 
SH and WL, and 0.31 to 0.98 between SU and WL [18]. 
The positive genetic correlations between SH, SU and 
WL indicated the possibility of genetic improvement of 
resistance to one lesion through selection on the other.

The variance components and heritability for binary 
lesion susceptibility traits were estimated on the liability 
scale using a threshold model to consider the genetic var-
iation underlying the observed case–control phenotype 
of disease traits. An alternative method is to estimate 
heritability on the observed scale (i.e., simply 0 and 1) 
for binary lesion traits and then transform to the liabil-
ity scale [56]. We tested both methods for estimating the 
heritability for binary lesion traits and the results agreed 
with each other.

For lesion severity traits, the lesion severity of SH, SU, 
and WL was also shown to be under genetic control with 
low heritabilities. The severity of claw horn lesions has 
been less studied in previous research mainly due to the 
nature of foot-trimming records. Similar to lesion sus-
ceptibility, the severity of SH and SU was also shown to 

be positively correlated to each other. The genetic corre-
lation between WL severity and SU severity tended to be 
positive, inferring genetic association between the sever-
ity of the two lesions. In contrast, the genetic correlation 
between the severity of SH and WL was close to 0 but 
with uncertainty due to the large standard error, which 
may be partly affected by the low heritability of WL. 
Based on previous research, the genetic background of 
WL-related phenotypes is generally poorly understood 
with a heritability of WL-related phenotypes ranging 
from 0.01 to 0.11 with relatively large standard errors 
[18], which indicates a strong influence of the environ-
ment on the presence and development of WL or a lack 
of accuracy in defining WL phenotypes.

Genetic architecture of CHL
All GWA results indicated complex genetic architecture 
underlying lesion susceptibility and severity of SH, SU, 
and WL, which is consistent with findings from previous 
studies [19, 21–24]. Nevertheless, although the develop-
ment of CHL appears to be a multi-factorial process that 
is potentially controlled by a large number of genetic vari-
ants, certain genomic regions were identified in our study 
that explained relatively large proportions of the genetic 
variance for the CHL traits. These candidate genomic 
regions harbour annotated genes that closely link to the 
immune system function and inflammation response 
(including production of pro-inflammatory cytokines, 
activities of neutrophils, complement activities, B cell 
activities and leukocyte migration), lipid metabolism, cal-
cium ion activities, and neuronal excitability. The role of 
inflammatory responses in the development of CHL has 
been previously postulated [57]; a recent study showed 
a significant association between early lactation clinical 
mastitis and the subsequent development of SU [58]. The 
role of lipid metabolism in the development of CHL has 
also been reported [59, 60]. The link of neuronal excita-
bility with CHL may be associated with animals’ response 
to pain caused by foot lesions.

Among all the top genomic windows associated with 
CHL in our study, two regions located on BTA3: 88.7–
91.4 Mb and BTA18: 21.4–22.3 Mb may be of particular 
interest as they were found to be associated with multiple 
foot lesions. The region on BTA3: 88.7–91.4  Mb that is 
associated with both SH and WL in our study overlaps 
with a reported candidate QTL for digital dermatitis, an 
infectious foot lesion, in Holstein cattle [19]. The region 
on BTA18: 21.4–22.3 Mb that is associated with both SH 
and SU in our study was previously found to be related 
to infectious foot lesions of heel horn erosion in Holstein 
cattle [22]. These findings might suggest the existence of 
potential genetic links between the non-infectious foot 
lesions studied here (SH, SU, WL) and infectious foot 
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lesions such as digital dermatitis and heel horn erosion 
in dairy cattle. Annotated genes of interest within these 
two regions are responsible for the production of pro-
inflammatory cytokines (PLPP3 gene) and complement 
activities (C8B and C8A genes) in the immune responses 
of Bos taurus. The PLPP3 gene has also been reported to 
be associated with resistance to clinical mastitis in Hol-
stein cattle [61].

Certain additional genomic regions identified for CHL 
in our study were also previously reported. The genomic 
window on BTA6: 86,762,457–87,405,290 bp that is asso-
ciated with SU susceptibility overlaps with a candidate 
QTL previously reported for WL in Holstein cattle [22]. 
The GC gene (GC vitamin D binding protein), within 
this region on BTA6, is linked with the enhancement of 
neutrophil activities in inflammation and macrophage 
activation. The GC gene on BTA6 has been widely 
reported to be associated with clinical mastitis in dairy 
cattle based on large-scale genetic studies in Nordic Hol-
steins [62] and functional genomic analyses on mastitis 
resistance in Dutch Holstein Friesians [63]. Results from 
these and our studies might collectively infer pleiotropic 
effects of the GC gene on the genetic control of multiple 
conditions.

In addition, the large-effect markers with a clear peak 
around BTA1:137.3–141.7  Mb that are identified here 
for SH severity are in high LD with a reported candidate 
QTL for SH around BTA1: 136.9  Mb that was reported 
in the French Holstein population [22]. The precise loca-
tion of candidate QTL needs further fine-mapping of the 
region using higher-density genotypes including whole-
genome sequencing data.

Insights, limitations, and future perspectives
Genetic parameters, large-effect markers, candidate 
genomic regions and annotated genes identified for CHL 
susceptibility and severity phenotypes offer a holistic 
view of the genetic background of CHL. Based on these 
results, we found that some of the candidate QTL identi-
fied here were shared between susceptibility and sever-
ity for a lesion, but mostly they were specific to either its 
susceptibility or severity. The results might imply poten-
tial differences between the genetic basis of lesion sus-
ceptibility and lesion severity even if the phenotypes are 
related to each other. Apart from lesion susceptibility and 
severity, the phenotype of “lesion recovery”, i.e. the ani-
mals’ ability to recover from a foot lesion, was previously 
studied in Holstein cattle [64]. Results from that study 
suggested differences in the genetic background between 
disease recovery and susceptibility [64].

Claw horn lesions in dairy cattle are complex traits 
with a low heritability that are potentially controlled by 
multiple genes [18]. We applied window-based GWA 

to account for the imperfect LD between single SNPs 
and QTL that affect complex traits [65]. The size of 
the genomic windows (i.e., 0.65  Mb in this study) was 
determined based on the LD structure of the studied 
population. We also tested additional window sizes rang-
ing from 0.5 to 1  Mb, which resulted in the same top 
genomic windows. However, due to the limitations of 
the genotype DNA array density, the identified candi-
date genomic regions were quite large, leading to a cer-
tain level of uncertainty regarding the exact location of 
the QTL and the annotated candidate genes. Future fine-
mapping analyses using sequence data are needed to fur-
ther validate the results and narrow down the candidate 
regions of interest; for example, for the 500-kb upstream 
and downstream regions from large-effect SNPs and the 
top genomic windows reported here. Potential large-
effect functional variants may also be further validated 
using functional genomic analyses, such as gene expres-
sion analyses and experimental validation.

Apart from the insights into the genetic basis of CHL, 
large-effect markers and candidate genomic regions iden-
tified for CHL may also inform the development of accu-
rate genomic selection (e.g., offer weights to the markers) 
towards reducing the incidence of CHL and lameness 
in dairy cattle populations. Improving functional anno-
tation of the cattle genome and inclusion of biological 
priors such as variants with functional significance will 
contribute to improved accuracy of genomic predic-
tions for complex traits in dairy cattle breeding [66]. Pre-
cise locations of the QTL associated with CHL will offer 
insights into the genetic improvement of foot health in 
dairy cattle and drive further refinements in the design of 
genotyping chips for selective breeding purposes.

Conclusions
The studied claw horn lesions, which are responsible for 
lameness in dairy cattle, are complex traits that  follow 
a polygenic mode of inheritance. Most traits exhibited 
genetic variation, which suggests that animal resistance 
to CHL can be improved with selective breeding. The 
individual CHL traits were generally positively correlated, 
indicating the possibility to expedite genetic improve-
ment to CHL resistance as a whole. Candidate genes and 
QTL associated with CHL are linked to the immune sys-
tem function and inflammation responses, lipid metabo-
lism, calcium ion activities, and neuronal excitability. The 
presence of some common QTL that are shared between 
multiple lesions and between lesion susceptibility and 
severity further corroborates the genetic associations 
among foot lesions. Candidate QTL identified for lesion 
susceptibility and severity provide insights into a global 
picture of the genetic background that underlies CHL 
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and inform genomic selection for improved foot health in 
dairy cattle.
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