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Johne’s disease (JD) is a severe production limiting disease in cattle caused by
Mycobacterium avium susbp. paratuberculosis (MAP) infection. Issues associated with currently
available JD diagnostic methods have prompted evaluation of new diagnostic techniques. While
the genetic basis of MAP infection status is supported via identification of various candidate genes
and single nucleotide polymorphisms (SNPs), their validation prior to inclusion in a selective
breeding program for JD resistance is essential. The purposes of this thesis was to evaluate salivary

mRNA biomarkers as a potential MAP exposure diagnostic tool, identify new SNPs and also
validate previously reported JD SNPs, and validate the functional relevance of the candidate gene
IL10RA using a gene edited IL10RA knockout (KO) mammary epithelial cell line (MAC-T cells).
RNA-seq transcriptome profile analysis of mandibular and parotid salivary glands revealed
differences in expression of some immunoregulatory and anti-microbial genes between MAPexposed and control unchallenged cattle. Subject to their validation, the identified expressed genes
could serve as potential salivary biomarkers of MAP exposure.
Fine mapping of previously identified JD quantitative trait loci by our lab, by imputation
to high density (HD) SNP genotypes, enabled identification of new SNPs associated with MAP
infection status. Follow-up validation of previously reported JD SNPs was also undertaken by
testing their association with sire estimated breeding value (EBV) for milk ELISA test scores. A

total of 498 sires grouped as high or low EBV group were genotyped using a custom SNP panel
comprised of 155 JD SNPs, and 5 of these SNPs were confirmed for their association with JD.
Functional relevance of a JD candidate gene was investigated by creation of IL10RA KO
MAC-T cells using CRISPR/cas9 gene editing approach. Stimulation of IL10RA KO cells with
immunostimulants like MAP lysate+/- IL10, revealed the regulatory role of IL10RA through its
ligand IL-10 during MAP lysate stimulation.

The findings of this thesis have addressed some of the knowledge-gaps specific to JD
diagnosis and control. They provide a future framework for validation of salivary biomarkers,
validation of JD SNPs using different JD phenotypes, and characterizing the functional importance
of other JD candidate genes by gene editing approach.
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CHAPTER 1
GENERAL INTRODUCTION
Sanjay Mallikarjunappa1,2, Kieran G. Meade2 and Niel A. Karrow1
1

Centre for Genetic Improvement of Livestock, Department of Animal Biosciences, University

of Guelph, Guelph, N1G 2W1, Ontario, Canada
2

Animal and Bioscience Research Department, Animal and Grassland Research and Innovation

Centre, Teagasc, Grange, Co. Meath, Ireland
1.1 Johne’s disease: Introduction and occurrence
Johne’s disease (JD), caused by Gram-positive bacteria Mycobacterium avium subsp.
paratuberculosis (MAP) infection, is a disease with significant economic implications to the dairy
industry. Named after German Pathologist, Heinrich Albert Johne, JD manifests as chronic
granulomatous enteritis in the infected animals and the infection is contagious in nature. Calves
less than 6 months are highly susceptible to MAP infection with feco-oral route being the primary
mode of transmission of infection (Sweeney, 1996; Windsor and Whittington, 2010). In the
infected animals, JD progression occurs through different phases – early infection, subclinical and
clinical phases of infection. The subclinical stage has a long incubation period that lasts for years
wherein the infected animal appears healthy but intermittently sheds MAP in feces thereby
increasing risk of MAP spreading within the herd. The clinical phase is highly symptomatic with
clinical signs such as profuse watery diarrhea, weight loss, significant reduction in milk production
exhibited in infected animals eventually leading to death (Whitlock and Buergelt, 1996). Lack of
effective treatment options and absence of a vaccine with high efficacy, JD prevention is highly
hindered and the current control measures include culling of JD-positive animals and improving
1

management practices aimed at reducing the risk of contamination within and across herds
(Rossiter and Burhans, 1996).
JD is prevalent worldwide with herd level prevalence estimates ranging between 7 to 60%
across the globe (Grant, 2005). In Canada, herd level prevalence is estimated to be 66%, 54%,
24% and 47% in Western Canada, Ontario, Quebec and Atlantic Canada respectively (Corbett et
al., 2018). In the United States, the herd level prevalence is as high as 90% (Lombard et al., 2013).
The economic impact of JD is severe with annual losses of $200-$250 million incurred by dairy
industry alone (Ott et al., 1999a). These losses are mainly due to production losses associated with
reduced milk production, costs associated with implementation of management practices aimed at
restricting MAP spread, and culling of JD positive animals (Tiwari et al., 2006). Another aspect
of MAP that is highly contentious and debatable is its apparent public health implications.
Although the cause-effect relationship is not clearly defined, isolation of MAP in intestines of
humans suffering from Crohn’s disease has resulted in MAP being viewed as a pathogen with
probable zoonotic consequences (Scanu et al., 2007).
1.2 Diagnosis – techniques, associated issues, need to develop new tools
Several diagnostic tests are used for JD diagnosis and they can be broadly categorized as
direct or indirect indicators of JD. Examples of direct diagnostic tests include MAP fecal and tissue
culture, MAP fecal and tissue Polymerase Chain Reaction (PCR); whereas, tests such as milk or
serum enzyme-linked immunosorbant assay (ELISA) that detect MAP-specific host antibodies,
and IFN-γ assay constitute as indirect tests.
The sensitivity and specificity of each individual JD diagnostic test differs and have their
own limitations. The MAP culture in feces and tissue: MAP culture test measures the load of MAP
in either feces or tissue and has high specificity (~99%); however, its sensitivity is low during
subclinical stages of MAP infection where there is very low intermittent fecal shedding of MAP
2

in the infected animals (Collins et al., 2006). Also, the test has very long turnaround time of 16
weeks which limits its usage at herd level. MAP fecal and tissue PCR detects the presence of MAP
DNA in infected animals. While the test is highly sensitive, and has better turnaround time than
culture test, it cannot confirm the presence of viable MAP, which serves as its limitation. In
contrast milk and serum ELISA detects the presence of MAP-specific antibodies in either milk, or
serum. Detection of antibodies is an indication of MAP exposure that has elicited a host immune
response against MAP. The MAP ELISA screening tests are routinely used at herd levels;
however, a limitation includes low sensitivity during subclinical stages of JD when antibody
response is low (Collins et al., 2005).
Absence of adequate treatment options and efficacious vaccine has made JD control
difficult. Early detection of MAP-infected animals and their removal from herds is key in limiting
MAP spread within and across the herds. However, low sensitivity of currently available
diagnostic tests particularly at the earlier stages of infection, has negatively impacted early and
accurate detection of MAP exposure and infection. As a result, there is a critical need to explore
new diagnostic tools that enable JD diagnosis at earlier stages to limit disease spread and to
complement implementation of effective JD control programs. This was the rationale behind
chapter 2 of this thesis; the objective was to identify salivary biomarkers to aid in detection of
MAP exposure in experimentally challenged cattle.
1.3. Genetics and JD – heritability, Genome Wide Association Studies (GWAS),
need for validation
Susceptibility to MAP infection is heritable, and genetic estimates of heritability in cattle
range between 0.03 to 0.228 depending on the phenotype used to define JD positive animals,
statistical procedures used, and JD incidence in the population studied (Brito et al., 2018).
3

Although low, heritability estimates reflect the role of host genetic makeup in influencing MAP
infection status in the dairy cattle and offers a potential to employ genetic selection to breed for
JD resistance.
1.3.1 GWAS and JD - need for validation
For any trait that is heritable in nature, GWAS are essential in identifying genetic markers
that could potentially be employed in future marker assisted selection. A number of GWAS
associated with JD in dairy cattle have been published thus far, and several quantitative trait loci
(QTLs) have been identified accordingly. Using 12 paternal-half sibling families, Gonda et al.
(2007) performed genome-wide linkage analysis and identified a QTL on Bos taurus autosome
(BTA)20 that was associated with MAP infection. In an another study, using the sire-maternal
grandsire model, van Hulzen et al. (2012) genotyped 192 Dutch sires and carried out a GWAS
using deregressed estimated breeding values (dEBV) for milk ELISA, based on records from
265,290 individual Holstein-Friesian cows, and identified 5 single nucleotide polymorphisms
(SNPs) on BTA4, 5, 18 and 28 associated with susceptibility to MAP infection. In a GWAS
performed by Settles et al. (2009), these authors reported QTLs on BTA3 and BTA9 associated
with MAP culture positivity in tissues, and both tissues and feces, respectively. Pant et al. (2010)
performed a GWAS based on principal component regression analysis (PCA) and identified QTLs
on BTA1,5,6,7,10,11,14 associated with ELISA positivity for MAP antibodies. Alpay et al. (2014),
using 856 US Holstein cows, reported SNPs on BTA 1,2,6,7,17 and 29 associated with
susceptibility to MAP infection using serum ELISA positivity and fecal MAP culture results as
the combined phenotype. In a first JD GWAS performed using Jerseys, Zare et al. (2014) reported
SNPs on BTA 3,16,17 and 23 associated with combined phenotypes, MAP serum ELISA and fecal
culture positivity. In a GWAS involving 966 Italian Holsteins, Minozzi et al. (2010) identified
4

QTLs on BTA 9, 11 and 12 that were associated with serum antibody response. Minozzi et al.
(2012) carried carried out a meta-analysis of two earlier GWAS using combined populations from
the USA and Italy (n=1190 cows) and found significant associations with QTL on BTA1, 6, 7, 12,
13, 15, 16, 21, 23, and 25 using combined MAP tissue culture and ELISA testing. Using data from
two different populations, Kirkpatrick et al. (2011) performed both individual and combined data
analysis and identified 51 SNPs associated with susceptibility to MAP infection and referred to
this set of markers as “predictor of genetics for Holstein cattle susceptibility to MAP infection”.
In a recent study involving a Chinese Holstein population using high density SNP panel and two
different GWAS methods, Gao et al. (2018) identified 26 SNPs located on 15 chromosomes to be
associated with susceptibility to MAP infection.
While the above studies made use of different phenotypes and different study population
and employed different analytical models, identification of different QTLs on several different
chromosomes highlights the polygenic and complex nature of JD in dairy cattle (Kirkpatrick and
Shook, 2011). It is clear that JD is a complex polygenic trait controlled by large number of QTLs
with small effects across the cattle genome. This probably explains the low heritable nature of
MAP infection in cattle. While the genetic influence of MAP infection status is clear, validation
of all the identified genetic markers using a Canadian independent population has yet to be carried
out. Confirming true association of genetic markers via their validation in an independent
population is essential for their inclusion in marker-assisted or genomic selection programs to
breed for increased MAP resistance in dairy cattle. Thus, the objective of chapter 4 of this thesis
was to validate the association of previously identified JD genetic markers in an independent
Holstein population.
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1.3.2 Candidate Gene studies and JD – a need for functional characterization
Candidate gene studies, along with GWAS, constitute another type of genetic studies.
While GWAS is carried out at genome level, candidate gene studies concern studying the
association between a particular candidate gene with the trait of interest; these candidate genes are
generally selected based on their involvement in host-pathogen interaction, or their role in
regulating the host immune response. Several candidate genes with reference to JD have been
reported in cattle. These include genes such as Toll-like receptors, IL10RA, Macrophage migration
inhibition factor (MIF) , IFN-γR2, IL-12Rβ1, IL-12Rβ2, IL-23R, CLEC7A, Peptidoglycan
recognition proteins (PGLYRP1), Nucleotide binding oligomerization domain containing 2
(NOD2), Solute carrier family 11 member 1 (SLC11A1), Wingless-type MMTV integration site
family member 2 (WNT2) and SP110 (Mucha et al., 2009; Pinedo et al., 2009a; b; Verschoor et
al., 2011; Ruiz-Larrañaga et al., 2010a; b; Verschoor et al., 2010; Pant et al., 2011a; b, 2014;
Pauciullo et al., 2015). Based on case-control design, candidate gene studies have enabled
identification of SNPs within a candidate gene that are associated with MAP infection status.
1.3.2.1 Functional characterization of candidate genes using gene-editing tools
In recent years, the advent of genome-editing technologies has revolutionized the area of
genetic engineering. Clustered Randomly Interspaced Short Palindromic Repeats (CRISPR)
combined with cas9 (CRISPR/cas9) is one such genome editing tool with its application ranging
from fundamental research to clinical therapy (Kim et al., 2017).
The term CRISPR was first coined in 2000; however, they were first identified in
Escherichia coli in 1987 (Ishino et al., 2018). It is a part of acquired immune machinery in bacteria
which in conjunction with cas9 nuclease is involved in conferring resistance against
bacteriophages (Barrangou et al., 2007). Each CRISPR locus contains foreign genome sequences
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termed as ‘spacers’, that are acquired when a virus or plasmids infects bacteria (Mojica et al.,
2005). The spacers in turn serve as a guide to cas9 nuclease to induce matching DNA cleavage by
cas9 during subsequent invasion by virus or plasmid. This targeted genome cleavage activity of
CRISPR-cas9 system has enabled its robust application in genome editing in recent years (Peng et
al., 2016). Owing to its high efficiency and specificity, the CRISPR-cas9 system has effectively
replaced previously used genome-editing tools such as transcription activator-like effector
nucleases (TALENs), meganucleases, and zinc finger nuclease (ZFNs).
The CRISPR-cas9 system is classified into 6 different types -Type I - VI. Each type differs
in its mechanism of DNA recognition and subsequent cleavage (Doudna and Charpentier, 2014).
The Type II CRISPR-Cas9 is the most common and robust CRISPR-cas9 as it uses only one cas9
to recognize and cleave target sites (Chylinski et al., 2014). Type II CRISPR-cas9 only binds to a
target sequence that is adjacent to Protospacer Adjacent Motif (PAM) sequence -usually NGG.
Upon binding, the HNH and RuvC-like domains of cas9 induce double-strand breaks (DSBs) at
the target nucleotide sequence. These DSBs are subsequently repaired either through the
nonhomologous end joining (NHEJ) or via homology-directed repair (HDR) mechanisms (Jinek
et al., 2012).
The co-expression of Streptococcus pyogenes cas9 with custom guide RNAs (sgRNA) has
paved the way for application of CRISPR-cas9 genome-editing tool in many plant and animal
species including human cell lines (Peng et al., 2016). Some of the applications of CRISPR-cas9
genome editing tool as reviewed by Lee et al. (2015) include gene disruption, gene knock
out/knock in, gene activation and repression, and creation of allelic variants using cell lines.
While candidate gene association studies report statistical associations of candidate gene
SNPs with JD, functional characterization of candidate genes is essential to confirm and validate
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their association and biological significance. However, studies in this regard are lacking with
reference to JD and MAP infection. The objective of chapter 5 of this thesis was to carry out
functional characterization of a previously reported Johne’s disease candidate gene IL10RA using
CRISPR/cas9 gene editing tool in MAC-T cell lines.
1.4 Outline of the thesis
The overall objective of this thesis was to validate genetic markers and carry out functional
characterization of candidate genes associated with MAP infection status in dairy cattle. The main
specific objectives were:
1) To characterize salivary gland transcriptome profile in cattle to enable the identification of
putative salivary gland biomarkers in the context of MAP exposure
2) To fine map previously analyzed JD genotype data by imputation and to carry out a GWAS
to identify new QTL regions associated with MAP infection status
3) To validate and confirm previous associations with genetic markers and JD using an
independent Canadian Holstein population
4) To characterize the biological relevance of candidate genes in vitro using genetically
modified bovine cell lines by utilizing CRISPR/cas9 gene editing technology.
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2.1 Abstract
Mycobacterium avium subsp. paratuberculosis (MAP), the etiologic agent of Johne’s
disease is spread between cattle mainly via the fecal-oral route, yet the functional changes in the
salivary gland associated with infection remain uncharacterized. In this study, we hypothesized
that experimental challenge with MAP would induce stable changes in gene expression patterns in
the salivary gland that may shed light on the mucosal immune response as well as the regional
variation in immune capacity of this extensive gland. Holstein-Friesian cattle were euthanized
thirty-three months’ post-challenge with MAP strain CIT003 and both the parotid and mandibular
salivary glands were collected from healthy control and MAP exposed cattle for histopathological
and transcriptomic analysis. A total of 205, 21, 61, and 135 genes were significantly differentially
expressed between control and MAP exposed cattle in dorsal mandibular (M1), ventral mandibular
(M2), dorsal parotid (P1) and ventral parotid salivary glands (P2), respectively. Expression profiles
varied between the structurally divergent parotid and mandibular gland sections which was also
reflected in the enriched biological pathways identified. Changes in gene expression associated
with MAP exposure were detected with significantly elevated expression of BoLA DR-ALPHA,
BOLA-DRB3 and complement factors in MAP exposed cattle. In contrast, reduced expression of
genes such as polymeric immunoglobin receptor (PIGR), TNFSF13, and the antimicrobial genes
lactoferrin (LF) and lactoperoxidase (LPO) was detected in MAP exposed animals. This first
analysis of the transcriptomic profile of salivary glands in cattle adds an important layer to our
understanding of salivary gland immune function. Transcriptomic changes associated with MAP
exposure have been identified including reduced LF and LPO. These critical antimicrobial and
immunoregulatory proteins are known to be secreted into saliva and downregulation may
contribute to disease susceptibility. Future work will focus on the validation of their expression

16

levels in saliva from additional cattle of known infection status as a potential strategy to augment
disease diagnosis.
2.2 Introduction
Mycobacterium avium subsp. paratuberculosis (MAP) is the etiological agent of Johne’s
disease (JD) in cattle. JD is chronic in nature and manifests as granulomatous enteritis in MAPinfected animals. The fecal-oral route is the primary mode of MAP transmission and calves less
than 6 months of age are known to be highly susceptible to MAP infection (Sweeney, 1996;
Windsor and Whittington, 2010) The pathogenesis of JD involves a long latent subclinical phase
and a symptomatic clinical phase. Although asymptomatic, shedding of MAP occurs intermittently
during the sub-clinical phase causing disease dissemination. During the clinical phase, infected
animals present with profuse watery diarrhea, loss of weight and a significant reduction in milk
production, eventually causing wasting and death (Whitlock and Buergelt, 1996).
JD is prevalent worldwide and causes severe economic losses to the dairy industry due to
associated production losses and animal welfare concerns (Ott et al., 1999). Although whether
MAP can cause Crohn's disease is controversial and debatable, isolation of MAP from the
intestines of patients suffering from Crohn’s disease has also raised public health concerns
(Chamberlin and Naser, 2006).
Numerous factors contribute to poor control of JD including a poor understanding of
factors influencing host susceptibility, diagnostics with limited sensitivity, and the absence of an
efficacious vaccine that can prevent MAP infection (Coussens, 2001). Current JD control measures
include culling MAP positive animals and improving management practices aimed at reducing the
risk of contamination within and across herds. Fecal culture, milk and serum ELISA, fecal PCR,
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and IFN-γ assay are the commonly employed diagnostic tests, often used in conjunction, to
diagnose JD. Milk and serum ELISA detect the presence of MAP-specific antibodies and are the
most commonly used JD diagnostic method in field conditions because of the quick turnaround
time, but their sensitivity is low (Collins et al., 2005), particularly during the subclinical stage of
infection when antibody response is low in the infected animals. Fecal culture has a very high
specificity of 99% but requires a long incubation period of 8-16 weeks before an animal can be
diagnosed as positive or negative for JD and also lacks sensitivity (~60%) during the subclinical
stages when shedding is intermittent (Collins et al., 2006). Fecal PCR that detects MAP-specific
DNA is slightly more sensitive than fecal culture and has similar specificity (Whittington et al.,
2017) but it does not confirm the presence of viable MAP organisms. The IFN-γ assay involves
measuring IFN-γ that drives the cell-mediated immune response in the infected animal (Stabel,
2000); IFN-γ is released from the lymphocytes after ex vitro challenge with MAP antigen and is
measured by ELISA. IFN- γ assay has the potential to detect early phase of MAP exposure;
however, the results are highly variable (Jungersen et al., 2002) .
Given the difficulties associated with the currently available JD diagnostic techniques,
there is a continued need to explore new diagnostic approaches. One such new approach would be
the identification of salivary biomarkers that can distinguish MAP exposed versus non-exposed
cattle. Cattle produce over 220L of saliva per day (Bailey and Balch, 1961); saliva could hold
promise for the routine and accessible profiling of diagnostic biomarkers (Malamud, 2011). In
addition, salivary secretions could have enormous significance for immuno-protection of the oral
cavity, as well as the regulation of the intestinal microflora (Nieuw Amerongen and Veerman,
2002; Fábián et al., 2012). However, detail in cattle in this regard is scant, and very little
information is available regarding the functional competence of this complex and extensive gland.
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Previous studies in humans and mice have revealed expression of antimicrobial peptides
such as defensins and cathelicidin in parotid, mandibular and sublingual salivary glands and their
subsequent secretion in saliva (Mathews et al., 1999; Murakami et al., 2002; Shinomiya et al.,
2014). A study by Ang et al. (Ang et al., 2011) has given a hint at the complexity of the secreted
proteins in bovine saliva, via the identification of 402 proteins. However, disease-associated
changes have not been previously explored in cattle. In pigs, the expression of the acute phase
protein C-reactive protein (CRP) in saliva has been used to discriminate healthy pigs from those
with experimentally-induced inflammation (Gutiérrez et al., 2009) . All these findings illustrate
the informative value of biomolecules in saliva associated with health and disease, and hint at the
potential utility of such molecules for improving disease diagnosis (Malamud, 2011; Javaid et al.,
2016; Zhang et al., 2016).
Our study was based on the hypothesis that profiling the salivary gland transcriptome
between control cattle and matched but MAP exposed cattle may identify stably differentially
expressed genes, which if secreted in saliva, could signpost potential oral salivary biomarkers for
early detection of MAP exposure and improved JD diagnosis.
2.3 Materials and Methods
2.3.1 Experimental Infection Model
The experimental infection model of this study is previously described in detail (Farrell et
al., 2015). Briefly, thirty-five male Holstein-Friesian calves between three-to-six-weeks of age that
constituted the MAP challenged group were orally inoculated on two consecutive days with 2x109
CFU of MAP strain CIT003; whereas the control group of twenty calves matched with MAP
challenged calves by age, breed and sex received a placebo. Blood, serum and fecal samples were
collected at regular intervals to determine MAP infection status. Cell mediated immunity was
19

measured using IFN-ɣ assay (Bovigam®) test and serum MAP-specific antibodies were measured
using the commercially available IDEXX ELISA kit. Fecal samples were cultured for 42 days
using the TREK ESP para-JEM system (Thermo Scientific). The experimental infection was
performed under the approval of Animal Research Ethics Committee of University College Dublin
(AREC-P-12-61-Markey) and licensed by the Irish Government Department of Health and
Children (B100-2828) but samples collected here post-mortem did not require ethical or license
approval.
2.3.2 Salivary gland excision and preservation
At the end of the experimental infection trial, animals were euthanized and gross
pathological observations were made. Parotid and mandibular salivary glands, the two large cattle
salivary glands, were collected from 18 MAP challenged and 6 control cattle. Both the glands were
sampled from their respective dorsal (P1 and M1) and ventral extremities (P2 and M2) as shown
in Fig. 2.1. As both are large glands, sampling was done at dorsal and ventral extremities to verify
and compare any transcriptomic differences within each gland. At each anatomical part, sterile and
disposable scalpels and forceps were used to prevent any protein cross-contamination. For RNASeq transcriptome analysis, samples were immediately stored in liquid nitrogen and transported to
the laboratory and stored at -80 degree Celsius until further use. Cross-sections of each salivary
gland tissue extremity were collected and stored in 10% formalin prior to histopathology.
2.3.3 Histopathology
Formalin fixed salivary gland samples were dehydrated through graded alcohol before
being embedded in paraffin wax. Sections of 5 µm thickness were made and then stained with
hematoxylin and eosin (H&E) stains for histopathology to detect epithelioid macrophage
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microgranulomas (Perez et al., 1996; Smith et al., 2014); and by Ziehl-Nielsen's (ZN) staining
method for detection of acid fast bacteria which stains MAP in red (Smith et al., 2014).
2.3.4 RNA extraction, library preparation and RNA-sequencing
Salivary gland tissue samples from control (n=5) and MAP challenged (n=5) cattle were
selected for RNA-Seq transcriptome analysis. Animals selected from the MAP challenged group
were all sero-positive for MAP-specific antibodies at least once during the experimental period as
measured by IDEXX ELISA kit and will be referred to as MAP exposed group (Whittington et al.,
2017). All the control calves were negative for ELISA and fecal culture test throughout the study.
For each animal, parotid (P1 and P2) and mandibular (M1 and M2) salivary gland samples were
homogenized in Trizol, following which RNA was extracted using RNeasy Mini Kit (Qiagen) as
per manufacturer's instructions. RNA quantity and quality were assessed using both a nanodrop
spectrophotometer and the Agilent 2100 bioanalyzer. The average RNA integrity number (RIN)
of all the samples was > 7, excluding for M2 sample of animal 2176 in the infected group whose
RIN value was very low and was not included in further library preparation and analysis. TruSeq
(Illumina TruSeq RNA Library v2 construction) RNA libraries were prepared for all the 39
samples. All libraries were sequenced over Illumina NovaSeq sequencer, generating 100 bp paired
end reads (100 million reads/sample).
2.3.5 Quality control, mapping and differential read count quantification
FASTQC was used to assess the quality of sequence reads. Low quality reads and adapters
were trimmed using Trimmomatic software (Bolger et al., 2014). Trimmed reads were mapped to
Bovine Reference Genome Assembly BTA_UMD3.1 (ftp://ftp.ensembl.org/pub/release-
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91/fasta/bos_taurus/dna/) using STAR RNA-seq aligner (Dobin et al., 2013) and uniquely mapped
read counts per gene/ transcript was derived using STAR --quantMode GeneCounts.
2.3.6 Differential expression analysis
Differentially expressed genes (DEGs) between MAP exposed and control cattle were
identified using the DeSeq2 (v 1.20.0) Bioconductor package in R statistical program (Love et al.,
2014). Using median of ratios method, DeSeq2 normalizes raw gene count data by correcting for
library size and RNA composition. Pair-wise comparison of each gene between MAP exposed and
control cattle is based on negative binomial model to obtain fold changes and associated p-values.
A False Discovery Rate (FDR) of 5% was used to correct for multiple testing. Finally, genes with
padj < 0.05 were considered differentially expressed. Prior to differential expression analysis,
normalized read counts of samples were used to generate principal component analysis (PCA) plot
to determine sample clustering and to identify outliers within each salivary gland.
2.3.7 Gene ontology and KEGG pathway analysis of DEGs
Gene ontology and biological pathway analysis was performed using the Clusterprofiler
Bioconductor package in R statistical program (Yu et al., 2012).

2.4 Results
2.4.1 Sequencing and alignment of reads to bovine reference genome
A total of 39 salivary gland samples, representing two regions of both the parotid - dorsal
parotid (P1) and ventral parotid (P2) regions and the mandibular - dorsal mandibular (M1) and
ventral mandibular (M2) salivary glands from control and MAP exposed cattle were used for
RNA-seq. An average of 114 million paired end reads (average ± SD = 114,426,881 ± 8,388,320
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were generated. Post mapping, the number of reads that uniquely mapped to the Bos taurus
reference genome (BTA_UMD3.1) in each sample was greater than 90%. Reads that were mapped
to multiple regions were excluded from downstream differential gene expression analysis.
Mapping statistics for each sample are provided in Table 2.1.
2.4.2 Principal component analysis (PCA)
PCA of normalized read counts was performed to compare sample clustering between
control and MAP exposed samples within each salivary gland group and to identify outliers. Based
on PCA, two M2 salivary gland samples (sample #2402, #2176) and one from the P1 group
(sample #2420) that did not cluster within their respective groups were deemed outliers and were
excluded from downstream differential gene expression analysis. Fig.2.3 depicts the PCA plots
that show the samples clustering by control vs. MAP exposed group in all the 4 salivary gland
groups.
2.4.3 Histopathology
No histopathological changes related to MAP infection were observed in salivary glands
under H&E staining. Similarly, Ziehl-Neelsen (ZN) staining did not identify acid-fast MAP in any
of the salivary gland samples. Histopathological image of two representative samples from parotid
and mandibular salivary gland are shown in Fig.2.2. The structural difference between the two
glands was evident with parotid gland comprising of pure serous acini consisting of rectangular
granular cells with central nuclei and a hardly visible central lumen. Whereas, the mandibular
gland comprised of pure serous acini consisting of triangular granular cells with their base directed
outwards and with basal nuclei. Mixed seromucous acini with crescents of Giannuzzi were also
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seen in mandibular glands. The observed structural differences between the two major salivary
glands is reflective of their functional and secretory adaptations.
2.4.4 Differential gene expression analysis
Differentially expressed genes (DEGs) between control and MAP exposed cattle in
mandibular and parotid salivary glands were determined using DeSeq2 software. A False
Discovery Rate (FDR) of 5% was used to correct for multiple testing. The identified DEGs were
found to be significant with a padj < 0.05. In the M1 salivary gland group, a total of 205 genes were
differentially expressed between the two groups, of which the expression of 128 genes was
upregulated and 77 genes were downregulated in the MAP exposed animals. In M2 group, 21
genes were differentially expressed with 13 genes being upregulated and 8 genes with a
downregulated expression in MAP exposed animals. A total of 11 DEGs were found to be common
between M1 and M2 groups with their log2 fold-change expression observed in the same direction
(Fig. 2.4a). Fig. 2.5a and b depict the volcano plot indicating the log2 fold-change of the top 30
differentially expressed genes in M1 and M2 salivary glands, respectively. Overall, in both M1
and M2 salivary gland groups, majority of the identified DEGs had their expression upregulated
in MAP exposed animals.
The number of DEGs identified in P1 and P2 groups was 61 and 135, respectively. Within
P1 group, a total of 18 and 43 genes were up- and down-regulated, respectively, in MAP exposed
animals; whereas, in P2 group, 31 and 104 genes were upregulated and downregulated,
respectively. The number of DEGs that were common between P1 and P2 groups was found to be
34 with their log2 fold-change expression observed in the same direction (Fig. 2.4b). Fig. 2.5c and
d depict the volcano plot indicating the log2 fold-change of the top 30 differentially expressed
genes in P1 and P2 salivary glands, respectively. Contrary to mandibular salivary glands, the
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expression of the majority of the identified DEGs was downregulated in MAP exposed animals in
both P1 and P2 salivary gland groups.
Polymeric immumoglobin receptor (PIGR) gene was significantly differentially expressed
in all the 4 salivary gland groups with its expression downregulated in MAP exposed animals (Fig.
2.7). Figs. 2.8 and 2.9 illustrate the expression of highly abundant and differentially expressed
antimicrobial genes lactoperoxidase (in M1 and M2) and lactoferrin (in P1 group) respectively.
2.4.5 Gene ontological analysis of DEGs
Gene ontology (GO) analysis identified the different functional groups enriched among
DEGs in each salivary gland group. Four molecular functions and 12 biological processes were
enriched among the DEGs in M1 group; while in M2 group, one biological process and one cellular
component were over represented among the identified DEGs. Fifty-four biological processes, 18
cellular components and 23 molecular functions were enriched among DEGs in P1 group; whereas
in P2 salivary gland group, a total of 84 biological processes, 38 cellular components and 7
molecular functions were enriched among DEGs. Fig. 2.6 illustrates the biological pathways
enriched among DEGs within each salivary gland group.
2.4.6 KEGG pathway analysis
KEGG pathway analysis identified over-representation of 10 pathways in M1 salivary
glands. In both M2 and P1 salivary glands, the ‘complement and coagulation cascades’ (KEGG
ID = BTA04610) was enriched. Five pathways were over-represented in P2 salivary gland.
Structural divergence observed under histopathology between parotid and mandibular salivary
glands was also reflected in the biological processes enriched among the DEGs within each
salivary gland (Fig. 2.6). While DEGs in parotid salivary gland influenced processes such as cell
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division and cell cycle regulation for example, mandibular salivary gland DEGs were
immunologically active in terms of enrichment of immune biological processes such as defense
response, humoral immune response, defense response to bacterium and complement activation.
All the identified KEGG pathways are listed in Table 2.2
2.5 Discussion
Despite the spread of multiple infectious agents via the fecal-oral route, the functional and
specifically the immune capacity of mucosal tissues within the oral cavity remains poorly
understood, particularly in livestock species. Johne’s disease, caused by Mycobacterium avium
subsp. paratuberculosis is spread via shedding of mycobacteria onto infected pasture, where
ingestion sustains the cycle of infection. MAP has been previously detected in bovine saliva (Sorge
et al., 2013), but yet the immune capacity and changes associated with disease in the salivary gland
have not previously been characterised. Therefore, in this study, we hypothesised that experimental
challenge with MAP would lead to persistent immune system changes that could be detected,
initially, at salivary gland transcriptomic level in MAP exposed cattle. Such analysis would be
very informative from a functional point of view but changes could also form the basis of improved
disease surveillance and diagnostic approaches.
Cattle produce over 220L of saliva per day (Bailey and Balch, 1961), and it is plausible
that secretions from the parotid and mandibular glands are likely to play a role in early innate
resistance to infection as well as in immunoprotection of the oral cavity and digestive tract (Fábián
et al., 2012). Whereas, extensive analysis of the digestive tract has shed light on the immune
mechanisms by which the host immune system recognizes and responds to MAP infection
(Hempel et al., 2016), our knowledge of the immune capacity of the salivary glands remains
rudimentary by comparison.
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Both parotid and mandibular regions of the salivary gland differ in both structure and
function. The parotid gland is of ectodermal origin, whereas the mandibular gland is of endodermal
derivation and is relatively larger than the parotid gland (Dehghani et al., 1994). While the
glandular acini of the parotid gland are purely serous, the mandibular gland has a mixture of serous
and mucus-secreted acini (Dehghani et al., 1994; Hellquist and Skalova, 2014). Unlike parotid
glands, mandibular glands produce large amount of mucus that contains high levels of immune
molecules such as lactoferrin, cystatins and immune-active mucins (Javaid et al., 2016).
Histopathological analysis illustrated the structural divergence of the major salivary glands with
parotid gland serous acini consisting of rectangular granular cells with central nuclei. In
mandibular gland, pure serous acini consisted of triangular granular cells with basal nuclei and
also mixed seromucous acini with crescents of Giannuzzi. The structural changes between the two
salivary gland types were also reflected at a transcriptomic level. Whereas no large differences
were observed in the functional capacity of 4 salivary gland groups in terms of expression of
number of gene transcripts both between and within salivary gland groups, significantly different
numbers of genes were identified as DEG between the parotid and mandibular salivary gland
sections. While the number of DEGs identified in P1 and P2 salivary gland groups was 61 and 35
respectively, the number was higher in mandibular salivary gland with a total of 205 and 128 genes
identified as differentially expressed in M1 and M2 salivary gland sections, respectively.
Differences in the number of common DEGs shared within salivary gland sections was also
observed. A total of 34 DEGs were common between P1 and P2 salivary gland sections. The
common genes identified included genes such as PIGR and TNFSF13. Eleven DEGs were found
to be common between M1 and M2 sections. This list comprised of some key immunoregulatory
genes such as PIGR, C3, and antimicrobial LPO.
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MAP exposure associated changes in salivary gland gene expression
Within each gland, although small numbers of genes were differentially expressed, a
number of DEGs with important immunological properties were identified. Two genes - PIGR
(Polymeric Immunoglobulin Receptor) and ENSBTAG00000026758 were differentially
expressed in all four salivary gland sections. While ENSBTAG00000026758 is uncharacterized,
PIGR function is well documented; PIGR plays an important role in mucosal immunity as it
mediates the transfer of secretory IgA antibodies across intestinal epithelial cells to mucosal
surfaces where IgA antibodies serve as first line of defense against microbes (Phalipon and
Corthésy, 2003). In this study, PIGR expression was downregulated in MAP exposed animals and
this was consistent in all the salivary gland sections. Although there is no evidence in literature to
support negative regulation of PIGR expression by MAP, it would be interesting to know if MAP
favors this to promote its uptake by the host cell, particularly at the level of the intestinal mucosa
where MAP is phagocytosed. To support this statement, PIGR was one of the genes identified in
KEGG pathway ‘intestinal immune network for IgA production’ (KEGG ID = BTA04672;). It has
also been reported that salivary IgA is a proxy indicator of intestinal immune induction (Aase et
al., 2016). It can therefore be speculated that PIGR downregulation decreases IgA secretion at
mucosal surfaces. Furthermore, the secretion of PIGR in bovine saliva has been reported (Ang et
al., 2011) and there is a need to further investigate the role of PIGR as a potential salivary
biomarker to identify MAP exposed cattle.
Expression of another gene, TNFSF13, was downregulated in M1, P1 and P2 salivary
glands of MAP exposed animals; TNFSF13, also known as APRIL, is a proliferation-inducing
ligand and is a member of BAFF system molecules that plays a vital role in mature B-cell survival
and in secretion of IgA antibody (Sakai and Akkoyunlu, 2017). Similar to PIGR, TNFSF13
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expression was downregulated in salivary glands and was also identified in KEGG pathway
‘intestinal immune network for IgA production’. While this indicates the role of both TNFSF13
and PIGR in conferring mucosal immunity via secretion of IgA and its transfer, their
downregulation in MAP-infected animals could therefore be speculated as a mechanism employed
by MAP to evade mucosal immunity and to promote its survival. The other two DEGs identified
in this pathway were two MHC genes BoLA DR-ALPHA and BOLA-DRB3, with their expression
being upregulated in the M1 salivary gland of MAP exposed cattle. These MHC genes were also
identified in another KEGG pathway ‘phagosome’ (KEGGID=BTA04145).
Significant reduction in gene expression of the highly abundant Lactoferrin and
Lactoperoxidase in MAP exposed cattle
Differential expression of two antimicrobial peptides, lactoperoxidase (LPO) and
lactoferrin (LF), was also observed in this study. While LPO expression was downregulated in the
mandibular (M1, M2) salivary glands, LF expression was decreased in the parotid (P1) salivary
gland. In addition to their documented antimicrobial properties and their contribution as innate
salivary defense proteins, LF and LPO also function as immunomodulators and serve as regulators
of cell growth and differentiation (Kussendrager and van Hooijdonk, 2000; Sakai and Akkoyunlu,
2017). MAP is an obligate intracellular bacterium that requires mycobactin, an iron-binding
siderophore for its growth (Wang et al., 2015). Relevantly, via its ability to bind iron, LF deprives
microbes from using free iron, which is essential for their survival and thereby exerts an
antimicrobial effect (Vorland, 1999). Since the expression of LF was downregulated in MAP
exposed animals, this may represent an alternate strategy by MAP to enhance iron uptake;
however, this is only speculation until further characterization can be performed. In this study, it
is interesting that LF and LPO expression were reduced in MAP exposed animals. Since they are
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both secreted and detected in bovine saliva (Ang et al., 2011), they could offer potential as putative
salivary biomarkers to augment MAP diagnosis in cattle.
Another KEGG pathway that was over-represented and was common between mandibular
and parotid salivary glands (M1, M2 and P1) was the ‘complement and coagulation cascades
pathway’ (KEGGID = BTA04610). The DEGs identified in this pathway included complement
genes such as: complement C3 in M1 and M2; complement C2, complement factor B and
complement factor 1 in M1; and complement C4-A-like DEG in the P1 salivary gland. Functioning
as opsonins, complement proteins and Fcγ receptors enhance uptake of MAP by macrophages and
this is believed to be a strategy by which MAP escapes host defenses, by residing and replicating
undetected within macrophages (Hostetter et al., 2005; Arsenault et al., 2014). The expression of
all the complement DEGs and an Fc γ receptor (FCGR1A) was upregulated in MAP exposed
animals in our study implying potential increased MAP intake by host cells. Consistent with this,
both complement C3 and Fcγ receptor (FCGR1A) were identified in KEGG pathway ‘phagosome’
(KEGGID = BTA04145). In another transcriptomic analysis, increased expression of complement
proteins was also reported in mice experimentally infected with MAP (Shin et al., 2015).
Other DEGs with immunoregulatory properties identified in this study, with previously
reported associations with MAP infection, were TIMP1 (inhibitor of matrix metalloproteinase 1)
and TNFRSF21 (tumor necrosis factor receptor superfamily member 21). These genes were
differentially expressed in the M1 salivary glands, with expression of TIMP1 and TNFRSF21 being
upregulated in MAP exposed cattle. This finding is in agreement with a previous study where the
authors reported increased expression of TIMP1 and TNFR1 (member of TNF receptor
superfamily similar to TNFRSF21) in peripheral blood mononuclear cells of cows infected with
MAP implicating these genes with reduced tissue remodeling and increased apoptotic activity,
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respectively, in infected animals (Coussens et al., 2005). Quantitative trait loci (QTL) regions
comprising genes containing the TNFRSF18 and TNFRSF4 genes that belong to a similar family
as TNFRSF21 were previously found to be associated with antibody response to MAP infection in
cattle (Mallikarjunappa et al., 2018). Interestingly, some of the DEGs identified in this study, such
as SERPINA5, GPX3, IGFBP6, APOE, VWF, S100A4, IGFBP3, CDH13 and CPB2, were also
reported as markers of early stage Mycobacterium tuberculosis infection in humans (Bark et al.,
2017), suggesting a shared etiology between mycobacterial infections.
The limitations associated with the currently available JD diagnostic tests has hindered JD
control across the globe. The aim of this study was to gain insight into potential salivary gland
biomarkers as an alternative to diagnose MAP exposure. Also, the ease of sampling saliva from
animals makes it an excellent matrix for diagnostic testing. Furthermore, the importance of using
salivary biomarkers as diagnostic markers for chronic diseases has been reviewed elsewhere
(Prasad et al., 2015). By performing transcriptomic analysis of salivary glands, we identified
differentially expressed immune-related genes in cattle challenged with MAP. As indicated earlier,
detection of MAP in saliva by PCR has been reported in dairy cattle (Sorge et al., 2013). Although
we did not perform saliva PCR, histopathology was performed to identify any MAP-specific
histological lesions in both salivary glands. As no lesions were observed and MAP challenged
cattle were sero-positive, as per JD case definition by Whittington et al. (Whittington et al., 2017),
the differential transcriptomic changes identified in this study should be viewed only in the context
of MAP exposure. Albeit identification of secretory products in saliva was beyond the scope of
this study, a global survey of the bovine salivary proteome identified some of the immune DEGs
from our study such as PIGR, LF, LPO, and complement C3 (Ang et al., 2011). Identification of
common secretory peptides and DEGs in bovine saliva glands highlights their potential use as
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salivary biomarkers of MAP exposure - subject to validation in cattle of known infection status.
While the impact of MAP infection on gut microbiota in calves has been studied (Derakhshani et
al., 2016), the same is not true for the oral cavity. Oral microbial diversity could have important
consequences for susceptibility and pathogenesis of Johne’s disease with fecal-oral route as major
mode of transmission of infection. Our knowledge regarding oral immunity remains scant. It can
be speculated that the transcriptomic differences detected in seroconverted MAP exposed animals
might be due to epigenetic changes that could have long-term consequences for gene expression.
And the identified proteins might play a key role in superior innate immune response which when
subverted might contribute to maintenance of chronic infection as observed in other Mycobacterial
infections (Al Akeel, 2013; Doherty et al., 2016; Kathirvel and Mahadevan, 2016).
2.6 Conclusions
Studies designed to observe the host response to MAP infection in cattle have mostly
focused on intestinal immune response where MAP gains entry from intestinal mucosa into
submucosal gut-associated lymphoid tissues (GALT), such as the ileal Peyer’s patches after its
ingestion through fecal-oral route (Sorge et al., 2013). Considering that fecal-oral route serves as
the major mode of transmission of MAP infection in cattle, similar insights into the immune
response of the oral mucosa are lacking. This study aimed at profiling transcriptomic changes in
major salivary glands of cattle post experimental MAP challenge and identified key immune
related genes associated with MAP exposure. Although it is difficult to unambiguously ascribe
these differential gene products as contributors to MAP pathogenesis, this work has identified a
panel of genes that have not previously been associated with MAP exposure in cattle, and thereby
shed new light on the pathology of this potentially zoonotic disease. It is possible that elevated
expression of the antimicrobial and immunoregulatory proteins identified herein could contribute
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to the natural resistance of cattle to mycobacterial infection. Future work will aim to profile the
secreted peptides in saliva from infected cattle, and at earlier stages of infection to determine their
utility as potential biomarkers of infection status.
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2.8 Figures

Figure 2.1 Salivary glands sampling. After euthanasia, the head was positioned upside down and
the skin between jaws was incised using sterile disposable scalpel. Then, diagonal incision was
made from the ear to join the first incision and the skin was removed from one side to expose the
adjacent tissues. Fatty tissue was incised at the site of targeted salivary glands. Parotid and
mandibular glands were located at one side and two samples were collected at dorsal and ventral
anatomical sections from each gland.
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Figure 2.2 A) Parotid gland; Pure serous acini consisting of rectangular granular cells with central
nuclei. Central lumen hardly visible (yellow arrow). Striated duct with columnar cells with central
nuclei and basal-striated appearance (red arrow). B) Mandibular gland; Pure serous acini
consisting of triangular granular cells with their base directed outwards and basal nuclei (yellow
arrow). Mixed seromucous acini with crescents of Giannuzzi (red arrow). Bar length 20 um
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Figure 2.3 Principal Component Analysis (PCA) plot of the DEG dataset in Dorsal mandibular
salivary gland extremity (M1); Ventral mandibular salivary gland extremity (M2); Dorsal parotid
salivary gland extremity (P1) and Ventral parotid salivary gland extremity (P2) from control and
MAP exposed cattle. The control (red) and MAP exposed (blue) samples are plotted along the first
two principal component axes (PC1 and PC2).
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Figure 2.4a Venn diagram comparing the number of DEGs identified in M1 and M2 salivary gland
regions along with the intersection indicating the number of common DEGs. up= upregulated or
down = downregulated in corresponding salivary gland group

Figure 2.4b Venn diagram comparing the number of DEGs identified in P1 and P2 salivary gland
along with the intersection indicating the number of common DEGs. up= upregulated or down =
downregulated in corresponding salivary gland group
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Figure 2.5a and 2.5b. Volcano plot of differential expression (−log10 p-value vs log2fold change)
in dorsal mandibular salivary gland (M1) and ventral mandibular salivary gland extremity (M2)
respectively. Genes with an FDR <0.05 are highlighted in black with top 30 of them labeled by
their names.
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Figure 2.5c and 2.5d. Volcano plot of differential expression (−log10 p-value vs log2fold change)
in dorsal parotid salivary gland (P1) and ventral parotid salivary gland extremity (P2) respectively.
Genes with an FDR <0.05 are highlighted in black with top 30 of them labeled by their names.
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Figure 2.6 Biological processes enriched among DEGs in: A) dorsal mandibular salivary gland
extremity (M1); B) ventral mandibular salivary gland extremity (M2); C) dorsal parotid salivary
gland extremity (P1); and D) ventral parotid salivary gland extremity (P2)
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Figure 2.7 Expression of Polymeric Immunoglobulin Receptor (PIGR) in salivary glands (salivary
gland group in the paranthesis). The expression was downregulated in MAP infected animals in
all the salivary gland groups.

Figure 2.8 Expression of lactoperoxidase (LPO) in M1 and M2 salivary gland groups ( salivary
gland group in the paranthesis). LPO expression was downregulated in MAP-infected animals in
M1 and M2 salivary gland groups
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Figure 2.9 Expression of lactoferrin (LF) in P1 salivary gland group ( salivary gland group in the
paranthesis). LF expression was downregulated in MAP-infected animals in P1 salivary gland
group

42

2.9 Tables
Table 2.1 Mapping statistics of all the samples to Bovine Reference Genome

Infected Group
Sample Number of input Uniquely mapped
reads number
name reads
60692531
56633172
2155_M1
57881709
54243511
2155_M2
54971765
51465268
2155_P1
55033483
51881376
2155_P2
48403676
44771996
2176_M1
62660729
59023624
2176_P1
48956326
46232986
2176_P2
55022723
51282170
2194_M1
55350763
51437426
2194_M2
47606879
44698479
2194_P1
54587685
51082028
2194_P2
56189506
52268475
2402_M1
48915207
45535609
2402_M2
48217232
45564065
2402_P1
50311809
47327289
2402_P2
54741030
50136617
2420_M1
59640758
54257751
2420_M2
56824715
52912625
2420_P1
55341618
52072557
2420_P2

Uniquely mapped
reads %
93.31%
93.71%
93.62%
94.27%
92.50%
94.20%
94.44%
93.20%
92.93%
93.89%
93.58%
93.02%
93.09%
94.50%
94.07%
91.59%
90.97%
93.12%
94.09%
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Number of reads mapped to
multiple loci
1365823
1292147
1682331
1547943
959438
1762036
1232095
1315304
1295788
1362578
1541889
1274873
1140795
1259763
1416729
1348445
1464859
1676994
1506876

% of reads mapped to
multiple loci
2.25%
2.23%
3.06%
2.81%
1.98%
2.81%
2.52%
2.39%
2.34%
2.86%
2.82%
2.27%
2.33%
2.61%
2.82%
2.46%
2.46%
2.95%
2.72%

Control
group
Sample
name
2405_M1
2405_M2
2405_P1
2405_P2
2409_M1
2409_M2
2409_P1
2409_P2
2425_M1
2425_M2
2425_P1
2425_P2
2395_M1
2395_M2
2395_P1
2395_P2
2398_M1
2398_M2
2398_P1
2398_P2

Number of input
reads

Uniquely mapped
reads number

Uniquely mapped
reads %

Number of reads mapped to
multiple loci

% of reads mapped to
multiple loci

64368085
55711614
53342684
55098496
56584388
58264453
53331145
51245309
57603617
52648066
50577031
52696073
56395215
50888050
53200720
52539854
50339629
47882936
54399465
52625581

59135334
52853381
50265453
52002224
52012807
53360715
50392572
48505349
52722642
48189078
47525351
49725602
51659620
47103007
50025238
49159983
46327365
43864057
51121380
48109227

91.87%
94.87%
94.23%
94.38%
91.92%
91.58%
94.49%
94.65%
91.53%
91.53%
93.97%
94.36%
91.60%
92.56%
94.03%
93.57%
92.03%
91.61%
93.97%
91.42%

1922871
929265
1350047
1437742
1351132
1381469
1384387
1354998
1492092
1221279
1400198
1457886
1254720
1166890
1568887
1760850
1479849
1458347
1767800
2132598

2.99%
1.67%
2.53%
2.61%
2.39%
2.37%
2.60%
2.64%
2.59%
2.32%
2.77%
2.77%
2.22%
2.29%
2.95%
3.35%
2.94%
3.05%
3.25%
4.05%
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Table 2.2 List of KEGG pathways enriched in each salivary gland group

M1 ID

Description

GeneRatio

BgRatio

pvalue

BTA05322

Systemic lupus
erythematosus

17/91

196/8568

1.67E-11

2.71E-09

2.54E-09

BTA04610

Complement
and
coagulation
cascades

10/91

90/8568

3.15E-08

2.55E-06

2.39E-06

BTA05150

Staphylococcu
s aureus
infection

8/91

71/8568

7.30E-07

3.94E-05

3.69E-05

BTA05203

Viral
carcinogenesis

13/91

256/8568

2.68E-06

0.000108476

0.000101498

BTA05034

Alcoholism

12/91

234/8568

6.08E-06

0.000196946

0.000184277
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p.adjust

qvalue

geneID
506900/51544
0/280677/2822
27/519935/781
410/506214/50
5183/506306/6
16776/616868/
787269/78746
5/100295221/1
04968456/617
696/282530
338050/51544
0/514076/2806
77/280687/280
750/513197/28
1035/617696/2
80958
515440/51407
6/280677/2822
27/513197/506
214/617696/28
2530
280677/78508
6/100125591/5
19935/781410/
505183/50630
6/616776/6168
68/787269/787
465/10029522
1/104968456
506900/78508
6/519935/7814
10/505183/506
306/616776/61
6868/787269/7
87465/100295
221/10496845
6

Count
17

10

8

13

12

BTA05140

Leishmaniasis

6/91

82/8568

0.00022273

0.005968422

0.005584488

BTA04640

Hematopoietic
cell lineage

7/91

119/8568

0.00025789

0.005968422

0.005584488

BTA04145

Phagosome

8/91

182/8568

0.00067192

0.013606312

0.012731053

BTA05323

Rheumatoid
arthritis

6/91

110/8568

0.00107462

0.019343104

0.018098811

BTA04672

Intestinal
immune
network for
IgA
production

4/91

64/8568

0.00465552

0.075419495

0.070567949

Description

GeneRatio

BgRatio

Complement
and
coagulation
cascades

3/25

90/8568

Description

GeneRatio

BgRatio

Complement
and
coagulation
cascades

3/25

90/8568

M2 ID
BTA04610

P1 ID
BTA04610

pvalue
0.00017401

pvalue
0.00218081
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p.adjust
0.005394412

p.adjust
0.087232433

qvalue
0.005311984

qvalue
0.073458891

280677/28222
7/281345/5078
59/506214/282
530
282227/28109
4/282233/5062
14/327677/510
073/282530
280677/28222
7/281345/6139
25/507859/506
214/282530/50
8327
281094/53856
7/613925/5062
14/282530/508
327
281401/53856
7/506214/2825
30

geneID

6

7

8

6

4

Count

280958/28067
7/280687

geneID
781663/50822
2/617696

3

Count
3

P2

ID

Description

GeneRatio

BgRatio

BTA04110

Cell cycle

13/58

128/8568

1.78E-12

1.74E-10

1.63E-10

515376/32767
9/537027/100
848911/51477
7/535369/281
668/515301/2
81302/107131
377/281061/5
07731/281667

13

BTA04114

Oocyte meiosis

8/58

120/8568

1.25E-06

6.13E-05

5.73E-05

8

BTA04914

Progesteronemediated oocyte
maturation
p53 signaling
pathway

6/58

93/8568

3.57E-05

0.001167068

0.001090601

5/58

73/8568

0.00012606

0.003088574

0.002886208

Cellular
senescence

6/58

172/8568

0.00102273

0.020045482

0.018732083

515376/327679/
100848911/514
777/281668/614
056/281061/507
731
327679/514777/
281668/281061/
507731/281667
508167/327679/
281668/507901/
281061
327679/513643/
535369/281668/
281061/281667

BTA04115

BTA04218

pvalue

47

p.adjust

qvalue

geneID

Count

6

5

6
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3.1 Abstract
Mycobacterium avium subsp. paratuberculosis (MAP) is the etiological agent of Johne’s
disease (JD) in cattle. JD is a disease of significant economic, animal welfare and public health
concern around the globe. Therefore, understanding the genetic architecture of resistance to MAP
infection has great relevance to advance genetic selection methods to breed more resistant animals.
The objectives of this study were to perform a genome-wide association study (GWAS) of
previously analyzed 50K genotypes now imputed to a HD SNP panel (777K), aiming to validate
previously reported associations and potentially identify additional SNPs associated with antibody
response to MAP infection. A principal component regression-based GWAS revealed 15 putative
Quantitative Trait Loci (QTLs) associated with the MAP infection phenotype (serum or milk
ELISA tests) on 9 different chromosomes (BTA5, BTA6, BTA7, BTA10, BTA14, BTA15,
BTA16, BTA20 and BTA21). These results validated previous findings and identified new QTLs
on BTA15, BTA16, BTA20 and BTA21. The positional candidate genes NLRP3, IFi47, TRIM41,
TNFRSF18, and TNFRSF4 lying within these QTLs were identified. Further functional validation
of these genes is now warranted to investigate their roles in regulating the immune response and
consequently, cattle resistance to MAP infection.
3.2 Introduction
Johne’s disease (JD) is a chronic intestinal inflammatory disease of ruminants caused by
the Gram-positive bacteria Mycobacterium avium subsp. paratuberculosis (MAP). With its
worldwide distribution, JD causes major economic losses to the dairy industry due to decreased
productivity in infected animals, premature culling, and management costs that are associated with
controlling disease transmission (Coussens et al., 2001). Prevention of JD is greatly hindered by
the lack of effective treatment options and high efficacy vaccines. However, resistance to MAP
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infection appears to be a heritable trait; thus, it may be possible to selectively breed animals for
enhanced resistance to JD (Koets et al., 2000; Mortensen et al., 2004; Gonda et al., 2006; Kupper
et al., 2012).
Pant et al. (2010) performed a genome-wide association study (GWAS), based on principal
component regression analysis (PCA) and Illumina BovineSNP50 (50K) genotypes, and identified
quantitative trait loci (QTLs) on Bos taurus autosomes (BTA) 1, 5, 6, 7, 10, 11 and 14 that were
associated with MAP infection status, as indicated by milk and serum antibody response to MAP
infection (Pant et al., 2010). This study, and other GWAS performed on different cattle populations
suggest that resistance to JD is polygenic in nature (Gonda et al., 2007; Van Hulzen et al., 2012;
Settles et al., 2009; Alpay et al., 2014; Zare et al., 2014). However, there is a lack of congruence
in the QTLs identified; likely due to the different phenotypes that were used to define MAP
infection status, the low heritable nature of these phenotypes, the complex nature of the disease
progression, and the absence of QTLs having a large effect on the disease phenotype (Kirkpatrick
and Shook, 2011).
Previous GWAS have mostly relied on a 50K SNP panel to identify QTLs associated with
MAP infection status. Since infection status is influenced by a large number of genetic variants
having small effects, it is certain that genotype data from such a low-density SNP panel will lack
power to fine map any causal variants. In recent years, with the improvement in genomic
technologies and availability of high-density bovine 777K SNP panel (HD), it is now possible to
perform GWAS aiming to identify QTLs with increased accuracy (Erbe et al., 2012). Genotyping
animals using HD panels is still expensive, but costs can be greatly reduced if genotyping is
performed using a cheaper low-density (LD) SNP panel followed by genotype imputation to a HD
SNP panel based on genotype information from a reference population of cattle.

58

Genotype imputation to HD SNP panel enables prediction of genotypes at loci that were
not previously investigated using LD platform. The imputed genotypes can then be tested for
associations with a phenotype of interest by performing a GWAS, or be used to fine-map
previously identified genomic regions harboring a QTL of interest (Marchini et al., 2010).
Sargolzaei et al. (2014) previously demonstrated high imputation accuracy from a 50K SNP to HD
SNP panel (777K), even with a small reference population of cattle.
The objectives of this study were to impute previously analyzed 50K data generated by
Pant et al. (2010) to HD SNP panel (777K), and to perform a principal component (PCA)
regression-based GWAS on the imputed genotype data. The following analysis is based on the
hypothesis that HD genotypes will enable identification of additional QTL associated with MAP
infection status in cattle, especially in regions of low marker coverage on the previous 50K SNP
platform.
3.3 Materials and Methods
3.3.1 Resource population, phenotype classification and genotyping
Sample collection, classification of sampled animals as MAP positive (n = 90) and negative
(n = 142) cohorts based on MAP infection status, and genotyping were previously described by
Pant et al. (2010). Briefly, blood was collected from cows in six commercial herds in Southwestern
and Eastern Ontario, Canada. Infection status of these animals was based on detection of MAPspecific antibodies in milk or blood plasma by ELISA test (IDEXX Laboratories, Westbrook, ME,
USA). Out of the 90 MAP-positive animals, 34 and 56 animals were considered as MAP-positive
based on blood plasma and milk ELISA, respectively. Only the infection-free Holsteins that were
older than 5.8 years of age were chosen for the healthy (MAP negative) cohort (n = 142). Genomic
DNA extracted from the buffy blood coat of a total of 232 animals were genotyped using the
Illumina BovineSNP50 BeadChip (50K, Illumina Inc., San Diego, CA).
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3.3.2 Imputation to HD SNP panel and Quality Control
The 50K genotype data from 232 individuals was imputed to the BovineHD BeadChip
SNP panel (777K, Illumina Inc., San Diego, CA) using the FImpute software (Sargolzaei et al.,
2014), based on the assumption that closely related individuals share longer haplotypes and distant
relatives share shorter haplotypes. FImpute can perform imputation based on both family-based as
well as population-based methods. As no pedigree information was available for our genotyped
animals, imputation to the HD marker panel was performed using the population-based method.
Before performing GWAS, quality control (QC) measures were applied to imputed HD
genotypes using the GENABEL package in R software (Aulchenko et al., 2007). Single-nucleotide
polymorphisms with a minor allele frequency (MAF) lower than 10% were excluded. In total
522,197 SNPs passed the QC filters and were considered for subsequent analyses.
3.3.3 Statistical Analyses
Genome-wide association analysis was performed on imputed genotype data by two stage logistic
regression approach as described in Pant et al., (2010). Briefly, in the first step single SNP logistic
regression was performed using the following model:
Log it(Yi) = μ + βα + ei
Where: Yi = phenotype of the animal (coded as ‘0’ for Map-negative and ‘1’ for Map-positive
animals respectively); μ = overall mean; β = regression coefficient; α = allele substitution effect
coded as ‘-1’ for homozygote genotype mm, ‘0’ for heterozygous genotype Mm, and ‘1’ for the
other homozygous genotype MM; ei is the random error.
In the second step, all the significant SNPs (p<0.05) from single SNP regression step were
analyzed chromosome-wise by step-wise logistic regression with the exception that principal
components selected as covariates here along with the SNP in question explained 80% of the total
variance in the ‘G’ matrix and all the duplicate genotype columns were removed before logistic
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regression. Backward selection based on Akaike’s information criterion (AIK) was used to drop
PC terms that failed to improve the fit of the model. The complete description of the model as
described by Pant et al., (2010) is as follows:
Logit (Yi) = µ + βtαt + ∑kj=1 βjPj + ei
where: Yi=binomial response phenotype of the ith animal; μ=overall mean; βt=regression
coefficient for the additive effect of the SNPt, βj=multiple regression coefficients for the PC terms,
ei=random error. The binomial response phenotype (dependent variable) was coded as in the
preliminary analysis. The coded coefficients for the additive (αt) effect (independent variable) of
SNPt were as in the single SNP regression analysis. This procedure was repeated for each SNP on
each chromosome and p-values, odds ratios and confidence intervals were obtained for all SNPs.
Multiple testing correction was applied using Sidak correction after the second stage of the
analysis, and was only based on the number of markers included in the second stage of our analysis.
3.4 Results
Of the 522,197 SNPs that passed QC filtering, 40,592 SNPs were found to be significantly
associated with antibody response to MAP at P < 0.05 in the first stage of single SNP logistic
regression. The significant SNPs were then analyzed chromosome-wise using PC multiple logistic
regression model (second stage). Šidák correction for the genome-wide multiple comparison
threshold (P<1.99E-6) was estimated based on 25,647 SNPs (without duplicate genotypes). A total
of 41 SNPs across 9 chromosomes were found to be significant at P<1.99E-6 (Table 3.1 and Fig.
3.1). Chromosomal regions overlapping within 600 kb were assumed as single QTL, and based on
this assumption, 41 SNPs were grouped as 15 QTLs found on BTA5, BTA6, BTA7, BTA10,
BTA14, BTA15, BTA16, BTA20 and BTA21 (Table 3.1). Description of all the significant SNPs,
their accession numbers, chromosomal positions, odds ratio, their major and minor alleles, MAF,
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p-value along with gene symbols located within 1 Mb are shown in Table 1. In addition, the
Manhattan plot for PC multiple regression analysis of HD imputed data is shown in Fig 3.1.
3.5 Discussion
Other studies have also investigated the genetic architecture of MAP infection status in
cattle. Significant genomic regions have been reported on various chromosomes such as
BTA1(Alpay et al., 2014), BTA2 (Alpay et al., 2014; Sallam et al., 2017), BTA3 (Sallam et al.,
2017; Settles et al., 2009; Zare et al., 2014), BTA4 and BTA5 (van Hulzen et al., 2012), BTA6
(Alpay et al., 2014; Sallam et al., 2017), BTA7 (Alpay et al., 2014), BTA8 (Sallam et al., 2017;
Kiser et al., 2017), BTA9 (Settles et al., 2009), BTA10, BTA12 and BTA14 (Kiser et al., 2017),
BTA16 (Zare et al., 2014; Kiser et al., 2017), BTA17 (Alpay et al., 2014; Zare et al., 2014),
BTA18 (van Hulzen et al., 2012), BTA20 (Gonda et al., 2007), BTA22 (Kiser et al., 2017), BTA23
(Zare et al., 2014), BTA25 and BTA27 (Sallam et al., 2017), BTA28 (van Hulzen et al., 2012)
BTA29 (Alpay et al., 2014 ; Sallam et al., 2017).
However, most of these studies were conducted using low- to moderate-density SNP
panels that have lower genome coverage compared to the HD panel used in the current study
(777K). While genotyping animals with HD SNP panels is advantageous, it is also more expensive.
Therefore, one alternative is to reanalyze LD genotypes by imputation to a HD SNP panel, which
was the objective of the present study.
Principal component regression analysis of imputed HD genotypes revealed a total of 15
QTLs on 9 different chromosomes to be associated with MAP infection in Holstein cattle. The list
of gene symbols harboring the defined QTL regions are represented in Table 3.1. In the previous
50K genotype data analysis of the same resource population, Pant et al. (2010) had reported QTLs
on BTA1, BTA5, BTA6, BTA7, BTA10, BTA11 and BTA14 to be significantly associated with
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MAP infection status. Associations of these QTLs were validated in the current analysis on BTA5
and BTA10. Overlapping QTLs on BTA7 and BTA14 were also observed when chromosomewide threshold for multiple testing was used. However, it did not reach the significance threshold
when the genome-wise correction was used. Although peaks were observed for QTLs on BTA1
and BTA11, they did not cross the threshold of genome-wise and chromosome-wise multiple
testing P-values. This could be due to the inclusion of PCs that explained 80% of the total variance
in the current analysis, as opposed to 90% as described in Pant et al. (2010). Another reason could
be that different genome reference assemblies were used. The genome assembly used in this study
was Bos_taurus_UMD_3.1.1 whereas BTAU 4.0 assembly was used by Pant et al. (2010) for
annotation. As the bovine reference panels gets updated, there will be changes in the way genes
are annotated, and Florea et al. (2011) have reported major impacts on gene content with the way
genome sequences are assembled and updated. In addition to the overlapping QTLs found in these
studies, 7 additional QTLs on BTA15, BTA16, BTA20 and BTA21 were identified in the present
study. The identification of these additional QTLs can be attributed to the higher number of SNP
markers on 777K HD panel, which increase the power of GWAS.
Mapping of genes within the identified QTL regions revealed the presence of candidate
genes that could be related with resistance to MAP infection in cattle. This includes genes such as
NLRP3, IFi47 and TRIM41 within the QTL defined on BTA7, and TNFRSF18 and TNFRSF4 on
BTA16. NLRP3 is a Nod-like intracellular innate immune receptor that recognizes pathogenassociated molecular patterns (PAMPs) and triggers induction of pro-inflammatory cytokines IL1β and IL-18 through caspase-1 activation within the inflammasome complex (Zaki et al., 2011).
Interestingly, SNPs on NLRP3 region contribute to Crohn’s disease susceptibility in humans
(Villaini et al., 2009), and MAP has been linked with this disease (Scanu et al., 2007). The second
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candidate gene IFi47, Interferon gamma inducible protein 47 or IRG47 codes for a GTPase that
regulates IFN-γ-dependent macrophage resistance against intracellular bacteria and protozoa
(Taylor et al., 2004). The third candidate gene (TRIM41) codes for a member of the Tripartite
motif family that has recently been characterized as a NOD2-interacting protein that may be
involved in the NOD2 cell signaling pathway (Thiebaut et al., 2016). NOD2 (CARD 15) is well
known to have a protective function. NOD2 is a pathogen recognition receptor that recognizes the
mycobacterial PAMP muramyl dipeptide, which leads to activation of transcription factor NF-ĸB
and pro-inflammatory cytokine expression (Girardin et al., 2003; Abbott et al., 2004), and SNPs
in NOD2 have previously been associated with susceptibility to MAP infection in cattle (RuizLarranaga et al., 2010). The fourth and fifth candidate genes (TNFRSF18 and TNFRSF4) belong
to the tumor necrosis factor receptor super family, and are known to stimulate a T-helper 1 cellmediated immune response, which is important for controlling MAP infection, and to regulate the
inflammatory response (Hehlgans et al., 2005).
A final interesting gene harboring a QTL on BTA15 is also worth mentioning because of
its immunological importance; IL-18 gene is located at 1.9 Mb upstream from the SNP
rs135496866. The protective pro-inflammatory role of IL-18 against mycobacterial infections is
well documented. For instance, Alfonseca-Silva et al. (2016) reported increased expression of IL18 from Mycobacterium bovis – infected macrophages that has been isolated from naturally
resistant as opposed to susceptible donors. Sugawara et al. (1999) also demonstrated protective
role of IL-18 through IFN-γ induction during the course of mycobacterial infection.
In comparison with this study, two recently published GWAS identified different positional
candidate genes and QTLs associated with JD. By conducting a combined across-breed GWAS,
Sallum et al. (2017) identified QTLs on BTA2, BTA3, BTA6, BTA8, BTA25, BTA27 and BTA29
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and also reported two positional candidate genes, BTN1A1 and TDP2, associated with JD (cases
were defined as cows that were positive by either faecal culture (FC) or serum ELISA tests). In an
another GWAS using BovineSNP50 data, where JD cases were defined as MAP tissue qPCR and
culture positive, Kiser et al. (2017) identified 7 QTLs located on BTA 22 in Jerseys and 6 QTLs
located on BTA8, BTA10, BTA12, BTA14 and BTA16 in the combined Pacific Northwest and
Northeast Holstein population by meta-analysis. The positional candidate genes identified in this
study included BCAR3, FLVCR2, RASA3, MGC134473, MARK1, C16H1orf115, MARC2,
C10H14ORF1, CDC42BPA. All these genes play an important role in immunological processes,
with some potentially affecting MAP entry into host immune cells. The dissimilarity in the findings
of these two studies compared to the current study can be attributed to different phenotypes used
to define JD positive animals; different statistical analysis employed for the GWAS; different
sample size; and different cattle populations. It is of great importance to perform GWAS across
independent populations and breeds to validate previous findings and better define the genetic
architecture of JD, as well as identify important genomic regions affecting resistance to JD across
breeds and populations. The identification of different QTLs and candidate genes across
chromosomes and populations is a clear reflection of the polygenic nature of JD.
Limitations associated with this study include the small size of the resource population (n
= 232), and the lack of pedigree records. However, the two-stage logistic regression method used
for this GWAS allowed for joint analyses of individual SNPs, while also using PCs from SNPcovariance matrix as regressors to account for linkage disequilibrium that exists between markers
present on the same chromosome. Simultaneous analysis of multiple markers accounted for the
population substructure, which was essential because the pedigree details of the case-control
animals were unknown. Principal components were also only computed for markers that were
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found to be significant after the first stage of the analysis, which avoided infinite likelihood and
inaccurate estimates of the phenotype. A complete description of the multiple logistic PC
regression analysis and its advantages over traditional single-SNP regression analysis are further
explained in detail by Pant et al. (2010).
The genotype imputation utilized in the present study provided an inexpensive method for
predicting genotypes and identifying QTL associated with MAP infection status. Imputation
accuracy using FImpute software, which is mainly influenced by the density of SNP panel and the
number of individuals making up the reference population (n = 2,998), was expected to be greater
than 98% in the present study (Sargolzaei et al., 2014). These authors have also shown that
imputation accuracy for rare alleles having a MAF < 0.05 is higher using FImpute in comparison
to other imputation software such as Beagle and Impute2.
3.6 Conclusion
In conclusion, a GWAS was performed using HD-imputed genotype data to identify QTLs
associated with MAP infection status. Several new QTLs harboring potential candidate genes were
identified that could be involved in the immune response to MAP infection. These associations
should be validated in an independent population, and the functional contribution of these genes
in the host response to MAP warrants further investigation.
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3.8 Tables
TABLE 3.1 : A description of the SNPs significantly associated with MAP infection status
SNP rsID

BTA

Position
(bp)

MAF

Odds
ratio

p-value

rs135242518

5

81530672

0.27

0.11786

3.87E-07

rs109339854

5

82482567

0.48

0.08545

2.65E-08

rs134245823

5

82494874

0.48

11.7032

2.65E-08

QTL 2

rs134810456

6

19064492

0.3

24.3705

8.52E-10

QTL 3

rs132756399

7

41974204

0.43

0.04368

1.44E-06

rs110601314

7

41980231

0.43

22.4152

1.35E-06

rs110450821

7

41983705

0.43

0.04461

1.35E-06

rs42556867

10

50670173

0.41

5.73785

2.45E-07

rs134355633

10

50679466

0.41

0.17428

2.45E-07

rs42556851

10

50705459

0.41

0.15636

7.72E-08

rs133988414
rs132817923
rs43629042

10
10
10

50921608
50971153
52023061

0.4
0.4
0.35

6.0082
0.16644
0.16201

1.24E-07
1.24E-07
2.90E-08

rs132870210

10

59371041

0.44

0.17253

2.43E-07

QTL 1

QTL 4

QTL 5
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Genes symbols (within 1 Mbp)
CCDC91,PTHLH,FAR2,,MANSC,RE
P15,PPFIBP1,
ERGIC2,KLHDC5,MANSC4,MRPS3
5
ARNTL2,STK38L,MED21,TM7SF3,F
GFR1OP2,ASUN,ITPR2
PAPSS1,DKK2,SGMS2,CYP2U1,HA
DH,LEF1
NLRP3,IFI47,OR2B11,TRIM52,
GNB2L1,TRIM41,OR2C3,TRIM7,OR
2G2,OR2V2
,BTNL9,COX7B,OR2G3
GTF2A2,BNIP2,GCNT3,FAM81A,M
YO1E,,
FOXB1,CCNB2,RNF111,ANXA2,FA
M63B
NARG2,
RORA,ADAM10,AQP9,ALDH1A2
POLR2M

CYP19A1,AP4E1,GLDN,DMXL2,SP
PL2A,
TRPM7,SCG3,USP50,USP8,
LYSMD2,TMOD2

OVERLAP
Yes

No
No

Yes

Yes

QTL 6

rs110242629

10

68119052

0.41

9.19329

6.18E-09

QTL 7

rs110813155

14

48158499

0.47

0.12589

9.09E-09

QTL 8
QTL 9

rs110774927
rs41742892
rs135496866
rs41748278

14
14
15
15

48161079
49965170
24778751
24783744

0.47
0.28
0.23
0.18

7.94325
0.16089
0.08457
13.4531

9.09E-09
5.50E-08
1.71E-07
1.13E-07

rs42767091

15

24792798

0.23

11.8242

1.71E-07

rs134945484
rs132976617

16
16

49006258
49009928

0.32
0.32

5.05355
0.19788

3.63E-07
3.63E-07

rs137767503

16

49886643

0.38

0.1844

1.53E-07

rs133093887

16

49896349

0.38

1.5E-07

1.53E-07

rs136182707

16

53247138

0.41

0.1155

3.95E-08

rs133196443

16

53247913

0.41

8.65791

3.95E-08

rs110621545

16

53264276

0.44

0.14361

2.90E-08

rs209889900

16

53265578

0.46

7.2721

2.21E-08

rs41811150

16

53277801

0.33

0.13802

1.02E-08

rs41810207

16

53288654

0.33

7.24557

1.02E-08

QTL 10

QTL 11
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GABPB1,HDC,TMOD3,LEO1,SLC27
A2,MAPK6,TBPL2
TBPL2,
ATG14,FBXO34,KTN1,DLGAP5,
LGALS3,MAPK1IP1L,SOCS4,WDH
D1,GCH1,SAMD4A,PELI2
MIR2292,CGRRF1,GMFB,CNIH,CD
KN3
SAMD12,MIR2489,EXT1,TNFRSF11
B,MED30,COLEC10,MAL2
EIF3H,UTP23,RAD21,AARD,TRPS1
HTR3B,USP28,HTR3A,CLDN25,
ZW10,ZBTB16,TMPRSS5,DRD2
RBM7,REXO2,TTC12,NCAM1,
NXPE4
TNNT2,LAD1,TNNI1,CSRP1,IPO9
TIMM17A,SHISA4,MIR2320,
TPRG1L,MIR551A,ARHGEF16,PRD
M16
TNFRSF18,TNFRSF4,DNAJC16,CAS
P9,CELA2A,AGMAT,CTRC,
EFHD2,PLEKHM2,SLC25A34,TME
M82,FBLIM1,SPEN,TMEM51,
ZBTB17,KAZN,SAMD11,NOC2L,KL
HL17,C16H1orf170,HES4
ISG15,AGRN,RNF223,C16H1orf159,
ACAP3,SCNN1D,PUSL1
CPSF3L,GLTPD1,MIR200B,C16H1o
rf233,MIR200A,MIR429,
AURKAIP1,CCNL2,MRPL20,ANKR
D65,SDF4,B3GALT6,FAM132A,

Yes

No
No
No

No

No

rs41810662

16

55677310

0.34

0.16549

1.29E-07

rs43040872

16

55721889

0.34

0.15434

4.27E-08

rs134792861

16

55722841

0.33

0.1641

8.03E-08

QTL 13

rs109119538
rs135066039
rs42023278
rs43739343
rs110473149

16
16
16
16
20

55839833
56108258
56114387
56120577
29320129

0.42
0.35
0.34
0.35
0.47

0.13217
5.63227
0.13958
0.17044
4.62079

5.82E-08
2.76E-07
2.96E-08
1.91E-07
3.71E-07

QTL 14

rs136813055

20

24527108

0.31

0.2112

9.90E-07

QTL 15

rs133273791

21

71338809

0.16

12.6771

6.17E-07

QTL 12

MAF – Minor Allele Frequency; OVERLAP - Gene overlap with previous 50K analysis
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UBE2J2,DVL1,MXRA8TMEM88B,V
WA1,ATAD3A
PRAMEF12,CYB5R1,ADIPOR1,KLH
L12,RABIF,ZBTB37
PDPN,KDM5B,C16H1orf158,PRDM
2,PRDX6,RABGAP1L
SLC9C2,ANKRD45,KLHL20,CENPL
,DARS2,SERPINC1

HCN1,EMB,MRPS30,PARP8
SNX18,HSPB3,ESM1,GZMK,ARL15,
GZMA,CDC20B,GPX8,MIR449A
MCIDAS,CCNO,
DHX29,PPAP2A,SLC38A9,NDUFS4
PACS2,CRIP1,C21H14orf80,BRF1,B
TBD6,
NUDT14,JAG2,GPR132,CDCA4,C21
H14orf79,AHNAK2,
PLD4,KIAA0284,ZBTB42,SIVA1,AD
SSL1,INF2,TMEM179,NRAC

No

No
No

No

3.9. Figures

Figure 3.1: Manhattan plot for principal component regression analysis of imputed genotype data.
A total of 41 SNPs across 9 chromosomes (BTA5, BTA6, BTA7, BTA10, BTA14, BTA15,
BTA16, BTA20 and BTA21) were found to be significant at P <1.99E-6 (Šidák correction)
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4.1 ABSTRACT
Johne’s disease (JD) is a chronic intestinal inflammatory disease caused by Mycobacterium
avium subsp. paratuberculosis (MAP) infection in ruminants. Since there are currently no effective
vaccine and treatment options available to control JD, genetic selection may offer an alternative to
enhance JD resistance. Numerous Single Nucleotide Polymorphisms (SNPs) have been found to
be associated with MAP infection status based on published genome-wide association and
candidate gene studies. The objective of this study was to validate these SNPs that were previously
identified to be associated with JD by testing their effect on Holstein bulls’ estimated breeding
values (EBVs) for milk ELISA test scores, an indirect indicator trait of MAP infection status in
cattle. A total of 498 bulls were classified into high and low groups based on their EBVs for milk
ELISA test scores. Both groups were then genotyped using a customized SNP panel comprising
155 of the most prominent JD SNPs reported in the literature, including SNP from studies that
used phenotypes other than milk ELISA test to define the case-control populations. Two
association analyses were used to carry out SNP validation: a) General Quasi Likelihood Scoring
(GQLS) analysis based on logistic regression, and, b) single-SNP regression. Three SNPs,
rs41810662, rs41617133 and rs110225854, located on Bos taurus autosome (BTA) 16, 23 and 26,
respectively, were confirmed as significantly associated with Holstein bulls’ EBVs for milk ELISA
test score (FDR < 0.01) based on GQLS analysis. Single-SNP regression analysis identified four
SNPs that were associated with sire EBVs (FDR < 0.05). This includes two SNPs that were
common with GQLS analysis (rs41810662 and rs41617133), with the other two SNPs being
rs110494981 and rs136182707, located on BTA9 and BTA16, respectively. These findings
validate the association of some SNPs with JD MAP infection status and highlight the need to
further investigate the genomic regions harboring these SNPs.
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4.2 Introduction
Johne’s disease (JD), also known as paratuberculosis, manifests as chronic enteritis in
cattle and is caused by infection with the Gram-positive bacteria Mycobacterium avium subsp.
paratuberculosis (MAP). With its worldwide prevalence, the disease is responsible for significant
economic losses to the dairy industry (Ott et al., 1999). Factors like non-availability of an
efficacious vaccine to combat MAP infection, issues associated with currently available JD
diagnostic assays, and absence of treatment options have limited JD control around the world.
Estimated genetic parameters for JD suggest that there is enough genetic variation to enable
selection for reduced susceptibility to MAP infection (Kirkpatrick and Shook, 2011), and
heritability estimates have been found to range from 0.06 to 0.20 (Mortensen et al., 2004; Gonda
et al., 2006; Küpper et al., 2012; van Hulzen et al., 2012a; Brito et al., 2018). Given the low-tomoderate heritability estimates of JD resistance, the difficulty to collect accurate phenotypes on a
large number of animals, and considering that animals are tested for MAP infection at a later life
stage (i.e., do not have own record at selection stage), the use of genomic information seems a
promising way to make genetic progress for JD resistance.
Genome-wide association (GWAS) and candidate gene studies concerning JD have
identified numerous single nucleotide polymorphisms (SNPs) across the bovine genome which are
significantly associated with MAP infection status in dairy cattle (Gonda et al., 2007; Settles et al.,
2009; Minozzi et al., 2010; Pant et al., 2010, 2011; Verschoor et al., 2010; Kirkpatrick et al., 2011;
Zanella et al., 2011; Sharma et al., 2015). The identification of JD associated SNPs and the
heritable nature of susceptibility to MAP infection reflect the genetic variation in
susceptibility/resistance to JD. These identified SNPs could be used in JD resistance breeding
programs based on marker-enhanced genetic selection (MES) once they are included in genotyping
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platforms. However, before this can occur there is a need to validate them, especially using
different cattle populations.
In a recent study by Brito et al. (2018), the authors reported genetic parameters and
estimated breeding values (EBVs) for Holstein cattle based on milk ELISA test records. Milk
ELISA is a JD diagnostic method that detects MAP-specific antibodies in animals exposed to MAP
and is therefore an indirect indicator of MAP infection status in cattle (Lavers et al., 2014). As
studies concerning validation of JD SNPs are lacking, sires with highly accurate EBVs for milk
ELISA testing can be used to validate previously identified JD SNPs, and this formed the rationale
behind the current study. Therefore, the objective of this study was to validate previously reported
JD SNPs by testing their association with sire EBVs estimated for milk ELISA test score.
4.3 Materials and Methods
4.3.1 Resource population, phenotype classification and genotyping
The EBVs for Holstein sires were calculated for milk ELISA test score as described earlier
by Brito et al. (2018). Out of 5,285 sires, a total of 498 were classified into high (n = 248) and low
(n = 250) EBV groups for selective genotyping. The EBVs of the selected sires from both the
groups ranged from -0.0677 to 0.0275 with a standard deviation of 0.0151. All sires had at least
30 daughters. Genotyping was performed using a customized SNP panel comprised of 155 of the
most prominent JD SNPs reported in the literature, which included SNP from studies that used
phenotypes other than milk ELISA to define their case-control populations, and SNPs from
candidate-gene studies (Settles et al., 2009; Pinedo et al., 2009; Verschoor et al., 2010, 2011;
Minozzi et al., 2010; Pant et al., 2010; Ruiz-Larrañaga et al., 2010; Kirkpatrick et al., 2011; Zanella
et al., 2011; van Hulzen et al., 2012b; Alpay et al., 2014; Zare et al., 2014; Pauciullo et al., 2015;
Kiser et al., 2017; Sallam et al., 2017; Mallikarjunappa et al., 2018). These SNPs were located on
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all Bos taurus autosomes (BTA) except for BTA 24. A pedigree file containing 7,479 animals was
generated by tracing back the pedigrees of sires with data up to 18 generations ago.
4.3.2 Quality Control and Statistical Analyses
Quality control was applied to remove SNPs with minor allele frequency (MAF) less than
0.01 (or 1%). The association analysis was carried out using the Generalized Quasi-Likelihood
Score method (GQLS) (Feng et al., 2011), implemented in the SNP1101 software (Sargolzaei,
2014). The GQLS method uses logistic regression to associate EBVs (treated as co-variates) with
SNP genotypes, which were considered the response variables. The GQLS statistical model can
be defined as:

𝑒 𝛽0 + 𝛽1X𝑖
µ𝑖 = 𝐸 ( 𝑌𝑖 |X𝑖 ) =
1 + 𝑒 𝛽0 + 𝛽1X𝑖
Where µi is the expected SNP allele frequency; Xi is the pseudo-phenotype (sire EBVs); Yi is the
genotype of the SNP, considering Yi = 1/2 * (genotype code for the ith animal). The genotypes
were coded as ‘‘0’’, ‘‘1’’, and ‘‘2’’ based on the number of reference alleles, corresponding to
respective proportions of 0, 1/2 and 1; β0 is a constant and β1 is the slope coefficient. In order to
verify the association between each marker and the trait (sire EBV for milk ELISA test score), the
null hypothesis was: H0: β1 = 0, i.e. the marker is not associated with the trait; while the alternate
hypothesis was: H1: β1 ≠ 0, i.e. the marker is associated with the trait. To account for testing of
multiple comparisons and identify significant SNPs associated with sire EBVs, genome-wise false
discovery rates (FDR) of 1% and 5% were applied.
In addition to GQLS analysis, single-SNP regression analysis including additive polygenic
effect was carried out. The single-SNP regression model can be defined as:
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y = μ + bx +Za + e
where y is a vector with the sires’ EBV for milk ELISA test scores; μ is the overall mean value of
the EBVs; b is the additive allele substitution effect (linear regression coefficient) of a SNP; x is
the vector of number of copies of a given SNP allele (coded as 0, 1, or 2 for BB, AB, and AA,
respectively); Z is the incidence matrix linking additive polygenic effects to bull EBVs; a is the
vector of additive polygenic effects; and e is a vector of the residual effects. The model
assumptions are as follows: a follows a normal distribution N (0, Gσ2a), in which G is the genomic
relationship matrix (VanRaden, 2008), and σ2a is the additive genetic variance.
4.4 Results and Discussion
A total of 141 SNPs passed the quality control test for MAF threshold and were included
in the association analyses. After the GQLS association analysis, the SNPs rs41810662,
rs41617133 and rs110225854 were found to be significantly associated with Holstein sire EBVs
for milk ELISA test scores at a FDR of 1%, and no other SNPs were found to be significant at a
FDR of 5%. Table 4.1 lists the significant SNPs based on GQLS analysis. The Manhattan plot of
GQLS analysis is shown in Fig. 4.1.
The GQLS method is based on logistic regression and involves regression of EBVs versus
SNP genotypes which are considered as response variables (Feng et al., 2011). It further accounts
for population substructure, by adjusting for relatedness among selected animals based on the
pedigree-based relationship coefficients (Thornton, 2015), and is not biased for selective
genotyping .
The association of these three SNPs with sire EBVs in the current study confirmed their
association with JD. The SNP rs41810662 is located on BTA16 and was previously found to be
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associated with MAP antibody response in Holstein cows (Mallikarjunappa et al., 2018). The other
two SNPs (rs41617133 and rs110225854) are located on BTA23 and BTA26, respectively, and
were previously reported to be associated with JD susceptibility in Holsteins (Kirkpatrick et al.,
2011). These last two SNPs were selected from a GWAS study that used fecal culture along with
blood ELISA to define MAP infection status. This may be indicative of the shared genomic region
in Holstein cattle that influences both JD fecal culture and ELISA positivity and a stronger
evidence of these SNPs’ role towards resistance to MAP infection.
A total of four SNPs were found to be significantly associated with sire EBVs by singleSNP regression analysis (Fig. 4.2). This included the SNPs rs41810662 and rs41617133 that were
also identified in the GQLS analysis; and two other SNPs, rs110494981 and rs136182707, which
are located on BTA9 and BTA16, respectively. The SNP rs110494981 was previously found to be
associated with serum ELISA positivity for MAP antibodies in Italian Holsteins (Minozzi et al.,
2010), whereas rs136182707 was previously identified by Mallikarjunappa et al. (2018). Table 4.2
lists all the significant SNPs along with their estimated SNP effect based on single-SNP regression
analysis.
One main result from this study is that most of the “promising” SNP (137 out of 141) were
not found to be significant in the population under study. This is not uncommon and may have
multiple causes. While several GWAS studies have enabled identification of many SNPs
associated with MAP infection status in cattle, there seems to be little congruence among them,
which confirms the complex polygenic nature of the disease (Kirkpatrick and Shook, 2011; Brito
et al., 2018). Among other factors, the choice of phenotype (e.g., milk or blood ELISA, fecal MAP
culture, tissue MAP culture) used to define infection status in case-control studies is shown to
impact results (Küpper et al., 2014). Each test differs in their specificity and sensitivity in
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accurately diagnosing MAP infection and results are often dictated by the stage of disease
progression in the tested animal (Whittington et al., 2017). Given these issues, precise phenotyping
of infected versus non-infected animals remains a challenge.
The aim of this study was to validate some of the previously reported JD SNPs reported
in the literature. We utilized sire EBVs estimated for milk ELISA test score to validate JD SNPs
and confirm their association. As sire EBVs are estimated from a very large dataset of milk ELISA
records, testing the association of JD SNPs with sire EBVs allows their validation at a large
population level, while reducing the costs associated with genotyping large number of daughters.
Milk ELISA is an indirect test for diagnosing MAP infection status that is based on
identification of MAP-specific antibodies in MAP exposed animals. Unlike MAP culture
techniques that take weeks to diagnose MAP infection, ELISA tests are more feasible at the herd
level because of their rapid turn-around time and measurement cost. The specificity of milk ELISA
test is very high (99%); however, it lacks sensitivity during early stages of MAP infection (Collins
et al., 2005). This could perhaps have influenced the results of this study. Kirkpatrick et al. (2011)
reported that combining fecal culture and ELISA tests is more suitable in defining MAP infection
status. Future studies could aim at determining EBVs for both tests combined to validate other JD
SNPs.
4.5 Conclusions
To the best of our knowledge, this is one of the first studies that considered validation of
SNPs associated with JD reported in the literature. A follow-up study will consider search for gene
variants in the same chromosomal areas as the identified SNP, which could play a role in JD
resistance. One of the limitations associated with the current study is that validation was limited
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to a relatively small number of selected JD SNPs from GWAS and candidate gene studies from
the literature. Future studies could consider validation of a larger number of reported JD SNPs
using different (and ideally unrelated) dairy cattle populations. The problems related with JD
control, and the economic and welfare implications of the disease on the dairy industry, warrant
extensive exploration of genetic selection as an alternative option to control Johne’s disease and
this begins with validation of associated genetic markers.
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4.7 TABLES

Table 4.1: GQLS analysis: list of significant SNPs associated with sire EBVs for milk ELISA
SNP rsID

SNP name

BTA

rs41810662
rs41617133

BovineHD1600015492
Hapmap51130-BTA105627
ARS-BFGL-NGS114768

rs110225854

MAF

p-value

FDR

16
23

Position
(bp)
55677310
32876929

0.30
0.20

0.00011
4.5E-06

1%

26

38924276

0.15

6.4E-19

1%

MAF – Minor Allele Frequency; BTA – Bos taurus autosome; FDR – False Discovery Rate;
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1%

Table 4.2: Single SNP regression analysis: list of significant SNPs associated with sire EBVs for
milk ELISA.
SNP rsID

SNP name

BTA

rs110494981
rs136182707
rs41810662
rs41617133

ARS-BFGL-NGS-8531
BovineHD1600014724
BovineHD1600015492
Hapmap51130-BTA105627

9
16
16
23

Position
(bp)
44713803
53247138
55677310
32876929

MAF

p-value

FDR

0.24
0.43
0.30
0.20

9.0E-05
0.00088
0.00062
0.00050

5%
5%
5%
5%

b
0.00870
0.0068
0.00719
0.00368

MAF – Minor Allele Frequency; BTA – Bos taurus autosome; FDR – False Discovery Rate; b – variance
explained by SNP relative to the Standard Deviation of EBVs after correcting for selective genotyping
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4.8 FIGURES

Figure 4.1: Manhattan plot for General Quasi Likelihood Score association analysis. A total of 3
SNPs across 3 chromosomes (BTA16, BTA23 and BTA26) were found to be significant at FDR
< 0.01.
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Figure 4.2: Manhattan plot for Single SNP regression analysis. A total of 4 SNPs across 3
chromosomes (BTA9, BTA16 and BTA23) were found to be significant at FDR < 0.05.
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5.1 Abstract
Johne’s disease (JD) is chronic enteritis caused by Mycobacterium avium subsp.
paratuberculosis (MAP) infection, whereas, intramammary infection with Escherichia coli can
lead to acute mastitis; both of these inflammatory diseases contribute to significant economic
losses for the dairy industry. Several candidate genes including IL10RA have been found to be
associated with both diseases. This gene codes for the alpha chain of the interleukin 10 (IL10)
receptor whose ligand, IL10, functions as a key regulator of inflammation. The aim of this study
was to better understand and validate the functional significance of IL10RA in the context of MAP
cell wall lysate and E. coli lipopolysaccharide (LPS) stimulation. To address this, a IL10RA knock
out (KO) bovine mammary epithelial cell (MAC-T) line was generated using the CRISPR/cas9
gene editing system. These IL10RA KO cells were stimulated with immune stimulants MAP lysate
+/- IL-10 protein, or E. coli LPS. Relative quantification of immune-related genes after stimulation
revealed that knocking out IL10RA resulted in upregulation of pro-inflammatory cytokine gene
expression (TNF-α, IL-1α, IL-1β, and IL-6) and downregulation of SOCS3 – a negative regulator
of pro-inflammatory cytokine signaling for all the immunostimulants, and these results were
confirmed at the protein level. These findings support the functional role of IL10RA in eliciting an
anti-inflammatory response to bacterial membrane components and support its involvement in JD
and mastitis.
5.2 Introduction
Infection with the bacteria Mycobacterium avium subsp. paratuberculosis (MAP) causes
Johne’s disease (JD), a chronic enteritis in cattle. JD is highly contagious in nature with significant
economic and animal welfare implications to the dairy industry (Ott et al., 1999; Geraghty et al.,
2014). Albeit controversial, MAP is considered a pathogen with zoonotic potential (Scanu et al.,
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2007). JD is prevalent worldwide and is difficult to control due to lack of availability of treatment
options and absence of an efficacious vaccine to prevent MAP infection (Coussens, 2001).
Inflammation of the udder, caused by intramammary infection, is referred to as mastitis.
Like JD, mastitis also incurs heavy financial loss to dairy cattle industry due to decreased milk
production. Infection of mammary gland by Gram-negative bacteria such as Escherichia coli (E.
coli) often leads to acute clinical mastitis that is sometimes fatal (Hogan and Smith, 2003). E. coli
is a commonly prevalent environmental bacteria that is responsible for coliform mastitis
(Nagasawa et al., 2019). Lipopolysaccharide (LPS), the cell wall constituent of E. coli is the major
microbial-associated molecular pattern (MAMPs) responsible for inducing clinical mastitis
(Burvenich et al., 2003).
Studies have reported higher rates of clinical mastitis in MAP-infected animals and higher
mastitis incidence levels in farms positive for MAP infection (Diéguez et al., 2008; Rossi et al.,
2017). Over the years, much emphasis has been placed on understanding the genetic basis of
susceptibility to JD and mastitis in cattle (Kirkpatrick and Shook, 2011; Fang et al., 2017). This is
reflected in determining the heritable nature of MAP infection and mastitis, identifying single
nucleotide polymorphisms (SNPs) across the bovine genome associated with JD and mastitis
phenotypes, as well as determining the association of candidate genes with phenotype status (Rupp
and Boichard, 2003; Brito et al., 2018). Associations between several candidate genes and JD and
mastitis have also been reported (Mucha et al., 2009; Pinedo et al., 2009; Verschoor et al., 2009;
Ruiz-Larrañaga et al., 2010; Pant et al., 2011; Sharma et al., 2015; Yang et al., 2019). While these
candidate gene studies report statistical associations with phenotypes, they do not confirm the
functional significance of the genes. Therefore, functional characterization studies involving the
gene in question are warranted to validate their biological relevance, and studies in this regard with
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JD and mastitis are lacking.
Previously, Verschoor et al. (2010) reported a strong association of SNPs on gene IL10RA
with MAP infection status in dairy cattle. Association of IL10RA SNPs with estimated breeding
values (EBVs) of somatic cell score (mastitis indicator) in Canadian dairy bulls has also been
reported (Verschoor et al., 2009). This gene codes for the alpha chain of the interleukin 10 (IL10)
receptor whose ligand, IL10, functions as a key regulator of inflammation. The objective of this
study was to determine the biological and functional significance of IL10RA by creating IL10RA
knockout (KO) epithelial cell line. In the first step, the CRISPR/Cas9 gene editing technique was
used to create a IL10RA KO bovine mammary epithelial cell line (MAC-T). Following
confirmation of IL10RA KO, MAC-T cells were stimulated with the immune stimulants MAP
lysate +/- IL10 ligand and E. coli LPS, and the expression of key immune genes was determined.
5.3 Materials and Methods
5.3.1 Bovine mammary epithelial cell line (MAC-T cells)
Bovine mammary epithelial cell line (MAC-T cells) developed by Huynh et al. (1991) were
used to perform IL10RA gene knockout in vitro. MAC-T cells were cultured in T25 tissue culture
flasks (Corning, Tewksbury, MA, USA) at 37 °C with 5% CO2 in Dulbecco's Modified Eagle
Medium (DMEM; Invitrogen, Burlington, ON, Canada) supplemented with 4.0 mM L-glutamine,
10% heat inactivated fetal bovine serum (FBS; Invitrogen), 25 mM HEPES buffer (Invitrogen),
0.25 μg/ml amphotericin B (Invitrogen), 1% Penicillin/Streptomycin (100 unit/ml of Penicillin and
100 μg/ml Streptomycin; Invitrogen), 1 mM Sodium Pyruvate (Invitrogen), and 5 μg/ml insulintransferrin-selenium (Invitrogen).
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5.3.2 MAP cell lysate preparation
MAP cell lysate was provided by Dr. Brandon Plattner lab (University of Guelph, Canada).
Mycobacterium avium subsp. paratuberculosis (MAP) GC86 strain (obtained from Dr. Lucy
Mutharia, University of Guelph, Canada) was cultured in Middlebrook 7H9 broth (Sigma-Aldrich)
to an optical density of 0.2 to 0.4 at 540 nm, then pelleted by centrifugation at 3500 x g for 20 min
and washed twice with ice cold PBS. The pellet was then suspended in PBS and sonicated on ice
using a probe sonicator (Model 120, Fisher Scientific; with 60% amplitude for three cycles of 10
min bursts followed by a 10 min chilling period between each sonication. MAP sonicate was then
centrifuged at 12000 x g for 5 min, following which the pellet was discarded and the lysate
supernatant was saved. The protein concentration of MAP lysate was determined using Bio-Rad
protein assay (Richmond, CA, USA).
5.3.3 Single guide RNA design (sgRNA)
Single guide RNA (sgRNAs) targeting bovine IL10RA were designed using the Synthego
knockout guide RNA design tool (www.synthego.com) based on UMD 3.1 reference genome
(ENSBTAT00000006870.4). Three sgRNAs with minimal off-target effects were selected
(sgRNA1:

auggaguagagcccaccucc;

sgRNA2:

ccucuggauggacuuccagg;

and

sgRNA3:

caucuggcuacaccucugga) and custom synthesized by Synthego (Menlo Park, CA, USA). Out of
three, only sgRNA2 that targets IL10RA exon 2 was used for transfection as it had better efficiency.
Lyophilised sgRNAs were diluted in Tris-EDTA buffer to a final working concentration of 33.3
pmol/µL.
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5.3.4 Transfection of MAC-T cells
MAC-T cells were transfected with sgRNA and cas9 protein complex using Lipofectamine
CRISPRMAX (Invitrogen, Carlsbad, CA) reagent as per manufacturer’s instructions. Briefly, 24
h prior to transfection, 70,000 cells were seeded in a 24-well plate so that the wells were 70%
confluent at the time of transfection. On the day of transfection, the sgRNA and cas9 protein
complex (1.2:1 ratio) was added to the Lipofectamine CRISPMAX reagent. The sgRNA/cas9 lipid
complex was incubated at room temperature for 15 min, after which it was added to each well to
carry out transfection. The cells were then incubated for 48 h at 37 °C with 5 % CO2.
5.3.5 Genome Cleavage Detection Assay
Post transfection, cells were harvested for subsequent sub-culture and detection of indels
induced by the sgRNA-cas9 complex at the expected IL10RA site using GeneArt® Genomic
Cleavage Detection Kit (Life Technologies, Carlsbad, CA) as per manufacturer’s instructions.
Briefly, the sgRNA transfected and non-transfected samples were PCR amplified using the same
of set of primers (forward: GAATACCCTGAGGGCTGTATTG; reverse: GGCCCGATG
CTGAGTATTTAT) flanking the region of interest. After re-annealing, samples were treated with
and without detection Enzyme (provided with GCD assay kit) and run on a 2% agarose gel to
check induction of indels.
5.3.6 Single cell clonal expansion
Mixed MAC-T cell populations in which indels were detected by genome cleavage assay
were serially diluted in a 96-well plate to generate clone populations. These monoclonal progeny
cells were sub-cultured and further subjected to Sanger sequencing to identify indels in IL10RA
gene.
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5.3.7 Western blot analysis
Western blot was carried out to determine IL10RA protein expression in edited and
unedited (WT) MAC-T cells. Edited and WT MAC-T cells were cultured in T25 flasks to
approximately 70-80% confluence, pelleted by centrifugation at 400 X g for 15 min and lysed by
sonication in ice cold RIPA lysis buffer containing protease inhibitor (Thermofisher Scientific,
Pierce, Rockford, IL). Following sonication, the lysate was incubated for 15 min followed by
centrifugation at 13000 x g for 5 min at 4°C to collect cell lysate supernatant for western blot
analysis.
Cell lysate proteins were separated by subjecting them to 12% SDS-PAGE electrophoresis
followed by their transfer to a 0.45 μm pore size PVDF membrane (Millipore Inc., Burlington,
CA, United States) using the iBlot 2 Dry Blotting System (Thermofisher Scientific). The PVDF
membrane was later blocked with 5% (w/v) skim milk powder in 1X TBST buffer (0.3% Tris,
0.8% NaCl, 0.02% KCl, 0.1% Tween 20) for 1 h and then incubated with polyclonal rabbit antibovine IL10RA antibody (Antibodies-online Inc., Limerick, PA, USA) overnight at 4°C. After
washing the membrane three times for 5 min each in TBST, the membrane was incubated with
anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase (Antibodies-online Inc.,
Limerick, PA, USA) for 1 h at room temperature. Protein bands were visualized using an ECL
Plus Western blotting system according to manufacturer’s instructions (Amersham Biosciences,
Piscataway, NJ, United States).
5.3.8 Gene Expression Study in IL10RA Knockout MAC-T cells
Post confirmation of IL10RA gene knockout at protein level in edited CRISPR/cas9 MACT cells, hereon referred as IL10RA KO MAC-T cells, the biological relevance of IL10RA was
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studied by stimulating KO and WT MAC-T cells with various immune stimulants such as MAP
lysate, MAP lysate plus recombinant bovine interleukin 10 protein (Cedarlane Labs, Burlington,
ON), and lipopolysaccharide (LPS, Escherichia coli, serotype O111:B4, Sigma-Aldrich). The
response to immune stimulation was compared between IL10RA KO and WT MAC-T cells by
relative quantification of expression of various immune-related genes (Table 5.1) within the IL10
receptor signaling pathway using real-time polymerase chain reaction (RT-PCR).
In order to carry out this gene expression study, IL10RA KO MAC-T cells and WT MACT cells were seeded at 70,000 cells/well in two 24-well cell culture plates each and incubated
overnight at 37°C with 5% CO2. Both cell types were stimulated in quadruplicate for 24 and 48 h
with MAP lysate (5 µg/ml and 10 µg/ml), MAP lysate + IL10 protein (5 µg/ml and 10 µg/ml of
MAP lysate; 50 µg/ml IL-10 protein) and LPS (5 µg/ml).
At 24 and 48 h post challenge, the corresponding time point plate wells were washed with
PBS and cells were lysed using 250 µL Trizol (Invitrogen) per well. Total RNA was then extracted
from Trizol cell lysate using RNeasy Mini Kit (Qiagen) as per manufacturer’s instructions. The
total RNA concentration was measured using Cytation 5 equipment (BioTek). From each sample,
total RNA (500 ng) was reverse transcribed to cDNA using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems).
Primer design and Real-time PCR
The primers used in the gene expression study were designed using the Primer3Plus
software (www.primer3plus.com; (Coussens et al., 2004)). A list of primers used, and their
sequences, are provided in Table 5.1. Relative quantitative expression of target genes was
determined using the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Burlington,
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ON, Canada). Real-time PCR was performed using SYBR® Green qPCR supermix and the PCR
conditions consisted of 50 oC for 2 min, 95 oC for 2 min, 40 cycles of 95 oC for 15 s, 58.3 oC for
30 s and 72 0C for 30 s. Dissociation curves were generated at the end of amplification to ensure
the presence of single amplified products. The cycle threshold (Ct) values for each sample were
obtained by StepOne Plus software. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as house-keeping gene to normalise the target genes.
All experiments were carried out in quadruplicate to compare the differences in mRNA
expression levels. The delta CT values (TNF-α, IL-1α, IL-1β, IL-6 and SOCS3) were analyzed
using two-way ANOVA test followed by the Bonferroni test, and a p-value of ≤ 0.05 was
considered statistically significant. All data were presented as the mean ± SEM.
Relative IL10 expression in WT MAC-T cells stimulated with only MAP lysate (5 and 10
ug/ml) at 24 and 48h time points was compared with unchallenged WT MAC-T cells. This was
carried out to see if MAP lysate stimulation favors increased IL10 expression and to help draw
conclusion whether expression changes seen in IL10RA signaling pathway in IL10RA KO cells
was actually due to IL10RA knockout and not due to lack of IL10 ligand expression itself. IL10
expression levels were analysed by Dunnett’s test to check the statistical significance levels
(P<0.05).
5.3.9 Cytokine/chemokine analysis of culture supernatant from IL10RA Knockout and WT
MAC-T cells
Post immune stimulation as described above, culture supernatant from each replicate well
was harvested at 48h and stored at -80 oC. Measurement of cytokines (TNF-α, IL6, IL8) and
chemokines (CCL2, CCL3, CCL4) in cell culture supernatants from both cell types was performed
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using a customised Bovine Cytokine/Chemokine Magnetic Bead Panel (Millipore Corporation,
Billerica, MA, USA) as per manufacturer’s instructions. The assay utilized premixed beads coated
with anti-TNF-α, IL6, IL8, CCL2, CCL3, and CCL4 antibodies which are incubated with culture
supernatants in 96-well plates overnight at 4 oC with shaking. Following incubation, the beads
were washed with 200 μL of supplied wash buffer followed by addition of detection antibodies
(supplied with kit) and 1h incubation at room temperature. After this, Streptavidin-phycoerythrin
was added to each well and incubated at room temperature again for 30 min. Following washing
thrice with 200 μL wash buffer, the magnetic beads were resuspended in sheath fluid, and plates
were assayed on a Luminex® 200TM system with xPONENT® software. The experimental data are
presented as pg/mL. Two-way ANOVA test followed by the Bonferroni test was employed to
compare the expression of cytokines and chemokines between the two cell types.
5.4 Results
5.4.1 Genome Cleavage Detection (GCD) Assay and western blot analysis
Induction of indels (13 bp deletion) were detected in transfected cells (T) as determined by
presence of two bands - upper parental band (645bp) and lower cleavage band (493bp) as opposed
to one parental band (645bp) in control non-transfected cells (C) (Fig.5.1a). This indicates ontarget genome editing due to non-homologous end joining (NHEJ) repair in sgRNA transfected
MAC-T cells and in turn IL10RA KO in sgRNA transfected MAC-T cells. Fig.5.1b indicates
sequence of IL10RA with indel formation - i.e. deletion of 13bp at sgRNA target site.
Follow-up western blot analysis revealed that IL10RA protein was undetected in KO cell
lysate, while it was detected in WT MAC-T cell lysate (60 kDa protein); thereby validating the
generation of IL10RA KO in MAC-T cells (Fig. 5.2).
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5.4.2 Real-time PCR quantification
The expression of the pro-inflammatory genes TNF-α, IL-1α, IL-1β and IL-6 was
significantly higher (P < 0.05) in IL10RA KO cells compared to WT MAC T cells at 24 and 48 h
post stimulation with MAP+/- IL10, or LPS (Fig. 5.3 A-H) except at two instances. No difference
in TNF-α expression between two cell types at the 24 h time point was observed for LPS and MAP
lysate stimulation (10 μg/ml) + IL-10 stimulation (50 μg/ml); at 48 h time point, no significant
difference in IL-1β and SOCS3 expression was observed between two cell types when stimulated
with MAP lysate (10 µg/ml) and LPS. Converse to pro-inflammatory cytokine expression, the
expression of anti-inflammatory SOCS3 was significantly higher in the WT MAC-T cells than the
IL10RA KO cells for the same immunostimulation with either MAP+/- IL10, or LPS (Fig. 5.4).
Expression of IL-10 was significantly higher in WT MAC-T cells stimulated with MAP
lysate (5 and 10 ug/ml) when compared with WT unstimulated MAC-T cells at 24 and 48h time
points (Fig. 5.5). This means MAP lysate induces IL10 expression and the observed transcript
expression changes of components of IL10-IL10RA signaling pathway (TNF-α, IL-1α, IL-1β, IL6, SOCS3) in KO cells are due to IL10RA KO even in the presence of increased IL-10 expression.
5.4.3 Cytokine/Chemokine levels in culture supernatant
Expression of TNF-α, IL6, IL8, CCL2 and CCL4 was significantly higher in IL10RA KO
cells when compared with WT MAC-T cells at 48h time point post stimulation with MAP lysate+/IL10 or LPS. No differences in and CCL3 expression was observed between the two cell types
(Fig. 5.6).
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5.5 Discussion
Early immune response against MAP at the site of infection involves increased expression
of pro-inflammatory cytokines such as IFN-γ, TNF-α, and IL-12 to enhance anti-microbial activity
of immune cells against MAP (Zhao et al., 1997; Hostetter et al., 2002). However, although
protective in nature, prolonged pro-inflammatory cytokine secretion at the infection site can lead
to chronic inflammation thereby contributing to immunopathology associated with JD (Clarke,
1997; Stabel, 2000; Coussens, 2001). MAP has evolved several strategies to promote its survival
and upregulation of expression of immunoregulatory cytokine IL10 is one such tactic (Souza et
al., 2006; Nagata et al., 2010). Upregulation of the anti-inflammatory IL10 response in infected
animals coincides with a shift from subclinical to clinical stage of infection where the animals start
exhibiting clinical symptoms associated with JD, eventually leading to death (Coussens, 2001);
these findings suggest IL10 plays an immunosuppressive role during JD pathogenesis. Likewise,
increased production of IL10 is shown to downregulate pro-inflammatory response and suppress
the mammary gland immune response against mastitis causing E. coli infection further leading
increased bacterial load (Porcherie et al., 2016).
IL10 and its heterodimer receptor which is comprised of IL10RA and IL10RB domains have
been studied as candidate genes for their association with IBD pathogenesis in humans. SNPs in
these genes have been reported in patients with early onset IBD (Kotlarz et al., 2012). Detection
of MAP in patients with Crohn’s disease has been reported; however, the cause-effect relationship
is not clear (Sechi et al., 2005; Scanu et al., 2007). Previous studies in bovine species had identified
SNPs in bovine IL10, IL10RA, IL10RB and provided evidence that SNPs in IL10RA were
associated with dairy cattle ELISA positivity for MAP antibodies and somatic cell score EBVs
(Verschoor et al., 2009; Verschoor et al., 2010). As a follow-up to the Verschoor et al. reports, the
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objective of this study was to elucidate the functional role of candidate gene IL10RA in the context
of MAP and LPS immune challenge. This was achieved in vitro by creating IL10RA KO MAC-T
cell lines followed by their stimulation with immune stimulants such as MAP lysate, MAP lysate
+ IL-10 protein, and E. coli LPS. Expression of several genes involved in IL10-IL10RA receptor
signaling pathway in IL1ORA KO MAC-T cells was determined to reveal the biological
importance of IL10RA.
MAC-T cells were chosen as the cellular model to create IL10RA knockout cell line for the
present study. This was based on previous studies that have reported that MAC-T cell are capable
of processing of MAP and its role in determining the course of infection by enhancing phagocytic
uptake by macrophages (Patel et al., 2006; Lamont et al., 2013); and are extensively used cellular
model in studying E.coli mastitis pathogenesis (Dogan et al., 2006). For creating IL10RA KO
MAC-T cell line, we employed CRISPR/cas9 based protein approach that involves delivering
ribonucleotide protein (RNP) complex consisting of IL10RA gene specific sgRNA and cas9
protein.
Expression changes in IL10-IL10RA signaling pathway in IL10RA KO cell line
IL10 is a major anti-inflammatory cytokine secreted by macrophages, regulatory T cells,
dendritic cells and some epithelial cells (Saraiva and O’Garra, 2010). Upon binding of IL10 to its
receptors IL10RA/RB, phosphorylation of STAT3 occurs which induces expression of SOCS3,
which further inhibits expression of pro-inflammatory pathway genes such as such TNF-α, IL-1α,
IL-1β, and IL-6 (Shouval et al., 2014). Therefore, in order to elucidate functional role of IL10RA,
relative expression of genes TNF-α, IL-1α, IL-1β, SOCS3 and IL-6 was measured and compared
between IL10RA KO cell line and WT MAC-T cells after their stimulation with MAP lysate, MAP
lysate + IL10 protein, and LPS at 24 and 48h time points. Protein levels of cytokines TNF-α, IL6,
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IL8, IL10 and chemokines CCL2, CCL3, CCL4 was also measured in cell culture supernatants
and compared between the two cells types at 48 h time point post stimulation.
Effect of MAP lysate and LPS stimulation
Stimulation with MAP lysate (5 and 10µg/ml) induced significantly increased expression
of few tested pro-inflammatory genes TNF-α, IL-1α, IL-1β, SOCS3 and IL-6 in IL10RA KO MACT cells compared to WT MAC-T cells except at two points. For example, no significant differences
were observed in IL-1α and IL-1β expression at 48 h post stimulation with MAP lysate at 5 and 10
µg/ml concentrations, respectively. No difference in TNF-α expression were observed for either
MAP lysate+IL10, or LPS stimulation at 24 h time point. Protein expression of TNF-α and IL-6
was also significantly higher in cell culture supernatants of IL10RA KO MAC-T cells compared
to WT MAC-T cells. Even stimulation of IL10RA KO cells with MAP lysate combined with IL10
ligand protein also resulted in significant increased expression of pro-inflammatory cytokines.
This finding reflects the role of IL10RA receptor in regulating IL10 signaling pathway; wherein,
when IL10RA is knocked out, the ability of cells to respond to IL10 stimulation and further
inhibition of pro-inflammatory cytokine expression is lost.
The immunosuppressive activity of IL10 and its role in enhancing MAP survival is well
documented (Coussens et al., 2012; Hussain et al., 2016). Khalifeh et al. (2004) reported IL10mediated suppression of IFN-γ during clinical phase of JD. A previous study has also reported
MAP activation of MAPK-p38 pathway in monocytes induced secretion of IL10 to aid their
survival (Souza et al., 2006). Increased MAP viability was observed after addition of exogenous
IL10 into MAP-infected PBMC cultures (Khalifeh and Stabel, 2004). In the present study, we also
measured IL10 expression in control unstimulated WT MAC-T cells and compared with MAP
lysate-stimulated WT MAC-T cells to see if MAP lysate stimulation induces increased IL10
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expression in MAC-T cells. Expression analysis showed that IL10 expression was found to be
significantly higher (Fig. 5.5) in WT MAC-T cells stimulated with MAP lysate at both
concentrations (5 and 10ug/ml) and time points (24 and 48h). This finding is significant at two
levels: a) it confirms the role of MAP in enhancing IL10 secretion as an immunoregulatory
mechanism to promote survival of MAP; b) it validates the role of IL10RA in suppressing proinflammatory cytokine response via IL10. This means, although MAP lysate induces IL10
expression, knocking out IL10RA impairs IL-10/IL10RA signaling pathway further leading to
increased pro-inflammatory response that is contrary to IL10 mediated suppression of the same as
it was observed in IL10RA KO MAC-T cells after stimulation with MAP lysate and LPS.
Like MAP lysate stimulation, IL10RA KO MAC-T cells stimulation with LPS also resulted
in increased pro-inflammatory cytokine gene expression along with decreased SOCS3 expression
(Fig. 5.3 and 5.4). Verschoor et al. (2009) reported and association of IL10RA with EBVs of milk
SCS. As E. coli LPS induces mastitis (Johnzon et al., 2018), stimulation of IL10RA KO MAC-T
cells with LPS was undertaken; LPS is mainly recognized by Toll like receptor 4 (TLR4) (IbeaghaAwemu et al., 2008). Upon recognition of LPS by TLR4, activation of transcription factor NF-κB
occurs that mediates expression of pro-inflammatory cytokines (Kagan and Medzhitov, 2006).
STAT3 is a transcription factor associated with IL10 signaling pathway that mediates antiinflammatory effect of IL-10 (Williams et al., 2004a). It is reported that binding of STAT3 to IL10
responsive gene products inhibits TLR4 signaling pathway based NF-κB and IL6 receptormediated expression of pro-inflammatory cytokines such as TNF and IL6 (Williams et al., 2004b;
Shouval et al., 2014). As increased pro-inflammatory cytokine expression was observed in IL10RA
KO cells, it can therefore be speculated that knocking out IL10RA leads to impaired IL10 signaling
pathway further impairing STAT3 mediated inhibition of pro-inflammatory response.
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Immune response against acute mastitis comprises of early pro-inflammatory response to
provide protection against infectious intra mammary pathogens followed by anti-inflammatory
response to limit mammary tissue damage (Verschoor et al., 2009). At the host level, the balance
between the pro-inflammatory and anti-inflammatory immune response should be regulated to
maintain homeostasis both to avoid continuous infectious phase and also to avoid prolonged
immunosuppressive chronic inflammatory response (Brown et al., 2007). When IL10RA is
knocked out, the ability of cells to regulate elevated pro-inflammatory response could be affected
as observed in our study. This could probably imply mammary tissue damage may ensue at the
host level during the absence of activation of regulatory IL10-IL10RA signaling pathway.
Cytokine/Chemokine protein levels in culture supernatant
Upon stimulation with MAP lysate+/-IL10 or LPS, similar to TNF-α and IL-6 gene
expression in IL10RA KO cells, protein cytokine levels of the same were also significantly higher
in culture supernatant of IL10RA KO cells at 48h time point when compared with WT MAC-T cell
culture supernatant. Similar increased expression of other cytokine and chemokines that were
present on the multiplex panel such as IL8, CCL2 and CCL4 was higher in IL10RA KO cells
supernatant as opposed to that of WT cells. However, their gene expression was not quantified to
compare protein and gene expression protein. Increased protein expression of these chemokines is
perhaps indicative of their induction by MAP lysate and LPS while complementing the increased
pro-inflammatory activity in IL10RA KO cells.
5.6 Conclusions
Many studies are found in literature reporting statistical association between JD candidate
genes and MAP infection status and further warranting validation of their functional significance.
The same is true for mastitis. Ours is the first study to conduct functional validation of one of the
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JD and mastitis candidate gene IL10RA. We used CRISPR/CAS9 gene editing technique to create
IL10RA knockout MAC-T cell line to confirm functional relevance of IL10RA in the context of
MAP lysate and E. coli LPS stimulation. Results obtained in this study highlight the critical role
played by IL10RA in eliciting anti-inflammatory response via IL-10/IL10RA signaling pathway
and in turn characterizing the functional role during the course of MAP lysate and LPS stimulation
challenge. Although previous IL10RA candidate gene study (Verschoor et al., 2009, 2010) had
reported association of SNPs on IL10RA with MAP infection status and somatic cell score EBV in
cattle, our study only considered whole gene knockout approach instead of focusing on only SNPs,
which will be much more challenging. However, future studies could consider creating allelic
variants of the identified SNPs of IL10RA and further conducting functional characterization
studies. A co-culture study comprising of IL10RA KO MAC-T cells and macrophages can also be
considered in future. However, this was beyond the scope of this study. The IL10RA KO cell line
created in this study can also serve as a good model in evaluating anti-inflammatory response
against any MAMPS as well as a model to study inflammatory disorders such as mastitis as IL10IL10RA signaling pathway is involved in anti-inflammatory immunoregulatory response.
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5.7 Tables
Table 5.1. Summary of the designed primer sequences for gene expression analysis (F forward
primer, R reverse primer)

Gene

Sequence

amplicon size (bp)

IL1α - F

TTGGTGCACATGGCAAGTG

475

IL1α - R

GCACAGTCAAGGCTATTTTTCCA

IL1β - F

GCCTTCAATAACTGTGGAACCAAT

IL1β -R

GTATATTTCAGGCTTGGTGAAAGGA

IL6 - F

GGCTCCCATGATTGTGGTAGTT

IL6 -R

GCCCAGTGGACAGGTTTCTG

TNF-α F

CGGTGGTGGGACTCGTATG

TNF-α R

CTGGTTGTCTTCCAGCTTCACA

SOCS3-F

GCCACTCTCCAACATCTCTGT

SOCS3-R

TCCAGGAACTCCCGAATGG

IL10 -F

AAAGCCATGAGTGAGTTTGACA

IL10 -R

TGGATTGGATTTCAGAGGTCTT

GAPDH-F

TGGAAAGGCCATCACCATCT

GAPDH - R

CCCACTTGATGTTGGCAG
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100

523

352

97

155

60

5.8 Figures
a

b

Figure 5.1.: a) Gel image of Genomic Cleavage Detection Assay using Bovine MAC-T
transfected cells. Detection of two bands - upper parental band (645bp) and lower cleavage band
(493bp) - shown with arrows) in transfected cells (T) as opposed to one (parental band) in control
non-transfected cells (C) indicates induction of indels in IL10RA by specific sgRNAs; b) Sequence
of IL10RA indicating indel formation - i.e. deletion of 13bp at sgRNA target site
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Figure 5.2: Western blot analysis indicating absence of IL10RA protein expression in IL10RA
knockout (KO) MAC-T cells, while the expression was observed in unedited (WT) MAC-T cells
(band at 60 kDa)
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Figure 5.3 A-H: Relative mRNA transcript expression (delta CT values) of different proinflammatory cytokine genes TNF-α (A/B), IL-6 (C/D), IL-1α (E/F) and IL-1β (G/H) in IL10RA
KO MAC-T cells (KO) and unedited (WT) MAC-T cells following 24 hr and 48 hr stimulation
with MAP lysate, MAP lysate + IL10, and LPS.
*** denotes significant differences at P < 0.001
** denotes significant differences at P < 0.01
NS Non-significant
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Figure 5.4: Relative mRNA transcript expression (delta CT values) of SOCS3 in IL10RA KO
MAC-T cells (KO) and unedited (WT) MAC-T cells following 24 hr and 48 hr stimulation with
MAP lysate, MAP lysate + IL10, and LPS.
*** denotes significant differences at P < 0.001
** denotes significant differences at P < 0.01
NS Non-significant
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Figure 5.5: Relative IL10 mRNA transcript expression (delta CT values) in WT MAC-T cells
stimulated with MAP lysate (5 and 10 ug/ml) at two time points (24 and 48 h). Values (mean ±
SEM, n = 4) with asterisks indicate a significant difference. ** p < 0.01; *** p < 0.001.
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Figure 5.6: Concentration of cytokines measured by Multiplex Immunoassay in culture
supernatant of IL10RA knockout MAC-T cells (KO cells) Vs WT MACT cells (Control cells).
* p < 0.05; ** p < 0.01; *** p < 0.001.
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CHAPTER 6
General Conclusions
6.1. Final remarks
The impact of JD on the dairy industry is immense with severe financial and animal welfare
implications. There is a need to address difficulties pertaining to JD diagnosis and determine
possible avenues to prevent its occurrence. Despite several SNPs and genes being associated with
JD through genome-wide association studies and candidate gene studies, validation of the reported
SNPs and genes has not been addressed to warrant their inclusion in marker-assisted genetic
selection programs. Therefore, this thesis was structured to address the above knowledge-gaps by
a) exploring if salivary biomarkers could serve as a potential JD diagnostic tool, b) validating JDassociated SNPs reported in the literature using an independent population and c) validating the
functional relevance of the candidate gene IL10RA using gene editing to knockout the gene.
In chapter 2, we aimed to investigate if differences exist in salivary gland transcriptome
expression profile of MAP exposed and non-exposed cattle. The study was based on the rationale
that feco-oral route is the major mode of transmission of MAP infection and exposure via this
route could elicit changes in the expression of genes within the major oral salivary glands, such as
the mandibular and parotid salivary glands; such differentially expressed transcripts could serve
as potential salivary biomarkers of MAP exposure. The expression of several genes with
immunoregulatory and anti-microbial effects such as polymeric immunoglobin receptor (PIGR),
lactoferrin (LF) and lactoperoxidase (LPO) were found to be differentially expressed in MAPexposed animals. While the immunoregulatory role of saliva and its constituents have been studied
well in other species (Mathews et al., 1999; Murakami et al., 2002) ours is the first study to
characterize salivary gland gene expression profiles in cattle. It would be premature to consider
the differentially expressed genes as biomarkers to diagnose MAP exposure; however,
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identification of the secretory protein forms of few of the differentially expressed genes in bovine
saliva (Ang et al., 2011) makes their evaluation in future studies a real possibility. Before
considering saliva as a potential diagnostic tool of MAP exposure, there is a need to validate the
findings of this study in cattle population with a known MAP infection status.
In chapter 3, identification of new SNPs associated with serum and milk ELISA antibody
response phenotype to MAP infection was achieved by imputation of 50k genotypes reported in
the Pant et al. (2010) study to a 777k HD SNP panel. This study was based on the hypothesis that
previously identified QTL regions might harbor genetic variants around them that are associated
with MAP infection status in cattle which can be better explained by analysis of imputed genotype
data. Not only were new QTLs identified, previously identified JD associated QTLs by Pant et al.
(2010) were also validated. Principal component regression based-GWAS identified a total of 15
new QTLs on 8 different chromosomes involved in the immune response to MAP infection.
Imputation of low density markers to high density marker panels offers a cost-effective means of
interrogating the genome for new QTL regions as it enables fine mapping of regions with lower
marker coverage on low density SNP panels. In this thesis, the imputation was only limited to HD
SNP panel; however, imputation to sequence data can be considered in future studies to include
genotypes that are not on currently available on commercial SNP panels.
Several studies over the past decade have been conducted with the aim to define the genetic
basis of JD susceptibility in cattle. Accordingly, many SNPs have been identified to be associated
with disease status in cattle. The identification of genetic markers is important as their inclusion
in genetic selection paves a way to breed for JD resistance in cattle. While the application of
genetic selection in cattle is huge (Schaeffer, 2006), validation of JD-related SNPs is essential
before their inclusion in genetic selection programs to breed for increased JD resistance. To
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address this, in chapter 4, validation of some of the previously reported JD associated SNPs was
carried out by testing their association with sire EBVs for milk ELISA test scores. Milk ELISA
test is one of the most commonly used JD diagnostic tests, which is based on the detection of
MAP-specific antibodies in milk. Although the test is highly specific, it lacks sensitivity in
diagnosing MAP infection during early stages of JD pathogenesis (Collins et al., 2005). The
advantage of using EBVs, which are estimated based on large number of daughter records, allows
for validation of SNPs at the population level while also reducing the cost associated with
genotyping large number of daughters. Only five SNPs were found to be significantly associated
with sire EBVs in the current study. However, it should be noted that only a few selected SNPs
(n=141) were chosen for custom genotyping in this study and this was the limitation along with
low sensitivity of milk ELISA test. Genotyping of all the reported JD SNPs using a different
sample population and validating their association with JD is the next obvious step that should be
considered moving forward. Validation based on other JD phenotyping tests is also a possibility.
While we were able to validate the association of a few SNPs (rs41810662 and rs41617133,
rs110225854, rs110494981 and rs136182707), the findings of this study again reiterate the
polygenic nature of JD and the lack of congruence that exists among previously published JD
GWAS studies (Brito et al., 2018).
Candidate gene studies constitute another approach to determining the genetic basis of
susceptibility/resistance to JD in cattle. While GWAS test for association of markers at the genome
level, candidate gene studies report the association between a specific gene in question and the
disease phenotype. Selection of candidate genes is based on prior information available in
literature, and based on their functional role in the pathogenesis of JD, or a similar disease, such
as human Inflammatory Bowel Diseases (IBD). Candidate genes are selected based on their
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previous reported role. Several candidate genes have been studied for their association with JD
infection status in cattle. A previous candidate gene study performed in our lab found an
association with SNPs in bovine IL10RA with susceptibility MAP infection status in dairy cattle,
as well as somatic cell score EBVs which is a phenotype associated with mastitis (Verschoor et
al., 2009, 2010). Chapter 5 of this thesis was designed to validate the functional significance of
IL10RA in the context of MAP lysate and E. coli LPS stimulation. Although candidate gene studies
report statistical association of genes and the phenotype, validating their biological significance is
critical to prove their functional relevance. To achieve this, a IL10RA gene knockout mammary
epithelial cell (MAC-T cell) line were created by CRISPR/cas9 genome editing. Single guide RNA
specific for bovine IL10RA were designed to create double stranded breaks using cas9 nuclease.
Repair of these double stranded breaks led to a frame-shift mutation that resulted in knocking out
IL10RA, and this was confirmed by western blot analysis. CRISPR/Cas9 is a modern gene
modification tool that can be used to induce permanent genetic modifications in a gene of interest
in any mammalian cell lines with their applications ranging from fundamental research to clinical
therapy (Wade, 2015; Peng et al., 2016; Kim et al., 2017). Using this method, we were successful
in understanding the functional role of IL10RA receptor and how it influences expression of
immune genes and proteins that play a key role during the host immune response against MAP.
IL10RA is a receptor of IL10, an anti-inflammatory cytokine that regulates inflammatory response
against MAP. The knockout of IL10RA in MAC-T cells and their subsequent stimulation with
MAP lysate +/- IL10 and LPS resulted in upregulation of pro-inflammatory cytokine expression
(TNF-α, IL-1α, IL-1β, and IL-6) and proteins (TNF-α, IL8, IL6).
Specific SNPs in IL10RA have been proposed to influence MAP infection susceptibility
and somatic cell scores in dairy cattle (Verschoor et al., 2009, 2010). Creation of allelic variants

129

in MAC-T cells for the particular SNP of interest is also a possibility in future, but this would
require addition of donor sequence along with sgRNA designed for the SNP in question during
transfection process. This method utilizes a homology-dependent DNA repair mechanism as
opposed to non-homologous end joining (NHEJ) repair mechanism which was used in our study
to knockout the gene (Wade, 2015). However, our study was only concerned with elucidating the
overall gene function in the context of JD and mastitis and hence it was only restricted to creation
of knockout of IL10RA. Our study showed the successful application of modern CRISPR/cas9
gene editing mechanism using cell lines and its advantages in conducting functional
characterization studies. The CRISPR/cas9 method is advantageous over other gene silencing
techniques as the changes induced at the molecular level are permanent. Moving forward, similar
approach can be used to study the functional relevance of other JD candidate genes.
To summarize, the work presented in this thesis looked at two important aspects related to
JD which was the central theme of the thesis. Assessment of alternative diagnostic tool and the
validation of previously reported genetic markers associated with JD constituted those two aspects.
While evaluation of salivary gland transcriptome and identification of gene biomarkers in the
context of MAP exposure provided us valuable insight into future exploration of saliva as a
potential diagnostic tool; the validation of few previously reported JD SNPs is promising and has
also prompted future consideration of similar validation studies using different phenotypes.
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