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  ABSTRACT 

  Hoof lesions contributing to lameness are crucial 
economic factors that hinder the profitability of dairy 
enterprises. Producer-recorded hoof lesions data of US 
Holsteins were categorized into infectious (abscess, 
digital and interdigital dermatitis, heel erosion, and 
foot rot) and noninfectious (korn, corkscrew, sole and 
toe ulcer, sole hemorrhage, white line separation, fis-
sures, thin soles, and upper leg lesions) categories of 
hoof lesions. Pedigree- and genomic-based univariate 
analyses were conducted to estimate the variance 
components and heritability of infectious and nonin-
fectious hoof lesions. A threshold sire model was used 
with fixed effects of year-seasons and random effects of 
herd and sire. For genomic-based analysis, a single-step 
procedure was conducted, incorporating H matrix to 
estimate genomic variance components and heritability 
for hoof lesions. The pedigree-based analysis produced 
heritability estimates of 0.11 (±0.05) for infectious hoof 
lesions and 0.08 (±0.05) for noninfectious hoof lesions. 
The single-step genomic analysis produced heritability 
estimates of 0.14 (±0.06) for infectious hoof lesions and 
0.12 (±0.08) for noninfectious hoof lesions. Approxi-
mated genetic correlations between hoof lesion traits 
and hoof type traits along with productive life and net 
merit were all low and ranged between −0.25 and 0.14. 
Sire reliabilities increased, on average, by 0.24 and 0.18 
for infectious and noninfectious hoof lesions, respec-
tively, with incorporation of genomic data. 
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  Short Communication 

  Hoof lesions are a primary cause of lameness in most 
dairy herds (Oberbauer et al., 2013). Lameness is rec-
ognized as a major cause of economic loss in the dairy 

industry due to its unfavorable effect on productivity 
and profitability in commercial dairy operations (Her-
nandez et al., 2005; Bicalho and Oikonomou, 2013). 
Lameness causes pain, leading to a debilitating condi-
tion and distress in affected cows, which is considered a 
serious animal welfare issue (Vermunt, 2007; von Key-
serlingk et al., 2009). A few decades ago, the incidence 
of lameness in dairy cattle in the United States was 
estimated at 15% (Wells et al., 1993), and a more re-
cent study in 3 commercial California dairies performed 
by Oberbauer et al. (2013) reported that the prevalence 
of hoof lesions ranged from 2.2% (foot rot) to 17.1% 
(digital dermatitis). Guard (1999) estimated direct cost 
due to lameness in a 100-cow herd to be $7,600. 

  Genomic selection in dairy cattle breeding showed 
greater accuracy of predicted genetic merit for young 
bulls (Hayes et al., 2009; VanRaden et al., 2009). 
Improving health traits of dairy cattle using genomic 
selection is appealing. Research on hoof lesions has 
recently started in the United States (Parker Gaddis et 
al., 2012, 2014). Parker Gaddis et al. (2014) estimated 
genomic variance components and heritabilities for var-
ious health events using producer-recorded health data. 
Several previous studies have reported the heritabilities 
of hoof lesions using pedigree relationship matrix (Buch 
et al., 2011; Chapinal et al., 2013). However, previous 
studies have not evaluated specific categories of hoof 
lesions using genomic information. The objectives of 
the current study were to (1) estimate the genomic 
variance components and heritability of hoof lesions 
in US Holsteins, (2) compare the sire PTA reliabilities 
between pedigree- and genomic-based analyses, and (3) 
compare the genetic association between hoof lesions 
data coming from different sources and recorded in dif-
ferent formats. 

  Information used in this study was obtained from 3 
sources. Two data sets were provided by Dairy Records 
Management Systems (Raleigh, NC) and were collected 
on US Holstein cows from 2007 to 2013. The hoof le-
sions data set (HOOF) contained specific records 
for hoof lesions (e.g., abscess, heel erosion, sole ulcer) 
that were recorded by trained dairy farmers and hoof 
trimmers. The lameness data set (LAME) contained 

Short communication: Genomic selection for hoof 
lesions in first-parity US Holsteins 
  K.   Dhakal ,*1  F.   Tiezzi ,*  J. S.   Clay ,† and  C.   Maltecca *
   * Department of Animal Science, North Carolina State University, Raleigh 27695 
   † Dairy Records Management Systems, Raleigh, NC 27603 

  

  

 Received September 8, 2014.
 Accepted January 13, 2015.
  1   Corresponding author:  kdhakal@ncsu.edu 



Journal of Dairy Science Vol. 98 No. 5, 2015

SHORT COMMUNICATION: SELECTION FOR HOOF LESIONS 3503

data that were recorded for the same period as a single 
category (presence or absence of lameness) and were 
recorded by farmers using on-farm software as part of 
the routine management. Hoof-health related informa-
tion collected from on-farm data is sometime criticized 
for not providing a reliable measure of the true oc-
currence of hoof lesions. Therefore, the 2 sets of data, 
HOOF and LAME, allowed a direct comparison of the 
measure used and were considered different traits. The 
third data set included type traits information and was 
obtained from Holstein Association USA (Brattleboro, 
VT).

In both HOOF and LAME data sets, records on first-
parity Holstein cows were retained and subjected to 
a series of data quality edits following Parker Gaddis 
et al. (2012). This included imposing minimum and 
maximum constraints on that data by herd to avoid 
herds that either over- or under-represented hoof lesion 
or lameness events. Furthermore, sires with fewer than 
3 daughters were removed. Editing reduced the HOOF 
data set from 36,672, to 23,467 first-parity records. 
Hoof lesions were recorded in a binary format: “0” was 
assigned to healthy cows and “1” was assigned to cows 
that presented at least one hoof lesion. Multiple lesions 
were infrequent (<6%) and were coded as a single oc-
currence. Hoof lesions were categorized into 2 different 
traits: infectious and noninfectious hoof lesions. Hoof 
lesions grouped under infectious hoof lesions included 
abscess, digital and interdigital dermatitis, heel erosion, 
and foot rot lesions. Similarly, hoof lesions categorized 
under noninfectious hoof lesions included korn, cork-
screw, sole and toe ulcer, sole hemorrhage, white line 
separation, fissures, thin soles, and upper leg lesions. 
The LAME data set contained 87,471 records after ap-
plying data quality edits. Lameness was again coded 
as “0” for healthy cows and “1” for cows with at least 
one lameness recording. The HOOF and LAME data 
sets were further combined. Records retained included 
phenotypes from both sources (n = 12,881) as well 
as records that were missing either hoof lesion (n = 
20,660) or lameness (n = 74,590) information. The lat-
ter were assigned a missing value for the missing trait. 
The combined data set was termed HOOF-LAME and 
included 108,131 records.

Pedigree and genomic-based analyses were performed 
for each hoof lesion category (infectious and noninfec-
tious) using the HOOF data set. A threshold sire model 
was used to estimate pedigree-based variance com-
ponents and heritability using the THRSGIBBS1F90 
program (version 2.104; Tsuruta and Misztal, 2006). 
The model was

λ = Xβ + Zhh + Zss + e,

where λ represents a vector of unobserved liabilities to 
the given hoof lesion; β is a vector of fixed effects in-
cluding overall mean and year-season; h represents the 
random herd effect, where h ∼ N h0 2, ,Iσ( )  with I repre-
senting an identity matrix and σh

2 representing the vari-
ance of herd; s represents the random sire effect, where 
s ∼ N s0 2, ,Aσ( )  with A representing the additive genetic 
relationship matrix and σs

2 representing the sire vari-
ance; X represents the corresponding incidence matrix 
for the fixed effect; Zh and Zs represent the correspond-
ing incidence matrices for the appropriate random ef-
fects; and e represents the random residuals following 
N(0, I) and fixing the variance equal to 1 to attain 
identifiability.

For the genomic analysis, the preGSf90 software (ver-
sion 1.142; Aguilar et al., 2011) was used to incorporate 
genomic data into the blended H matrix in a single-
step procedure (Aguilar et al., 2010; Legarra and Du-
crocq, 2012). The H matrix was used in lieu of A for 
the random sire effect s ∼ N s0 2, .Hσ( )  Quality control of 
the genomic data was performed using default settings 
of the preGSf90 software. These included exclusion of 
SNP located in the sex chromosome, SNP having minor 
allele frequency of <0.05, and SNP with call rates be-
low 0.90. In addition, quality control included removal 
of individuals with a call rate below 0.90. After apply-
ing data quality edits, genomic data were available on 
40,608 markers for 471 sires. The average number of 
daughters per sire was 28 (maximum = 362, minimum 
= 3). The G matrix was calculated following VanRaden 
(2008), using allele frequencies calculated from the 
available genotypes.

A Monte Carlo Markov chain approach through Gibbs 
sampling was used to obtain estimates of variance com-
ponents. In total, 300,000 iterations were completed, 
with the first 50,000 discarded as burn-in and storing 
every 100th sample. Convergence was assessed by vi-
sual inspection of trace plots, and additional diagnostic 
tests were carried out to confirm convergence such as 
obtaining estimates of autocorrelation and effective 
sample size through R (http://cran.r-project.org) with 
the CODA package (Plummer et al., 2013). Post-Gibbs 
analyses were completed using the POSTGIBBSF90 
program (version 3.04; Misztal et al., 2002).

Reliabilities were obtained with both pedigree and 
genomic information to assess the advantage of includ-
ing the latter information in the analysis. To do so, 
we relaxed the editing constraint on the number of 
daughters per sires. We therefore included sires with 
fewer than 3 progenies in an additional analysis in 
which sire variance was fixed at the estimate obtained 
with the constraint in place. Approximate reliabilities 
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of pedigree PTA were calculated using the ACCF90 
program (version 1.67; Misztal et al., 2002). Similarly, 
reliabilities of genomic PTA were approximated follow-
ing Misztal et al. (2013).

Genetic correlations between each hoof lesion and 
hoof type traits, such as feet and leg (FL), rear leg 
set (RLS), foot angle (FANG), and rear leg rear view 
(RLRV), along with productive life (PL), and net 
merit (NM), were approximated using the reliabilities 
of sire PTA following Calo et al. (1973). The PL and 
NM sire PTA were obtained from the national genetic 
evaluation system (Cole and VanRaden, 2010). For the 
hoof type traits, data were available for only 206 sires. 
For breeding purposes, negative genetic correlations 
between hoof lesion and hoof type traits are favorable.

Correlations between each hoof lesion category and 
the lame trait were obtained from a series of pedi-
gree- and genomic-based bivariate analyses using the 
HOOF-LAME data set. Fixed and random effects were 
identical to those described in the univariate analyses.

Frequencies of infectious and noninfectious hoof le-
sions were 2.27 and 2.08%, respectively. Chapinal et al. 
(2013) reported the incidence rates of front and rear 
hoof lesions in first-parity cows. The front hoof lesion 
incidence rates were 2.7, 4.4, and 0.9% for infectious, 
horn, and other hoof lesions, respectively. Similarly, 
the rear hoof lesion incidence rates were 23.8, 13.1, 
and 2.9% for infectious, horn, and other hoof lesions, 
respectively. Infectious hoof lesions were the more com-
mon hoof lesions in our study, in agreement with other 
studies that classified lesions similarly (Somers et al., 
2003; Holzhauer et al., 2006; Chapinal et al., 2013).

Posterior means of pedigree- and genomic-based 
variance components and heritability of infectious and 
noninfectious hoof lesions are shown in Table 1. As ex-
pected, sire variance components increased in genomic-
based analysis compared with pedigree-based analysis, 
resulting in slightly higher heritability of hoof lesions. 
The genomic relationships between sires may have cap-
tured the actual variation introduced by chromosomal 
segregation. The heritability estimates of infectious 

hoof lesions from pedigree- and genomic-based analyses 
were 0.11 (±0.05) and 0.13 (±0.06) respectively. Simi-
larly, the heritability estimates of noninfectious hoof 
lesions from pedigree- and genomic-based analysis were 
0.08 (±0.05) and 0.12 (±0.08) respectively. The differ-
ences in heritability estimates between pedigree- and 
genomic-based analyses may be due to the differences 
in scale of the relationship matrices and because differ-
ent base populations were used in creating the A and H 
matrices (Parker Gaddis et al., 2014). The heritability 
estimates for infectious hoof lesions were in agreement 
with those of a previous study conducted by Chapinal 
et al. (2013). Johansson et al. (2011) reported similar 
heritability estimates of infectious hoof lesions from the 
study conducted in Holstein populations of Finland and 
Sweden. It should be noted that, most of the time, eti-
ology remains unknown for noninfectious hoof lesions 
and thus genetic variance obtained for noninfectious 
lesions may not reflect true genetic variance.

The comparison between sire PTA reliabilities from 
pedigree- and genomic-based is shown in Table 2. The 
addition of genomic data improved reliabilities for both 
infectious and noninfectious hoof lesions. The average 
increment in reliability using genomic data was 0.24 
and 0.18 for infectious and noninfectious hoof lesions, 
respectively. For infectious hoof lesions, the sire PTA 
reliabilities ranged from 0.26 to 0.64 and that of sire 
genomic PTA from 0.32 to 0.81. For noninfectious hoof 
lesions, the sire PTA reliability range was from 0.24 to 
0.58 and that of sire genomic PTA reliability from 0.29 
to 0.74. The sires’ gain in reliability obtained with the 

Table 1. Posterior mean, SD, and 95% highest posterior density (HPD) of variance components and heritability of infectious and noninfectious 
hoof lesions obtained from pedigree- and genomic-based analysis 

Trait

Sire variance Herd variance Heritability

Mean SD 95% HPD Mean SD 95% HPD Mean SD 95% HPD

Pedigree-based          
 Infectious 0.039 0.017 [0.008; 0.071] 0.325 0.066 [0.209; 0.462] 0.113 0.047 [0.024; 0.202]
 Noninfectious 0.027 0.018 [0.001; 0.063] 0.344 0.077 [0.206; 0.500] 0.077 0.052 [0.001; 0.179]
Genomic-based          
 Infectious 0.048 0.022 [0.008; 0.092] 0.325 0.066 [0.209; 0.457] 0.138 0.063 [0.021; 0.257]
 Noninfectious 0.044 0.028 [0.001; 0.096] 0.346 0.078 [0.206; 0.499] 0.124 0.077 [0.001; 0.264]

Table 2. Comparison of mean reliabilities of PTA and genomic PTA 
(GPTA) from pedigree- and genomic-based analysis 

Trait
PTA  

reliability
GPTA  

reliability
Overall  
gain1

Infectious 0.42 0.66 0.24
Noninfectious 0.30 0.48 0.18
1Gain in reliability due to difference between reliability obtained from 
pedigree- and genomic-based analysis.
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Figure 1. Increase in reliability trend with respect to number of daughters per sire in univariate single-step analysis for (A) infectious hoof 
lesions and (B) noninfectious hoof lesions. Color version available online.
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inclusion of genomic information for increasing number 
of progeny is depicted in Figure 1A and B for infec-
tious and noninfectious hoof lesions, respectively. As 
expected, the use of genomic data improved mainly the 
reliabilities of young sires with few or no daughters.

Sire PTA reliabilities for hoof type traits ranged from 
0.11 to 0.19. Approximate genetic correlations between 
hoof lesions and hoof type traits along with PL and 
NM are shown in Table 3. All correlations were signifi-
cant (P < 0.05) when the t-test was used (Campbell 
and Machin, 1999) except for those between FANG 
and infectious hoof lesions, FL and noninfectious hoof 
lesions, and NM and noninfectious hoof lesions. Nega-
tive genetic correlations were observed for infectious 
hoof lesions with all traits except for RLS, indicating 
that increased genetic liability to infectious hoof le-
sions is associated with decreased PL, NM, and hoof 
type traits. Ødegård et al. (2014) reported a negative 
genetic correlation between infectious hoof lesions and 
RLRV in their study on Norwegian Red cows. In case 
of noninfectious hoof lesion, only RLRV and NM traits 
were negatively correlated. Gernand et al. (2013) re-
ported that RLRV was negatively correlated with sole 
ulcer. Based on the observations, it can be inferred that 

hoof type traits could be used for genetic selection for 
infectious hoof lesions in situations where hoof lesions 
phenotype are difficult to record.

The posterior means, standard deviations, and 95% 
highest posterior density (HPD) of pedigree- and 
genomic-based heritabilities and genetic correlations 
from bivariate analyses are shown in Table 4. Bivariate 
analyses showed higher heritabilities than the corre-
sponding univariate analyses. Moreover, genomic-based 
analyses resulted in higher heritabilities than pedigree-
based analyses. Genomic information contained in the 
H matrix allows consideration of Mendelian sampling 
for genotype individuals into the additive genetic ef-
fect, leading to higher variance estimates. Heritability 
estimates were 0.11 (±0.05), 0.10 (±0.05), and 0.04 
(±0.01), for infectious, noninfectious, and lameness 
traits, respectively, in pedigree-based analysis, whereas 
in genomic-based analysis, heritability estimates were 
0.17 (±0.07), 0.15 (±0.07), 0.06 (±0.02), for infectious, 
noninfectious, and lameness traits, respectively. Most 
of the previous studies categorized all hoof lesions into 
a single lameness event. Heritability of lameness has 
been estimated between 0.02 and 0.22 (Zwald et al., 
2004; Neuenschwander et al., 2012; Parker-Gaddis et 
al., 2014). The posterior mean of genetic correlation 
between infectious lesions and lameness is 0.51 (95% 
HPD: −0.098; 0.996), and genetic correlation between 
noninfectious lesions and lameness is 0.91 (95% HPD: 
0.636; 1.000). The posterior mean of genomic corre-
lation between infectious lesions and lameness is 0.44 
(95% HPD: −0.048, 0.931) and genomic correlation be-
tween noninfectious lesions and lameness is 0.74 (95% 
HPD: 0.305, 0.994). In this study, in both pedigree- and 
genomic-based analysis, the genetic correlation between 
noninfectious lesions and lameness did not include zero 
in the 95% HPD interval (Table 4). This indicates that 
most of the producer-recorded data in lameness trait 
were mainly noninfectious hoof lesions. The reason for 

Table 3. Approximated genetic correlations (SE in parentheses) 
between hoof type traits, productive life, and net merit with results 
from pedigree-based analysis 

Trait

Hoof lesions

Infectious Noninfectious

Feet and leg1 −0.06 (0.029)* 0.02 (0.028)
Rear leg set1 0.14 (0.026)* 0.13 (0.024)*
Foot angle1 −0.04 (0.029) 0.10 (0.027)*
Rear leg rear view1 −0.25 (0.032)* −0.09 (0.030)*
Productive life −0.03 (0.014)* 0.05 (0.013)*
Net merit −0.08 (0.014)* −0.02 (0.012)
1Hoof type traits.
*Genetic correlation significant at P < 0.05.

Table 4. Posterior mean, SD, and 95% highest posterior density (HPD) of heritability and genetic correlation from bivariate analysis of hoof 
lesions and lameness traits from both pedigree- and genomic-based analysis 

Trait

Heritability Genetic correlation with lameness

Mean SD 95% HPD Mean SD 95% HPD

Pedigree-based       
 Infectious 0.11 0.05 [0.015; 0.207] 0.51 0.34 [−0.098; 0.996]
 Noninfectious 0.10 0.05 [0.024; 0.197] 0.91 0.13 [0.636; 1.000]
 Lameness* 0.04 0.01 [0.020; 0.064]    
Genomic-based       
 Infectious 0.17 0.07 [0.044; 0.295] 0.44 0.27 [−0.048; 0.931]
 Noninfectious 0.15 0.07 [0.026; 0.300] 0.74 0.21 [0.305; 0.994]
 Lameness* 0.06 0.02 [0.021; 0.089]    

*Heritability of lameness reported from infectious-lameness bivariate analysis.
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this could be that because producers voluntarily record 
these records, there may be some bias in recording in-
fectious hoof lesions.

The heritability estimates obtained for infectious 
and noninfectious hoof lesions in this study indicate 
that genetic or genomic selection is possible due to the 
presence of a heritable component in producer-recorded 
hoof lesions. Nordic countries have already included 
hoof health in their index and have seen slow progress 
in reducing prevalence of lameness. van der Linde et al. 
(2010) reported that when using a claw health index, 
the reduction in prevalence of lameness was 0.1 to 0.7% 
per year. Thus, genetic or genomic selection for hoof 
lesions should be incorporated into breeding programs 
to enable reasonable genetic improvement of cows’ re-
sistance to hoof lesions.
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