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ABSTRACT

Infection of cattle with bovine paratuberculosis (i.e., 
Johne’s disease) is caused by Mycobacterium avium 
subspecies paratuberculosis (MAP) and results in a 
chronic incurable gastroenteritis. This disease, which 
has economic ramifications for the cattle industry, is 
increasing in detected prevalence globally; subclinically 
infected animals can silently shed the bacterium into 
the environment for years, exposing contemporaries 
and hampering disease-control programs. The objec-
tive of the present study was to first quantify the ge-
netic parameters for humoral response to MAP in dairy 
cattle. This was followed by a genome-based associa-
tion analysis and subsequent downstream bioinformatic 
analyses from imputed whole genome sequence SNP 
data. After edits, ELISA test records were available on 
136,767 cows; analyses were also undertaken on a sub-
set of 33,818 of these animals from herds with at least 
5 MAP ELISA-positive cows, with at least 1 of those 
positive cows being homebred. Variance components 
were estimated using univariate animal and sire linear 
mixed models. The heritability calculated from the ani-
mal model for humoral response to MAP using alterna-
tive phenotype definitions varied from 0.02 (standard 
error = 0.003) to 0.05 (standard error = 0.008). The 
genome-based associations were undertaken within a 
mixed model framework using weighted deregressed 
estimated breeding values as a dependent variable on 
1,883 phenotyped animals that were ≥87.5% Holstein-
Friesian. Putative susceptibility quantitative trait loci 
(QTL) were identified on Bos taurus autosome 1, 3, 5, 
6, 8, 9, 10, 11, 13, 14, 18, 21, 23, 25, 26, 27, and 29; 
mapping the most significant SNP to genes within and 

overlapping these QTL revealed that the most signifi-
cant associations were with the 10 functional candidate 
genes KALRN, ZBTB20, LPP, SLA2, FI3A1, LRCH3, 
DNAJC6, ZDHHC14, SNX1, and HAS2. Pathway 
analysis failed to reveal significantly enriched biologi-
cal pathways, when both bovine-specific pathway data 
and human ortholog data were taken into account. The 
existence of genetic variation for MAP susceptibility 
in a large data set of dairy cows signifies the potential 
of breeding programs for reducing MAP susceptibility. 
Furthermore, the identification of susceptible QTL 
facilitates greater biological understanding of bovine 
paratuberculosis and potential therapeutic targets for 
future investigation. The novel molecular similarities 
identified between bovine paratuberculosis and human 
inflammatory bowel disease suggest potential for human 
therapeutic interventions to be translated to veterinary 
medicine and vice versa.
Key words: Johne’s disease, resistance, quantitative 
trait loci, genome-wide association study, sequence

INTRODUCTION

Paratuberculosis, also known as Johne’s disease, 
caused by the gram-positive aerobic bacterium Myco-
bacterium avium subspecies paratuberculosis (MAP), 
is a contagious disease primarily affecting ruminants. 
Paratuberculosis results in chronic, progressive gastro-
enteritis for which there is no cure (Harris and Bar-
letta, 2001). First reported in Europe by Johne and 
Frothingham (1895) as a “peculiar case of tuberculosis 
in cattle,” MAP is primarily spread via the fecal-oral 
route; younger animals are most susceptible to clinical 
MAP infection upon exposure (Windsor and Whitting-
ton, 2010). Clinical signs of MAP infection in cattle, 
primarily observed in older cattle (MAP has an incu-
bation period of up to 10 yr; Collins, 2003), include 
weight loss due to characteristic pipe stream diarrhea, 
hypoproteinemia (Sweeney et al., 2012), reduced milk 
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yield (Richardson and More, 2009), and reduced cull 
cow value (Richardson and More, 2009), all of which 
adversely affect both animal well-being and farm prof-
itability. Infected animals silently shed MAP in their 
environment via contaminated feces, spreading para-
tuberculosis to uninfected animals (Koets et al., 2015).

Testing for MAP infection, concurrent with manage-
ment (including measures to address both biocontain-
ment and bioexclusion at the herd level) and vaccination 
strategies, are the advocated control measures used to 
curtail the spread of bovine paratuberculosis. Unfor-
tunately, all of these have limited efficacy and will not 
guarantee eradication, even at the herd level, despite 
continued effort over an extended period. Correctly 
classifying animals as infected with paratuberculosis is 
challenging due to the available tests being suboptimal 
in both sensitivity and specificity; moreover, vaccination 
does not result in a reduction in the number of infected 
animals or offer long-term immunity (Park and Yoo, 
2016; Geraghty et al., 2014). In addition, vaccination 
against MAP is prohibited in some countries (e.g., the 
Republic of Ireland). Previous studies on the contribu-
tion of genetic variability to paratuberculosis in dairy 
cattle suggest heritability estimates of susceptibility to 
the disease ranging from <0.01 (Koets et al., 1999) to 
0.283 (Küpper et al., 2012). Differences in parameter 
estimates among studies could be due to a multitude 
of reasons, including the extent of variability (residual 
and genetic) in the populations sampled, sample sizes, 
trait definition, and models used (i.e., linear, threshold, 
animal, sire). Nonetheless, the nonzero heritability esti-
mates of MAP susceptibility, coupled with the existence 
of considerable genetic variability, suggest that genetic 
selection could improve resistance to MAP infection in 
the bovine population; this could prove useful in the 
control and eradication of the disease concomitant with 
other control measures already in place.

Prior studies based on genome-wide associations 
(Settles et al., 2009; Pant et al., 2010; Alpay et al., 
2014) have identified multiple different loci putatively 
associated with bovine paratuberculosis. The degree of 
concordance in reported QTL across studies is, how-
ever, poor. Only one study exists that used imputed 
whole-genome SNP data to detect loci associated with 
MAP infection in cattle, although the study was based 
on relatively small cohorts of up to 459 dairy cattle 
(Kiser et al., 2017). Kiser et al. (2017) identified loci 
on chromosomes 3, 8, 10, 12, 14, 16, 21, and 22 associ-
ated with paratuberculosis susceptibility. Three studies 
exist that have used a gene set enrichment analysis ap-
proach following a genome-based association analysis 
to investigate modest effect SNP and genes, enriched 
pathways, and gene ontologies associated with MAP 

infection in cattle (Neibergs et al., 2010; Del Corvo et 
al., 2017; Kiser et al., 2017).

The objective of the present study was to quantify 
the genetic parameters of the humoral response to 
MAP infection in a large cohort of Irish dairy cows. 
The derived parameters were subsequently used to 
estimate breeding values as an input variable for an 
association analyses using imputed whole-genome SNP 
data to detect regions of the bovine genome putatively 
associated with humoral response to MAP. The biology 
underpinning the detected regions was further investi-
gated by conducting bioinformatics analyses to identify 
the underlying gene functions and related biochemical 
pathways.

MATERIALS AND METHODS

The data used in the present study were obtained 
from a pre-existing database managed by the Irish 
Cattle Breeding Federation (ICBF, Bandon, Co. Cork, 
Ireland). Therefore, it was not necessary to obtain 
animal care and use committee approval in advance of 
conducting this study.

Data

A total of 663,719 ELISA test records on humoral 
(blood and milk antibody) response to MAP were avail-
able from 9 Irish laboratories between June 2012 and 
November 2017, inclusive of 282,396 cows in 2,704 dairy 
and beef herds. The health status of these herds for 
other diseases was unknown. Only cows aged between 
2 and 12 yr at the time of testing were considered. 
Records classified as inconclusive (n = 3,639), suspect 
(n = 1,406), or low positive (n = 4,210) were not con-
sidered further. Subsequently, all individual cow test 
records were classified as either positive (13,685 re-
cords) or negative (640,779 records) to MAP infection 
based on the respective test manufacturer’s guidelines 
[Bovine ELISA Paratuberculosis Antibody Screen-
ing Kit (Institut Pourquier, Montpellier, France), ID 
Screen Paratuberculosis Indirect Screening Test (ID 
Vet, Montpellier, France), Mycobacterium paratubercu-
losis Antibody Test Kit PARACHEK (Prionics, Zurich, 
Switzerland) and Paratuberculosis Antibody Screening 
Test (Idexx Laboratories, Westbrook, ME)].

Of the 10,137 cows with at least 1 positive ELISA 
record, 2,651 also had a negative MAP result following 
a positive MAP result; these cows were discarded from 
the data set. Only data from dairy herds were con-
sidered further. A herd was classified as beef or dairy 
based on the average breed composition of the cows, 
as per Twomey et al. (2016). Cow breed composition 
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was determined from the recorded breed composition 
of ancestors. A dairy herd was defined as a herd whose 
average dairy breed proportion of the cows was ≥75%. 
Only herd-years with ≥25 cows tested were retained. 
Following these edits, 612,375 test records from 260,740 
cows in 4,543 herd-years from 2,170 herds remained.

Herd-years defined as MAP naïve were those which 
only had MAP-negative cattle residing in them; these 
herd-years were not considered further, leaving a total 
of 378,701 records from 186,174 cows in 2,485 herd-
years (1,487 herds). The remaining herd-years were 
considered exposed to MAP infection, as they had at 
least 1 cow that yielded an ELISA-positive result. To be 
retained, all cows must have calved at least once in the 
herd before being tested in the positive herd-year. All 
cow interlocation movement data were available from 
the ICBF database, as it is a legal requirement to re-
cord these movements in Ireland. A cow was considered 
exposed to MAP if she resided in an exposed herd-year 
for at least 1 yr before an ELISA test. This was to allow 
MAP-negative cows adequate time to become exposed 
to MAP via infected contemporary(ies).

Cow parity at test was categorized as 1, 2, 3, 4, or 
≥5. Stage of lactation (i.e., DIM) at ELISA test was 
categorized into 9 categories: 10 to 49, 50 to 99, …, 
and 400 to 450; cows <10 or >450 DIM at test were not 
considered further. Cows with no sire information were 
discarded, and only the most recent test result per cow 
was considered further. Following these edits, 155,072 
cows remained. General heterosis and recombination 
loss coefficients for each animal were calculated as 
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where sirei and dami are the proportion of breed i in the 
sire and dam, respectively (VanRaden and Sanders, 
2003).

Contemporary groups were defined as herd-year-
season of test using an algorithm described in detail 
by Berry and Evans (2014). The algorithm clusters 
herd contemporaries that were tested around the same 
period of the year together but within no more than 
90 d of each other. Only contemporary groups with at 
least 5 cows and at least 1 positive and 1 negative MAP 
test result were retained. After edits, the final data set 
comprised 136,767 cows from 2,463 herd-years with test 
records reported from 8 different laboratories.

Genetic Parameter Estimation  
and Genetic Evaluation

Variance components for humoral response to MAP 
were estimated using animal and sire linear mixed mod-

els in ASReml (Gilmour et al., 2009). The fitted linear 
mixed model was

	 Y = CG + heterosis + recombination + parity 	  

× stage of lactation + a + e,

where Y is the binary dependent variable of the MAP 
phenotype; CG is the fixed effect of contemporary 
group; heterosis is the fixed effect of a general heterosis 
coefficient (0.0%, >0.0 to <0.1%, ≥0.1 to <0.2%, …, 
≥0.9 to <100%, 100%); recombination is the fixed effect 
of a general recombination loss coefficient (0.00%, 
>0.00 to <0.05%, ≥0.05 to <0.10%, …, ≥0.45 to 
<0.50%, 0.50%, >0.50%); parity is the fixed effect of 
the parity of the cow; stage of lactation is the fixed ef-
fect of stage of lactation; a is the random additive ge-
netic effect of the animal where a N~ , ,0 2Aσa( )  with σa

2 
representing the additive genetic variance of the animal 
and A is the additive genetic relationship matrix among 
animals; and e is the random residual effect where 
e N e~ , ,0 2Iσ( )  with σe

2 representing the residual variance 
and I representing the identity matrix. Each cow’s 
pedigree was traced back to the founder population, 
which was assigned to 1 of 10 genetic groups. Sire mod-
els used were as described above, except that the direct 
animal genetic effect was replaced by a sire genetic ef-
fect.

Genetic parameters were calculated for the overall 
data set of 136,767 cows, but also within each of the 
8 laboratories separately. Genetic parameters were 
also estimated for humoral response to MAP, where 
the data were restricted to 33,818 cows that resided 
in herd-years that contained at least 5 MAP ELISA-
positive cows, with at least 1 of those positive cows 
being homebred. The observed binary scale heritability 
estimates were transformed to the underlying liability 
scale via the formula of Robertson and Lerner (1949) 
using the average MAP prevalence of the respective 
cohort:
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where hL
2 is heritability on the liability scale (i.e., 

threshold model); hO
2  is heritability on the observed 

scale; p is the trait prevalence/100; and z2 is the height 
of the ordinate of the normal distribution correspond-
ing to a truncation point applied to p.

Two genetic evaluations were conducted for the pres-
ent study, the first for validating EBV and the second 
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for subsequent use in the genome-wide association anal-
yses. Estimated breeding values and their correspond-
ing reliabilities for MAP susceptibility were calculated 
using the MiX99 software suite (Strandén and Lidauer, 
1999) with the fitted animal model being the same as 
previously described. The EBV were estimated for the 
set of 33,818 phenotyped cows and their relatives that 
resided in herd-years that contained at least 5 MAP-
positive cows, with at least 1 of those positive cows 
being homebred.

Validation of EBV

For the purposes of validation of the genetic evalua-
tions, the MAP phenotype of a subcohort of the 33,818 
cows was masked and their breeding values estimated 
via their pedigree links with related phenotyped ani-
mals. The validation data set was chosen based on 
herd-year characteristics in that only herd-years with 
at least 20 phenotyped animals and a mean herd inci-
dence of between 10 and 25% were retained. In total, 
6,600 animals from 94 herds were considered in the 
validation; the mean prevalence of ELISA positivity in 
this cohort was 15%. Once the MAP phenotypes were 
masked, a genetic evaluation was undertaken using the 
phenotypes of all remaining 27,218 animals. The EBV 
of the validation animals with an estimated reliability 
of >0.05 were retained; 5,477 animals remained. Within 
herd-year, the validation animals were stratified equal-
ly (where the modular of 3 per herd was 0, otherwise 
as close to equal as possible) into high EBV (poor), 
average EBV, and low EBV (good) groups. Logistic 
regression was used to model the association between 
EBV stratum (n = 3) and the logit of the probability 
of a positive MAP outcome; a binomial distribution of 
errors was assumed. The area under the receiver oper-
ating curve was estimated and the odds of a positive 
outcome calculated from the model solutions; the low 
EBV group was used as the referent category. A fur-
ther logistic regression analysis was undertaken where 
the fixed effects model terms of herd-year, heterosis, 
recombination, and a 2-way interaction between parity 
and stage of lactation were also fitted.

Whole-Genome Sequence Imputation  
and Association Analysis

Of the 433,989 animals with an EBV from the ge-
netic evaluation (with no masked phenotypes), only 
genotyped animals ≥87.5% Holstein-Friesian were 
considered for the genome-wide analysis. Principal 
component analysis of the genotypes (along with ani-
mals from other breeds) was used to ensure all animals 
were Holstein-Friesian; 8,780 animals remained. The 

EBV estimated for the Holstein-Friesian animals were 
deregressed using the Secant method in MiX99 (Stran-
dén and Mäntysaari, 2010) and, subsequently, effective 
record contributions were calculated for each animal. 
Only the subset of 1,883 genotyped animals (662 male, 
1,221 female) that had an effective record contribu-
tions value ≥1 were considered further. These animals 
were initially genotyped using 1 of 7 Illumina arrays 
(Illumina Inc., San Diego, CA), namely 3k (2,909 SNP, 
n = 36), low density (7,931 SNP, n = 230), Bovine 
SNP50 (54,001 SNP, n = 300), International Dairy and 
Beef version 1 (IDBv1; 17,137 SNP, n = 121), IDBv2 
(18,004 SNP, n = 677), IDBv3 (53,450 SNP, n = 236), 
and high density (777,962, n = 283). All animals had a 
call rate ≥90% and only autosomal SNP, SNP with a 
reported position as on UMDv3.1, and SNP with a call 
rate ≥90% were retained within each panel.

All animals were imputed to high density using a 
2-step approach with FImpute2 software (Sargolzaei 
et al., 2014); this involved imputing the International 
Dairy and Beef, low density, and 3k genotyped animals 
to the Bovine50 beadchip density (i.e., 54,001 SNP) 
and, consequently, imputing all resulting genotypes (in-
cluding the Bovine50 Beadchip genotypes) to high den-
sity using a multibreed reference population of 5,504 
high-density genotyped animals. The genotypes of all 
animals were imputed to whole-genome sequence level 
using a reference population of 2,333 Bos taurus ani-
mals (using multiple breeds) from Run6.0 of the 1,000 
Bulls Genomes Project (Daetwyler et al., 2014). A 
consensus SNP density across all animals was achieved 
using SAMtools version 1.3.1 (Li, 2011), followed by 
Beagle software version 4.1 imputation (Browning and 
Browning, 2016) to call variants in the reference popu-
lation and improve genotype calls. Details of the align-
ment to UMDv3.1, variant calling, and quality controls 
conducted on the reference population are described 
by (Daetwyler et al., 2014). A total of 41.39 million 
SNP variants were called with an average coverage of 
12.85×. The imputation procedure was completed by 
initially using Eagle v2.3.2 (Loh et al., 2016) to phase 
imputed high-density genotypes, followed by imputa-
tion to whole-genome sequence level using minimac3 
(Das et al., 2016).

Regions of poor whole genome sequencing imputa-
tion accuracy, perhaps due to local misassemblies or 
misoriented contigs, were identified using an additional 
data set of 147,309 verified parent-progeny relation-
ships. Mendelian errors, defined as the proportion of 
opposing homozygotes in a parent-progeny pair, were 
estimated for each relationship and the subsequent 
Mendelian error rate per SNP was determined. To ac-
curately identify genomic regions of poor imputation, 
the R package GenWin (Beissinger et al., 2015), which 
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fits a β-spline to the data to find likely inflection points, 
was used to determine genomic region breakpoints of 
high Mendelian errors. Windows were analyzed us-
ing an initial window size of 5 kb and Genwin-pooled 
windows for which the SNP Mendelian error rate were 
similar. The average SNP Mendelian error rate per 
window was estimated and all variants within windows 
where the mean SNP Mendelian error rate was >0.02 
were removed (687,137 SNP were removed).

A genomic relationship matrix, using just the auto-
somal high-density SNP genotypes, was constructed 
among animals using the VanRaden method 1 (Van-
Raden, 2008). Association analyses were undertaken 
for each SNP separately, using linear mixed models 
in WOMBAT (Meyer, 2007) to calculate SNP effects 
for all 1,883 animals. The model fitted for each SNP 
analysis was

	 Deregressed EBV = µ + SNP + a + e,	

where deregressed EBV is the dependent variable; µ is 
the fixed effect of the population mean; SNP is the 
fixed effect of allele dosage for each SNP (coded as 0, 1, 
or 2); a is the random effect of the animal, where 
a N a~ ,,0 2Gσ( )  with σa

2 representing the additive genetic 
variance of the animal and G the genomic relationship 
matrix among animals; e represents the residual, where 
e N e~ ,,0 2Iσ( )  with σe

2 representing the residual variance 
and I the identity matrix. The dependent variable was 
weighted using the formula by Garrick et al. (2009):
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where wi is the weighting factor of the deregressed EBV 
of the ith animal; h2 is the heritability estimate (i.e., h2 
= 0.05 as estimated in the present study); ri

2 is the reli-
ability of the deregressed EBV for the ith animal; and 
c is the genetic variance not accounted for by the SNP 
(i.e., c = 0.90). Test statistics for all SNP were obtained 
and SNP with P ≤ 5 × 10−8 were considered to be ge-
nome-wide significant.

Defining QTL

Genome-wide significant SNP (P ≤ 5 × 10−8) in-
formed the initial positions for QTL regions associated 
with humoral response to MAP. The QTL start and 
end positions were defined based on SNP that were in 
strong linkage disequilibrium (LD) with these signifi-
cantly associated SNP. A squared correlation threshold 

value of ≥0.7 was used to define whether or not SNP 
were in strong LD with the significantly associated 
SNP. The QTL boundaries were defined as being the 
SNP within a 5-Mb window from the significantly as-
sociated SNP that passed the LD threshold. In cases 
where QTL boundaries were overlapping, these QTL 
were merged and considered as a single (larger) QTL.

Downstream Bioinformatic Analyses

Once defined, the QTL were subsequently mined 
for the presence of annotated candidate genes using 
Ensembl (https:​/​/​www​.ensembl​.org/​) based on the 
UMDv3.1 genome build (https:​/​/​ccb​.jhu​.edu/​bos​
_taurus​_assembly​.shtml). Only nonintergenic SNP 
were considered for further analysis; that is, SNP with 
annotation information for intron variant, splice donor 
variant, stop gained variant, missense variant, synony-
mous variant, downstream gene variant, or upstream 
gene variant. Pathway analyses were then conducted 
based on these identified candidate genes using Innat-
eDB (http:​/​/​www​.innatedb​.com/​; Breuer et al., 2013), 
which used integrated pathway data from the Reac-
tome Pathway Knowledgebase (https:​/​/​reactome​.org/​
; Fabregat et al., 2018), and the Pathway Interaction 
Database (Schaefer et al., 2009). The hypergeometric 
algorithm and Benjamini-Hochberg correction were 
used for querying InnateDB.

RESULTS

Variance Components

The prevalence of positive humoral response to MAP 
in the overall edited national cow data, which included 
136,767 cows, was 4.0%; in the restricted cohort of 
33,818 cows it was 7.7% and ranged from 3.1 to 5.5% 
among the 8 different laboratories (Table 1). For the 
animal models, heritability estimates ranged from 0.006 
to 0.084 (Table 1); heritability estimates for the sire 
models ranged from 0.022 to 0.046. The heritability es-
timate for the overall population of 136,767 animals was 
0.020 (SE = 0.003). The heritability estimate for the 
cohort of 33,818 animals that were subsequently used 
for the genomic analysis was 0.050 (SE = 0.008). The 
additive genetic standard deviation for the prevalence 
of positive humoral response to MAP in the 10 (i.e., 
data from 8 laboratories and either the full or reduced 
data set) different data sets ranged from 0.014 to 0.058 
(Table 1). The additive genetic standard deviation for 
humoral response to MAP in the overall population was 
0.027; the additive genetic standard deviation for the 
reduced cohort used for genomic analysis was 0.058.

https://www.ensembl.org/
https://ccb.jhu.edu/bos_taurus_assembly.shtml
https://ccb.jhu.edu/bos_taurus_assembly.shtml
http://www.innatedb.com/
https://reactome.org/
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EBV and Their Validation

The mean EBV reliability of the 433,989 animals 
(i.e., the 33,818 with MAP humoral phenotypes and 
their 400,171 nonphenotyped relatives) was 0.089 (SD 
= 0.087). The EBV of individual animals ranged from 
−0.190 to 0.159; the maximum EBV reliability was 
0.92. Considering only the cows that had their own 
MAP phenotype available (i.e., the restricted cohort of 
33,818 cows), the mean EBV reliability was 0.192 (SD 
= 0.058).

Summary statistics relating to the validation of EBV 
are in Table 2. The raw mean prevalences of MAP in 
the poor, average, and good EBV strata were 0.16, 
0.14, and 0.12, respectively. The mean reliability of the 
EBV was similar for each stratum (poor = 0.149, aver-
age = 0.144, good = 0.143). Stratum for MAP EBV 
was associated (P ≤ 0.001) with the logit of the prob-
ability of a positive MAP outcome; the area under the 
receiver operating curve when just MAP EBV stratum 
was included in the logistic regression was 0.539. Irre-
spective of whether only MAP stratum was included in 
the model or whether MAP stratum was also included 
simultaneously with other fixed effects, the poor EBV 
stratum had a greater (P < 0.05) odds (1.37 to 1.43) of 
having a positive MAP outcome, relative to the good 
EBV stratum. Although numerically worse, the odds 
of a positive MAP outcome in the animals within the 

average EBV stratum did not differ significantly from 
the good EBV stratum. The predicted probability of a 
positive MAP outcome in the poor, average, and good 
EBV strata for a third-parity cow, 100 to 149 DIM, 
with no heterosis or recombination in the average herd-
year was 0.134, 0.115, and 0.101, respectively.

Genome-Based Associations and Downstream 
Bioinformatic Analyses

A Manhattan plot depicting the association between 
each SNP and the deregressed EBV phenotype for 
MAP humoral response is presented in Figure 1. The 
present study identified 223 SNP as being associated 
(P ≤ 5 × 10−8) with MAP humoral response. A total 
of 17,960 SNP were identified as being in strong LD 
with these 223 SNP, resulting in 18,181 SNP consid-
ered as being associated with MAP humoral response. 
These SNP resided within 47 QTL regions, which were 
distributed across 17 chromosomes, namely BTA 1, 3, 
5, 6, 8, 9, 10, 11, 13, 14, 18, 21, 23, 25, 26, 27, and 29 
(Table 3). The chromosome that harbored the most 
QTL was BTA1 (10 QTL), the largest of the QTL be-
ing 6.87 Mb in length. Mining these 47 QTL regions 
for SNP annotation data and candidate genes resulted 
in 623 positional candidate genes identified for further 
investigation; further information on these findings can 
be found in Supplemental Table S1 (https:​/​/​doi​.org/​

Table 1. Summary statistics for Mycobacterium avium subspecies paratuberculosis infection for each cohort investigated1

Cohort No. of animals Prevalence (%) σa h2 (SE) hL
2 

Entire data set2 136,767 0.04 0.027 0.02 (0.003) 0.1014
Entire data set3 136,767 (7,105 sires) 0.04 0.114 0.02 0.1132
5 Positive, 1 homebred2 33,818 0.077 0.058 0.05 (0.008) 0.1721
5 Positive, 1 homebred3 33,818 (2,692 sires) 0.077 0.057 0.046 0.1572
Laboratory 12 33,727 0.045 0.025 0.016 (0.005) 0.0770
Laboratory 22 24,377 0.055 0.033 0.02 (0.008) 0.0937
Laboratory 32 22,546 0.031 0.023 0.018 (0.006) 0.1141
Laboratory 42 19,838 0.038 0.054 0.084 (0.013) 0.4536
Laboratory 52 17,972 0.031 0.014 0.0063 (0.006) 0.0388
Laboratory 62 5,433 0.055 0.021 0.009 (0.015) 0.0381
Laboratory 72 10,197 0.029 0.018 0.012 (0.0095) 0.0731
Laboratory 82 2,260 0.055 0.036 0.025 (0.032) 0.1039
1σa = additive genetic standard deviation; hL

2  = transformed heritability on the liability scale.
2Animal model used.
3Sire model used.

Table 2. Summary statistics and odds ratios (95% CI in parentheses) for animals stratified on EBV for Mycobacterium avium subspecies 
paratuberculosis

EBV stratum
No. of 

animals
Prevalence 

(%) EBV (SD)
Reliability  

(SD)
Simple logistic regression  

odds (95% CI)
Multiple logistic  

regression odds (95% CI)

Poor EBV 1,812 0.16 0.019 (0.015) 0.15 (0.059) 1.43 (1.18, 1.72) 1.37 (1.13, 1.67)
Average EBV 1,816 0.14 0.002 (0.009) 0.14 (0.062) 1.19 (0.98, 1.44) 1.16 (0.95, 1.42)
Good EBV 1,849 0.12 −0.011 (0.009) 0.14 (0.063) 1 1

https://doi.org/10.3168/jds.2018-15906
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10​.3168/​jds​.2018​-15906). Of the 623 genes, the major-
ity (301) were on BTA 18 (Table 3). The single QTL 
that harbored the most annotated positional candidate 
genes was on BTA 18 (from 53,905,719–61,291,660 
bp; 243 genes), which contains genes such as PKD2, 
HIF3A, and KLK1.

The QTL that harbored the most genome-wide 
significantly associated SNP was on BTA 1 (from 
70,108,608–71,811,570 bp), with 65 SNP identified and 
a further 14,543 in strong LD, and was 1.7 Mb long. 
The 5 most significantly associated SNP with MAP 
resistance resided in a QTL upstream of the QTL 
that harbored the most significantly associated SNP 
on BTA 1 (SNP genome-wide threshold P-value = 
2.137 × 10−13) and all within a range of 16.7 kb of 
each other. These SNP were all mapped to the Kalirin 
(KALRN) gene: 4 were intronic variants (rs378864226, 
rs719379694, rs37959091, and rs384286217) and 1 was 
identified as a splice donor variant (rs378147396). In-
deed, a variety of DNA variant annotations, such as 
downstream variants, upstream variants, intronic vari-
ants, and splice region variants, within the KALRN 
gene were significantly associated with MAP in the 
present study.

In total, we identified 22 positional candidate genes 
within the 47 QTL associated with MAP (Table 3), 
of which 10 were identified as potential functional 
candidate genes. Upon investigating the literature 
for potential biological functions of each, the most 
likely functional candidate genes identified along with 
KALRN, are zinc finger and BTB domain containing 
20 (ZBTB20), lipoma-preferred partner (LPP), src-
like-adapter 2 (SLA2), coagulation factor XIII A chain 
(F13A1), leucine-rich repeats and calponin homology 
(CH) domain containing 3 (LRCH3), DnaJ heat shock 
protein family (Hsp40) Member C6 (DNAJC6), zinc 
finger DHHC-type containing 14 (ZDHHC14), sorting 
nexin-1 (SNX1), and hyaluronan synthase 2 (HAS2).

Seventy-six distinct bovine biological pathways were 
initially identified using the list of 623 positional can-
didate genes. After applying the hypergeometric algo-
rithm, 29 pathways had an unadjusted P-value <0.05 
(Supplemental Table S2; https:​/​/​doi​.org/​10​.3168/​jds​
.2018​-15906). After applying the Benjamini-Hochberg 
correction, none of the pathways were identified as 
being enriched (minimum corrected P-value = 0.108). 
When known data on human biological pathways were 
included in the pathway analyses, 482 orthologous bio-
logical pathways were identified. Of these, 64 pathways 
had an unadjusted P-value <0.05 (Supplemental Table 
S3; https:​/​/​doi​.org/​10​.3168/​jds​.2018​-15906). Once the 
Benjamini-Hochberg adjustment was applied, none of 
the pathways were identified as being enriched (mini-
mum corrected P-value = 0.239).

DISCUSSION

The challenges in addressing many cattle diseases, 
including bovine paratuberculosis, necessitates consid-
eration of other disease mitigation strategies, one of 
which could be animal breeding. One of the advantages 
of breeding as a strategy to improve animal health is 
that it is cumulative and permanent, with the genetic 
merit of a given animal being a function of all selection 
decisions made throughout its ancestral generations. 
Because the female must become pregnant to initiate a 
subsequent lactation, the marginal cost incurred to use 
superior germplasm semen is usually minimal. Given 
the detected existence of substantial genetic variation 
in humoral response to MAP in the present study, the 
justification for considering genetic merit for humoral 
response to MAP in a breeding program is therefore 
strong. This was substantiated by the exercise in the 
present study that validated MAP EBV, where a 1.43 
greater odds of yielding a positive MAP result was 
detected in cows ranked poorly on genetic merit for 

Figure 1. Manhattan plot of the sequence genome-wide association study using the deregressed EBV for humoral response to Mycobacterium 
avium subspecies paratuberculosis. These animals had an effective record contribution ≥1 (n = 1,883). Red threshold line = genome-wide sig-
nificance (P-value ≤5 × 10−8), blue threshold line = suggestive SNP (P-value ≤1 × 10−5).

https://doi.org/10.3168/jds.2018-15906
https://doi.org/10.3168/jds.2018-15906
https://doi.org/10.3168/jds.2018-15906
https://doi.org/10.3168/jds.2018-15906
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MAP relative to their herd contemporaries ranked 
best on genetic merit for MAP. Twomey et al. (2016) 
undertook a similar EBV validation exercise based on 
cows divergent in parental average EBV for liver fluke. 
The area reported under the receiver operating curver 
reported by Twomey et al. (2016) was 0.522, with 
cows in the top (i.e., worst) 10% being 1.28 (95% CI = 
1.05–1.36) times more likely to have livers damaged by 
liver fluke compared with contemporaries in the bot-
tom (i.e., best) 10%. This difference in odds translated 
to a 6% unit probability difference between the top and 
bottom 10% of cows in the study cohort. Similarly, us-
ing bovine tuberculosis (bTB) infection data in cattle, 
Ring et al. (2019) reported a mean prevalence of 9.3% 
in cows in the worst 20% on parental EBV for bTB 
versus a mean prevalence of 6.9% in cows in the best 
20% on parental EBV for bTB; this equated to an odds 
ratio of 1.44. The area under the receiver operating 
curve reported was 0.529 (95% CI = 0.5236–0.5342) for 
the present study. These 2 validation studies, together 
with the results from the validation exercise in present 
study, clearly demonstrate the potential health gains 
achievable with genetic selection. Whereas the mean 
EBV reliability of the validation cows in the present 
study was low (i.e., on average 0.145), further ability to 
differentiate could have been achieved if the reliability 
of the EBV was greater. Such an increase in reliability 
could be achieved through access to more phenotypic 
data or the inclusion of genomic information in the 
prediction process (Meuwissen et al., 2001). Using the 
approach proposed by Wray et al. (2010), assuming a 
heritability of humoral response to MAP of 0.05 and a 
prevalence of 7.7%, the area under the receiver operat-
ing curve to predict the outcome for humoral response 
to MAP would increase from 0.56 if only a quarter 
of the genetic variance in the phenotype could be ex-
plained; the area would increase to 0.59 and eventually 
to 0.63 if half and all of the genetic variance could be 
explained, respectively.

A key question to be addressed in future studies 
is whether selecting for or against positive antibody 
response to MAP is beneficial for cattle populations. 
It could be surmised that selecting against positive 
antibody response is, in reality, selecting for the ani-
mals that can maintain a degree of internal cellular 
homeostasis despite having been infected by MAP. 
Such animals may in fact be shedding MAP, yet may 
not progress to the advanced clinical stages of bovine 
paratuberculosis. Irrespective, single trait selection for 
any trait is never recommended; thus, any consider-
ation of breeding for changes in the antibody response 
to MAP should be undertaken within the framework of 
a multitrait breeding objective.

Estimated Variance Components for MAP  
in Comparison to Previous Studies

Previous studies that estimated genetic parameters 
for paratuberculosis in cattle suggest heritability esti-
mates of susceptibility to the disease range from <0.01 
(Koets et al., 1999) to 0.283 (Küpper et al., 2012); 
all studies to-date (which reported the actual breed 
of cattle used) have been undertaken in dairy cattle. 
A meta-analysis of the 2 available studies (Hinger et 
al., 2008; Berry et al., 2010) on dichotomized humoral 
response to MAP using blood ELISA and linear animal 
models, similar to the strategy adopted in the present 
study, resulted in a pooled heritability estimate of 0.072 
(pooled SE = 0.014); this was not different from the 
0.05 (SE = 0.008) estimated in the present study. Once 
the prevalence of the previous estimates of heritability 
for dichotomized humoral response to MAP using ELI-
SA were adjusted to a prevalence of 7.7%, as observed 
in the present study, the heritability on the underlying 
scale (Robertson and Lerner, 1949) varied from 0.19 
(Hinger et al., 2008) to 0.34 (Berry et al., 2010), with 
an overall mean pooled heritability estimate of 0.234 for 
the 2 studies; the corresponding value for the present 
study was 0.17. Neither the additive genetic standard 
deviation nor the residual standard deviation for the 
dichotomized humoral response to MAP were reported 
by Hinger et al. (2008) or Berry et al. (2010). As such, 
the additive genetic standard deviation and residual 
standard deviation in dichotomized humoral response 
to MAP infection reported in the present study cannot 
be compared.

The heritability estimate for the humoral response 
to MAP infection using a sire model and the 33,818 
cows in herds with at least 5 positive cows and at least 
1 of those cows yielding a positive ELISA to MAP in 
the present study was of a similar magnitude as that 
reported by Kirkpatrick and Lett (2018). The range re-
ported by Kirkpatrick and Lett (2018) using sire models 
and dichotomized humoral (or milk) antibody response 
to MAP was 0.041 (SE = 0.004) to 0.062 (SE = 0.007). 
The upper and lower limits of this range were based on 
cohorts of herds with at least 1 positive test (n = 999 
sires represented by 222,872 daughter ELISA records) 
and ≥5% positive tests (n = 475 sires represented by 
65,289 daughter ELISA records), respectively. Perhaps, 
as suggested by Kirkpatrick and Lett (2018), a sire 
threshold model analysis is a better analysis to conduct 
to gain an accurate estimate of the true heritability 
value for antibody responses to MAP infection. This 
approach may ameliorate the effects of the prevalence 
of MAP on a per-cohort basis on the estimates of 
heritability for dichotomized humoral response to MAP 
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infection. When the heritability estimates for dichoto-
mized antibody response to MAP using blood or milk 
ELISA were adjusted to the prevalence reported in the 
present study (7.7%), the heritability on the underlying 
scale (Robertson and Lerner, 1949) varied from 0.14 
to 0.21; the corresponding value for the present study 
was 0.16.

The additive genetic standard deviation for humoral 
response to MAP was reported only by Gao et al. 
(2018) and was 0.125, which is considerably higher 
than the genetic standard deviation of 0.058 in the 
present study. The residual standard deviation [again, 
only reported by Gao et al. (2018)] was 0.55, compared 
with the lower estimate of 0.25 reported in the pres-
ent study. Hence, the lower heritability reported in the 
present study could be attributed to a relatively larger 
residual variance and lower genetic variance compared 
with other studies. Compounding this could be the fact 
that heritability estimate ranges reported in the pres-
ent study on a per laboratory basis demonstrate site-
specific levels of noise (i.e., residual variance). Noise 
could have been introduced in part due to environmen-
tal differences that existed between the laboratories 
(e.g., laboratory technicians at each laboratory could 
have possessed various levels of experience in conduct-
ing ELISA). Furthermore, these assays may have been 
a routine procedure in some laboratories that specialize 
in such assays, but an infrequent assay conducted in oth-
ers. These factors, among others may have contributed 
to varying levels of residual variance being introduced 
on a per laboratory basis. Moreover, the somewhat low 
heritability estimate could also be attributed to the 
imperfect nature of ELISA tests in diagnosing cases 
and controls. As ELISA rely on the humoral response 
of individuals, they may not detect animals that are 
in the early stages of MAP infection, as they may not 
have mounted a humoral response to MAP infection at 
the point of testing (and may not for months, or even 
years). This results in infected animals being reported 
as ELISA negative to MAP despite shedding MAP into 
the environment (Milner et al., 1987). False-positive 
humoral results can also arise due to bTB-infected 
animals, and bTB testing in herds before MAP testing 
without sufficient time elapsing between tests (i.e., 90 
d; Lilenbaum et al., 2007; Varges et al., 2009). Environ-
mental mycobacteria (closely related to, but excluding 
MAP) could also potentially result in false-positive 
ELISA results in the present study (Osterstock et al., 
2007). As such, this misclassification introduces noise, 
thus biasing down heritability estimates (Milner et al., 
1987; Bishop and Woolliams, 2010).

Despite the relatively low heritability for humoral 
response to MAP in the present study, an accuracy 
of selection of 0.34 could be achieved with phenotypic 

information on just 10 progeny. Similarly, based solely 
on progeny phenotypes in a univariate genetic evalu-
ation, MAP phenotypes on just 76 progeny would be 
required to achieve an accuracy of selection for humoral 
response to MAP of 0.70. High accuracy of selection is 
thus achievable in the presence of a national recording 
system for humoral response to MAP in cattle.

Candidate Genes Associated with Humoral 
Response to MAP

Of the 22 positional candidate genes identified in the 
47 identified QTL, 10 were identified as potential func-
tional candidate genes based upon their gene ontology 
results and previous reports on their function in the 
literature (Bannantine and Bermudez, 2013; Liu et al., 
2013; Marton et al., 2015). Some of these genes are 
novel in the sense that they have not previously been 
associated with bovine paratuberculosis. The functional 
candidate genes of interest identified were KALRN, 
ZBTB20, LPP, SLA2, F13A1, LRCH3, DNAJC6, 
ZGHHC14, SNX1, and HAS2; the (potential) biologi-
cal functions of these are outlined below. All candidate 
genes have been shown to exhibit an expression profile 
in the bovine colon, duodenum, ileum, spleen, and 
lymph nodes (Harhay et al., 2010). As stated by Brito 
et al. (2018), resistance or susceptibility to MAP infec-
tion appears to be a highly polygenic trait, reflecting 
the nature of bovine paratuberculosis, which is, indeed, 
a highly complex trait. As such, the environmental in-
fluence on the manifestation of the trait must not be 
ignored. This influence may in part give rise to the fact 
that previous studies have implicated all Bos taurus 
autosomes as having an association with bovine para-
tuberculosis, yet little consistency has been observed 
among the reported genomic locations of these studies. 
Other factors that must be considered as contributors to 
this lack of coherence include the low heritability of the 
trait, inconsistent methods to classify MAP-positive or 
-negative animals, and divergent statistical methodolo-
gies employed on varying sample sizes of different cattle 
populations (Brito et al., 2018). Specific to the present 
study, another factor contributing to spurious results is 
the error in genotype imputation from sequence data. 
Despite the methods employed in the present study 
yielding a high imputation accuracy of 98%, the 2% 
error may have affected the allele frequencies of the 
population, and thus the significance of some of the 
SNP associations obtained. Nevertheless, the results of 
the present study corroborate some previous findings in 
cattle, whereas some results agree with those identified 
in human populations.

KALRN. Gene ontology results for KALRN, found 
in a QTL on BTA1 (between positions 64369225 and 
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69754155), support it as a strong candidate gene in-
fluencing humoral response to MAP infection because 
of its role in encoding for the RhoGEF kinase protein. 
Human tissues, such as the duodenum, colon, lymph 
nodes, small intestine, and spleen, have been reported 
to have expressed KALRN (Fagerberg et al., 2014), 
all of which are important in the pathology of Johne’s 
disease. Biological processes in which the RhoGEF ki-
nase protein is involved include the positive regulation 
of Rho protein signal transduction as well as positive 
regulation of Rho GTPase activity. This is particularly 
interesting considering that the RhoA GTPase pro-
tein is located in intestinal epithelial cells and, upon 
stimulation by MAP, the bacteria infiltrates the intes-
tinal submucosa (Bannantine and Bermudez, 2013). 
Infiltration of, and transcytosis through, the intestinal 
submucosa is crucial for MAP growth and replication, 
as it facilitates the bacterium crossing from the intes-
tinal lumen to its target cells (i.e., macrophage and 
dendritic cells). From within macrophage and dendritic 
cells, MAP successfully modulates the host’s immune 
responses, subverting immune attack. The intracellular 
subversion enables the bacterium to establish a niche 
within the host, providing it sufficient time to grow, 
replicate, and spread through the surrounding intes-
tines and lymph nodes (Bannantine and Bermudez, 
2013; Arsenault et al., 2014; Koets et al., 2015). Fur-
thermore, the rho kinase signal pathway has previously 
been implicated in inflammatory bowel disease (IBD) 
in humans, playing roles in intestinal barrier damage, 
abnormal immune response, and intestinal fibrosis 
(Huang et al., 2015). Brito et al. (2018) also identified 
KALRN as a candidate gene in an independent popula-
tion of ELISA-tested Canadian Holstein cattle. Thus, it 
is not unrealistic to hypothesize that KALRN plays an 
important role in the aforementioned processes in cattle 
susceptible to Johne’s disease.

ZBTB20.  Gene ontology results implicate the 
gene’s product in metal ion binding processes. The 
fact that MAP cannot endogenously produce myco-
bactin (necessary for iron transport) makes it an ob-
ligate intracellular parasite dependent upon the host 
for iron uptake and metabolism (Clark et al., 2008; 
McNees et al., 2015; Rathnaiah et al., 2017). Perhaps 
while subverting the host immune system inside target 
cells, MAP uses ZTBT20 to provide it with a means 
of exogenous iron to grow and replicate. The ZTBT20 
gene has also been implicated in promoting Toll-like 
receptor-triggered innate immune responses in hosts 
via repressing the transcription of IKBA, which in turn 
promotes the activation of NFKB (Liu et al., 2013). 
This corroborates the results of the gene set enrichment 
analysis conducted by Kiser et al. (2017) in cattle, 
where enrichment analyses identified pathways involved 

with NFKB. Toll-like receptors have also been previ-
ously implicated in bovine paratuberculosis through 
candidate gene studies (Mucha et al., 2009; Koets et 
al., 2015). Expression of ZBTB20 has been observed 
in human tissues relevant to Johne’s disease, such as 
the colon, duodenum, lymph nodes, small intestine, and 
spleen (Fagerberg et al., 2014). Moreover, ZBTB20 was 
also identified as a candidate gene in the genome-wide 
association study conducted by Brito et al. (2018) in 
dairy cows, further substantiating the evidence that 
ZBTB20 could indeed be associated with the resistance 
status of cattle to MAP.

LPP.  The potential role for LPP in the etiology 
of Johne’s disease could lie in the fact that it aids in 
signal transduction, cell migration, cytoskeletal remod-
eling, and cell-cell adhesion (Jin et al., 2009). Although 
its exact function has yet to be established, LPP has 
been shown to enhance cell migration in response to 
cellular injury and has been linked to diseases such as 
atherosclerosis, a disorder characterized by an excessive 
chronic inflammatory immune response. Initially, this 
acute inflammatory response is beneficial in protect-
ing the host during immune challenges, but it becomes 
detrimental to the host when it turns chronic in na-
ture (Ross and Agius, 1992). The chronicity of the 
inflammatory response causes the disease due to the 
fibroproliferative properties of the response resulting in 
granulomatous tissue (Ross and Agius, 1992; Kunkel 
et al., 1998). Perhaps what is an initial beneficial host 
immune response to MAP infection, progresses to be-
come a chronic malignant overactivation of the host 
immune response. Coordinated in part by LPP, this 
response could result in the chronic granulomatous gas-
troenteritis characteristic of Johne’s disease. It could 
also be surmised that MAP uses LPP to intracellularly 
modulate macrophage lipoprotein metabolism for the 
benefit of the bacteria, whereas the recruitment of mac-
rophages to the intestinal epithelium would maximize 
the bacteria’s opportunity to infiltrate host cells that 
enable it to grow and replicate. Human tissue expres-
sion studies report that LPP is expressed in the colon, 
duodenum, lymph nodes, small intestine, and spleen 
(Fagerberg et al., 2014).

SLA2.  Gene ontology results for SLA2 includes T 
cell activation, which is an integral part of the host 
immune response. The src-like adaptor protein 2 
(SLAP-2), encoded by SLA2, has been observed to 
be expressed in the small intestine, colon, spleen, and 
lymph nodes in humans (Fagerberg et al., 2014). As 
reviewed by Marton et al. (2015), SLAP-2 negatively 
regulates the antigen receptor signaling action of both 
B and T lymphocytes, thus suppressing host immune 
responses. It has also been suggested that SLAP-2 is 
necessary for the maturation and activation of mono-
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cyte and dendritic cells (Liontos et al., 2011). Perhaps 
MAP modulates the expression of SLA2 within mono-
cytes, thus subverting the host immune responses long 
enough for sufficient growth and replication to thrive.

F13A1.  Encoding for coagulation factor XIIIA, 
F13A1 is a strong candidate gene in the etiology of 
Johne’s disease, as it promotes wound healing in dam-
aged tissues, providing structural support and repaired 
vascularization. Coagulation factor XIIIA has also been 
implicated in IBD, as, similar to atherogenesis, these 
initial beneficial mechanisms can in fact become detri-
mental to the host. The chronic inflammation observed 
in humans suffering from IBD is characterized by a 
hypercoagulable state accompanied by aberrations in 
coagulation processes (Danese et al., 2007). Mecha-
nisms coordinated by coagulation factor XIII can cause 
increased neovascularization and impaired mucosal 
healing, which can cause additional inflammation in 
patients suffering from IBD (Gemmati et al., 2016). 
Genetic variation in F13A1 could result in susceptibil-
ity to Johne’s disease through abnormal coagulation 
processes. The human colon, duodenum, lymph node, 
small intestine, and spleen express F13A1 (Fagerberg 
et al., 2014).

LRCH3.  Although there is a relative paucity of 
information in the literature regarding this gene, mem-
bers of the leucine-rich repeat family are thought to be 
critical in initiating inflammatory innate immune re-
sponses (Bell et al., 2003). Specifically, LRCH3, which 
is a member of this family, is a potential candidate 
gene involved in the pathology of Johne’s disease, as 
it has previously been implicated in nuclear factor-κB 
activation mechanisms in the nuclear factor-κB immu-
noregulatory pathways (Gewurz et al., 2012). This evi-
dence corroborates the aforementioned evidence of the 
gene set enrichment analysis conducted by Kiser et al. 
(2017). Moreover, evidence in the literature has shown 
that LRCH3 is significantly differentially expressed 
between healthy colorectal tissue sample controls and 
samples presenting with colorectal cancer; the cancer-
ous tissue samples exhibited a higher level of LRCH3 
expression (Piepoli et al., 2012).

DNAJC6. The DNAJC6 has been shown to be a 
useful biomarker in the design of predictive algorithms 
that classify the severity of IBD in patients to better 
diagnose and improve patient quality of life (Montero-
Meléndez et al., 2013). Also known as PARK19, DNAJC6 
has also been implicated in Parkinson’s disease (Ran 
and Belin, 2014). Following a review of the available 
literature, Dow (2014) hypothesized that there could 
indeed be a link between MAP and Parkinson’s disease 
in humans, a hypothesis which is yet to be confirmed.

ZDHHC14.  Zinc finger DHHC domain-containing 
14 protein has been shown by Oo et al. (2014) to promote 

migration and invasion of scirrhous-type gastric cancer, 
promoting tumor progression when overexpressed. The 
overexpression of this gene was significantly associated 
with scirrhous patterning and the degree of the depth of 
cancer tumor invasion of gastric mucosa tissue collected 
from patients suffering from gastric cancer. As such, 
it is not unreasonable to hypothesize that ZDHHC14 
plays a role in Johne’s disease, considering it is also a 
chronic, progressive disease of the gastrointestinal tract.

SNX1.  Downregulation of SNX1 has been linked to 
drug resistance in colorectal cancer as well as predicting 
poor prognosis for the disease (Bian et al., 2016). Spe-
cifically, the downregulation of SNX1 has been strongly 
associated with poor overall survival rate of patients 
suffering from colorectal cancer. Bian et al. (2016) hy-
pothesized that upregulation of the gene could provide 
a novel therapeutic intervention for this disease, an 
approach which could potentially be translated to vet-
erinary medicine for the treatment of Johne’s disease in 
the future. Interestingly, synergy may exist between the 
susceptible alleles for the KALRN gene and the suscep-
tible alleles for the SNX1 gene, as Prosser et al. (2010) 
have shown that SNX1 interacts with the Rac1 and 
RhoG guanine nucleotide exchange factor Kalirin-7. 
This process recruits the inactive Rho GTPase to its 
exchange factor, influencing cell membrane remodeling, 
which is perhaps a similar interaction as occurs to initi-
ate the process outlined above.

HAS2.  Upregulation of HAS2, which produces hy-
aluronan synthesis, has been shown to be associated 
with IBD (among other inflammatory diseases) and has 
been shown to be expressed in human intestinal cells 
under the influence of the proinflammatory cytokine 
IL-1β (Ducale et al., 2005). In fact, Vigetti et al. (2010) 
demonstrated that, in endothelial cells, monocyte ad-
hesion depends strongly on hyaluronan. Throughout 
the inflammatory response, cells produce hyaluronan 
matrices, which in turn promote the adhesion of mono-
cytes and macrophages to cell surfaces. This aids in the 
processes governing the transformation of macrophages 
into foam cells, which contributes toward atheroscle-
rotic plaque formations, very similar to F13A1 outlined 
above. Vigetti et al. (2010) also demonstrated that IL-
1β, and tumor necrosis factors-α and -β strongly induce 
hyaluronan synthesis via the NFKB pathway, which, 
again, was previously implicated in the pathology of 
Johne’s disease by Kiser et al. (2017).

CONCLUSIONS

Exploitable genetic variation in humoral response 
to MAP exists in the Holstein-Friesian population 
sampled in the present study. Thus, ample opportunity 
exists to capitalize on this variation through a breeding 
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program for reduced MAP susceptibility. Moreover, the 
biological insights achieved from the identified QTL 
and candidate genes provide novel evidence to support 
the notion that bovine paratuberculosis is molecularly 
similar to IBD in humans; validation of the results 
reported herein are, nonetheless, crucial especially for 
the low-minor allele frequency SNP. Candidate genes 
and QTL regions reported within could also be used a 
priori in any further analyses, either association stud-
ies or genomic or phenotypic predictions that exploit 
Bayesian techniques. Furthermore, the results from the 
present study potentially enable researchers to gain a 
greater understanding of bovine paratuberculosis and 
potential therapeutic targets for future investigation, 
as breakthroughs in the treatment for IBD may also be 
transferable to veterinary medicine.
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