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Abstract
Current diagnostic tools lack sensitivity to detect JD early after infection. Hence, this
study aimed to find biomarkers for early diagnosis of JD. An infection trial was set up
with a high dose (n=5) and low dose (n=5) oral challenge with Mycobacterium avium
subsp. paratuberculosis at 2 weeks of age and 5 non-infected control animals. Whole
blood was collected at a 3-month interval (3, 6, 9, 12 and 15 months) for gene expression
analysis using Affymetrix® GeneChip® Bovine Genome Array on samples obtained at 3,
6 and 9 months after infection. Microarray findings were confirmed using qPCR and
longitudinal assays profiling transcripts over 15-month period was carried out. This study
found differential gene expression at each sampled time point and found transcripts for
potential biomarker use. CD46 was upregulated and BOLA and BNBD9-like genes were
downregulated over the entire 15-months. Overall immune response was inhibited in
MAP-challenged animals.
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Preface
The scope of this study is to identify potential transcripts that could serve as biomarker
for Johne’s disease.

iii

Acknowledgements
I take this chance to declare my appreciation and gratitude to all those who have
supported me in the past two and a half years. Without the support of them, it would have
been impossible to perform my M.Sc. research.
First of all, I would like to thank my supervisor Dr. Jeroen De Buck to have given me this
opportunity of acquiring a M.Sc. degree under his supervision. I am grateful and in total
appreciation for his trust and confidence in me to do this research and his devotion in
helping me complete this project. I am also grateful to my co-supervisor Dr. Herman
Barkema who also offered immense support and guidance in every way possible to help
me complete this project successfully.
I thank my committee members Drs. Le Luo Guan and Subrata Ghosh for challenging me
on this project intellectually and offering valuable insight without which this project
would not have been a success.
I thank my lab members at the MAP lab for their friendship, casual and academic
conversations that lighten up my day and suggestions that help me do better research. I
cherish the moments that I got to spend with you all at the lab and outside which I wish
was more. I also thank Dr. Le Luo Guan’s graduate student Jose Romao who also offered
help in understand and work my way with Ingenuity Pathway Analysis (IPA®) software.
Finally, my most appreciation and gratitude goes to my beloved wife who supported me
through the gruelling days and sleepless nights spent in front of my personal computer. I
appreciate her for showing interest in my research and offering complete support in
completing my M.Sc. I appreciate her for intellectual arguments and showing up for my
presentations and offering support. I thank my son Josiah Jayan David and Liya Sanjana
iv

David for their love. They have changed me and inspired me even before they could
articulate their own needs.

v

Table of Contents
Approval Page ..................................................................................................................... ii
Abstract ............................................................................................................................... ii
Preface................................................................................................................................ iii
Table of Contents ............................................................................................................... vi
List of Tables ................................................................................................................... viii
List of Figures and Illustrations ......................................................................................... ix
List of Symbols, Abbreviations and Nomenclature ........................................................... xi
CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW ..................................14
1.1 Mycobacterium avium subspecies paratuberculosis ...............................................14
1.2 Johne’s disease and its pathology ............................................................................15
1.3 Epidemiology of Johne’s disease .............................................................................16
1.4 MAP relevance in Crohn’s disease ..........................................................................18
1.5 MAP diagnostics ......................................................................................................19
1.5.1 Direct detection ...............................................................................................20
Microscopy ........................................................................................................20
Bacterial culture .................................................................................................20
Molecular diagnosis of MAP .............................................................................22
1.5.2 Indirect detection .............................................................................................23
Assays to detect cellular immune response .......................................................23
Assays to detect humoral immune response ......................................................24
1.6 Biomarkers as alternate diagnostic markers for JD .................................................26
1.7 Approach for biomarker discovery ..........................................................................27
1.8 Objectives of this research .......................................................................................28
CHAPTER 2: GENE EXPRESSION PROFILING OF MYCOBACTERIUM AVIUM
SUBSPECIES PARATUBERCULOSIS INFECTED CALVES 3 MONTHS
POST-INFECTION ..................................................................................................37
2.1 Background ..............................................................................................................37
2.2 Materials and Methods.............................................................................................39
2.2.1 Infection trial ...................................................................................................39
2.2.3 Tests to analyse exposure to MAP ..................................................................40
2.2.4 Sample collection and RNA isolation .............................................................40
2.2.5 Anti-sense RNA preparation and hybridization ..............................................41
2.2.6 Microarray data analysis ..................................................................................41
2.2.7 Systems biology analyses ................................................................................42
2.2.8 Real time qPCR validation of microarray findings .........................................43
2.2.9 Real time qPCR data analysis ..........................................................................44
2.3 Results ......................................................................................................................44
2.3.1 Sample and data quality...................................................................................44
2.3.2 MAP exposure test results ...............................................................................45
2.3.3 Genes differentially expressed between LD, HD and control groups .............45
2.3.4 Genes differentially expressed between ELISA-positive and negative
calves................................................................................................................47
vi

2.3.5 Real-time PCR confirmation of differentially expressed genes ......................49
2.4 Discussion ................................................................................................................50
2.5 Conclusions ..............................................................................................................56
CHAPTER 3: GENE EXPRESSION PROFILING OF MAP INFECTED CALVES 6
AND 9 MONTHS AFTER INFECTION .................................................................64
3.1 Background ..............................................................................................................64
3.2 Materials and Methods.............................................................................................65
3.2.1 Animals............................................................................................................65
3.2.2 MAP exposure assays ......................................................................................66
3.2.3 Sample collection and preparation ..................................................................66
3.2.4 Hybridization ...................................................................................................67
3.2.5 Gene expression statistical analysis .................................................................67
3.2.6 Systems biology...............................................................................................68
3.2.7 Reverse transcription for qPCR .......................................................................68
3.2.8 Real-time qPCR ...............................................................................................69
3.2.9 Real-time qPCR statistical analysis .................................................................69
3.3 Results ......................................................................................................................70
3.3.1 MAP exposure test results ...............................................................................70
3.3.2 Gene expression 6 months after infection .......................................................70
3.3.3 Systems biology analyses ................................................................................71
3.3.4 Gene expression 9 months after infection .......................................................72
3.3.5 Systems biology analyses ................................................................................73
3.3.6 Real-time qPCR confirmation of 6 and 9 months microarray data .................74
3.3.7 Longitudinal qPCR expression analysis of CD46, BOLA and BNBD9Like genes ........................................................................................................75
3.4 Discussion ................................................................................................................75
3.5 Conclusions ..............................................................................................................82
CHAPTER 4: GENERAL SUMMARY, DISCUSSION AND CONCLUSIONS..............1
4.1 General summary and discussion of findings at 3 months after MAP infection .......1
4.2 Implications of findings at 3 months after infection ..................................................4
4.3 General summary and discussion of findings at 6 months after infection .................4
4.4 Implication of findings at 6 months after infection ...................................................7
4.5 General summary and discussion of findings at 9 months after infection .................7
4.6 Implications of findings at 9 months after infection ..................................................8
4.7 General conclusions of thesis ....................................................................................9
4.8 Limitations of this work ...........................................................................................10
4.9 Future steps ..............................................................................................................11
REFERENCES ..................................................................................................................14

vii

List of Tables
Table 1. Overview of similarities in clinical features between Johne’s disease and
Crohn’s disease ......................................................................................................... 35
Table 2. Relevance of diagnostic tool/strategies at the initial 3 stages of Johne’s
disease ....................................................................................................................... 36
Table 3. Primers used for qPCR validation of differentially expressed genes between
LD, HD and control groups. ..................................................................................... 62
Table 4. Table illustrating the fold change comparison between microarray and realtime qPCR for all gene targets between HD, LD and control groups at 3 months
post MAP-infection ................................................................................................... 63
Table 5. List of qPCR primers used for 6 month gene targets .......................................... 92
Table 6. List of qPCR primers used for 9 month gene targets .......................................... 93
Table 7. Fold change comparison between microarray and real-time qPCR for all
gene targets between HD, LD and control groups at 6 month after MAP infection . 94
Table 8. Table illustrating the fold change comparison between microarray and realtime qPCR for all gene targets between HD, LD and control groups at 9 months
post MAP-infection ................................................................................................... 95

viii

List of Figures and Illustrations
Figure 1. Scanning electron micrograph of MAP. ............................................................ 30
Figure 2. Schematic diagram depicting cell wall of MAP ........................................... 31
Figure 3. Mucosal cobblestoning in Crohn’s disease (A) and Johne’s disease (B) .......... 32
Figure 4. Ziehl-Neelsen stain of MAP in clumps ............................................................. 33
Figure 5. Schematic diagram representing the antibody and interferon response
pattern in experimentally MAP-infected animal versus fecal culture....................... 34
Figure 6a-d. Principal component analysis results ........................................................... 58
Figure 7 - Schematic representation of gene expression profile among 3 groups and
ELISA- negative and positive animals ..................................................................... 59
Figure 8 - Differentially expressed genes in the NF-κB pathway .................................... 60
Figure 9 - Real-time qPCR confirmation of differentially expressed genes at 3 months
post MAP-infection ................................................................................................... 61
Figure 10a-d: Principal Component Analysis results. ...................................................... 83
Figure 11a & b: Schematic representation of gene expression profile amongst
treatment groups at 6 and 9 month after infection. ................................................... 84
Figure 12. Schematic representation of canonical JAK-STAT pathway overlaid with
differentially expressed genes at 6 months after MAP infection and their
expression. ................................................................................................................ 85
Figure 13. Schematic representation of canonical IL-4 signaling pathway overlaid
with differentially expressed genes at 9 month after infection and their
expression. ................................................................................................................ 86
Figure 14. qPCR validation of gene expression data at 6 month after infection. ............. 87
Figure 15. qPCR validation of gene expression data at 9 month after infection. ............. 88
Figure 16. Longitudinal expression profile of CD46. ....................................................... 89
Figure 17. Longitudinal expression profile of BOLA. ..................................................... 90
Figure 18. Longitudinal expression profile of BNBD9-like gene. ................................... 91

ix

x

List of Symbols, Abbreviations and Nomenclature
Symbol
AGID
ALOX15
ALOX5AP
BLAST
BNBD9-like
BOLA
Bp
C3
CCR7
CD
CD46
cDNA
CEP350
CF
CTLA4
DNA
dNTP
ELISA
GPR77
HD
HEYM
HPC
ICOS
IFN-γ
IGSF6
IL4
IL4R
IS
JD
LB
LD
MAP
MFAP3
MHC
miRNA
MPSS
mRNA
PARVB
PCA
PCR
PLIER
PPD

Definition
Agar gel immunodiffusion
Arachidonate 15-Lipoxygenase
Arachidonate 5-Lipoxygenase activating protein
Basic local alignment search tool
Neutrophil-beta-defensin 9-like (Bos taurus)
Bovine Lymphocyte antigen
Base pairs
Complement component 2
Chemokine (C-C motif) receptor 7
Crohn’s disease
Cluster of differentiation 46
Complementary DNA
Centrosomal protein 350
Complement fixation test
Cytotoxic T-lymphocyte antigen 4
Deoxyribonucleic acid
Deoxynucleoside triphosphates
Enzyme linked immunosorbent assay
G-protein coupled receptor 77
High dose
Herrold’s egg yolk medium
Hexadecyl pyridinium chloride
Inducible T cell co-stimulator
Interferon gamma
Immunoglobulin superfamily member 6
Interleukin 4
Interleukin 4 receptor
Insertion sequence
Johne’s disease
Luria-Bertani
Low dose
Mycobacterium avium subspecies paratuberculosis
Microfibrillar-associated protein 3
Major histocompatibility antigen
Micro RNA
Massive parallel signature sequencing
Messenger RNA
Beta-parvin or parvin beta
Prinicipal component analysis
Polymerase chain reaction
Probe Logarithmic Intensity ERror
Purified protein derivative
xi

RMA
SAGE
S100A9
TGF-beta 1
TEX261
YARS
ZWINT

Robust Multichip Average
Serial analysis of gene sequencing
S100 calcium binding protein A9
Transforming growth factor beta 1
Testis expressed 261
Tyrosyl-tRNA synthetase
ZW10 interacting protein

xii

xiii

CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Mycobacterium avium subspecies paratuberculosis
Mycobacterium avium subspecies paratuberculosis (MAP) is an intracellular acid fast,
Gram-positive bacterium measuring 0.5 to 1.5 μm (Figure 1), belonging to the Family
Mycobacteriaceae, Genus Mycobacterium, Species avium.
Mycobacterial species avium is further classified based on DNA-DNA hybridization studies
into four subspecies M. avium subspecies avium, M. avium subspecies hominissuis, MAP and M.
avium subspecies silvaticum. MAP causes Johne’s disease (JD) in ruminants, both wild and
domestic, but there are reports of infection in non-ruminants as well [1-3]. MAP like other
Mycobacterial species has a complex thick cell wall (Figure 2) comprised of three different
covalently linked structures: peptidoglycan, arabinogalactan and mycolic acids. The cell wall of
MAP from outer layer to cell membrane contains a capsule made of polysaccharides (glucan and
arabinomannan), mycolic acids which covalently links together to form a hydrophobic layer,
arabinoglactans, and peptidoglycans overlying the cell membrane [4].
This complex cell wall of Mycobacterial species contributes to the resilience and survival of
bacteria in the harsh environment of the alimentary canal, high temperatures and chemicals [5].
A phylogenetic analysis study by Rastogi et al. based on the 16S rRNA of Mycobacteria resulted
in two essential clusters: fast-growing, non-pathogenic mycobacteria and slow-growing
pathogenic mycobacteria [6]. MAP is a notoriously slow growing and highly fastidious
bacterium to grow in cultures in the laboratory. MAP strains obtained from wild ruminants such
as bison are still nonculturable using current MAP culture methods [7, 8]. MAP requires
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Mycobactin J as supplement to be cultured. Mycobactin J is high molecular weight lipid which
has Fe3+ co-ordinately linked to its core which serves as iron-chelating growth factor for MAP.
The MAP genome was deciphered in 2005 using the whole genome sequence obtained from
MAP K10 strain acquired from a Wisconsin diary herd [9]. The MAP genome has high
proportion (69%) of guanine (G) and cytosine (C) nucleotides, numerous insertion and 185
mono-, di- and trinucleotide repetitive sequences and Proline-glutamine (PE)/proline-prolineglutamine genes similar to well known mycobacteria [10]. PE/PPE genes are implicated to play a
role in host cell binding, antigenic variation, macrophage survival and inhibition of antigen
processing.

1.2 Johne’s disease and its pathology
JD is chronic granulomatous enteritis of the intestine in ruminants caused by MAP. In the
final stages, JD presents with chronic diarrhoea, emaciation, debilitation and death of the
infected animal [11]. As it is largely transmitted by the fecal-oral route, a susceptible animal can
acquire the disease when in contact with contaminated teats, soil, pasture, water or any other
surface [12]. Intrauterine [13] and trans-mammary shedding [14] are other means by which an
animal can be infected. Previous literature found an age-dependent susceptibility to JD,
suggesting that younger calves are more susceptible than the older calves [15, 16]. Another agerelated susceptibility study reports that adult cows also acquire JD with higher infective dose of
MAP and longer incubation time [17]. A recent meta-analysis review on age-based susceptibility
confirms the age-based susceptibility to MAP; calves older than 6 months and adults are more
resistant to MAP infection than younger calves [18].
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JD is a multi-stage disease that involves 4 clinical stages: progressive from first stage, which
is clinically silent, to the last stage where the animal dies due to dehydration and cachexia.
Stages I & II are clinically unapparent stages yet; calves at these stages, especially stage II, shed
MAP in their feces and can infect the other animals in the pen. Stage III is a clinical disease stage
during which animals present with chronic diarrhoea, emaciation and cachexia. Animals at this
stage have abrogated absorption in the intestines leading to starvation. Stage IV is an even more
advanced stage of the disease in which the animals have overt emaciation, diarrhoea and are
weakened. Animals in this stage will either be culled or die of cachexia and dehydration.
MAP enters the host intestine from the intestinal lumen through the M cells, epithelial cells,
antigen presenting cells and goblet cells of the Peyer’s patches in the ileum and jejunum of the
intestine [19, 20]. MAP is phagocytized by the macrophages located in the submucosal layers via
the receptor-mediated endocytosis [21]. Various receptors such as complement receptors CR3
and CR4 [22, 23], mannose receptor [23], toll-like receptor 2 (TLR2), and the fibronectin
receptor [24] are implicated as receptors that are involved in uptake of mycobacteria by
macrophages. MAP avoids being killed by reactive oxygen species by inhibiting the maturation
of the phagosome [25], in a similar way as Mycobacterium tuberculosis. Because MAP persists
within macrophages and other infected cells, the host immune system mounts a protracted
immune response with activated cytotoxic T cells, γδT cells, CD4 cells and cytokines that results
in the formation of granulomas [26].

1.3 Epidemiology of Johne’s disease
Johne’s disease was first described in 1894 by Johne and Frothingham [27], while in 1910
MAP was established as the causative agent of JD by Twort [28]. There has been an increased in
16

awareness of JD across the globe due to recent publication of prevalence studies and a possible
role of MAP in Crohn’s disease (CD; see 1.4). MAP infection is prevalent worldwide and the
reported herd-level prevalence in Netherlands ranges from 31-71%, 47% in Denmark and 18% in
Belgium [29-31]. Within-herd ELISA prevalence was estimated to be 0.02 – 4.57% in a 2001
study in France [32]. A MAP prevalence study carried out in the state of Georgia found a
seroprevalance of 9.6% in dairy cattle and 4.0% in beef herds [33]. A study carried out in 2007
by National Animal Health Monitoring System [34] using environmental samples found
prevalence of MAP infection on US dairy farms to range from 68% in small herds to 95% in
large herds [34]. A study evaluating the herd-level MAP seroprevalance from East to West of
Canada found that the lowest prevalence was 33% in Prince Edward Island, while Alberta had
with 74% the highest seroprevalence. In this study prevalence rates were estimated by testing
many herds in a province and the numbers represent herds found with at least 1 seropositive
animal [35]. However, understanding the true prevalence of JD across the countries has been
challenging because of the diverse study methods, diagnostic tools and the analysis of data.
A US study looking at the prevalence of MAP based on culture using feces and tissues from
ileum and lymph node at a slaughter house obtained cow-level MAP prevalence [36]. In this
study analyzing the relationship between MAP and infertility found a MAP prevalence of 69%
and analyzing influence of mastitis on culling found MAP prevalence of 23% at cow-level.
Another study carried out recently in the Eastern Canada and Maine using culture of lymph
nodes obtained from ileo-cecal region found 15% MAP infected animals in Atlantic Canada and
22% in Maine resulting in total prevalence of 16% [37]. This is much higher than the
seroprevalance of 2.6% found in this region [38] and indicates that the true prevalence of MAP
will be seriously underestimated when serological methods are used (see 1.5). Studies repeatedly
17

indicate that Alberta has a high MAP prevalence/disease burden. Since this disease has a high
economic impact, with infected animals having decreased milk production and carcass values
and being culled prematurely, the cost of management of JD in Alberta is considered to be high.
The cost to the Canadian dairy industry is estimated to be $15 to 90 million dollars annually [39,
40].
MAP causes JD in other ruminants like sheep, goat, deer, and bison. It has also been reported
to infect non-ruminant wildlife such as rabbit, horse, fox and macaques [41, 42]. Ovine JD has
been studied particularly well. An Australian study found a sheep-level prevalence in certain
parts of Australia to be up to 10%, while the overall prevalence ranged from 2.4 – 4.4% [43]. A
seroprevalence study conducted in Italy on roe deer found a prevalence of 14% [44], and another
study carried out on wild deer in Belgium found a seroprevalence of 8% [45]. Prevalence studies
in cattle and wildlife demonstrate the widespread burden of the JD on a global scale and point
out the possibility of spread of MAP from wildlife to domestic animals and vice versa. These
findings demand for strategies to control and prevent the spread of JD. In addition to the global
burden, a suggested causative role in CD demands attention to MAP.

1.4 MAP relevance in Crohn’s disease
Crohn’s disease is a chronic inflammatory disease of intestines in humans that parallels with
JD, which causes granulomatous inflammation in intestines of ruminants. CD presents with
chronic diarrhoea, weight loss, chronic inflammation of the intestine involving all layers of the
intestinal wall, thickening, linear ulceration oedema of the submucosa leading to a characteristic
cobblestone appearance [46]. Since the histopathology and clinical presentation of both JD and
CD are remarkably similar (Table1, Fig 3), MAP has been suspected to play a role in CD [47].
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MAP can survive pasteurization and can be found in low amounts in commercial milk and
dairy products in various parts of the world [48, 49]. MAP can also be found in water supplies
and survive at high concentration of chlorine as high as 2 parts per million [47, 50]. Hence,
though the role of MAP in CD is debatable, exposure to MAP by humans is indubitable.
A large number of genetic mutation studies significantly associated with CD are also
associated with mycobacterial diseases [51]. NOD2 gene located on chromosome 16 for
example, is one of the most prevalent mutations associated with CD. This gene encodes for
intracellular PRR that detect intracellular pathogen like MAP and Listeria and initiate immune
response. A frameshift and 2 missense mutations seem to predispose to have 23-fold higher
susceptibility to CD [52-54]. In addition, many studies have detected MAP in CD patients using
PCR identification of IS900 gene targets in MAP [55]. Another study carried out found 92% of
CD (n=37) patients to be positive for MAP based on IS900 PCR [56]. There are other reports
that suggest MAP exists as a spheroplast that is a cell wall deficient form thus lacking cell wall
that cannot be detected using acid-fast stains [57, 58]. These spheroplast forms are difficult to
culture, thus very few papers have reported successful isolation [56, 57]. These above findings
suggest a convincing link between CD and MAP which has led to the increased interest and
research in MAP.

1.5 MAP diagnostics
MAP diagnostic strategies can be conventionally classified into direct detection and
indirect detection. Direct detection methods identify the whole bacterium or parts of it, and
include microscopy, culture, antigen detection and molecular detection of the bacterial genome.
Indirect detection identifies the response by the host to the presence of the pathogen. This
19

strategy detects the infection with MAP by identifying the humoral or the cellular immune
response, and gross and microscopic pathology indicative of JD.

1.5.1 Direct detection
Microscopy
Microscopy is relatively inexpensive and the best method in detecting MAP. As MAP is an acidfast bacterium, the Ziehl-Neelsen stain helps differentiate MAP from other bacilli (Figure 4).
Ziehl-Neelsen staining includes carbol fuchsin as the primary stain. After washing with acidic
alcohol a counterstain of methylene blue, MAP retains the primary stain carbol fuchsin due to the
mycolic acid in their cell wall. However, acid-fast staining lacks specificity because it also stains
Corynebacterium spp. and Nocardia spp [59]. Direct acid-fast staining of MAP from fecal
samples is hard to carry out and difficult to interpret, and has a poor limit of detection [60].
Microscopic identification of MAP is, however, still a valuable tool to quickly scan for acid-fast
bacilli suggestive of MAP infection.
Bacterial culture
MAP culture from intestinal tissues is the gold standard for MAP diagnosis; yet the culture of
MAP is highly laborious and prolonged. MAP is a notoriously slow growing bacterium and
requires incubation of cultures from 4 to 16 weeks and even up to 32 weeks, depending on the
culture technique and species [61]. MAP is highly fastidious requiring growth supplements like
Mycobactin J, and due to the slow growth of MAP, samples have to be decontaminated to avoid
overgrowth and inhibition by other fast-growing bacteria [62]. In addition to decontamination of
the sample, an antibiotic mixture must be added to the bacterial culture medium to inhibit growth
of other bacterium and fungi. Rigorous decontamination procedure and the slow growth rate of
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MAP might play a role in the low sensitivity of MAP culture from clinical samples and MAP
strains from bison and others are difficult to culture [7, 8].
Decontamination of clinical samples like intestinal tissues and feces are done
predominantly using hexadecylpyridinium chloride (HPC) serving as an effective agent to
decontaminate the sample of other microorganism and preserve MAP [63]. Other
decontamination mixtures include sodium hydroxide and oxalic acid [64]. Decontamination has
been reported to reduce the bacterial load in clinical samples by the order of 1-2 log10 [65].
Conventionally, MAP is cultured using Herrold’s egg yolk medium (HEYM),
Lowenstein-Jensen medium or Middlebrook 7H10 agar. Using this culture medium, samples are
incubated for 12 to 32 weeks; the long incubation period is especially needed for samples with a
low bacterial load. After incubation, all isolates must be confirmed by Mycobactin J dependency
testing or by IS900 and F57 PCR to confirm [60, 66]. BACTEC® system (Becton Dickinson) is a
radiometric culture system that helps detect MAP in the culture medium faster than conventional
methods. This radiometric culture system employs a liquid culture medium constituting isotope
14

CO2 labelled palmitic acid which serves as nutrient source for MAP. Metabolisation of the

palmitic acid releases

14

C labelled CO2 which is detected by the BACTEC® system. Since

metabolic products are formed sooner than the colonies of bacteria, the BACTEC® system
detects MAP growth as early as 4 to 8 weeks after the start of the culture. Because this detection
system does not directly detect MAP but a metabolite post culture, MAP needs to be confirmed
using Other non-radiometric culture systems that could also detect MAP earlier than the
conventional culture systems are being now used as well. The ESP® culture system II (TREK
diagnostic systems, Cleveland, OH, USA) detects changes in pressure within the bottled medium
caused by the metabolism and gas changes caused by multiplying bacterium. The BACTECT
21

MGIT 960 and 9000MB (Becton Dickinson) uses fluorometric technology to detect MAP growth
in tubes, while another system, MB/BacT (Organon-Technika, Cambridge, UK), is based on
calorimetric technology that identifies the change in pH in the media due to formation of H2CO3
as a by-product of metabolic process [67].
MAP culture is the gold standard of MAP diagnosis, yet sensitivity of culture from fecal
and tissue, samples are not ideal to be used at the early stage of JD. Sensitivity of the culture is
compromised by the harsh decontamination procedure that reduces the viable bacterial in the
clinical sample and bacterial shedding is intermittent these factors affect the effectiveness of
culture as a diagnostic tool. It is ironic that MAP culture from intestinal tissue is considered as
gold standard in MAP diagnosis but intestinal tissues for culture is usually not obtained in live
animals. Culture techniques have a wide range of sensitivity with estimates as low as 19% in low
prevalence herds, and 53% in high prevalence herds [68]. Sensitivity of MAP culture using
newer radiometric BACTEC® system (Becton Dickinson) was reported having a slight increase
in sensitivity (54%) over conventional methods (45%) [68].
Molecular diagnosis of MAP
Polymerase chain reaction (PCR) is a useful, less laborious molecular diagnostic tool that screens
for pathogen specific sub-genomic targets. Insertion sequence 900 (IS900) was identified as
MAP-specific genetic element that could be used as molecular targets for diagnosis using PCR.
IS900 is present in multiple copies in the MAP genome and hence is amplified in samples with
low numbers of MAP [69]. Recent studies have found that the specificity of IS900 to MAP is not
100% because there are IS900-like sequence in other mycobacteria that could be amplified using
IS900 primers leading to false positives [70]. In addition to IS900, other gene targets like IS1311
[71], F57 [72] and hspX [73] are suggested as possible targets for molecular detection of MAP.
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While direct PCR is an easy and sensitive tool in the case of MAP detection sensitivity is low
(104 MAP per gram of sample). This relatively poor sensitivity needs to be taken into account
when used as screening tool on clinical samples [74, 75].

1.5.2 Indirect detection
Indirect detection methods include detection of the cellular immune response and the
humoral response to MAP infection. Cellular immune response to MAP can be assessed using
interferon-gamma (IFN-γ) release assay and skin testing. Humoral response to MAP antigens in
serum can be assessed using complement fixation tests, agar gel immunodiffusion (AGID) and
more commonly used enzyme-linked immunosorbent assays (ELISA). During the early
subclinical stages of the infection, existing serological tests are not sensitive enough to reliably
detect antibodies to MAP, and the IFN-γ release assay is currently the best performing test to
analyze exposure to MAP [76, 77].

Assays to detect cellular immune response
The cell-mediated immune [56] response is the first immune response to be mounted by the
infected host and is useful for detection of the infection during subclinical stages. Intradermal
skin test detects CMI response or exposure to MAP. This test is based on the principle of
delayed-type hypersensitivity in which animals pre-exposed to MAP antigens would present with
hypersensitive reaction at site of antigen introduction. This test is not specific and is not
considered as a good screening tool for MAP diagnosis [78]. Other tests that analyze the CMI
response are the lymphocyte transformation test and the IFN-γ release assay. Both of these tests
are biological assays that stimulate the freshly isolated PBMCs with Johnin purified protein
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derivate (PPD) antigen. In the lymphocyte blastogenesis transformation test, freshly isolated
PBMCs are incubated with PPD and H3-tymidine. Lymphoblastogenesis will be measured by the
amount of H3-tymidine. Similar to the IFN-γ release assay, after incubation, IFN-γ specific
antibodies measure the production and release of IFN-γ in the supernatant. The IFN-γ assay is
the more commonly used one of the above 2 tests. The IFN-γ assay is a promising diagnostic test
since cattle mount CMI early during infection, however the assay is not sensitive and specific
enough to be considered an ideal screening test [76, 79].
Assays to detect humoral immune response
Serological assays measuring antibody responses are convenient and widely used to estimate the
prevalence of disease in a large population. The complement fixation test was one of the first
serological assay adapted to measure the antibody response to MAP [80]. Complement proteins
bind to antibodies in vivo that are in turn bound to their specific antigen to trigger subsequent
complement reaction and also immune responses. In vitro, the complement proteins are
inactivated and then incubated together with the MAP antigens and serum from the animals, if
MAP antigen – antibody reaction occurs, free complement binds to the antigen bound antibody
and remains inaccessible to secondary antibody. In the control or MAP antibody-negative sera
complement will be readily detected with the secondary antibodies. The complement fixation test
for MAP is limited due to false-positive reactions and lacks sensitivity [68, 81]. Complement
fixation assays are less sensitive than the ELISA [82]. The agar gel immunodiffusion test is a
simple test that was historically used frequently in JD control programs. Antigen and antibody
are placed in separate holes within the agar, and with time the antigen and antibody diffuses
through the agar and forms antigen-antibody complex resulting in a line of precipitation. The
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AGID is also less sensitive than MAP ELISAs especially during early subclinical stages of the
infection [5].
ELISA is a widely used serological assay due to the capability to test large number
simultaneously and its ease of use. Sera obtained to measure MAP antibodies are initially treated
with Mycobacterium phlei to remove any cross-reacting or non-specific antibodies. Pre-treated
serum is then incubated in the micro wells coated with MAP antigens, post incubation and after
removal of unbound antibodies by washing. MAP-specific antibodies are detected using
secondary antibody conjugated with an enzyme which on contact with substrate produces color
in MAP antibody-positive animals. ELISAs for MAP antibody detection in cattle are available,
but ELISA kits to analyze the MAP-specific antibodies in wild ruminants are lacking. Non
species-specific binding conjugate such as protein G conjugated is used in place of secondary
antibody for wild ruminant species [83]. Though ELISAs are useful for JD diagnosis, MAP
antibody ELISAs have a very poor sensitivity of 7 to 15% during the first two stages of the
disease [84, 85], and are therefore not very useful during the initial subclinical stages of the
infection.
In conclusion, existing diagnostic tools are inadequate to detect JD during the early
subclinical stages of the infection. Lack of sensitivity to detect JD early with existing diagnostic
tools is multifactorial. JD is a slow progressing disease, and also MAP is shed intermittently in
the feces and this necessitates multiple samples for diagnosis. MAP evades immune recognition
and suppresses immune response and this could be the reason for lack of overt humoral response.
Though there is a strong CMI response, existing diagnostic assays lack the specificity to detect
MAP-specific CMI response. Hence, there is a need for alternate diagnostic tools and strategies
to identify JD during the early subclinical stages of infection to manage and prevent further
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spreading. A summary of diagnostic strategies and their applicability at each stage of JD
infection is presented in Table 2. Figures 5 present the general consensus pattern of antibody,
interferon response and MAP shedding in feces.

1.6 Biomarkers as alternate diagnostic markers for JD
Biomarkers have been used as alternative/surrogate markers for diagnosis of infectious
disease and biological disorders. Biomarkers are host biological substances that represent the
disease state or the biological state of an individual. This concept has been extensively adopted
in the field of oncology, followed by the field of infectious disease. In case of infectious
diseases, the decrease or imbalance in the CD4 and/or CD8 cell counts is indicative of AIDS in
infected population [86]. Elevated levels of ALT &/or AST is indicative of liver dysfunction due
to Hepatitis viruses or other pathogens [87]. Likewise in cancer biology, cell division cycle
protein (CDC6) is biomarker for cervical cancer [88]. Similarly, there are many other candidate
biological molecules considered to serve as biomarkers.
Biomarkers have been considered as surrogate markers for diagnosis in other chronic
slow progressive infectious diseases such as M. tuberculosis infection [89]. IFN-γ assay, IP-10
assay and other host immune markers such as IL-10, CXCL10, SOCS3 and CD64 among others
are under evaluation to be used as biomarkers for diagnosis of active TB [90, 91]. A study
carried out to identify biomarkers in subclinical MAP infection proposed vitamin D-binding
protein precursor (DBP), similar to complement 4-A precursor, SERPINA3-4, and fetuin as
biomarkers for JD [92]. A proteomic study carried out on plasma of MAP-positive HolsteinFriesian calves found 6 host proteins transferrin, gelsolin isoforms α & β (actin binding proteinABP), complement subcomponent C1r, Complement component C3, amine oxidase – copper
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containing 3 (AOC3) and coagulation factor II (thrombin) levels to show 2-fold difference
between MAP-positive and negative calves [93]. A study on PBMC’s of MAP-infected cows
found that an increase in CD5 expression on peripheral B-lymphocytes was associated with
MAP infection [94]. Another study on PBMC’s also found differential expression of 27 genes
representing cytokines, metallo-proteinases, receptors and many other cell markers between
MAP-infected and uninfected cows [95]. Yet another study found 52 genes, among them P-lectin
and CD30L, with different expression profiles between MAP-infected and uninfected animals
[96]. These and other studies indicate that the discovery of biomarkers is an achievable prospect
for early diagnosis of JD [97, 98].

1.7 Approach for biomarker discovery
Transcriptomic studies are an ideal approach to look for biomarkers since it captures all
the transcripts/mRNA expressed by cells in a particular disease or biological state. Moreover, it
provides a panoramic approach of all the changes a cell or set of cells at the molecular level in
response to a disease state. A variety of methods is used like massive parallel signature
sequencing (MPSS), serial analysis of gene sequencing [52], DNA microarray and high
throughput sequencing known as RNA-seq. Methods like MPSS and SAGE and RNA-seq are
sequencing-based approaches while DNA microarrays are based on probe-based hybridization.
Sequencing based approaches are very laborious and expensive and pose difficulties in analyzing
the large sequence datasets [99]. However, these approaches could be advantageous in working
with non-model organisms that do not have well defined genome sequence database/libraries and
also provide more accurate quantitation. DNA microarrays are ideal for organisms whose
genome is well known and to deal with large number of samples. DNA microarrays are less
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laborious, affordable and still the method of choice for model organisms [99]. The choice of
analysis method for transcriptomic studies is subjective to the suitability of the method to the
specific project. Project analyzing novel organisms that do not have an established genome
database can use the sequencing methods for transcriptomic studies and organisms that are well
established could use DNA microarrays to target transcription at specific tissue or cellular level.

1.8 Objectives of this research
MAP is an important pathogen causing severe granulomatous infection of the intestine in
ruminants, both wild and domesticated. JD is prevalent worldwide and Alberta has a high
prevalence of JD. JD imposes a heavy economic burden on the dairy and farming industries. The
Canadian dairy industry is estimated to be impacted by JD to the amount of $15 to 90 million
annually. Early discovery and isolation of the infected animals is key to prevent further spread of
MAP. JD is a multi-stage disease and the first two stages of the disease are subclinical and hence
laboratory screening of MAP in these stages is essential. It is apparent that the existing
diagnostic tests lack the sensitivity to serve as reliable screening tools for the diagnosis of JD.
Hence, there is a need for alternate diagnostic markers and strategies to identify JD during the
subclinical stages of the infection. Biomarkers have been pursued as alternative markers of
diagnosis for JD and previous studies have shown the possibility of identifying biomarkers for
JD. However, previous studies were screening for biomarkers in specific subset of immune cells
and did not explore the influence of different genetic background and dose of infection on the
expression levels of biomarkers.
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The aim of this project was to identify potential transcripts that could serve as biomarkers
for JD and also to study the influence of dose on the expression levels of various biomarkers and
their potential use as early diagnostic markers for JD.
The specific objectives of this project were:
1. To analyze the gene expression profile of MAP-infected calves at 3, 6, 9 months after
MAP infection and identify potential and relevant transcripts that could serve as
biomarkers for early diagnosis of JD; and study the relevance of differentially expressed
genes at the early stages of infection.
2. To confirm the differentially expressed genes from 3, 6 and 9 months using qPCR and to
analyze the expression profile of relevant and potential genes across time after infection
(3, 6, 9, 12 and 15 months).
Chapter 2 provides details on the gene expression study carried out on samples obtained at 3
months after infection, identifying potential biomarkers and the biological relevance of the
differentially expressed genes at 3 months after infection. This chapter is submitted for
publication to Veterinary Research as an original research article.
Chapter 3 provides information on the gene expression study carried out on samples obtained
at 6 and 9 months after infection and the potential biomarkers identified. Real-time qPCR
analysis on select genes across time 3, 6, 9, 12 and 15 months after infection and their relevance
is also reported in this chapter. This chapter is formatted for submission to Veterinary research
for publication as an original research article.
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Figure 1. Scanning electron micrograph of MAP.
© Johne’s Information Center, University of Wisconsin

30

Figure 2. Schematic diagram depicting cell wall of MAP
© Abdallah et al. 2007
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Figure 3. Mucosal cobblestoning in Crohn’s disease (A) and Johne’s disease (B)
© Greenstein et al. © B. courtesy of A J Cooley, School of Veterinary Medicine
University of Wisconsin
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Figure 4. Ziehl-Neelsen stain of MAP in clumps
© Richter 2002
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Figure 5. Schematic diagram representing the antibody and interferon response pattern in
experimentally MAP-infected animal versus fecal culture
© Elke Vansnick, 2004 and BANR, 2003
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Table 1. Overview of similarities in clinical features between Johne’s disease and Crohn’s
disease
Occurrence in:
Clinical feature
Crohn’s disease

Johne’s disease

Diarrhoea

Yes

Yes

Intermittent diarrhoea

Yes

Yes

Abdominal pain

Yes

NAb

Weight loss

Yes

Yes

Obstruction

Yes

No

Ileac region mass

Yes

No

Blood in stool

Rare

Rare

Vomiting

Yes

Noc

Quiescent periods

Yes

Yes

b

NA- Not available, cVomiting is a normal function of ruminants
Adapted from Chiodini et al. 1989

35

Table 2. Relevance of diagnostic tool/strategies at the initial 3 stages of Johne’s disease
Diagnostic
strategies/tools
Clinical symptoms

Stage I

Stage II

Stage III

-

-

+

Culture of Feces

-

+/-

+

PCR

-

+/-

+

Microscopy

-

+/-

+

+/-

+

+/-

-

+/-

+

IFN-γ
Antibodies

(Adapted from BANR, 2003)
+/- Not sensitive enough to detect at that stage, + can detect this stage, - cannot detect at this
stage
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CHAPTER 2: GENE EXPRESSION PROFILING OF MYCOBACTERIUM AVIUM
SUBSPECIES PARATUBERCULOSIS INFECTED CALVES 3 MONTHS POSTINFECTION
2.1 Background
Johne’s disease (JD) is a chronic granulomatous inflammation of the gut in ruminants,
which is caused by the facultative intracellular pathogen Mycobacterium avium subspecies
paratuberculosis (MAP) [100]. JD is prevalent worldwide and imposes a high economic burden
on dairy and cattle industries. Furthermore, speculated role of MAP in Crohn’s disease in
humans demands assiduous attention [101]. JD is a multistage disease with prolonged latency
period and current laboratory tests do not have adequate sensitivity to detect MAP during early
stages of the disease.
Although intra-uterine transmission of MAP occurs [102, 103], MAP is typically
acquired orally and most frequently during early stages of life [104]. MAP enters the host
intestine tissue from the intestinal lumen through the M cells, epithelial cells, antigen presenting
cells and goblet cells of the Peyer’s patches in the ileum and jejunum of the intestine [19, 20].
MAP is phagocytized by the macrophages located in the submucosal layers via the receptormediated endocytosis [21]. Various receptors such as complement receptors CR3 and CR4 [22,
23], mannose receptor [23], toll-like receptor 2 (TLR2), and the fibronectin receptor [24] are
implicated as receptors that are involved in uptake of mycobacteria by macrophages. MAP
avoids being killed via reactive oxygen species by inhibiting the maturation of the phagosome
[25] in a similar way as Mycobacterium tuberculosis. Because MAP persists within macrophages
and other infected cells, the host immune system mounts a protracted immune response with
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activated cytotoxic T cells, γδT cells, CD4 cells and cytokines that results in the formation of
granulomas and the dissemination of the organism to new infection sites [26]. Dendritic cells
carry MAP to mesenteric lymph nodes where they present antigens to naïve T cells and initiate
the cell-mediated immunity. Previous studies have reported that MAP induces a state of anergy
to inflammation in macrophages [105] and immune tolerance at the mucosal level [106].
Our understanding of JD is still limited and compromised by the lack of tools and
strategies to diagnose MAP infection early on. Current MAP detection techniques have poor
sensitivity to be used as a screening tool for MAP diagnosis. Sensitivity of fecal culture detection
ranges from 19% in low prevalence herds to 53% in high prevalence herds [68]; PCR based
detection has poor sensitivity on clinical samples and is not recommended as a screening tool for
direct detection [74, 75]. Similarly, interferon-γ (IFN-γ) assay and antibody ELISA are also
hampered by their poor sensitivity [76, 79, 84, 85]. Hence, new approaches and tools are
advocated to detect immune responses to MAP during the early subclinical infection.
Biomarkers are proposed for diagnosis, prognosis, screening and monitoring diseases
[107, 108]. For example, biomarkers have been considered as surrogate markers for diagnosis in
other chronic slow progressive infectious diseases such as M. tuberculosis infection [107]. IFN-γ
assay, IP-10 assay and other host immune markers such IL-10, CXCL10, SOCS3 and CD64
among others are under evaluation as biomarkers for diagnosis of active tuberculosis [90, 91]. A
study carried out to identify biomarkers in subclinical MAP infection proposed vitamin Dbinding protein precursor (DBP), similar to complement 4-A precursor, SERPINA3-4, and fetuin
as biomarkers for JD [92]. A proteomic study carried out on plasma of MAP seropositive
Holstein cows found levels of 6 host proteins that were upregulated in MAP-positive cows
compared to seronegative cows [93]. However, previous studies carried out to identify
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biomarkers did not account for infection dosage on the expression of the identified biomarkers,
and it is unclear when the infection of calves occurred. The objective of this study was therefore
to identify potential biomarkers for early detection of MAP infection under the influence of
infective dose by gene expression analysis of MAP-infected calves at 3 months after infection

2.2 Materials and Methods
2.2.1 Infection trial
An infection trial was performed with Holstein-Friesian bull calves procured from Alberta
(Canada) dairy farms with only negative pooled fecal culture pools and a MAP seroprevalence <
5% (unpublished). Additionally, all dams were seronegative and culture-negative. Only calves of
first and second parity cows were used in the study. The calves were housed in a dairy research
facility and managed by trained professionals with animal care committee-approved husbandry
protocols (CCAC-M09083). The infection trial entailed 3 study groups of which 5 high dose [25]
and 5 low dose (LD) MAP-challenged calves, and 5 non-infected control calves were used for
this study. HD and LD calves were challenged with a virulent strain of MAP (C69), which was
isolated from a clinical case. This strain is identical to K10 strain by BamHI, PvuII and PstI
IS900-RFLP profiles, and therefore falls within the recommendations to be used in clinical
infection trials [109]. HD calves and LD calves were challenged with 5 × 109 and 5 × 107 cfu/ml
of MAP on 2 consecutive days, respectively. The inoculum was given in a syringe for the calves
to suckle. The inoculum was checked for contamination by microscopy after a Gram stain and by
culture on blood agar prior to challenging. MAP viability was checked using the BacLight ™
Bacterial viability kit (Invitrogen, Burlington, ON, Canada), and bacterial count was ensured
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using qPCR (16S rRNAgene) in MAP and by pelleted wet weight method as described earlier
[109].

2.2.3 Tests to analyse exposure to MAP
Control and MAP-challenged calves were tested for exposure to MAP every month by antibody
ELISA and IFN-γ release assay. The Pourquier ELISA™ (Institut Pourquier, Montpellier, France)
was used to detect antibodies to MAP proteins using manufacturer’s instructions. Whole blood
was also incubated in 24 well plate overnight with Johnin purified protein derivative (PPD). Post
incubation supernatants were tested for cellular immune response to MAP using BOVIGAM®
IFN-γ ELISA (Prionics, Schlieren -Zurich, Switzerland).

2.2.4 Sample collection and RNA isolation
Blood samples for gene expression studies were collected from the jugular vein of animals in the
infection trial using PAXgene® Blood RNA system tubes (PreAnalytix GmbH, Hombrechtikon,
Switzerland) 3 months after infection. Samples were then transported to the lab on ice and stored
at -80°C until processing. Total RNA was extracted from the whole blood using PAXgene®
blood miRNA kit (PreAnalytix GmbH, Hombrechtikon, Switzerland) as per kit protocol.
Furthermore, 5-10 μg of the extracted total RNA was processed using RNeasy Plus Micro kit
(Qiagen, Mississauga, ON, Canada) to remove any genomic DNA carryover, RNA
concentrations were measured using Nanodrop ND-1000 (NanoDrop Technologies, Wilmington,
DE, USA). RNA integrity number [75] was measured to ensure quality of total RNA using
Agilent RNA 6000 NanoChip on 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) and RNA with RIN higher than 8.0 was used for further microarray analysis.
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2.2.5 Anti-sense RNA preparation and hybridization
Purified total RNA (100ng) was used to prepare labelled antisense RNA (aRNA) by in vitro
transcription reaction using GeneChip® 3’ IVT express kit (Affymetrix, Santa Clara, CA, USA).
The synthesized labelled aRNA (12µg) was fragmented to 35-200bp at 95°C for 35 min.
Fragmented labelled aRNA obtained for all 15 samples was then hybridized to Affymetrix®
GeneChip® Bovine genome Array at 45°C for 16-18 h. This array comprised a total of 24,072
transcripts targeting 23,000 bovine genes and 19,000 unique gene clusters. Important gene
targets were represented on the array with 11 probes to ensure their capture. Arrays were stained
and washed using Affymetrix® GeneChip Fluidics 450 following manufacturer’s protocol and
scanned with Affymetrix® GeneChip Scanner 3000 7G System at Southern Alberta Microarray
Facility (Calgary, AB, Canada).

2.2.6 Microarray data analysis
Array data files were generated with GeneChip® Command Console® Software (AGCC) and
further analyses were carried out using GeneSpring™ Gx (Agilent Technologies, Santa Clara,
CA, USA). Raw data was normalized and summarized using robust multichip averaging (RMA)
algorithm and Probe Logarithmic Intensity ERror (PLIER) algorithm. RMA algorithm uses the
probe-level data from the Gene Chips and performs background correction based on distribution
of perfect match (PM) values amongst probes in an Affymetrix array. Alternatively, PLIER
algorithm assumes that error is proportional to PM intensity rather than background subtracted
intensity and also uses Mismatch probe data from the Affymetrix’s probe affinity data for error
correction. Quantile normalization was employed by both algorithms to normalize and
summarize raw values to produce the expression values. Gene transcripts were filtered based on
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the expression levels (default settings low of 20% and high of 100%), and also filtered again
based on co-efficient variation of ≤ 50% as part of quality control steps.
ANOVA was performed on the probe set resulting from the quality control steps to check
for the differentially expressed probe sets with p ≤ 0.05. The Benjamini-Hochberg FDR
correction method was applied to obtain reliable gene expression data. A 1.5-fold change was
used as a cut-off to determine differentially expressed genes. Additionally, gene expression
analysis by t-test was carried out between infected animals categorized as ELISA-positive (n=6)
and ELISA-negative (n=4) based on antibody response detected during a 17-month follow-up.
Hierarchical clustering and Principal Component Analysis (PCA) was performed on the entities
found differentially expressed by ANOVA, to demonstrate significant differential gene
expression profile between the analysed groups.

2.2.7 Biological function and pathway analysis
An additional ANOVA analysis with p-value of 0.10 for statistical significance was performed
on entities obtained using RMA and PLIER algorithm to generate a more inclusive list of genes
to be used for functional and pathway analysis. Ingenuity® Systems Pathway Analysis (IPA;
Ingenuity Systems, Redwood City, CA USA; (http://www.ingenuity.com)) was used to identify
the biological relevance of the differentially expressed genes, and to annotate and predict the
molecular and cellular functions of each gene and identify their involvement in biologic
processes. Results of ANOVA were submitted as Affymetrix® GeneChip® Bovine Genome Array
gene set and probe sets were annotated using bovine genome array databases available on IPA.
Functional analysis was carried out to predict the possible bio-functions and pathways the
differentially expressed molecules/genes participate in.
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Significance of relationship to a functional category or pathway was assigned by
calculating the ratio between total molecules in that function by the number of molecules from
the dataset. Significance was also estimated by a right-tailed Fisher`s exact test, relationships
with p-value ≤ 0.05 were considered significant. Upstream and downstream analyses with
significant Z-scores were also conferred to ascertain the relevance of the differentially expressed
transcripts.

2.2.8 Real time qPCR validation of microarray findings
Reverse Transcription (RT) reaction was carried out using The Quantitect® Reverse transcription
kit (Qiagen, Mississauga, ON, Canada) to synthesize cDNA from 1 μg of purified total RNA.
The cDNA synthesis involved genomic DNA elimination reaction and RT step. Genomic DNA
elimination was carried out using genomic DNA elimination buffer at 42ºC for 10 min and RT
reaction at 42ºC for 30 min. RT reaction mixture contained oligo-dT and random primers and
omniscript and sensiscript reverse transcriptase and cDNA concentration was diluted to 100
ng/μl after reaction and stored at -20ºC before qPCR validation.
Genes for qPCR validation were selected from differentially expressed transcripts
obtained using ANOVA and fold change analysis. Intron-spanning primers (Table 1) were
designed using primer3 (version 0.4.0) online tool and were synthesized at University of Calgary
DNA synthesis lab (Calgary, AB, Canada). Based on previous publications [110, 111], 4
housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Actin, large
ribosomal protein PO (RPLP0) & ribosomal protein S11 (RPS11) were chosen as candidate
genes for normalization. Gene stability or geNorm analysis was done using qBasePLUS
(Biogazalle, Zwijnaarde, Belgium) on all 4 housekeeping genes to find the most stable
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housekeeping genes for our study. An equal concentration (100 ng) of cDNA was used for all
samples and the experiments were done using Qiagen QuantiTect SYBR green reagents (Qiagen,
Mississauga, ON, Canada) on CFX96™ Real-Time PCR detection system. Pooled RNA samples
were used as non-reverse transcription (NRT) control to measure genomic DNA carry over. Real
time PCR amplification involved initial enzyme activation at 95ºC for 15 minutes and 45 cycles
of 95ºC for 10 sec, 15 sec at annealing suitable for the primer, 15 sec at 72ºC extension step.
Melting curve analysis was done at the end of amplification to ensure product specificity. MIQE
guidelines were adopted for qPCR confirmation assays as recommended [112].

2.2.9 Real-time qPCR data analysis
Repeatability and efficiency for each primer was analysed using Bio-Rad CFX Manager™ 2.0
(Bio-Rad, Mississauga, ON, Canada) before carrying out gene expression experiments. Cut-off
at <0.5 Cq difference was considered for the repeatability analysis. GAPDH and ACTIN were
used for normalization of the qPCR data based on our preliminary geNorm analysis results.
Calculations for gene expression analysis were performed using 2-δδCT method, log2 fold changes
obtained were then analysed by ANOVA with Tukey’s post hoc tests done using GraphPad
Prism version 5.0c (La Jolla, CA, USA).

2.3 Results
2.3.1 Sample quality analysis
PCA results indicated that HD, LD and control animals clustered within separate groups (Figures
6 a & b). Likewise, PCA analysis of ELISA-positive and negative samples also resulted in
significant separation between the clusters representing these groups (Figures 6 c & d).
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2.3.2 MAP exposure test results
For the duration of this experiment, all control animals were IFN-γ and MAP ELISA-negative.
Three months after inoculation, all MAP-challenged calves were IFN-γ positive and 6 (60%)
animals were MAP ELISA-positive. Four of the 6 ELISA-positive calves were in the HD and 2
in the LD group.

2.3.3 Genes differentially expressed between LD, HD and control groups
Using the RMA algorithm, 137 transcripts by ANOVA and 15 transcripts by 1.5 fold-change
analysis (p ≤ 0.05) were found differentially expressed (DE) among the HD, LD and the control
animals. HD and LD animals had contrasting gene expression patterns; compared to control
animals, calves in the HD group had more upregulated transcripts (57%), while in the LD group
transcripts were predominantly (57%) downregulated.
Using the PLIER algorithm, 185 transcripts by ANOVA and 2 by 1.5 fold-change
analysis (p ≤ 0.05) were differentially expressed among the HD, LD and control group. As after
using the RMA algorithm HD and LD calves showed upregulation (61%) and downregulation
(76%) compared to the control animals. A schematic diagram presenting the expression profiles
between the HD, LD and control calves is shown in Figure. 7. Using hierarchical similarity
clustering of the differentially expressed transcripts the HD, LD and control animals clustered as
separate groups. HD and control animals were paired as sub-branches with a centroid Euclidian
distance of 0.14 from each other. LD animals clustered away from controls and HD animals with
a centroid Euclidean distance of 0.24. Additional ANOVA analysis with a p-value 0.10 on RMA
and PLIER entities for systems biology analyses generated a total of 1813 entities. A complete
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list of differentially expressed genes on ANOVA and their relative fold-change obtained using
RMA and PLIER algorithm is presented as additional file (Appendix A).
LD and HD MAP-challenged animals had different expression profiles compared to the
controls for 77% (RMA) and 80% (PLIER) of transcripts obtained on ANOVA. Only 30
transcripts had similar expression patterns in the MAP-challenged calves (LD and HD groups)
compared to the control animals with a statistical significance of p ≤ 0.05. Several genes were
found that are involved in immune functions; a subset of those genes are Dendritic Cell-Specific
Intracellular

adhesion

molecule-3

Grabbing

Non-integrin

(CD209/DC-SIGN),

CD46/complement regulatory protein, interleukin 7 (IL7), inducible T cell co-stimulator (ICOS),
Cytotoxic T Lymphocyte Antigen 4 (CTLA4), C6orf25/immunoglobulin receptor, Tripartite
motif containing 13 (TRIM13) and TLR7. Compared to the LD group, HD animals had lower
expression of DC-SIGN/CD209 and C6orf25/immunoglobulin receptor genes. IL7 and ICOS
were upregulated in HD group and downregulated in LD group compared to the control animals.
CTLA4 was downregulated in both HD and LD animals. CD46/complement regulatory protein,
TLR7 and TRIM13 genes were upregulated in HD and downregulated in LD animals.
A total of 677 molecules out of the 1813 were applied to systems biology analysis using
IPA and Downstream analysis determined that differentially expressed transcripts are inovolved
in cell death and survival, lymphocyte and leukocyte trafficking, antibody response, repression
of RNA, necrosis of muscle cells, lipid metabolism, intracellular signalling pathways, cell
division and migration. Systems biology analysis indicated that the differentially expressed
transcripts play a role in increasing body size in infected (HD and LD) animals with significant
activation Z-score of 2.413. Canonical pathway analysis of differentially expressed transcripts
resulted in Dolichyl-diphosphooligosaccharide Biosynthesis, Estrogen Receptor Signaling, EIF2
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signaling, Assembly of RNA Polymerase II Complex and UDP-D-xylose and UDP-Dglucuronate Biosynthesis as the top 5 canonical pathways consecutively. Complete list of all the
pathways found to be involved with differentially expressed genes from this study is provided as
additional file (Appendix B). The NF-κB signaling pathway, found as the 14th top canonical
pathway, overlaid with differentially expressed genes found in our dataset along with their
expression pattern is illustrated in Figure 8.
Upstream Regulator analysis (IPA) based on expression profile of molecules in our
dataset from challenged animals predicted all microRNA (miRNA) upstream to these molecules
to be inhibited. Other significant biomolecules such as hydrogen peroxide, extracellular signalregulated kinase and Mitogen-activated protein/extracellular signal-regulated kinase (Mek) were
predicted to be inhibited in challenged animals based on our dataset. Chemokine (C-X-C) ligand
12 (CXCL12) and vascular endothelial growth factor A (VEGFA) were predicted to be activated
in the HD and LD animals. Top upstream regulators for the differentially expressed genes
between all 3 groups were miR-590-3p, Hepatocyte Nuclear Factor 4 Alpha (HNFA), miR-3405p, Chromium and miR-365-3p (and other miRNAs with seed AAUGCCC). The complete list of
all the upstream molecules and their prediction with their activation Z-score is provided as
additional file (Appendix C).

2.3.4 Genes differentially expressed between ELISA-positive and negative calves
MAP-challenged calves were divided into ELISA-positive (6) and negative (4) calves. Using a ttest, 113 genes were differentially expressed using both RMA and PLIER algorithm (p ≤ 0.05).
These 113 transcripts included 30 uncharacterized genes, 46% of the genes were downregulated
and 54% of genes were upregulated between the ELISA-positive and negative MAP-challenged
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calves. The schematic diagram showing the expression profile between ELISA-positive and
negative animals shown in Figure 7. Systems biology analysis outcomes with significant p ≤ 0.10
based on differentially expressed genes between the ELISA-positive and negative MAPchallenged calves and the corresponding fold changes is provided as addition file (Appendix D).
Gene ontology analysis showed that the differentially expressed genes between these
groups are involved in immune functions such as inflammatory response, humoral immune
response, cell-cell signalling and lipid metabolism. Differentially expressed genes predicted to be
involved in inflammatory response including chemokine (C-X-C motif) receptor 5 (CXCR5),
CD22 and integrin alpha 4 (ITGA4) were down regulated in ELISA-positive calves, while Tolllike receptor 3 (TLR3), and interleukin 6 signal transducer (IL6ST) IL6ST were up regulated.
The expression of tumor necrosis factor receptor superfamily member 1b (TNFRSF1B),
SWI/SNF related, matrix associated, actin-dependent regulator of chromatin subfamily a member
4 (SMARCA4), CXCR5, Rho guanine nucleotide exchange factor (GEF) 1 (ARHGEF1) were all
found to be associated with the generation of a humoral response in the tested animals. All of
these genes were upregulated in the ELISA-negative animals. Genes involved in cell-to-cell
signaling including ITGA4, fermitin family member 3 (FERMT3), sortin nexin 1 (SNX1),
stabilin 1 (STAB1) and v-myb myeloblastosis viral oncogene homolog (avian)-like 2 (MYBL2)
were all upregulated in ELISA-negative calves. ELISA-positive calves had increased expression
of farnesyl-disphospate farnesyltransferase 1 (FDFT1) which is involved in lipid metabolism.
A total of 358 transcripts obtained by t-test (p ≤ 0.10) were submitted to Ingenuity®
knowledge Base; of the 358 transcripts, 231 transcripts were used for the systems biology
analysis. Downstream function analysis showed involvement of transcripts in activation of
differentiation and transmigration of leukocytes and inhibition of lymphocyte migration, T-cell
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homing, apoptosis and inflammatory response. Canonical pathway analysis showed Glycolysis I,
Granzyme A Signalling, Phospholipases, Phospholipase C Signalling, Actin cytoskeleton
signalling as the top 5 canonical pathways. A complete list of all canonical pathway involved
with the differentially expressed genes in this study is provided in additional file (Appendix E).
Upstream analysis predicted that miR-558 was activated in ELISA-positive animals and IL4 was
activated in ELISA-negative animals. Top upstream regulators of this dataset were miR-1233-3p,
Aldehyde dehydrogenase family 1 member A1 (ALDH1A1), miR-3689d, miR-302c-3p (and
other miRNAs with seed AGUGCUU) and miR-9-5p (and other miRNAs with seed
CUUUGGU). A list of all the upstream regulators with their Z-score and p-value is provided as
additional file (Appendix F).

2.3.5 Real-time PCR confirmation of differentially expressed genes
To validate the microarray findings by real-time PCR, 8 genes were selected based on their
relevance and the highest fold changes between groups observed for their transcripts. Selected
genes included the inducible T cell co-stimulator (ICOS), CTLA4, CD46, tyrosyl-tRNA
synthetase (YARS), centrosomal protein 350 (CEP350), parvin-beta (PARVB), zinc w10 binding
protein ZWINT and microfibrillar-associated protein 3 (MFAP3). Quantitative PCR of all genes
had same expression trend as seen in microarray data. Comparison of the fold changes of the
qPCR data and microarray data for these 8 genes is presented in Table 4. Differential expression
of all qPCR confirmed gene targets between three groups is illustrated as bar graph in Figure 9.
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2.4 Discussion
Several transcriptomic studies have been carried out to fill the knowledge gap in understanding
the pathogenesis of JD and to find early biomarkers for JD [113, 114]. However, these studies
were designed to identify differentially expressed transcripts in specific subsets of cells. In
contrast, the current study was designed to identify transcripts from the whole blood, which is
arguably the most relevant and readily available physiological fluid for the detection of
biomarkers in pen-side JD diagnostic tests. This study included HD and LD MAP-challenged
calves in order to identify the role of infective dose on the transcripts expressed early during the
infection. It was previously found that the dose of infection influences the early innate and
inflammatory response and the development of memory cells, while it can also influence the
prognosis of the disease [115, 116].
Hierarchical similarity clustering and principal component analysis on the differentially
expressed transcripts lead to a clear distinction in the expression profiles between HD and LD
group 3 months post infection. The HD MAP-challenged group had higher percentage (60%) of
upregulated genes, while the LD group had higher percentage (66%) of downregulated genes.
Upregulation in the HD group could be due to high bacterial load leading to increased
presentation of MAP antigens by antigen presenting cells (APC) and consequently a more overt
infection. A higher dose of MAP has been reported to lead to more rapid clinical presentation
and host response to infection [116, 117]. The observation that LD animals had a higher
percentage of down regulated transcripts has previously been described in other Mycobacterial
infection studies in cattle [118, 119]. Overall, the downregulated genes had a higher fold change
compared to the upregulated genes in this study. Since the LD group had a higher percentage of
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downregulated genes, it could explain clustering of LD group as a separate branch when
Hierarchical clustering was applied.
Of 30 transcripts that had similar expression profiles in both LD and HD calves, PARVB
and YARS, which were downregulated in both LD and HD, have been confirmed by qPCR in
our study. Parvin family proteins, along with other intracellular proteins, play a role in actin
cytoskeleton mediated maintenance of cell shape, motility and survival [120]. PARVB is
involved in formation of lamellopodia [121] and intracellular signaling when integrins bind to
extracellular matrix (ECM) of the cell [122]. YARS is primarily involved in synthesis of enzyme
tyrosyl-tRNA synthetase and is ubiquitous and involved in protein synthesis. During
inflammation, tyrosyl-tRNA synthetase is cleaved into two fragments mini-tyRS and C-tyRS.
Mini-tyRS plays a role in angiogenesis and these fragments also play a role in trafficking of
phagocytes [123]. These suggest the influence of MAP infection in trafficking and migration of
phagocytes to site of inflammation.
NF-κB signaling pathway is reported in this manuscript even though it was not found in
top 5 canonical pathways because of its significant role in inflammation and chronic
inflammatory diseases [124]. IL-1R/TLR, MEKK3/NIK, TANK, CK2 was upregulated in dataset
obtained from the differentially expressed genes among all three groups. Growth factor receptor
and TRAF proteins were downregulated in this dataset. Differential expression of the genes
plotted to NF-κB pathway suggests activation of classical pathway by IL-1R/TLR mediated
signaling and possible inhibition of alternate pathway by downregulation of TRAF family
proteins.
The gene expression data showed evidence for immune responses conducive to the
generation of antibodies at 3 months post infection in both LD and HD calves. Genes such as
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ICOS, TLR7, IL7, B-cell CLL/lymphoma 10 (BCL10), cathelicidin antimicrobial peptide [61],
and many other genes were activated, while other genes such as PR domain containing 1, with
ZNF domain (PRDM1) were downregulated, which together strongly correspond with the
conditions leading to activation of the antibody response (Z-score 2.1) [125-127]. This gene
expression profile is also supported by the phenotypic data obtained from MAP antibody ELISA,
which showed that 2 animals of the HD group became seropositive as early as 4-5 months after
infection (unpublished data). This finding is in contrast with the recent findings of Purdie et al.
[113] that the antigen presentation is downregulated at the same time after infection with MAP.
However, it is possible that the responses favouring antibody production are upregulated while
MAP is actively inhibiting antigen presentation [128]. Previous studies analysing the activation
markers of T and B cells [129, 130] found that activation markers CD25, CD26, and CD45RO
were upregulated as early as 3 months after experimental infection of neonatal calves. Another
study analysing antibody response to many recombinant MAP proteins on a protein array found
2 animals to have detectable antibody response at 70 days after experimental infection [131].
Since the analysis between ELISA positive and negative animals had a small sample size this
study suggests for a cohort study with bigger sample size to warrant these results.
In this study, MAP-infected animals generated a MAP-specific immune response that can
be differentiated animals that produced antibodies from those did not produce antibodies under
identical circumstances through transcriptomic profiles. To our knowledge, this is the first report
of the potential applications of gene expression analysis to predict the antibody response as early
as 3 months after infection with MAP. These findings need to be validated on a larger group of
animals.
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Many anti-apoptotic transcripts such as c-abl oncogene 1 (ABL1), BCL10, SMARCA4,
colony stimulating factor 3 (CSF3), and several other factors were found to be activated in
antibody positive animals. Pro-apoptotic transcripts such as BCL2/adenovirus E1B 19kDa
interacting protein 3 (BNIP3), and bone morphogenetic protein 7 (BMP7) were inhibited in
ELISA-positive animals. These are interesting findings because among other survival strategies,
MAP is capable of inhibiting the apoptotic pathways to favor host cell survival. Findings in this
study support the hypothesis that MAP indeed influences cell survival to subvert immune
response and thrive in infected macrophages [132]. On the other hand, these observations could
also be a reflection of the host response attempting to limit cell death following infection and to
increase probabilities of antigen presentation by MAP-infected macrophages to T helper cells to
mount immune response to eliminate or control the infection in granulomas [133]. This is in
agreement with previous studies that MAP-infected macrophages to be less apoptotic compared
to macrophages obtained from uninfected animals [114]. These studies pointed to the inhibition
of apoptosis in Mycobacterium-infected macrophages by interference with the Fas-L inducted
apoptotic signal and reduction in caspase enzyme activity [114, 134].
Upstream analysis of the transcript profiles predicted inhibition of hydrogen peroxide in
MAP challenged animals. Squalene monooxygenase/Squalene epoxidase (SQLE), histidine
decarboxylase (HDC), MAPK14, and N-acetyltransferase 10 (NAT10) were downregulated, and
other molecules such as sirtulin 1 (SIRT1), nitric oxide synthase 3 (NOS3), and histone
deacetylase 2 (HDAC2) were upregulated corresponding with inhibition or lower expression of
hydrogen peroxide. After MAP is taken up by phagosomes, it fuses with lysosome to produce
hydrogen peroxide and oxygen radicals to kill the ingested bacteria. MAP and M. tuberculosis
are known to inhibit the fusion of phagosome with lysosome to prevent the activation of
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enzymes that form reactive oxygen species [10]. It is unclear if the predicted inhibition of
hydrogen peroxide is indeed a consequence of this or other active protective mechanisms by the
pathogen.
Johne’s disease is characterized by a chronic granulomatous infection associated with an
influx of macrophages and swelling of the ileal mucosa leading to reduced resorptive capacity of
the gut, resulting in emaciation, weight loss and death [5]. At 17 months after infection, evidence
of microscopic lesions and diffuse granulomas, swollen ilea and reduced body weight were
noticed in both HD and LD animals in this study. Interestingly, transcripts involved in muscle
cell necrosis and death were downregulated and genes involved in increasing the size of the
animal were upregulated at 3months post infection. This could infer that even during early stages
of the infection, early local immune responses are having an effect on energy balance or the
absorptive capacity of the intestine and might have triggered host homeostasis mechanism to
downregulate the genes that involve in destruction of muscle cells and upregulate the genes that
promote growth of the animal. On the other hand, this might be a bystander effect of the regular
growth of the calves during early stages of their life.
TLR3 and TLR7 were upregulated in this study they are intracellular PRR receptors that
recognize dsRNA and ssRNA, respectively, and implicated generally in antiviral response [135].
These receptors also play a role in regulating autophagy a host homeostasis process in cytoplasm
of the cells [136], which is part of innate defense mechanism. PRRs such as TLR3, TLR7, NODlike receptors and RIG-I and RIG-I like receptors (RLRs) samples cytoplasm for intracellular
pathogens. Another recently published study points out that CAMP and vitamin D receptor
(VDR) are important activators of autophagy in mycobacterial infection [137]. In this study
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TLR7 and CAMP were upregulated, which further confirms autophagy in immune response to
MAP [138] and suggests that autophagy could have been activated in MAP-infected animals.
TLR3 was upregulated in ELISA-positive animals, which suggests a role for autophagy
in host immune response and possibly humoral response to MAP. IL6ST was upregulated in
ELISA-positive animals. IL6ST/gp130 is involved in signal transduction to many cytokines such
as IL6, IL11, IL27, Leukaemia Inhibitory Factor [24] and oncastatin M [139]. IL6ST/gp130 acts
as a link to activate various initial immune responses such as an inflammatory response that
leads to recruitment of hematopoietic cells to site of inflammation [140] and control or resolution
of acute inflammation [141]. IL6ST/gp130 also plays a role in B cell activation and
differentiation to produce an antibody response. On the other hand, it is known that deficient IL6
and gp130 responses lead to inadequate antibody response [142, 143]. CXCR5 expression in
CD4 T cells and B cells is known to augment antibody response by signalling these lymphocytes
to the germinal centers [144]. Surprisingly, in this study CXCR5 was downregulated in the MAP
ELISA-positive animals. Because an antibody response against MAP was identified within the
duration of the infection trial in these animals, it is likely that other pathways or mechanisms
compensate CXCR5 down regulation.
In the context of humoral responses, CD22 was downregulated in ELISA-positive calves.
CD22 is a significant B cell surface protein that interacts with CD45 on T helper cells and leads
to its activation and the production of antibodies to T cell dependent antigens [145]. CD22 also
acts as a negative regulator of B cell receptor signalling by playing a role in activation and
differentiation of B cells [146]. Previously, the activation of this receptor was found to increase
the time for antibody production by slowing down the proliferation of B cells [147].
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Downregulation of CD22 in ELISA-positive animals suggests that these animals were able to
mount an antibody response faster than ELISA-negative animals.
Upstream analysis predicted inhibition of several miRNA’s based on the differentially
expressed genes obtained from all 3 groups and ELISA positive and negative animals. Micro
RNA`s are ~22 nucleotide long RNA molecules which play significant role in post-translational
modification of mRNA molecules and hence in gene expression. A study carried out in
Mycobacterium avium hominissuis [51] infection pointed out role of let-7e and miR-29a to play
role in anti-apoptosis pathway by reducing caspase activity in MAH infected monocytes [148].
This study found let-7a (let-7 family) and miR-29b to be inhibited based on the genes
differentially expressed between the all three groups. Apoptosis is regulated by many factors
such as let-7 family miRNA’s, caspase 3, Bcl2 expression and cyclin and mitogen activated
kinase dependent proteins hence inhibition of let-7 family and miR-29 may not influence the
overall outcome of apoptosis. At this stage relevance of expression levels of miRNA’s and their
relevance to MAP infection is not well understood and hence more studies on the relevance of
miRNA’s on MAP infection is warranted.

2.5 Conclusions
In conclusion, this study found differential expression between MAP-infected and control
animals as early as 3 months after exposure to MAP. This study also revealed the influence of
the infective dose on the expression levels of several transcripts using microarray and qPCR.
This suggests that biomarkers for JD are dose-dependent and this factor needs to be taken into
account for marker identification. Moreover, this observed influence of dose of infection on
expression levels of gene transcripts could point to persistence or clearance of MAP infection.
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Differentially expressed genes were involved in lipid metabolism, leukocyte and lymphocyte
trafficking. This study found transcripts increasing the size of the animal upregulated and
downregulation of necrosis and death of muscle cells. Inhibition of apoptosis, hydrogen peroxide
and downregulation of lymphocyte trafficking and overall repression of RNA expression may be
future directions as plausible MAP mediated survival strategies. Identified differential expression
of IL6ST and CD22 between ELISA-positive and negative animals might play a key role in early
immune response in ELISA-positive animals. PARVB and YARS were qPCR confirmed and
they are upregulated in both HD and LD groups at 3 months post-infection.
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Figure 6a-d. Principal component analysis results
Principle Component Analysis (PCA) on entities differentially expressed by ANOVA (p-value ≤
0.05) between treatment groups obtained using either RMA (A) or PLIER (B) algorithms. The
three first components of the PCA are shown for all 15 animals in a 3D space. The percent
variances of the three components were by RMA 55.16, 11.72 and 6.03%, and by PLIER 58.24,
10.83 and 5.39%. PCA on entities differentially express on t-test (p-value ≤ 0.05) between
ELISA-positive and ELISA-negative calves obtained using RMA (C) and PLIER (D) algorithms,
with the three first components of the PCA are shown for all 10 samples in a 3D space. The
percent variances of the three components were by RMA were 66.48, 10.1 and 5.76%, by PLIER
65.05, 13.97 and 9.08%.
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Figure 7 - Schematic representation of gene expression profile among 3 groups and ELISAnegative and positive animals
Schematic representation of gene expression profile; the first 3 bar graph represents the gene
expression profile between HD, LD and control groups in absolute numbers of upregulated
(shown in black) and downregulated genes (shown in white). The last bar graph shows gene
expression profile observed between ELISA positive and negative animals in absolute numbers
of upregulated (shown in black) and downregulated genes (shown in white). Y-axis shows the
number of transcripts differentially expressed.
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Figure 8 - Differentially expressed genes in the NF-κB pathway
Differentially expressed transcripts in NF-κB pathway belonged to 1813 transcripts obtained on
ANOVA (RMA and PLIER) with p-value 0.10 between MAP challenged and control groups.
Color indicates the level of the expression, upregulated (red) and downregulated (green) relative
to the control animal. White molecules in the pathway refer to molecules in the NF-κB not found
in the dataset.
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Figure 9 - Real-time qPCR confirmation of differentially expressed genes at 3 months post
MAP-infection
Bar diagrams show the comparison of fold changes (Y axis) of high and low dose groups
compared to control group for each of the gene targets (X axis). ANOVA with Tukey post-hoc
test was used for this analysis, with * indicating significant difference with p-value ≤ 0.05 and **
indicating significant differences with p-value ≤ 0.001.
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Table 3. Primers used for qPCR validation of differentially expressed genes between LD,
HD and control groups.
Target

Primer sequence (5`-3`)

Amplicon
size

NCBI Accession
number

ICOS

CCACCTTGGCCAGTTCTCTA
TGTTTGTCGAGCACACATGA

250bp

NM_001034275

PARVB

ACTTCGTACCCCTGCACAAC
TCCAGGTTTACCACATCTTCG
AGCTGCTTTTGCTTTGGAAG
GCAAAGGCTACGTTGGTGAT

125bp

NM_001102299

225bp

NM_001166519

CEP350

ATCAGAGCCCTGAAGGATGA
TGGAAGGGACTTGATCTTGG

225bp

XM_002694164
XM_614825

CD46

GCCATTGAACATGGAACGAT 291bp
ACAGCAGTACAGGCAGAGCA

NM_001242561

CTLA4

GGCAATGGAACCCAGATTTA
TGCTTTTCACATTCTGGCTCT

CB455868

YARS

GAAGAGCTGAAGCCCAAGAA 254bp
CAGTGTCCTGGGAGATGGAT

MFAP3
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212bp

NM_174220

Table 4. Table illustrating the fold change obtained for microarray and real-time qPCR for all gene targets between HD, LD
and control groups at 3 months post MAP-infection
Gene

Microarray fold change

Real-time qPCR fold change

High Vs.

Low Vs.

High Vs.

High Vs.

p-Value

Low Vs.

p-Value

control

Control

Low

Control

CD46

+1.12

-1.12

+1.12

+1.03

<0.05

-0.77

<0.05

+1.8

<0.001

CEP350

-1.32

+1.32

-1.75

-0.64

< 0.05

+2.72

<0.001

-2.91

<0.001

CTLA4

-1.01

-1.09

+1.09

-0.23

NS

-0.65

<0.05

+0.42

<0.05

MFAP3

+1.02

-1.40

+1.43

+1.72

<0.001

-0.70

NS

+2.42

<0.001

ICOS

+1.12

-1.14

-1.30

-0.54

NS

-0.93

<0.05

+1.47

<0.001

PARVB

-2.0

-1.73

-1.14

-0.86

<0.001

-0.58

<0.001

-0.27

NS

YARS

+1.11

-1.22

+1.09

-0.23

NS

-0.92

<0.001

+0.69

<0.05

ZWINT

+1.07

-1.52

+1.64

-0.33

NS

-0.86

<0.05

+0.54

NS

Control

*

NS-Not significant
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High Vs.

p-Value

Low

CHAPTER 3: GENE EXPRESSION PROFILING OF MAP INFECTED CALVES 6 AND
9 MONTHS AFTER INFECTION

3.1 Background
Mycobacterium avium subsp. paratuberculosis (MAP) is a pathogen that causes in Johne’s
disease (JD) in ruminants, characterized by a chronic granulomatous infection of the gut [5].
MAP infection is prevalent worldwide, it is also contemplated to play a role in Crohn’s disease
in humans [149] and hence increasing interest in MAP or JD is appropriate. Primary route of
transmission is fecal-oral, and infected animals typically remain subclinical for extended years
[104]. In the end stage of JD, MAP-infected cows suffer from chronic diarrhoea and emaciation
leading to early culling of animals. The annual costs by MAP infection to the Canadian dairy
industry is estimated at $15 to 20M, and it thus poses high economic burden to the dairy industry
[100].
MAP was discovered as the causative organism of JD early in the 19th century, and yet
there are lot of lacunae in our knowledge of JD pathogenesis and detection of MAP. Existing
diagnostic tools and strategies are inadequate due to lack of sensitivity to detect MAP infection
during the early subclinical stages of the infection [74-76, 150]. Hence biomarkers are
considered as alternative markers for early identification of the infection. Translation genomics
and protein arrays are adapted to identify biomarkers that would reveal early JD [90-92].
Biomarkers for diagnosis include genes involved in host stress and immune response to the
disease; therefore, understanding the pathophysiology of JD is crucial in identifying specific
biomarkers. Hence a successful biomarker needs to be specific, robust and be easily measured
without invasive procedures [92]. Biomarkers as surrogate markers for diagnosis of JD are being
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explored; previous transcriptomic [92] and a proteomics study have proposed many targets as
biomarkers for JD. An earlier study analysing biomarkers for JD at early stage of 3 months into
infection found that a large number of putative biomarkers of early MAP infection with
particularly roles in the immune response [Chapter 2]. In that study, also the importance of
dosage of infection on the discovery of biomarkers was revealed. This study was carried out to
check for biomarkers at 6 and 9 months after infection and also to check for transcripts that are
differentially expressed for the whole 15-month period. The objectives of this study is to identify
potential biomarkers for JD during early 6 and 9 months stage of infection and to examine the
influence of infective dose on expression levels of transcripts at 6 and 9 months after infection.
Furthermore this study aimed to analyse the expression levels of select gene targets over duration
of 15 months from the time of infection to validate their potential use as early diagnostic
biomarkers.

3.2 Materials and Methods
3.2.1 Animals
Selection of animals and design of the MAP challenge experiment are described in Chapter 2. In
short: Holstein-Friesian bull calves for the infection trial were procured from Alberta (Canada)
dairy farms with zero fecal culture prevalence and a MAP seroprevalence <5%. Five calves were
inoculated with a high dose [25] of MAP, 5 with a low dose (LD), while 6 non-infected control
calves were included. Animals (HD and LD) were challenged with a low-passage virulent strain
of MAP (C69), which was obtained from a clinical case. This strain is identical to K10 strain by
BamHI, PvuII and PstI IS900-RFLP profiles. HD calves and LD calves were orally challenged
with 5 × 109 and 5 × 107 cfu of MAP on 2 consecutive days, respectively.
65

3.2.2 MAP exposure assays
Both control and MAP-challenged calves were tested for exposure to MAP every month for cell
mediated immune response by IFN-γ release assay and humoral response by antibody ELISA
(Pourquier ELISA™; Institut Pourquier, Montpellier, France). Whole blood was incubated in 24well plate overnight with Johnin PPD. Post incubation supernatants were used for BOVIGAM®
IFN-γ ELISA (Prionics, Schlieren-Zurich, Switzerland) to test the cellular immune response to
MAP.

3.2.3 Sample collection and preparation
Whole blood was collected from HD, LD and control animals at every 3-month interval from 6
to 15 months in PAXgene® Blood RNA system tubes (PreAnalytix GmbH, Hombrechtikon,
Switzerland). Total RNA was extracted from whole blood using PAXgene® blood miRNA kit
(PreAnalytix GmbH, Hombrechtikon, Switzerland) as per kit protocol. RNA integrity number
was measured to check quality of total RNA using Agilent RNA 6000 NanoChip on 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Moreover, we processed 5-10 μg of
extracted total RNA using RNeasy Plus Micro kit (Qiagen, Mississauga, ON, Canada) to remove
any genomic DNA carryover. Quantity of RNA was measured using NanoDrop ND-1000
(NanoDrop Technologies, Wilmington, DE, USA). In this study total RNA was extracted from
whole blood collected from trial animals at 6, 9, 12 and 15 months. But total RNA from 6 and 9
months after MAP exposure was only used for gene expression analysis by microarray.
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3.2.4 Hybridization
Biotin-labelled antisense RNA (aRNA) was prepared from 100 ng of genomic DNA purified
total RNA using GeneChip® 3’-IVT express kit (Affymetrix Santa Clara, CA, USA).
Furthermore 12 μg of biotin-labelled aRNA was fragmented (35-200 nt) at 95°C for 35 min for
hybridization. Fragmented biotin-labelled aRNA were hybridized to Affymetrix® GeneChip®
Bovine genome Array at 45°C for 16-18 h. Arrays were stained with streptavidin-phycoerythrin
and washed using Affymetrix® GeneChip Fluidics 450 following manufacturer’s protocol and
scanned with Affymetrix® GeneChip Scanner 3000 7G System at Southern Alberta Microarray
Facility (Calgary, AB, Canada).

3.2.5 Gene expression statistical analysis
Gene expression analysis was carried out as described in Chapter 2. In short: Raw data was
normalized and summarized using robust multichip averaging (RMA) algorithm and Probe
Logarithmic Intensity ERror (PLIER) algorithm. Gene transcripts were filtered based on probe
expression levels (default settings low of 20% and high of 100%), and on co-efficient variation
of ≤ 50% as part of quality control steps. Quality control passed probe sets were analysed using
ANOVA to check for the differentially expressed probe sets between HD, LD and control
animals with P-value ≤ 0.05. The Benjamini-Hochberg FDR correction method was used to
obtain reliable gene expression data. Finally, 1.5-fold change analysis was done to analyse the
fold change of the differentially expressed probes. Hierarchical clustering and Principal
Component Analysis (PCA) was performed on the entities found differentially expressed by
ANOVA, to demonstrate significant differential gene expression profile between the analysed
groups.
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3.2.6 Biological function and pathway analysis
Dataset for biological function and pathway analysis was generated as mentioned in Chapter 2.
In short: Differentially expressed genes obtained on ANOVA (P-value of 0.10) were used and
Ingenuity® Systems Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA USA;
(http://www.ingenuity.com)) was used to identify the biological relevance, annotate and predict
the molecular and cellular functions of each gene and identify their involvement in the biologic
processes. Significance of relationship to a functional category or pathway was assigned by
calculating the ratio between total molecules in that function by the number of molecules from
the dataset. Significance was also estimated by a right-tailed Fisher’s exact test, relationships
with P-value ≤ 0.05 were considered significant.

3.2.7 Reverse transcription for qPCR
Total RNA used for microarray was utilized to prepare cDNA for qPCR confirmation of the
microarray findings. Reverse Transcription (RT) reaction was carried out using The Quantitect ®
Reverse transcription kit (Qiagen, Mississauga, ON, Canada). One μg of genomic DNA purified
total RNA was used to prepare cDNA. cDNA preparation involved a genomic DNA elimination
reaction and a RT reaction at 42ºC for 10 and 30 min, respectively. RT mix enclosed oligo-dT
and random primers and omniscript and sensiscript reverse transcriptase enzymes to synthesize
cDNA. Post RT-reaction step all cDNA samples was diluted to 100 ng/μl and stored at -20ºC to
be used for qPCR validation. RT reactions were carried out on 12 and 15-mo samples as well in
order to trace the expression profiles of the differentially expressed genes at this time point.
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3.2.8 Real-time qPCR
Based on higher fold change and relevance to the study, 6 genes from 6 months after infection
and 5 form 9 months were chosen for qPCR validation. Intron-spanning primers for these genes
were designed using primer3 version 0.4.0 online tool. Primers were synthesized at University of
Calgary DNA synthesis lab (Calgary, AB, Canada); primer sequences and information are
presented in tables 5 and 6. Based on previous publications [110, 111] and geNorm analysis done
using qBasePLUS (Biogazalle, Zwijnaarde, Belgium) we chose GAPDH as reference gene for
normalization. One hundred Nano grams of cDNA was used for all samples and the experiments
were done using Qiagen quantitect SYBR green reagents (Qiagen, Mississauga, ON, Canada) on
CFX96™ Real-Time PCR detection system. Pooled RNA samples were used as non-reverse
transcription (NRT) control to measure genomic DNA carry over. Real time PCR amplification
in this study involved initial enzyme activation at 95ºC for 15 minutes and 45 cycles of 95ºC for
10 sec, 15 sec at 60ºC, 15 sec at 72ºC extension step. Melt curve analysis was done at the end of
amplification to ensure product specificity. MIQE guidelines were adopted for qPCR
confirmation assays as recommended [112]. Additional qPCR reactions were carried out for
select genes (CTLA4, BOLA, CD46 and BNBD9-like) on samples obtained at 3, 6, 9, 12 and 15
months to capture the expression profiles of these genes over time.

3.2.9 Real-time qPCR statistical analysis
Prior to gene expression analysis repeatability and efficiency for each primer was analysed using
Bio-Rad CFX Manager™ 2.0 (Bio-Rad, Mississauga, ON, Canada) as part of primer
standardization steps. Cycle of threshold values obtained on gene expression qPCR assays were
exported in excel sheet format using Bio-Rad CFX Manager™ 2 for statistical analysis. GAPDH
69

was used for normalization of the qPCR data based on our preliminary geNorm analysis results.
Calculations for gene expression analysis were done in an excel sheet using 2-δδCT method, log2
fold changes obtained are then analysed by ANOVA (P-value 0.05) with Tukey post hoc tests
done using GraphPad Prism version 5.0c (La Jolla, CA, USA) for Mac OS X. Two-way ANOVA
(P-value 0.05) was performed on the longitudinal gene expression analysis to analyse the
statistical significance for the observed expression profile of these genes overtime.

3.3 Results
3.3.1 MAP exposure test results
All MAP-challenged calves (HD and LD) remained positive and all control animals remained
negative for Johnin PPD-specific IFN-γ response for the duration of the experiment. Control
animals remained ELISA-negative, while 4 out of 5 (80%) HD MAP-challenged animals and 2
out of 5 (40%) LD MAP-challenged animals became ELISA-positive.

3.3.2 Gene expression 6 months after infection
Gene expression analysis done using RMA and PLIER algorithm summarized entities resulted in
a total of 287 transcripts to be differentially expressed by ANOVA. Of the 287 transcripts 101
transcripts were obtained using RMA and 186 transcripts were obtained using PLIER algorithm.
Likewise, 1.5 fold-change analyses revealed a total of 58 transcripts of which 37 transcripts were
differentially expressed in RMA and 21 transcripts using the PLIER algorithm. PCA carried out
on transcripts obtained by ANOVA resulted in separation of the samples into HD, LD and
control groups (figure 10a and b). Among differentially expressed genes both HD and LD
animals had 60% of differentially expressed genes upregulated compared to the control. HD and
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LD animals had opposite expression profiles for 50% of the differentially expressed genes. Bar
graphs of the expression profiles of differentially expressed genes of HD versus control, LD
versus control and HD versus LD are presented in figure 11a. Using hierarchical clustering on
conditions (HD, LD and control), the control animals clustered in a separate branch from HD and
LD with a centroid Euclidean distance of 0.32. HD and LD animals clustered as sub clusters
under a same branch with a centroid Euclidean distance of 0.17 from each other. Additional
ANOVA analysis with P-value < 0.10 on both RMA and PLIER summarized entities resulted in
1702 entities to be used for systems biology analysis. A complete list of the differentially
expressed genes is submitted as additional file (Appendix G).
Genes encoding Arachidonate 15-lipoxygenase (ALOX15), Arachidonate 5-lipoxygenase
activating protein (ALOX5AP), neutrophil beta-defensin-9 like peptide (BNBD9-Like), S100
calcium binding protein A9 (s100A9) and G protein coupled receptor 77 (GPR77) or C5a
anaphylatoxin chemotactic receptor C5a2 were downregulated in both HD and LD animals.
Genes encoding CD72, lipoprotein lipase (LPL), calcitonin receptor-like (CALCRL) and transmembrane protein 70 (TMEM70) were upregulated in both HD and LD calves compared to the
control group.

3.3.3 Systems biology analyses
Of the 1702 entities submitted to IPA, a total of 1066 entities were used for the systems biology
analyses. Downstream function analysis revealed activation of lymphocyte movement and its
migration, migration of mononuclear leukocytes and intracellular infection of the cells. IPA also
predicted inhibition of phagocytosis by antigen presenting cells, phagocytosis by macrophages,
migration of granulocytes, immune response by macrophages, necrosis, apoptosis and
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downregulation of genes that would inhibit growth of the animal. All these predictions had
significant Z-score of ≥ 2 signifying activation or ≤ -2 indicating downregulation. Pathway
analysis indicated differentially expressed genes to play a role in several biological pathways, the
top 5 canonical pathways found with this data included the superpathway of Inositol phosphate
compounds, D-myo-inositol (1,4,5,6)-Tetrakisphosphate biosynthesis, D-myo-inositol (3,4,56)Tetrakisphosphate biosynthesis, D-myo-inositol-5-phosphate metabolism and 3-phosphoinositide
degradation. JAK-STAT signaling pathway a key regulator of immune response was found
among the top canonical pathway (14th rank). Differentially expressed genes overlaid on the
JAK-STAT signaling pathway are presented in figure 12. The complete list of the canonical
pathways influenced by our differentially expressed genes is presented in additional file 8
(Appendix H).
Upstream analysis predicted activation of CD40 ligand (CD40L), CD24, matrix
metallopeptidase 14 (membrane-inserted) (MMP14) and TNF family proteins. Transforming
growth factor beta 1 (TGF-beta1), several micro RNA’s (miRNA) was predicted to be inhibited
based on the expression levels of the molecules found differentially expressed among the 3
groups. A list of all the upstream regulators and their direction of activation along with Z-score is
presented in additional file (Appendix I).

3.3.4 Gene expression 9 months after infection
Analysis of gene expression using RMA identified 31 transcripts by ANOVA and 12 transcripts
by 1.5 fold-change analyses. ANOVA and 1.5 fold-change analyses using PLIER algorithm
summarized entities revealed 49 transcripts and 3 transcripts differentially expressed,
respectively. A total of 80 transcripts were found differentially expressed by ANOVA (P-value <
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0.05) and by both RMA and PLIER algorithms. PCA analysis done on the entities differentially
expressed by ANOVA (p < 0.05) resulted in separation of the samples into HD, LD and control
groups (figures 10c and 10d). In the overall gene expression profile, the HD group had 55% of
the transcripts upregulated compared to the control and the LD group had 86% of transcripts
upregulated compared to control animals. A comparison between HD and LD groups revealed
55% of genes upregulated, bar graphs representing the overall gene expression profile of HD
versus control, LD versus control and HD versus LD are presented in figure 11b. Hierarchical
clustering on conditions (HD, LD and control groups) of differentially expressed entities
elucidates HD group to be clustered in a separate branch from control and LD groups with
centroid Euclidean distance of 0.25. Control and LD group animals clustered as sub clusters
under the same branch with centroid Euclidean distance of 0.20. Additional ANOVA analysis
with P-value < 0.10 performed on both RMA and PLIER algorithm summarized entities resulted
in 408 differentially expressed transcripts which were used for systems biology analyses.
Complete list of differentially expressed transcripts with their fold-changes is given in the
Additional file (Appendix J).
Nine months after infection, bovine leukocyte antigen (BOLA), interleukin 4 receptor
(IL4R), chemokine (C-C motif) receptor 7 and testis expressed 261 (TEX261) genes were
downregulated in HD and LD group animals. Immunoglobulin super family member 6 (IGSF6),
ribosomal protein L15 (RPL15) were upregulated in both LD and HD group animals.

3.3.5 Systems biology analyses
Of the 408 entities submitted to IPA 275 entities were used for the systems biology analyses.
Downstream function analysis predicted the differentially expressed transcripts to activate
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autophagy, activation of antigen presenting cells, cytotoxicity of T-lymphocytes and organisation
of the cytoplasm for cell replication. Downstream analysis also predicts inhibition of apoptosis,
generation of T-lymphocytes and cell spreading. These functions did not have significant Zscores but were statistically significant. Canonical pathway analysis showed the top 5 canonical
pathways to include acute myeloid leukaemia signalling, methionine degradation I (to
homocysteine), cysteine biosynthesis III (Mammalia), ERK5 signaling and Neurotrophin/TRK
signaling. The IL-4 signaling pathway, involved in Th2 response, was found as the 9th canonical
pathway, IL-4 signaling pathway overlaid with the differentially expressed genes and their
expression pattern is depicted in figure 13. Complete list of all canonical pathways in which
differentially expressed genes are predicted to be involved in is listed in Additional file
(Appendix K). Upstream analysis predicted inhibition hypoxia inducible factor 1, alpha subunit
(HIF1A), chemokine

(C-X-C

motif) ligand

12, forkhead box O3 (FOXO3) and

myelocytomatosis viral oncogene homolog (Avian) (MYC) and predicted few miRNAs to be
activated. A list including complete upstream analysis results is presented in additional file
(Appendix L).

3.3.6 Real-time qPCR confirmation of 6 and 9 months microarray data
To validate the microarray findings, 6 gene targets from 6 months after infection gene expression
data and 5 gene targets from 9 months after infection were chosen to be verified using real-time
qPCR. Genes for qPCR validation were chosen based on the relevance of the transcripts to JD
and their high fold change. Genes selected for 6-months data were BOLA, BNBD9-Like,
ALOX-15, ALOX5AP, GPR77 and s100A9. Similarly genes selected for qPCR confirmation of
gene expression data were BOLA, TEX261, CCR7, IL4R and IGSF6. Quantitative gene
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expression data obtained for these genes using qPCR was in agreement with microarray data.
Real-time qPCR confirmation of the differentially expressed genes at 6 and 9 months are
presented in figures 14 and 15, respectively. A comparison of microarray expression data and
qPCR expression data for the confirmed genes obtained 6 and 9 months is presented in table 7
and 8.

3.3.7 Longitudinal qPCR expression analysis of CD46, BOLA and BNBD9-Like genes
Based on the gene expression studies by microarray analysis at 3, 6 and 9 months after MAP
challenge, CD46, BOLA and BNBD9-Like were found to be differentially expressed at all 3
measured time points. Longitudinal expression profiling of these genes at 3, 6, 9, 12 and 15
months after MAP challenge by qPCR, demonstrated that CD46 was continuously upregulated in
both HD and LD animals from 3 to 15 months after infection onwards, except for 3 month after
infection for the LD animals. BOLA and BNBD9-Like genes were downregulated in MAP
challenged animals (HD and LD) at time points 3 to 15 months after infection. Two-way
ANOVA done on the longitudinal expression values for all 3 genes were significant (p ≤ 0.01).
The relative expression of CD46, BOLA and BNBD9-Like genes across time is presented in
figures 16, 17 and 18, respectively.

3.4 Discussion
Early diagnosis of MAP similar to diagnosis of Mycobacterium tuberculosis is
challenging and largely dependent on detection of cellular immune response due to lack of
adequate sensitivity for other tests [151, 152]. Detection of cellular immune responses is
convoluted by complexity of the tests and the specificity of the test especially during the early
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stages of the disease [76, 79, 153]. Hence biomarkers for early diagnosis of Mycobacterial
infections are necessitated. Unlike previous studies this study focused on identifying biomarkers
for JD from differentially expressed transcripts in whole blood of HD and LD MAP-challenged
animals at 6 and 9 months after MAP infection using translation analysis. Earlier study (Chapter
2) revealed that dosage of infection have a bearing on expression levels of transcripts
differentially expressed at 3 months after MAP infection. A longitudinal study analysing the
expression levels of relevant differentially expressed genes at every 3-months interval up to 15
months after MAP infection was also carried out. Thus this study is unique and appropriate to
identify robust biomarkers that could serve as markers of diagnosis for JD in pen-side diagnostic
tools.
Overall gene expression profile of differentially expressed genes at 6 months after
infection revealed that both HD and LD groups to exhibit upregulation of genes in comparison to
control group. Gene expression profile between HD and LD animals resulted in just 17
transcripts differentially expressed on T-test (p < 0.05) analysis of which 57% genes
downregulated. These results revealed that at 6 month after infection MAP-challenged animals to
have marginal upregulation of genes. Likewise, using gene expression profiling at 9 months after
infection HD and LD showed that 55% and 54% of genes were upregulated compared to control
animals. Interestingly, only 80 transcripts were differentially expressed between these 3 groups
at 9 months compared to 287 transcripts at 6 months on ANOVA (p < 0.05). We did not find
genes differentially expressed at 6 months to be differentially expressed at 9 months after
infection.
ALOX15 and ALOX5AP genes were downregulated in both HD and LD animals at 6
months after infection. ALOX15 belongs to lipoxygenases (LOXs) involved in metabolism and
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production of fatty acid hydroperoxidases [154]. ALOX5AP along with ALOX5 plays a role in
leukotriene biosynthesis that is involved in various inflammatory responses [155]. Enzyme
12/15-LOX or 15-LOX1 is activated by IL-4 in Th2 type response in monocytes and
macrophages [156]. This enzyme plays a role in resolution of inflammation [157, 158] and
synthesis of lipoxins, which also reduce inflammation by inhibiting chemotaxis, adhesion and
superoxide generation [159]. Since ALOX15 and ALOX5AP were downregulated in MAPchallenged animals, this study hypothesize during the early stages of the infection IFN-γ
production driven by Th1 responses inhibits LOXs genes. In this study, key immune related
genes such as BNBD9-Like, GPR77 and S100A9 were downregulated. Proteins BNBD9-Like
and GPR77 act as chemo-attractants to immature dendritic cells [160, 161], and they are
professional antigen presenting cells. S100A9 is a damage-associated molecular pattern
(DAMPs) molecules secreted by phagocytes are pro inflammatory molecules secreted by
granulocytes, monocyte and early differentiation stage macrophages. DAMPs are recognized by
Toll-like receptors (TLRs) leading to its activation resulting in inflammation [162]. These key
immune related genes were downregulated in MAP-challenged animals possibly to reduce
immune detection and immune response.
Canonical pathway analysis revealed the involvement of differentially expressed genes at
6 months in phosphoinositol biosynthesis and metabolism pathways ranking in top 5 canonical
pathways and JAK-STAT signaling pathway ranked 14th. Phosphatidylinositol signaling
pathways are of interest in MAP infection since these lipids act as chemoattractants and mediate
immune cell migration [163]. It is also important because Mycobacterium spp. is known to seize
control of host lipid metabolism to establish the infection [164]. Many genes involved in
phosphatidylinositol signaling pathways were downregulated in this study. JAK-STAT pathway
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is main signaling cascade involved in activation and regulation of host immune response
following activation by cytokines and growth factors [165]. This study finds activation of STAT
proteins and downregulation of other JAK-STAT association pathways such as Ras and MEK
1/2. Negative regulator of JAK-STAT pathway suppressors of cytokine signaling (SOCS) was
upregulated and protein inhibitor of activated STATs (PIAS) was downregulated.
Phosphoionositide 3-kinase (PI3K) pathway was also activated leading to m-TOR mediated
activation of STAT3. These indicate that overall JAK-STAT pathway may have been activated
in MAP-challenged animals at 6 months after infection.
Lymphocyte and leukocyte migration was activated in the downstream analysis in IPA.
C-X-C motif chemokine10 (CXCL10), SH2 domain containing 1A (SH2D1A), TXK tyrosine
kinase (TXK) were upregulated in this study and these enable lymphocyte activation and
migration [166-168]. This finding could indicate the movement of leukocyte and MAP antigen
activated lymphocytes to site of inflammation or infection. On the other hand, it can be the
immune response to other infectious agents not accounted for in this study. This study found
downregulation of key immune functions such as macrophage response and phagocytosis
migration of granulocytes and phagocytosis by other antigen presenting cells at 6 months after
infection. Inhibition of macrophage maturation and MAP survival in macrophages is established
[25, 105] and this study is in agreement with the above-mentioned studies. Necrosis and
apoptosis of cells were also inhibited at 6 months after infection this phenomenon has been
observed at 3 months after infection (Chapter 2) and also have been reported by other studies
[114, 132, 133] as MAP mechanism to subvert immune detection and immune escape.
Interestingly, this study found downregulation of genes that would facilitate failure of growth (Zscore 2.48) this occurrence was observed at 3 month after MAP infection as well submitted
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recently (David et al., 2013). This observation has not been reported by any other studies, this
study hypothesize that malabsorption due to early host immune response on MAP infected
intestinal cells trigger starvation response which downregulated the genes involved in failure of
growth. On the other hand this could be the normal host homeostatic mechanism involved in
ensuring appropriate growth of the animal.
CD40L was activated based on upstream analysis done using differentially expressed
transcripts at 6 months between HD, LD and control. CD40L is expressed on CD4+ T cells; it
interacts with CD40 on the B cells, and activates them to produce B cell response,
immunoglobulin class switch and activation of macrophages to produce IFN-γ [169]. This study
found 3 of the 5 HD animals seroconvert to MAP antigens at 6 months after infection. TGFbeta1 and miRNA’s like let-7a-5p and miR-16-5p were predicted to be inhibited at 6 months
after infection by upstream analysis. TGF-beta1 is an anti-inflammatory, pro-fibrotic and
macrophage deactivating cytokine it is implicated in the pathogenesis of many intracellular
pathogens [170, 171]. Mycobacterium avium complex (MAC) pathogens induce many cytokines
especially TGF-beta1 to cause granulomatous infection [172, 173]. TGF-beta1 plays an
important role in granulomatous infection and its levels are correlated to intracellular replication
of MAC [174]. Future studies analysing TGF-beta1 levels in subclinical and clinical animals
might help us to validate its use as biomarker for MAP diagnosis and to understand its
pathogenesis. Micro RNA’s regulate the expression of many genes by post-translation
modification of mRNA’s and are associated with cancer and infectious disease. Studies carried
out in Crohn’s disease [91] patients have found several miRNA’s such as miR-16 and miR-23b
to be associated with active and chronically active CD patients [175, 176]. In this study several
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other miRNA’s were inhibited. Significance of these miRNA’s is not known at this point this
study reports these miRNA’s in the light of its use future use as surrogate markers for JD.
At 9 months after infection repression of genes was found and only 80 transcripts were
differentially expressed between HD, LD and control animals on ANOVA (p < 0.05). This
observation is in agreement with previous translational studies [98, 138] on gene expression in
macrophages and PBMC’s infected with MAP. These studies observed decrease in number of
differentially expressed genes with time after infection. In contrast, even though this study found
decrease in number of differentially expressed genes unlike above-mentioned studies, there was
a marginal overall upregulation rather than downregulation of genes.
BOLA/MHC-1 was downregulated at 9 months after infection, which is in agreement
with a previous study [113]. BOLA is a key antigen presenting protein that carries intracellular
proteins to the cell membrane and presents to cytotoxic T cells for detection and eventual control
or killing of intracellular pathogens. In addition, IL4R and CCR7 were also downregulated. IL4R
belongs to G-protein coupled receptors it is found on B and T lymphocytes and leukocytes and
enables these cells to home to sites of inflammation and secondary lymphoid organs [177].
Autophagy, antigen presenting cells, cytotoxicity of T-lymphocytes and organisation of
the cytoplasm for cell replication were all activated at 9 months after infection. Autophagy is an
intracellular homeostatic process that samples intracellular contents for pathogens using pattern
recognition receptors (PRRs) receptors for pathogen associated molecular patterns (PAMP). Role
of autophagy in Mycobacterial infections have been reported [138, 178] and findings at 3 month
after indirection (chapter 2) by this group found autophagy to be activated at 3 months in MAP
infected calves. This study proposes the possibility of autophagy to present intracellular MAP
antigens in compensation of reduced antigen presentation by MHC-1/BOLA.
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Canonical pathway analysis revealed differentially expressed genes in MAP-infected
animals to be involved in IL-4 signaling pathway. IL-4 is a multifunctional cytokine produced by
CD4+ Th2 cells, basophils and mast cells. This study found upregulation of son of sevenless
(SOS), 1-phosphotidylionositol 3-phosphate, P70 S6 kinase (P70S6K) and nuclear factor of
activated T cells (NFAT) belonging to alternate IL-4 signaling pathway. IL-4R in the classical
IL-4 signaling pathway was downregulated. IL-4 was found to be important for granuloma
formation in Mycobacterial infection and defense against Mycobacterial infection [179]. At 9
months after infection not many genes were differentially expressed and hence upstream analysis
did not have too many predictions. Activation of miR-22-3p, miR-4283, miR-320b, miR-3175
and few other miRNAs listed in the additional table 6 according to upstream analysis done at 9
months after infection.
BOLA and BNBD9-Like genes were downregulated and CD46 gene was upregulated in
both LD and HD calves at all time points (3 to 15 months). BNBD9-LIKE and BOLA genes
were differentially expressed in this study at 6 and 9 months after infection. CD46 was found
upregulated in an earlier study submitted (David et al.) analysing biomarkers at 3 months after
infection. CD46 is transmembrane glycoprotein I ubiquitously expressed. It prevents unwanted
complement mediated killing of cells by acting as a cofactor in factor-I mediated degradation of
C3b and C4b opsonins [180] and also plays a regulatory role in Th1 responses [181, 182].
Another study found CD46 to interact with STE20/SPS1-related proline/alanine-rich kinase
(SPAK) kinase and E-cadherin, which play important role in maintaining epithelial barrier
function in intestinal epithelial cells [183]. Hence, this study warrants large cohort studies
analysing these genes as biomarkers for JD.
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3.5 Conclusions
In conclusion, many genes were differentially expressed between MAP-infected animals
and control animals at 6 and 9 months after infection. BOLA, BNBD9-Like and CD46 was
differentially expressed in both LD and HD calves as early as 3 months after infection to 15
months after infection. Dose of infection had an influence on the fold change of differentially
expressed genes. Migration and trafficking of leukocytes and lymphocytes were activated but
there was more downregulation of immune response by inhibition of phagocytosis,
downregulation of antigen presentation, macrophage phagocytosis and response. MHC-1/BOLA
was downregulated and autophagy was activated this suggests compensation for any loss in
antigen presentation by PRRs on the account of downregulation of MHC-1/BOLA. Finally, this
study proposes use of CD46, BNBD9-Like and BOLA as potential biomarkers of JD diagnosis.
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Figure 10a-d: Principal Component Analysis results.
Principle Component Analysis (PCA) on entities differentially expressed by ANOVA (p-value ≤
0.05) between treatment groups obtained using either RMA (A) or PLIER (B) algorithms at 6
month A Distribution for all 16 animals obtained using three principal components is shown in a
3D space. The percent variances of the three components by RMA were 54.88, 11.69 and 6.5 %,
and by PLIER 59.01, 10.01 and 4.17 %. PCA on entities differentially expressed on ANOVA (p
≤ 0.05) at 9 months between treatment groups obtained using RMA (C) and PLIER (D)
algorithms, with the three first components of the PCA are shown for all 16 samples in a 3D
space. The percent variances of the three components were by RMA were 46.83, 14.94 and
5.52%, by PLIER 50.72, 16.0 and 5.99%
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Figure 11a & b: Schematic representation of gene expression profile amongst treatment
groups at 6 and 9 month after infection.
Schematic representation of entities differentially expressed on ANOVA (p ≤ 0.05) between HD,
LD and control groups in absolute numbers at 6 months (11a) and 9 months (11b). Upregulated
(shown in black) and downregulated genes (shown in white).
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Figure 12. Schematic representation of canonical JAK-STAT pathway overlaid with
differentially expressed genes at 6 months after MAP infection and their expression.
Schematic representation of JAK-STAT pathway overlaid with the differentially expressed genes
obtained on ANOVA (RMA and PLIER) with p < 0.10 between HD, LD and control groups.
Color indicates the level of the expression, upregulated (red) and downregulated (green) relative
to the control animal. White molecules in the pathway refer to molecules in the JAK-STAT not
found in the dataset.
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Figure 13. Schematic representation of canonical IL-4 signaling pathway overlaid with
differentially expressed genes at 9 month after infection and their expression.
Schematic representation of IL-4 signaling pathway overlaid with the differentially expressed
genes obtained on ANOVA (RMA and PLIER) with p < 0.10 between HD, LD and control
groups. Color indicates the level of the expression, upregulated (red) and downregulated (green)
relative to the control animal. White molecules in the pathway refer to molecules in the IL-4
signaling not found in the dataset.
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Figure 14. qPCR validation of gene expression data at 6 month after infection.
Bar diagrams show the comparison of fold changes (Y axis) of high and low dose groups
compared to control group for each of the gene targets (X axis). ANOVA with Tukey post-hoc
test was used for this analysis, with ** indicating significant difference with p ≤ 0.01 and ***
indicating significant differences with p ≤ 0.001.
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Figure 15. qPCR validation of gene expression data at 9 month after infection.
Bar diagrams show the comparison of fold changes (Y axis) of high and low dose groups
compared to control group for each of the gene targets (X axis). ANOVA with Tukey post-hoc
test was used for this analysis, with ** indicating significant difference with p ≤ 0.01 and ***
indicating significant differences with p ≤ 0.001.
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Figure 16. Longitudinal expression profile of CD46.
Bar diagrams show the comparison of fold changes (Y axis) of high and low dose groups
compared to control group for each time point (X axis). Two-way ANOVA with Bonferroni
post-hoc test was used for this analysis.
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Figure 17. Longitudinal expression profile of BOLA.
Bar diagrams show the comparison of fold changes (Y axis) of high and low dose groups
compared to control group for each time point (X axis). Two-way ANOVA with Bonferroni
post-hoc test was used for this analysis.
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Figure 18. Longitudinal expression profile of BNBD9-like gene.
Bar diagrams show the comparison of fold changes (Y axis) of high and low dose groups
compared to control group for each time point (X axis). Two-way ANOVA with Bonferroni
post-hoc test was used for this analysis.
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Table 5. List of qPCR primers used for 6 month gene targets

Target

Primer sequence (5`-3`)

Amplicon
size

BOLA

ACATGGAGCTTGTGGAGACC
CTTGCAGCCTGGGTGTAGAT
TCTTCCTGGTCCTGTCTGCT
ATCTGTCTCGTGCGTCCAG
CCACCAAGGATGTGACACTG
GTATTCGTAGGGCCAGTCCA
TTCTCTGCAGCCAAGTTCCT
GAGAAGGAGAGGGGAGATGG
GTCACAAATGGAAAGCAGCA
GGCCACCAGCATAATGAACT
CCGAAACTGTGCACTCAAGA
GCCGAGAGAATTGTTCTCCA

283bp

ENSBTAG00000002069

106bp

ENSBTAG00000047740

251bp

ENSBTAG00000011990

251bp

ENSBTAG00000013201

238bp

ENSBTAG00000006505

222bp

ENSBTAG00000037735

BNBD9-Like
ALOX15
ALOX5AP
S100A9
GPR77
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Ensembl gene ID

Table 6. List of qPCR primers used for 9 month gene targets

Target

Primer sequence (5`-3`)

Amplicon
size

NCBI Accession number

BOLA

GAACTACCTGGAGGGCGAGT
GGTTTCCACAAGCTCCATGT
CCCTTCTCGTCATTTTCCAG
GGAGTACATGATCGGGAGGA
TTTCCCAACTCAAAGCAACC
TACGCCGAGCACTCTTTTTC
GTGTGCGTGTCCTGCTACAT
GTAAACAGGGCAGGAGCTTG
CACCTACATGATTGGCGTTG
GAAGAACGCAAACGGGATTA

229bp

ENSBTAG00000019386

158bp

ENSBTAG00000015133

238bp

ENSBTAG00000018869

202bp

ENSBTAG00000001602

226bp

ENSBTAG00000002105

CCR7
IGSF6
IL4R
TEX261
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Table 7. Fold change comparison between microarray and real-time qPCR for all gene targets between HD, LD and control
groups at 6 month after MAP infection

Gene

Microarray fold change

Real-time qPCR fold change
@

High Vs.
control
BOLA
-1.21
BNBD9-Like -1.45

Low Vs.
Control
-1.14
-1.60

High Vs.
Low
-1.06
+1.01

High Vs.
Control
-0.45
-0.48

p-value

Low Vs. Control

p-value

<0.01
< 0.05

-0.84
-0.81

ALOX5AP
ALOX15

-1.84
-2.86

-1.48
-1.20

-1.24
-2.38

+0.47
-0.69

<0.05
<0.01

GPR77
S100A9

-1.47
-1.57

-1.51
-1.56

+1.02
-1.01

-0.42
-0.61

<0.05
<0.05

*

NS-Not significant
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p-Value

<0.05
<0.001

High Vs.
Low
-0.4
-0.33

-0.45
-0.23

<0.05
<0.05

-0.95
-0.45

<0.001
<0.05

-0.39
-0.37

<0.05
<0.05

-0.02
-0.24

NS
<0.05

<0.05
<0.05

Table 8. Table illustrating the fold change comparison between microarray and real-time qPCR for all gene targets between
HD, LD and control groups at 9 months post MAP-infection

Gene

Microarray fold change

Real-time qPCR fold change

Low Vs.
Control
-1.08
+1.01

High Vs.
Low
-1.05
-1.37

High Vs.
Control
-0.51
-0.58

p-value

IL4R
CCR7

High Vs.
control
-1.13
-1.24

p-Value

<0.01
< 0.05

Low Vs.
Control
-0.85
-0.26

IGSF6
BOLA

+1.88
-2.63

+1.23
-2.43

+1.53
+1.08

TEX261

-1.36

-1.23

-1.11

+0.89
-0.59

<0.01
<0.01

-0.67

<0.01

*

NS-Not significant
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p-value

<0.01
<0.05

High Vs.
Low
-0.34
-0.32

+2.02
-0.84

<0.01
<0.01

+1.13
-0.25

<0.01
<0.05

-0.25

NS

-0.42

<0.05

<0.05
<0.05
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CHAPTER 4: GENERAL SUMMARY, DISCUSSION AND CONCLUSIONS
Existing diagnostic tools for Mycobacterium avium subspecies paratuberculosis
(MAP) lack sensitivity to be used as a specific screening tool to detect Johne’s disease
(JD) early during the subclinical stages of the infection. Hence, research is ongoing to
find alternative markers that could help detect JD at early stage and prevent the spread of
disease [93, 113, 184]. Previous studies did not account for the role of infectious dose on
the level of biomarkers and its eventual use as biomarkers. However, a correlation
between infective dose and the initial immune response and prognosis of infection has
been demonstrated [115, 116]. The research reported in this thesis aimed to identify
potential biomarkers that could help detect JD during the early subclinical stages of the
disease. The objectives of this project were:
To analyze the gene expression profile of MAP-infected calves at 3, 6 and 9 months after
infection and identify potential transcripts that could serve as biomarkers for early
diagnosis of JD.
To confirm the differentially expressed genes from 3, 6 and 9 months using qPCR and to
analyze the expression profile of relevant and potential genes across time (3, 6, and 9
months) using qPCR.

4.1 General summary and discussion of findings at 3 months after MAP infection
Gene expression analysis was carried out 3 months after infection on whole blood
samples obtained from control (n=5), low dose (LD; n=5) and high dose (HD; n=5)
MAP-challenged dairy calves (Chapter 2). Gene expression analysis using Robust
Multichip Averaging (RMA) algorithm and Probe Logarithmic Intensity Error (PLIER)
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algorithm revealed 137 and 185 transcripts, respectively, to be differentially expressed. A
clear distinction was found between the expression profiles of all 3 groups at 3 months
after infection based on hierarchical clustering and principal component analysis (PCA)
done on transcripts differentially expressed. Dose of infection was associated with the
expression levels of transcripts differentially expressed. LD and HD MAP-challenged
animals had different expression profiles for 77% (RMA) and 80% (PLIER) of transcripts
differentially expressed, respectively.
Downstream analysis disclosed that humoral or antibody response was activated in
MAP-challenged animals. This finding coincided with the results of the ELISA that
detected 60% of MAP-challenged animals to be ELISA-positive. These results suggest
that apoptosis was inhibited in the MAP-challenged animals, and TLR3 and TLR7 were
activated in MAP-challenged calves. TLRs play a significant role in an intracellular
homeostatic process that also screens intracellular contents for intracellular pathogens
using pattern recognition receptors (PRRs) [185]. This study implies a possible role of
autophagy using intracellular TLRs such as TLR3 and TLR7 to detect MAP infection and
initiate an immune response. Canonical pathway analysis results based on the
differentially expressed transcripts plotted on to the NF-κB pathway suggested activation
of classical IL-1R/TLR-mediated signalling and possible inhibition of an alternate
pathway by downregulation of TRAF family proteins. NF-κB pathway is reported in this
study because of its significant role in chronic inflammatory disease, inhibition of
apoptosis, and in inflammatory bowel disease [186-188]. This study reports NF-κB
pathway role in MAP infection as a preliminary finding. A more focused study is
warranted to further study the involvement of NF-κB pathway. Upstream analysis of the
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transcripts differentially expressed 3 months after infection suggested inhibition of
several miRNA and also inhibition or lower expression of hydrogen peroxide production
in MAP-challenged animals. Because these findings are predictions from the expression
data and not actual findings additional studies analyzing the expression profiles are
necessary to confirm these predictions. In MAP-challenged animals, genes involved in
the death and necrosis of muscle cells were downregulated and genes involved in
increasing the body weight of the animal activated. It can therefore be hypothesized that
host homeostatic mechanism are triggered to balance the early local immune response in
the intestines leading to malabsorption and lack of energy.
Additional gene expression analysis done on samples of ELISA-positive (n=6) and
ELISA-negative calves (n=4) demonstrated a distinct gene expression profile between
these two groups of calves. IL-6ST/gp130 was upregulated in the ELISA-positive
animals and CD22 was downregulated in ELISA-positive animals. IL6ST/gp130 is a key
activator of B cell immune response and production of antibodies [143], while CD22 is
an inhibitor of B cell response by slowing down the proliferation of B cells [189]. A
proteomic study measuring the levels of these proteins in ELISA-positive and ELISAnegative animals in a large group of animals might determine whether these could be
used as biomarkers for prediction of antibody response. Lastly, at 3 months after
infection PARVB, MFAP3, ICOS, CTLA4, CD46, YARS, CEP350 and ZWINT genes
were differentially expressed and confirmed with qPCR. PARVB and YARS was
downregulated in both HD and LD animals. PARVB is involved in formation of
lamellopodia [121] and intracellular signaling when integrins bind to extracellular matrix
(ECM) of the cell [122]. YARS fragments play involve in trafficking and migration of
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phagocytes to site of inflammation [123]. CD46 interacts with STE20/SPS1-related
proline/alanine-rich kinase (SPAK) kinase and E-cadherin, which play important role in
maintaining epithelial barrier function in intestinal epithelial cells [183]. This marker
could be valuable because with increasing immune-related damage to the epithelium
CD46 would also increase due to the disruption of the epithelial barrier.

4.2 Implications of findings at 3 months after infection
Differences in gene expression profiles existed as early as 3 months after infection,
and hence genes that were differentially expressed at this time point can serve as potential
biomarkers for MAP infection. Infectious dose influenced the levels of differentially
expressed genes 3 months after infection, and therefore biomarkers that are not affected
by dose of infection will serve as good markers for diagnosis. Based on gene expression
results obtained in this study, antibody response to MAP can be detected at 3 months
after infection, and IL6ST/gp130 and CD22 could be key players in the antibody
response generated against MAP. PARVB and YARS can be considered as potential
biomarkers for JD and should be validated for diagnostics using large clinical animals
with subclinical or clinical MAP infection.

4.3 General summary and discussion of findings at 6 months after infection
Whole blood samples collected from control (n=6), LD (n=5) and HD (n=5) calves 6
months after infection were used for the gene expression study. At 6 months, all control
animals were still IFN-γ and ELISA-negative and all MAP-challenged animals were IFNγ positive. Gene expression analysis done using RMA and PLIER algorithm found a total
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of 287 transcripts differentially expressed. PCA and hierarchical clustering done on
differentially expressed transcripts revealed distinct gene expression profile for all 3
groups. Similar to the gene expression results 3 months infection, dose seemed to
influence the expression levels of differential expressed genes.
Downstream analysis revealed downregulation of major immunological functions
such as phagocytosis by macrophages and other antigen presenting cells, migration of
granulocytes and immune response by macrophages. Apoptosis and necrosis of cells were
also inhibited at 6 months, as was observed at 3 months after infection. Migration of
lymphocytes and mononuclear cells were activated and transcripts indicating intracellular
infection of cells were also activated. In this study no additional assays were carried out
to further explore the mechanisms involved in inhibition of host immune response
pathways since it was not in the scope of this study and also because of lack of time. Host
immune responses like interferon gamma signaling, inflammatory response and apoptosis
that are key host mechanism to detect, initiate and contain and resolve infection has been
identified to be inhibited by MAP [190, 191].
Canonical pathway analysis revealed top 5 canonical pathways to play a role in
phosphatidylinositol biosynthesis and metabolism pathways. Genes involved in these
pathways were downregulated in our study. Phosphatidylinositol acts as a
chemoattractant and facilitates immune cell migration and Mycobacterium spp. is known
to seize control of host lipid metabolism to establish infection [164, 192]. Relevance of
phosphatidylinositol in MAP infections has not previously been demonstrated, but has
been shown to play a role in tuberculosis.
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This study found the JAK-STAT pathway to be activated at 6 months after infection
and JAK-STAT pathway is main signaling cascade involved in activation and regulation
of host immune response following activation by cytokines and growth factors [165].
Similar to 3 months after infection, genes involved in failure of growth were
downregulated. There could be an ongoing malabsorption and starvation leading host
homeostatic mechanism to compensate by up regulating transcripts involved in growth of
the animal and down regulating those that inhibit growth.
Upstream analysis carried out on transcripts differentially expressed at 6 months
after infection suggests activation of CD40L. CD40L is expressed on CD4+ T cells
interacts with CD40 on the B cells and initiate B cell response, immunoglobulin class
switch, and activation of macrophages to produce IFN-γ [169, 193]. TGF-beta 1
(Transforming growth factor beta 1) and several micro RNA’s (miRNA’s) were inhibited.
TGF-beta 1 is an anti-inflammatory, pro-fibrotic and macrophage deactivating cytokine
involved in the intracellular infections and granuloma formation [194]. Cytokine ELISA
assays to measure the TGF-beta 1 can be carried out to validate use of this cytokine as
biomarker that could identify and monitor JD progression. Lastly, this study confirmed
ALOX15, ALOX5AP, GPR77, BOLA, BNBD9-Like and S100A9 genes as differentially
expressed by qPCR, and proposes them as potential biomarkers at 6 months after
infection. Lipoxygenase protiens are involved in leukotriene biosysnthesis and their
intermediates are involved in inflammation that initiates immune responses by recruiting
phagocytes to the site of infection [155]. Proteins BNBD9-Like and GPR77 are chemoattractants that signal immature dendritic cells [160, 161] to the site of inflammation.
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S100A9 is damage-associated molecular pattern (DAMPs) molecule that is detected by
TLRs and plays a key role in initiating immune response [162].

4.4 Implication of findings at 6 months after infection
There was differential gene expression between MAP-challenged and control
animals at 6 months after infection; thus identified transcripts can serve as potential
biomarker for diagnosis of JD. The dose of infection seems to affect the expression levels
of differentially expressed genes. Hence, the influence of dose of infection on use of
biomarkers for diagnosis should be considered. MAP seems to initiate a substantial
amount of inhibition of immunological functions such as phagocytosis, antigen
presentation, migration of granulocytes to inflamed sites and macrophage immune
response. ALOX15, ALOX5AP, BOLA, BNBD9-Like, GPR77 and S100A9 genes were
confirmed to be differentially expressed at 6 months after infection and should be
validated in a larger clinical study for their use as biomarkers.

4.5 General summary and discussion of findings at 9 months after infection
Only 80 transcripts were differentially expressed 9 months after infection probably
due to repression of genes by MAP at 9 months after infection. Repression of genes was
found in previous gene expression studies in MAP infection [138]. There was an overall
upregulation in both HD and LD MAP-challenged calves compared to controls. An
additional ANOVA with P-value ≤ 0.10 resulted in 408 differentially expressed
transcripts between 3 groups and was used for systems biology analysis. Downstream
analysis revealed inhibition of apoptosis, cell spreading and generation of T-lymphocytes
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and activation of autophagy, antigen presenting cells and cytotoxicity of T cells. Very
few transcripts could be used for systems biology analysis because these findings did not
have a significant Z-score. Canonical pathway analysis revealed that the alternate IL-4
pathway was activated and the classical IL-4 pathway was inhibited. Hence, these
findings need to be validated using a functional assay. BOLA/MHC-1 was downregulated
at 9 months after infection and BOLA/MHC-1 presents intracellular antigens to cytotoxic
T cells. The genes BOLA, IGSF6, IL4R, TEX261 and CCR7 were confirmed using
qPCR and proposed as potential biomarkers for JD at 9 months after infection.

4.6 Implications of findings at 9 months after infection
Differential expression was observed at 9 months after infection and also there was
only few transcripts differentially expressed compared to gene expression 6 and 3 months
after infection due to the repression of genes. This could imply that transcripts
differentially expressed early in the infection may not be present during the later stages of
infection. Antigen presentation through MHC-1/BOLA might be impaired due to
downregulation of BOLA and could be compensated by autophagy presenting
intracellular MAP antigens. Alternative IL-4R pathway was activated which could imply
a switch to Th2 type immune response. BOLA, IGSF6, IL4R, TEX261 and CCR7 can
serve as potential biomarkers and a large clinical study should be carried out to validate
their use as biomarkers.
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4.7 General conclusions of thesis
The aim of this thesis was to study the gene expression profile of MAP infected
calves and identify potential transcripts that could serve as biomarkers. Gene expression
was analyzed in MAP-infected calves at 3, 6 and 9 months after infection. Relevant genes
were selected from the list of differentially expressed genes at 3, 6 and 9 months and their
differential expression profile was confirmed for all time points 3, 6, 9, 12 and 15 months
after infection using qPCR.
The following conclusions can be drawn from this work:
1. PARVB, MFAP3, ICOS, CTLA4, CD46, YARS, CEP350 and ZWINT are
potential biomarkers for diagnosis of JD 3 months after infection.
2. ALOX15, ALOX5AP, BOLA, BNBD9-Like, GPR77 and S100A9 are potential
biomarker for diagnosis of JD 6 months after infection.
3. BOLA, IGSF6, IL4R, TEX261 and CCR7 are potential biomarkers for diagnosis
of JD at 9 months after infection.
4. CD46, BOLA and BNBD9-Like transcripts were differentially expressed in
MAP-infected animals throughout the 15-month study period, and are therefore
considered strong candidates to be biomarkers for JD diagnosis.
5. There is transcriptional evidence for antibody response to MAP as early as 3
months into infection and transcripts can predict the antibody response in MAPinfected animals.
6. The expression pattern and the levels of differentially expressed transcripts are
influenced by the dose of MAP infection.
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7. MAP inhibits apoptosis, necrosis, phagocytosis, antigen presentation, migration of
lymphocytes, leukocytes and granulocyte to site of inflammation and immune
response of macrophages.
8. Transcripts that promote the growth of the animal, size of the animal and
inhibition of muscle cell necrosis were activated at 3 months of infection
suggesting host homeostatic mechanisms working to balance the early local
immune response to MAP in the intestines leading to malabsorption and lack of
energy.
9. BOLA/MHC-I was downregulated in this study and autophagy was activated,
suggesting that autophagy can replace or compensate for the downregulation of
BOLA for the presentation of intracellular antigens.

4.8 Limitations of this work
The aim of this study was to identify potential transcripts that could serve as
biomarkers for JD. Only 5 calves were included in the LD and the HD group, and in the
light of biomarker discovery this sample size may be inadequate. In addition, this study
was carried out in 2 phases due to lack of space to accommodate the animals and this
might have added biological variance to the findings. This study could not test the
specificity of the potential biomarkers and several proposed biomarkers are indicators of
inflammation and inflammation is not specific to MAP and inflammatory response can be
present in aseptic conditions for reason like injury. However these inflammatory markers
in addition to existing diagnostic assays like IFN-γ and ELISA assays can be useful.
Also, these inflammatory markers were not tested on clinical samples to check if they are
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robust to be detected in a clinical setting. This study had to employ both RMA and
PLIER algorithms to ensure there were adequate entities for meaningful systems biology
analysis. This could be because we tried to capture too many transcripts using whole
blood and abundance of transcripts might have hindered capturing all genes of a single
immune response pathway. On the other hand, in light of our objective to identify
biomarkers that could be readily used as pen-side diagnostics, whole blood would be an
ideal sample. Additional analysis comparing the gene expression between ELISA
positive and negative animals had few animals and hence the results need to be
considered in the light of the fewer sample numbers. Finally, studies like this one are
hypothesis-generating, and still biological and functional assays need to be carried out to
identify the specific mechanisms and specific relationship of differentially expressed
genes in MAP infection. Use of biomarkers for early diagnosis is challenging because of
no direct answers in terms of presence of MAP infection and requires the need to
compare the levels with appropriate controls.

4.9 Future steps
This study has discovered several transcripts that could serve as biomarkers for JD at
each tested time point after infection, and some of these transcripts were consistently
differentially expressed for up to 15 months after infection. These biomarkers as an
immediate next step can be checked out on the samples collected obtained from infection
trial animals infected with MAP at later ages to check the robustness of these markers.
These biomarkers have to be validated for use in diagnostics by analyzing them at the
transcript or protein level in a large number of clinical and subclinical samples.
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Validating these biomarkers for diagnostic use is a multistep process and hence would
require a large cohort study with positive and negative farms. These farms must be
followed up and sampled periodically for a long duration to obtain appropriate samples
for validation of these biomarkers. Alternatively, a study likely conducted in a
slaughterhouse can be useful since it would give elaborate access to samples and more
chances to have access to clinical and subclinical samples over a short duration.
Comparing these results with control animals can be done as initial study to see if there is
diagnostic value to these biomarkers. Moreover, specificity of these biomarkers must be
analysed with regard to other cattle diseases, in particular differential diagnoses for the
symptoms associated with JD, including gastro-intestinal parasitism, enzootic bovine
leucosis, mucosal disease, lipomatosis (fat necrosis), tumours of the gastro-intestinal
tract, salmonellosis, coccidiosis and yersiniosis [195].
Several immune functions such as apoptosis, phagocytosis, antigen presentation and
macrophage immune response were inhibited in this study. Studies looking into gene
expression or proteomic profiling of entities involved in these pathways in the
background of MAP-infected macrophages and dendritic cells should be carried out.
These studies can help decipher the mechanisms by which these immune functions are
inhibited by MAP and also the host mechanism compensating these affects.
This study hypothesizes the role of autophagy in presentation of MAP antigens and in
compensation for downregulation of MHC-1/BOLA downregulation. RNA interference
studies inhibiting the BOLA genes and looking for antigen presentation by the autophagy
molecular machinery might help determine its role in MAP antigen presentation.
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This study also found activation of transcripts involved in increasing the size of the
animal. A study analyzing the intestines of an experimentally infected animal during first
the 3 months after infection can shed light on the local immune response and its effect on
the functionality of intestines.
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