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ABSTRACT 
 

INFECTION OF MONOCYTE-DERIVED MACROPHAGES WITH A REPORTER 
MAP STRAIN: VALIDATION OF THE SUSCEPTIBILITY SNP (-298A>G) IN 

THE BOVINE MIF GENE 
 
 
Philip James Mead                                                          Advisor:                                  
University of Guelph, 2013                 Professor N. A. Karrow  
 
 

Johne’s disease (JD) is a chronic, infectious enteritis of ruminant animals 

caused by Mycobacterium avium subsp. paratuberculosis (Map). Monitoring 

host-pathogen interaction over time is critical to understanding the complex 

pathogenesis of JD. A major constraint in studying the host-pathogen interaction 

in JD infection is the inherent difficulty of detecting cells infected with Map.  

The purpose of the present study was to develop and use a fluorescent 

Map isolate to assess the association between SNP (-298 A>G) in the MIF gene 

with innate susceptibility to Map infection. In order to rapidly detect bacterial load 

within host cells, we cloned the gene encoding mCherry into a clinical isolate of 

Map. The recombinant Map clinical isolate expressing mCherry was used to 

quantify bacterial numbers, detect infected macrophages in vitro using 

fluorescent microscopy, determine effector killing of bacteria by macrophages 

and was tested in an in vivo calf infection study to assess its stability.  
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Chapter 1: Literature review 

1.1 Johne’s disease 

Johne’s disease (JD) or paratuberculosis (Ptb) is a chronic, 

granulomatous enteritis of ruminants caused by Mycobacterium avium subsp 

paratuberculosis (Map). Ruminants typically become infected with the bacterium 

during neonatal development via ingestion of colostrum, milk, or feces containing 

Map. In cattle, calves are considered the most susceptible life stage for 

persistent infection, as a result of their undeveloped immune responses [1]. A 

chief characteristic of JD is its long latency or asymptomatic sub-clinical stage, 

which can range from two to ten years [2]. During this time animals can actively 

shed Map in their feces, potentially infecting their progeny and herd-mates [3]. 

Even though Map has been isolated from semen, prostate, testes and mammary 

glands and milk of infected cattle, primary transmission occurs via contaminated 

feces [4]. Studies performed by Gilmore et al. [5] concluded that a dose of 103 

bacilli was sufficient to cause disease. Because one-gram of feces from a 

clinically infected cow can contain 106 – 108 Map colony-forming units (CFU), 

only a few mg of fecal matter would be deemed an infectious dose for a young 

calf [6,7].  

1.1.1: History 

Drs. Johne and Frothingham first described the disease in 1895 [8] as a 

‘pseudotuberculous enteritis’ of cattle, and was believed to be caused by a 

modified form of the bacterium that caused tuberculosis of birds (later called 
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Mycobacterium avium). Johne and Frothingham observed a thickened intestinal 

mucosa, which was greatly infiltrated with leukocytes, epitheliod cells and giant 

cells. Pseudotuberculous enteritis was recognized as an emerging disease in the 

early 1900’s that it was expanding globally and was not restricted to one 

geographical region [9]. It was not until 1906 when professor Bernhard Bang [10] 

discriminated the disease from tuberculosis, leading Dr John McFadyean to coin 

the term ‘Johne’s disease’ in the 1906 Annual Report for the Principal of the 

Royal Veterinary College [11]. In 1912, Twort and Ingram described the 

cultivation of the causative agent of JD, which they named ‘Mycobacterium 

enteriditis chronica pseudotuberculosae bovis johne’ [12]. Since then, the 

etiological agent of JD has undergone several name changes but has recently 

been classified as M. avium subspecies paratuberculosis (Map) due to its close 

genetic similarities to M. avium subspecies avium (Maa) [13,14].   

1.1.2: Impact to dairy industry 

JD is globally widespread and is present in every country with significant 

livestock industries, with herd prevalence ranging from 7-60% [15,16]. 

Approximately one third of dairy herds in Canada, house at least two cows that 

are Map-infected [3] with provincial estimates reaching 59% in Alberta, 43% in 

Manitoba and 30% in Ontario [17-19]. The true prevalence of JD may be grossly 

misrepresented as a result of (i) asymptomatic cattle; (ii) culling of clinical cases 

before correct diagnosis; and (iii) problem of diagnosing cows with early infection 

status [20]. The recognition of the global incidence of JD has increased the 

distress regarding animal and human health as well as its economical impact 
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[21]. There has been great deliberation between Map and involvment in human 

Crohn’s disease. The link was hypothesized as early as 1913 based on the 

similarities between JD and Crohn’s disease pathology [22]. Crohn’s disease is a 

chronic intestinal illness that is characterized by inflammation, malabsorption of 

nutrients, chronic diarrhea, and weight loss [23], and Map has been isolated from 

the intestinal tissue of children affected by the disease [24]. However, it has also 

been hypothesized that it may be an association, rather than a casual 

relationship between Map and Crohn’s disease. The American Academy of 

Microbiology hosted a group of experts in 2007 and concluded that individuals 

with Crohn’s disease had a seven fold greater odds of Map infection than those 

who do not [21]. In the United States, it has been estimated that losses due to JD 

can exceed $1.5 billion, annually [25]. Major losses are the result of premature 

culling of infected animals and reduced milk volume, protein and fat yield [26-29]. 

Other economic losses attributed to the disease arise from decreased 

reproductive efficiency, increased susceptibility to other diseases [30], increased 

forage consumption, and increased costs associated with treatment [31,32]. For 

a standard dairy herd in Canada consisting of 50-60 head of cattle, these losses 

have been accounted to amount to $2400-$3000 annually per herd [33,34]. 

1.1.3: Management  

Disease management is essential to ensure protection against JD. Plans 

that involve vaccination of calves [35,36], and antibiotic treatments of infected 

cattle have had moderate success [34], suggesting that they lower severity of 

disease and reduced fecal shedding, but do not prevent disease development. 
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The life of an infected cow can be extended by antimicrobials such as isoniazid, 

rifabutin and clofazimine, but treatment does not result in a complete cure [27]. 

The most effective method of Johne’s prevention is herd management strategies 

that focus on reducing the number of sub-clinically infected animals. Simulation 

models have suggested that improving calf management is more efficient at 

decreasing Map prevalence in a herd than a test and cull strategy [38,39]. 

Specific procedures to minimize exposure of Map to newborn calves include: 

hygienic upkeep of maternity pens and immediate removal of calves from dams 

after calving, and separate housing afterwards [27]. Researchers Benedictus et 

al. [40] found an association between infection status of calves born from 

negative dams and calving pen contamination. Calves that were exposed to a 

contaminated calving pen between three and ten days of life had an increased 

risk of becoming infected with Map, and having a positive fecal culture when 

compared to calves that were not exposed. Other practices include implementing 

routine Map-infection testing, removal of infected animals and avoiding 

introduction of new animals from previously untested herds [41]. 

1.1.4: Host genetic susceptibility  

Considerable evidence has been collected that supports that host genetic 

factors influence JD susceptibility [42]. Genetic variation in susceptibility to Map 

infection have been reported in many species including mice [43], red deer [44], 

sheep [45,46] and cattle [47-55]. Identifying genetic variants that influence host 

susceptibility to Map infection will be imperative in understanding the complex 

pathogenesis of JD. Susceptibility to Map infection in cattle is recognized as a 
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low heritable trait, with heritability estimates ranging from 0.06 to 0.183 [48,49]. 

Differences in Map susceptibility have been observed amongst different cattle 

breeds with Jersey and Shorthorns being more susceptible to JD than Holstein 

cattle and its crosses [50]. This implies that susceptibility to Map infection is at 

least partially determined by genetic factors, and that selecting for increased JD 

resistance may have utility [23]. Genetic selection for disease resistance is an 

enduring process but the gains are permanent; genetic gains from one 

generation add to the improvement of the next generation [56]. 

1.2: Mycobacterium 

1.2.1: Taxonomy 

Map and other Mycobacterium species are Gram-positive, acid fast, non-

motile rods belonging to the order Actinomycetales. The genus Mycobacterium 

can be split into fast-growing saprophtyes species such as M. fortuitum and M. 

smegmatis and slow-growing pathogens, that include M. tuberculosis, M. leprae 

and Map [57]. The latter are considered obligate parasites, incapable of 

replicating outside their animal host, but capable of surviving for days to months 

in the environment [58-60]. 

1.2.2: Mycobacterium avium complex 

The Mycobacterium avium complex (MAC) is a group of genetically 

related mycobacteria. MAC contains both human and animals pathogens M. 

avium subsp. avium, M. avium subsp. silvaticum, M. avium subsp. hominissuis 

and Map [61]. DNA hybridization analysis has shown the genetic similarity 
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between Map and Maa range from 72% and 95% depending on the region 

examined [62-64]. Regardless of the genetic similarities, these mycobacteria vary 

phenotypically, Maa for example, causes tuberculosis in birds and disseminated 

infection in HIV patients [13,14], whereas Map causes Ptb in ruminants. Map also 

differs from its close relatives due by its inability to synthesize an iron-chelating 

compound known as mycobactin [65]; this compound is essential for growth in 

culture. 

1.2.3: Mycobacterium avium subsp. paratuberculosis 

In 2005 the complete, annotated genome of the K-10 Map isolate was 

sequenced [65]. Analysis of the 4.83 Mb Map genome revealed that it is relatively 

high in the percentage of guanine and cytosine residues (69%) as well as a large 

quantity of insertion sequences and PE/PPE proteins, comparable to other 

sequenced mycobacteria [65]. Extensive molecular strain typing and comparative 

genomic studies have revealed three lineages of Map; type I and type III strains 

(ovine) and type II (bovine) strains [66].  

Map have a thick, lipid rich cell wall containing mycolic acids, making them 

highly resilient to chemical and physical degradation [59,67-68]. This 

characteristic of the cell wall also makes Map very hydrophobic, giving them the 

tendency to clump together. As a result, detergents are regularly added to culture 

media to reduce clumping of Map [69]. Techniques that require single cell 

suspensions, such as preparation of an infectious dose, are difficult to apply to 

this bacterium [70]. Another central characteristic of Map is it slow growth rate, 

with a doubling time of 22-26 hours [27].  
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1.3: Host-pathogen interaction 

1.3.1: Microfold cells 

Map use a number of strategies to enter host cells and cause JD. 

Following ingestion, Map gains entrance to subepithelial macrophages by 

exploiting the microfold cells (M cells) or villious epithelial cells overlying Peyer’s 

patches in gut-associated lymphoid tissue (GALT) [71-73]. M cells are present in 

the follicle-associated epithelial cells (FAE) covering the domes of the jejunal and 

ileal Peyer’s patches in calves and are responsible for the uptake of antigens and 

microorganisms [74,75]. These specialized cells are thought to act as an antigen 

sampling system for the immunological surveillance of the mucosa [76]. Several 

pathogens exploit M cells to transport across the epithelial barrier and invade the 

mucosa [74]. M cells have been suggested as a target for Map because they lack 

lysosomes and hydrolytic enzymes [77] and they contain many β1 integrins on 

their cell membrane [78]. It is well documented that fibronectin attachment 

protein (FAP) in cell wall of Map facilitates fibronectin binding of the pathogen 

with β1 integrins of intestinal epithelial cells [79-81]. FAP becomes activated 

during its journey through the acidic environment of the ruminant abomasum [82]. 

Following M cell invasion into the subepithelial dome (SED) region of the Peyer’s 

patch mucosa, Map is quickly taken up by professional phagocytes.  

1.3.2: Macrophages 

Attachment and entry of Map into host macrophages is mediated by FAP 

and fibronectin receptor [83] but it has also been shown to use β2 integrin family 

receptors (CD11a/CD18), complement receptor 3, the mannose receptor and 
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CD14 [83]. Although Map eventually resides within host macrophage cells, 

processing of the bacteria by epithelial cells may be critical in terms of increasing 

invasion efficiency into macrophages. Map that was exposed to Mac-T cells (a 

mammary epithelial cell line) exhibited increased efficiency of invasion in a later 

infection of Madin-Darby bovine kidney cells [84,85]. Upon gaining entry into a 

macrophage there is a hypothetical tug-of-war between the host and pathogen 

which can lead to three possible outcomes; (1) death of macrophage, (2) 

death/killing of Map and (3) co-existence or infection. 

There have been many studies examining the survival of pathogenic and 

non-pathogenic mycobacteria within macrophages [86-89]. A study conducted by 

Kuehnel et al. [87] demonstrated that Map survived within a murine macrophage 

cell line for 96 hr without evidence of effector killing of the bacteria by the host, 

whereas non-pathogenic M. smegmatis and M. gordonae were effectively killed 

within 72 hr. Initial killing of Map is thought to be a result of a rapid phagosome 

acidification response by the host macrophage. The standard process of 

phagocytosis involves engulfment of bacteria to form an early endosome, and 

maturation into a late endosome and acidification of its contents. After 

acidification there is fusion of the late endosome with lysosome to form a 

phagolysosome [86]. However, most phagosomes containing Map do not mature 

to this stage. Map is able to block the maturation of the early endosome to the 

late endosome stage, which prevents acidification and fusion with lysosomes 

[88,89]. Acidification of the phagosome-lysosome is coupled with the production 

of bactericidal agents such as lysosomal hydrolases, nitric oxide, and reactive 
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oxygen species (H2O2 and OH-), and it is associated with reduced intracellular 

replication of mycobacterial pathogens [87]. The ability of Map to inhibit this 

process ensures its survival and this can give it the upper hand in the tug-of-war 

with the host. In doing, so Map is able to escape detection by the host immune 

system, allowing it to live and replicate within the host cell.  

A role of the macrophage is to present antigens to CD4+ T cells by means 

of MHC class II molecules. Antigens are typically processed within the late 

endosome compartments and loaded onto MHC class II molecules that are then 

attached to the cell surface to mediate antigen presentation [89]. It has been 

shown that MHC antigen presentation in bovine macrophages infected with Map 

is down regulated compared to non-pathogenic Mycobacterium [90]. Antigen 

presentation is critical to initiate adaptive immunity and develop an appropriate 

response to kill invading pathogens. Failure of macrophages to interact with T 

cells leads to insufficient macrophage activation and/or insufficient development 

of T cell mediated immunity that ultimately results in the survival of Map and 

progression of JD.  

1.3.3: Dendritic cells 

Dendritic cells (DCs) are possibly the most important antigen-presenting 

cells (APC) because they have a wide range of antigen presentation. DCs play a 

pivotal role in shaping the fate of the immune response to a many pathogens 

[91]. Immature DCs are present in peripheral tissues where they sequester 

antigens using pattern recognition receptors such as Toll-like receptors (TLRs) 

[92]. TLRs recognize conserved molecular structures produced by 
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microorganisms and play critical function in innate immunity (93). DCs regulate 

active immune responses by secreting pro- and anti-inflammatory cytokines (94-

96]. In addition to macrophages, DCs are also secret tumor necrosis factor alpha 

(TNFα) during an intracellular infection [97,98]. TNFα functions as a positive 

feedback signal on infected macrophages and DCs to release additional TNFα, 

IL-1, IL-8 and chemokines CCL2 and CXCL10 [99]. The secretion of these 

cytokines and chemokines leads to recruitment of monocytes, neutrophils, 

natural killer (NK) cells, CD4+ and CD8+ T cells to the site of infection [100]. 

1.3.4: Apoptosis 

Generally, intracellular infections should result in apoptosis of the infected 

cell to properly kill the pathogen and present antigen to host adaptive immune 

cells in a process known as efferocytosis [101]. Once infected macrophages 

undergo apoptosis, they are phagocytosed by uninfected activated 

macrophages; this enables effective transfer of Map antigens, restricts further 

bacterial replication and actively stimulates the immune system [102-104]. If 

infected host cells do not undergo apoptosis and die by necrosis, the pathogen 

can be released and spread to new targets [105-107]. A study conducted by 

Behar et al. [108] found that pathogenic mycobacteria were able to modulate 

apoptosis of their host cell to ensure replication and dissemination. Results from 

a published study by Kabara et al. [101] demonstrated that populations of Map-

infected macrophages had less apoptotic cells than uninfected-control 

populations. Also, Map-infected cells had reduced sensitivity to induction of 

apoptosis by H202 due to reduced caspase activity for caspases 3, 7, 8, ad 9.  



 11 

1.3.5: T cells 

Presentation of mycobacterial antigens to T cells in lymph nodes and 

peyers patches draining the site of Map infection is essential for the host to 

mount an effective adaptive immune response. Infection with Map initiates the 

production of pro-inflammatory cytokines such as IL-1, IL-6, IL-8, IL-12 and TNFα 

[109-111]. Expression of MHC class II antigens on the surface of macrophages, 

along with IL-1 secretion, results in the activation of T cells. Activated T cells 

produce IL-2, that sustains the clonal expansion of specific CD4+ T cell and 

CD8+ cytolytic T cells. Differentiation of CD4+ T-cell population is biased towards 

a T helper 1 (pro-inflammatory) T-cell subpopulation during the early stage of 

Map infection, which is dominated by the production of the key effector cytokine, 

interferon-gamma (IFN-γ) [112]. Secretion of IFN-γ by antigen-specific CD4+ T-

cells is a trademark of mycobacterial infection [113-117]. Activated CD4+, CD8+ 

and ϒδ T-cells are accredited sources of IFN-γ, with CD4+ being recognized as 

the most reactive to mycobacterial antigens [117]. Given that ϒδ T-cells produce 

IFN-γ in response to Map, it is assumed that they add to the protection of the 

host during the early infection stage especially in ruminant animals [118]. During 

the subclinical infection, a cell-mediated immune response dominates, while a 

strong humoral response is formed during late clinical infection [119].  

1.4: T helper 1 vs. T helper 2 

The progression of JD from subclinical to clinical stage is linked with a 

switch from Th1 to Th2 (anti-inflammatory) immune response. The Th1/Th2 

paradigm is apparent during the progression of JD; IFN-γ is observed during 
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early infection while clinical disease is linked with a decrease in IFN-γ production 

and reduced cell-mediated immunity [112,114,117]. The production of Th2 

cytokines, IL-4, IL-5 and IL-10 has been observed in cows with clinical disease; 

these cytokines support a antibody immune response characterized by the 

expansion of B-cells and immunoglobin secretion [118,119]. While activation of 

B-cells during Map infection results in specific antibody production, the antibody-

mediated immune response is commonly thought to be insufficient against 

intracellular pathogens [86]. The host is basically left unprotected against Map-

infection without an effective Th1 response [89], thus a switch from Th1 to Th2 

response brings the progression of sub-clinical to clinical disease. Cows that 

progress to the clinical stage of disease secume to malabsorption of nutrients, 

leading to weight loss and eventually death [120].  

1.5: Macrophage migration inhibitory factor 

Macrophage migration inhibitory factor (MIF) is an important regulator of 

the innate immune system and plays a critical role in the control of bacterial 

infections [121]. Many cell-types, including immune, epithelial, and endothelial 

cells constitutively express this unique pro-inflammatory cytokine. MIF is stored 

in the cytoplasm and is released after simulation with pro-inflammatory cytokines 

such as IFN-γ and TNF-α, glucocorticoids, reactive oxygen species, and bacterial 

endotoxin [122]. MIF has been described as a unique pro-inflammatory cytokine 

whose principal functions include modulating Toll-like receptor 4 (TLR4) 

expression, promoting cellular survival, suppressing the anti-inflammatory effects 

of glucocorticoids, and regulating the Th1/Th2 balance during the inflammatory 
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responses [123,124]. MIF has been shown to directly or indirectly increase the 

expression of pro-inflammatory molecules, that include: IFN-γ, TNF, IL-1B, IL-2, 

IL-6, IL-8, macrophage inflammatory protein 2 (MIP-2) [125-128], 

cyclooxygenase-2 (COX2), prostaglandin E2 (PGE2) [129] and nitric oxide 

[130,131]. MIF has been implicated in chronic inflammatory diseases of humans 

including: rheumatoid arthritis, cystic fibrosis, asthma, glomerulonephritis, and 

inflammatory bowel diseases [132,133].   

1.6: Reporter strains 

A major constraint with studying Map-infection and interaction between 

host and Map is the inherent difficulty of detecting pathogen-infected host cells. 

The importance of using fluorescent probes has been well established and has 

proved invaluable to the progression of biological research [134]. Fluorescent 

reporter genes have improved mycobacterial research, particularly with slow-

growing species [135].  Mycobacteria expressing fluorescent proteins for 

example have been utilized to test the efficacy of antimicrobials [135,136], study 

interactions with host cells [137], examine Map transcriptional activity, and can 

be used as a reporter for rapidly detecting bacterial cell death [134]. The 

fluorescent reporter, Dicosoma Red fluorescent protein (DsRed), which was 

initially cloned from the coral Discosoma striata [138], is a commonly used 

fluorescent protein. As a result of its red-shifted excitation and emission maxima 

558 nm and 583 nm, respectively, long-term excitation of live cells expressing 

variants of this reporter protein is possible with minimal detrimental effects [134]. 

Native DsRed is not a perfect reporter due to its tendency to form tetramers, 
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which can lead to toxic aggregates and slow maturation time [139-141]. As a 

result, mutant derivatives of DsRed have been created to overcome these 

obstacles, these include mCherry [142], mPlum [143], mKate [144], tdTomato 

[142], tdKatushka [144] and Turbo-635 [144]. The green fluorescent protein 

(GFP) found in the jellyfish Aequorea has also been used as a reporter. It is a 

self-fluorescing protein that requires no substrates; it fluoresces in the presence if 

a UV or blue light source [145]. GFP has an excitation and emission maxima of 

395 nm and 509 nm respectively, and has been used in mycobacteria for 

quantifying bacterial numbers [134]. Due to its ability to resist degradation in the 

presence of denaturants and proteases [146], GFP may not be suitable for use 

as a marker for cellular viability.  
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Chapter 2: Experimental rationale, hypothesis and 

objectives 

2.1. Experimental rationale 

The impact of infectious disease to the dairy industry is substantial and the 

effect of JD is very apparent. Substantial losses have been reported as a result 

of premature culling of infected animals, and reduced milk volume, protein and 

fat yield [26-29]. This inflammatory bowel disease is characterized by profuse 

diarrhea, weight loss, decreased milk production and death [26-29]. The disease 

is well known for its lengthy asymptomatic subclinical phase where infected 

animals can transmit Map horizontally to herd mates via direct ingestion of Map 

contaminated feces or indirectly by way of Map-fecal-contaminated feed, water, 

milk or colostrum [4]. JD is globally widespread and is present in every country 

with significant livestock industries, with herd prevalence ranging from 7-60% 

[15-16]. Approximately one third of dairy herds in Canada house at least two 

cows that are Map-infected, with provincial estimates reaching 59% in Alberta 

[17], 43% in Manitoba [18], and 30% in Ontario [19]. In the United States, it has 

been estimated that losses due to JD can exceed $1.5 billion, annually [25].  

Host genetic factors influence the degree of resistance to infectious diseases. 

Susceptibility to Map infection in cattle is known to be heritable, with heritability 

estimates ranging from 0.06 to 0.183 [48,49]. Differences in Map susceptibility 

have been observed amongst different cattle breeds with Jersey and Shorthorn 

breeds being more susceptible to JD than Holstein cattle and its crosses [50]. 
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This indicates that susceptibility to Map infection is at least partially determined 

by inherent genetic factors, and that selection for increased JD resistance may 

be feasible [23]. A genetic association study conducted by Verschoor et al. [55] 

found that there was a significant relationship between -298A>G SNP in the 

promotor region of MIF and susceptibility to Map infection status. It was 

demonstrated that there was a significant additive effect with the ‘G’ allele in this 

SNP and the likelihood of testing positive for JD (p=0.029) based on ELISA. 

Verschoor et al. concluded that validation of the MIF SNP was warranted to 

assess its relationship with JD susceptibility. 

A major limitation with examining JD and interaction between host and 

Map is the inherent difficulty of detecting cells infected with Map, which is mainly 

due to the bacterium’s slow growth rate. The value of using fluorescent 

techniques has been well established and has proven to be helpful to the 

progression of biological research [134]. Fluorescent reporter genes have 

improved mycobacterial research, particularly with slow-growing species [135]. 

Mycobacteria expressing fluorescent proteins for example, have been utilized to 

test the efficacy of antimicrobials [135,136], study interactions with host cells 

[137], examine Map transcriptional activity, and can be used as a reporter for 

rapidly detecting bacterial cell death [138]. Fluorescent bacteria can be used for 

a simple detection method for infected host cells. GFP has also been used as a 

reporter but due to its ability to resist degradation in the presence of denaturants 

and proteases [137], this reporter may not be suitable for use as a marker for 

cellular viability. The fluorescent reporter, DsRed, which was initially cloned from 



 17 

the coral Discosoma striata [138], is another commonly used fluorescent protein. 

As a result of its red-shifted excitation and emission maxima 558 nm and 583 nm 

respectively, long-term excitation of live cells expressing variants of this reporter 

protein is possible with minimal detrimental effects [134]. Furthermore, due to its 

ability to be degraded the mutant derivative mcherry can be used to monitor the 

effector killing of fluorescent bacteria in vitro.   

It is clear that one of the major drawbacks of studying the host-pathogen 

interaction of paratuberculosis infection is the difficulty of distinguishing host cells 

that are infected with Map from those that are not. Creating a recombinant Map 

strain that expresses mCherry would be useful to further the understanding of the 

mechanisms involved in Johne’s immunopathogenesis and host response to 

paratuberculosis infection. A fluorescent Map strain would be beneficial for 

testing the effect of SNPs in the MIF gene on macrophage function. This work 

will help lay the ground for in vivo studies where rapid detection of bacteria is 

required, as well as extending opportunities for future in vitro studies. 

2.2: Hypothesis 

1. The MIF SNP (-298) A>G will have functional relevance relating to the host 

macrophage ability to kill Map.   

a. Macrophages from cows homozygous for GG within MIF SNP will survive 

longer  

b. Map will have reduced survival within AA genotyped macrophage 

2.3: Objectives 

1. Create plasmid for mCherry expression in Mycobacterial species 



 18 

2. Develop Map strains expressing mCherry and GFP 

3. Develop a co-infection in vitro host pathogen model using bovine 

monocyte-derived macrophages                                                       

4. Validate stability of fluorescent Map in vivo using dairy calves                                         

5. Genotype cow population for MIF SNP (-298A>G) to identify AA and GG 

genotypes   

6. Compare MIF SNP (-298A>G) homozygote genotypes for effector killing of 

bacteria and survivability of infected host cells.  
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Chapter 3:  Development of a transformed 

Mycobacterium avium subsp. paratuberculosis strain 

expressing mCherry, a variant of the Discosoma Red 

Fluorescent protein  

3.1: Abstract 

Monitoring host-pathogen interaction over time is critical to understanding 

the complex pathogenesis of JD.  A major constraint in studying the host-

pathogen interaction in paratuberculosis infection (Ptb) is the inherent difficulty of 

detecting cells infected with Mycobacterium avium spp. paratuberculosis (Map). 

This problem arises from the slow progression of the disease that is chiefly 

related to the slow doubling time of Map, which can range from 22-26 hours.  

In order to rapidly detect bacterial loads within host cells, we cloned the gene 

encoding mCherry, a variant of the Discosoma Red Fluorescent protein (DsRed), 

into a clinical isolate of Map. A vector was constructed by cloning the cDNA for 

mCherry into an Escherichia coli-Mycobacterium shuttle vector (pKMOP-B). The 

recombinant plasmid pMADDOGPM5 was transformed into both E. coli HB101 

and Map strain Gc86. In this study, a recombinant Map clinical isolate expressing 

mCherry was created and used to quantify bacteria number, detect infected 

macrophages in vitro using fluorescent microscopy, and to determine 

macrophage effector killing of bacteria by macrophages in vitro. Stability of the 

mCherry isolate was tested in an in vivo calf infection study. This transformed 



 20 

Map will greatly extend the opportunities to study the mechanisms of Johne’s 

immunopathogenesis and host-pathogen interaction. 

3.2: Introduction  

JD or paratuberculosis (Ptb) is a chronic infectious enteritis of ruminant 

animals caused by Mycobacterium avium subsp. paratuberculosis (Map) [147]. 

Map is a facultative intracellular pathogen that is capable of surviving and 

replicating inside the host macrophage [148], a cell whose role is to eliminate 

invading microbes. The ability of Map to survive within macrophages provides 

this obligate parasite with an in vivo niche where it is shielded from host defense 

mechanisms allowing it to disseminate to other places in the body and infect new 

target cells.  

JD is globally widespread and is present in every country with significant 

livestock industries, with herd prevalence ranging from 7-60% [15-16]. 

Approximately one third of dairy herds in Canada house at least two cows that 

are Map-infected, with provincial estimates reaching 59% in Alberta [17], 43% in 

Manitoba [18], and 30% in Ontario [19].  In the United States, it has been 

estimated that losses due to JD can exceed $1.5 billion, annually [25]. Major 

losses are the result of premature culling of infected animals and reduced milk 

volume, protein and fat yield [26-29]. Other economic losses attributed to the 

disease arise from decreased reproductive efficiency, increased susceptibility to 

other diseases [30] increased forage consumption, and increased costs 

associated with treatment [31,32]. For a standard dairy herd in Canada 



 21 

consisting of 50-60 head of cattle, these losses have been accounted to amount 

to $2400-$3000 annually [33,34]. 

JD is difficult to diagnosis, mainly due to the long asymptomatic period 

where pathology is predominantly restricted to the ileum [149]. Other difficulties 

associated with the diagnosis of JD are coupled with the inadequacy of current 

diagnostic tests, which are focused on fecal culture techniques, interferon-

gamma (INF-γ) release assays, and enzyme-linked immunosorbent assays 

(ELISAs) measuring Map-specific antibodies in milk and serum [149,3]. During 

the course of the long asymptomatic period, Map can be horizontally transmitted 

to herd mates via direct ingestion of Map contaminated feces or indirectly by way 

of Map fecal-contaminated feed, water, milk or colostrum [26]. In cows with 

advanced disseminated disease, vertical transmission to their calves is possible, 

as Map has been found in colostrum and milk [41], and it has also been 

suggested that in utero transmission may also occur [149]. Neonatal animals are 

considered more susceptible to infection than adults and this is mainly due to 

their naïve immune system [150] 

A major constraint with studying Ptb and interaction between host and 

Map is the inherent difficulty of detecting cells infected with Map, which is mainly 

due to the bacterium’s slow growth rate, with doubling time of 22-26 hours. The 

importance of using fluorescent techniques has been well established and has 

proved invaluable to the progression of biological research [134]. Fluorescent 

reporter genes have improved mycobacteria research, particularly with slow-

growing species [135]. Mycobacteria expressing fluorescent proteins for example 



 22 

have been utilized to test the efficacy of antimicrobials [135,136], study 

interaction with host cells [137], examine Map transcriptional activity, and can be 

used as a reporter for rapidly detecting bactericidal activity [134].  

The fluorescent reporter, DsRed, which was initially cloned from the coral 

Discosoma striata [138], is a commonly used fluorescent protein. As a result of 

its red-shifted excitation and emission maxima 558 nm and 583 nm respectively, 

long-term excitation of live cells expressing variants of this reporter protein is 

possible with minimal detrimental effects [134]. In this study, a clinical isolate was 

used to create a recombinant Map expressing mCherry, a variant of the 

Dicosoma Red Fluorescent Protein and used to quantify bacteria number, detect 

infected macrophages in vitro by fluorescent microscopy, determine effector 

killing of bacteria by macrophages. Lastly, stability of the mCherry isolate was 

validated using an in vivo calf infection model. 

3.3: Material & Methods 

3.3.1: Bacterial strains and culture conditions 

The Mycobacterium avium spp. paratuberculosis strain Gc86 was 

previously isolated in the laboratory of Dr. Lucy Mutharia by Melinda Raymond 

(Department of Molecular and Cellular Biology, University of Guelph). This isolate 

was cultured from a Johne’s positive cow showing clinical symptoms from an 

Ontario farm on December 12, 2001. The strain was confirmed as Map based on: 

its slow growth rate, dependence on the siderophore mycobactin J for in vitro 

growth, Ziehl-Neelsen staining, RFLP analysis of hsp65, and PCR amplification 

of IS900, hsp65 and hspx genes (Primers listed in Table 3.1). 
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Handling of Map cultures was performed in a Biosafety Containment Level II 

cabinet and complied with the rules and standards on the use of Hazard Group II 

infectious organisms. Map was cultured in Middlebrook 7H9 broth (Difco 

laboratories, Franklin Lakes, NJ, USA) supplemented with 10% oleic acid-

albumin-dextrose-catalase (OADC), 0.25%v/v Tyloxopol (Sigma-Aldrich, St. 

Louis, MO, USA) and 2 ug/mL of mycobactin J (Allied Laboratories, Wichita, KS, 

USA). Cultures were grown to logarithmic phase (OD600=0.5-0.8, SmartSpec 

PLUS, BioRad, Mississauga, ON, Canada) at 37°C in an incubator shaking 120 

rpm.  For growth on solid media, Map was cultured on Middlebrook 7H11 agar 

(Difco laboratories, Franklin Lakes, NJ, USA) supplemented with 10% OADC and 

2 ug/mL of mycobactin J.  

E. coli HB101 was grown in Luria Butrani (LB) broth and solid media, 

(Difco laboratories, Franklin Lakes, NJ, USA) at 37°C with shaking at 120 rpm, 

and supplemented with 50 ug/mL of kanamycin when necessary. 

3.3.2: Preparation of electrocompetent Map 

A single Map colony was inoculated into 5 mL of 7H9 broth (10% v/v 

OADC, 0.025% v/v Tyloxopol and 2 ug/mL Mycobactin J) in a sterile screw-

capped test tube and grown on shaker at 37°C until the culture reached OD = 

1.0. The 5 mL culture was inoculated into a 100 mL of media in a 250-mL sterile 

culture flask and grown at 37°C on shaker 120 rpm. When the optical density at 

600nm (OD600) was between 0.6 and 0.9, 40 mL of culture was transferred to 

50-mL falcon tubes and cells harvested by centrifugation at 3000 rpm for 30 min 

(Sorvall RT6000D).  The cells were washed with 25 ml of 10% sterile glycerol, 
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pre-warmed to 37°C, and harvested by centrifugation at 3000 rpm for 30 min. 

Cells were washed an additional 3 times while reducing the volume of 10% 

glycerol by half each time. The final suspension of cells was in 5 mL, and 500 µL 

aliquots were distributed into 1.5 mL screw capped microcentrifuge tubes to be 

flash frozen on dry ice, and immediately stored at -80°C.  

3.3.3: Preparation of electrocompetent E. coli  

A single colony of E. coli was inoculated into 500 mL of LB broth, and 

grown at 37°C on shaker at 120 rpm to an OD600 = 0.6-0.9. The cells were 

chilled on ice for 10 min and harvested by centrifugation at 3000 rpm for 25 min 

at 4°C. The cells were first washed with a total of 200 mL of ice-cold deionized 

H20, followed by a wash with 20 mL ice-cold 10% glycerol, and finally suspended 

in 10% glycerol. Cells were aliquoted in volumes of 1.0 mL, flash frozen on dry 

ice and stored at -80°C. 

3.3.4: Plasmid construction 

The mCherry variant of mRFP1 was amplified by PCR from pCHAP6698 

[151] using primers BamHI_For1 and NheI_Rev1 (Table 3.2) with Pfx 

Polymerase (Invitrogen, Burlington, ON, Canada). PCR was performed in 50 µL 

reactions in DNase and RNase-free sterile PCR tubes. Each reaction contained 

100 ng of pCHAP6698, 4 µL of dNTP mixture (2.5 mM), 1 mM MgSO4, 10 µM of 

each primer, and 1 Unit (0.4 µl) of Pfx polymerase in 1X PCR buffer. PCR cycling 

conditions were: initial denaturation for 5 min at 94°C, followed by 30 cycles of 

94°C for 30 sec, 68°C for 30 sec, 72C for 1 min, and ending with a final extension 

step of 72°C for 10 min. 
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The amplicon was purified using the Gel/PCR DNA Fragment Extraction 

Kit (FroggaBio, Toronto, ON, Canada) according to the manufacturer’s 

instructions. The purified product was digested with 1 unit of BamHI and NheI 

(New England Biolabs, Whitby, ON, Canda) in NEBuffer 3 buffer at 37°C for 2 h, 

followed by heat inactivation at 65°C for 30 min. Individual reactions and 

concentration of solutions are listed in Table 3.3. The product was purified from 

the enzymatic reaction using the Gel/PCR DNA Fragment Extraction Kit, and 

cloned into the Escherichia coli-Mycobacteria shuttle vector pKMOP-B as a 

BamHI-NheI fragment. Ligations were performed using a 3:1 molar ratio of vector 

to insert, incubated with T4 DNA ligase (Invitrogen, Burlington, ON, Canada) for 

12 h at 37°C, and heat inactivated for 10 min at 65°C. Individual reactions and 

concentration of solutions are listed in Table 3.4. Then 10 uL of the ligation 

reaction was electroporated into E.coli (outlined below) and colonies screened by 

PCR. Plasmids were purified using PureYield™ Plasmid Miniprep System 

(Promega, San Luis Obispo, CA, USA), and confirmed by sequencing, the final 

plasmid product was named pMADDOGPM5. 

3.3.5: Electroporation of E. coli 

The electroporation of E. coli protocol was modified from Dower et al. 

1988 [152] and Hanahan et al. 1983 [153]. Aliquots of electrocompetent E. coli 

cells were thawed on ice for approximately 10 min. Approximately 0.5 µg of salt-

free pMADDOGPM5 plasmid was added to 150-µL E. coli suspensions and 

mixed by pipetting. The suspension was transferred to a pre-chilled 0.2 cm 

electrode-gap electroporation cuvet (Fisher, Ottawa, ON, Canada) and subjected 
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to one single pulse of 1.5 kV, 25 µF, 200Ω in an electroporation chamber (Gene 

Pulser, BioRad, Mississauga, ON, Canada).  One mL of LB broth was added to 

the suspension, transferred to a sterile culture tube, and incubated for 1.5 h at 

37°C in a tube roller. Cells were plated on LB solid media containing 50 ug/mL 

kanamycin, and incubated at 37°C for 24 h.  Colonies of recombinant E. coli that 

arose from the electroporation transformation were inoculated individually into 

sterile culture tubes containing 5 ml of LB broth (50 ug/ml Kanamycin). Cultures 

were placed in a tube roller and incubated overnight at 37°C. The 

pMADDOGPM5 plasmid was isolated using the PureYield™ Plasmid Miniprep 

System following the protocol that was provided. The concentration and quality of 

the DNA was assayed using the NanoDrop 8000 spectrophotometer (Thermo 

Scientific, DE, USA). 

3.3.6: Electroporation of Map 

The electroporation of Map was modified from Methods in Molecular 

Biology, Vol. 101: Mycobacteria Protocols [154]. Aliquots of electrocompetent 

Map Gc86 cells (500 uL) were thawed on ice for 10 min, and approximately 1 µg 

salt-free pMADDOGPM5 plasmid was added and incubated on ice for an 

additional 10 min. The suspensions were transferred to a 0.2 cm electrode-gap 

electroporation cuvette and placed in an electroporation chamber and subjected 

to one single pulse of 2.5 kV, 25 µF, with the pulse controller resistance set at 

1000Ω resistance. The cell suspension was transferred to a sterile screw capped 

test tube containing Middlebrook 7H9 broth supplemented with 10% OADC and 2 

ug/mL of mycobactin J and incubated at 37°C for 24 h. Cells were harvested by 
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centrifugation at 3000 rpm for 30 min and plated on 7H11 solid media containing 

10% OADC and 50 ug/mL kanamycin. Plates were incubated at 37°C until 

colonies were visible (4-8 weeks). Recombinant  colonies were screened using 

PCR to detect pMADDOGPM5, and RFLP analysis of hsp65 was used to confirm 

colonies were Map. 

3.3.7: Quantification of fluorescent mCherry Map and preparation of 

bacterial infection stock 

Single colonies of recombinant mCherry Map Gc86 were inoculated into 5 

mL of 7H9 supplemented with 10% OADC, 0.25% v/v Tyloxopol, 50 µg/mL 

kanamycin and 2 ug/mL of mycobactin J and incubated at 37°C with shaking at 

120 rpm. Once the cultures reached an OD= 0.8, 5 mL cultures were sub-

cultured into 100 mL of media in a 250 mL sterile culture flask and incubated at 

37°C shaking at 120 rpm. When the cultures reached the logarithmic stage of 

growth (OD600 = 0.6-0.9), cells were harvested by centrifugation at 3000 rpm for 

30 min. Using spectrophotometric analysis, cells were adjusted to a range of 

OD600 (0.1-1.0), serially diluted and plated in triplicate in order to determine 

corresponding colony forming units (CFUs)/ml.  Next, using the Wallac-1420 

VICTOR3 Multilabel Counter (Perkin Elmer, Woodbridge, ON, Canada), 

fluorescent intensities of 200 µL aliquots from each OD600 were measured in 

quadruplicate from a 96 well black bottom tissue culture plate (Corning, 

Tewksbury, MA, USA).  Quantification of fluorescence was based on the specific 

emission and excitation wavelengths for mCherry; 587/610nm. 
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3.3.8:  In vitro BoMac culture  

The SV40 transformed bovine macrophage cell line, BoMAC [155], was 

utilized for our in vitro proof of concept infection model. BoMACs were cultured in 

P75 tissue culture flasks (Corning, Tewksbury, MA, USA) containing Roswell 

Park Memorial Institute-1640 medium (RPMI-1640; Invitrogen, Burlington, ON, 

Canada) supplemented with 2.0 mM L-glutamine, 10% heat inactivated fetal 

bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA), 100 unit/ml of penicillin 

(Gibco, Burlington, ON, Canada), 100 ug/mL streptomycin (Gibco, Burlington, 

ON, Canada), 0.25 ug/ml amphotericin B (Gibco, Burlington, ON, Canada) and 

25 mM HEPES buffer (Gibco, Burlington, ON, Canada). Cells were incubated at 

37°C with 5% CO2.  

When flasks reached 80-100% cell confluency, monolayers were washed 

with warm RPMI and then cells were detached following the addition of 0.05% 

Trypsin-EDTA (Sigma-Aldrich, St. Louis, MO, USA), for 5 min. Viable 

macrophages were enumerated with 0.4% trypan blue using a hemocytometer 

chamber slide.  

3.3.9: BoMac infection study & fluorescent microscopy  

In order to visualize our in vitro proof of concept model of macrophage 

infection and phagocytic uptake of fluorescent Map, BoMacs were grown on 

Millicell EZ Slides (Millipore, Billerica, MA, USA). These slides contain four built-

in polypropylene tissue culture wells, allowing for attachment of BoMacs, 

infection with Map and examination of samples. First, an aliquot of cells was 

combined with trypan blue and enumerated using a hemocytometer. Each tissue 
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culture well was seeded with approximately 1 x 106 cells and brought to 1 mL 

with the addition of fresh RPMI media listed above. BoMacs were incubated for 3 

h at 37°C with 5% CO2.  

Map infection stocks were thawed and incubated at 37°C for 72 h prior to 

infection study. Stocks were transferred into 15 mL Falcon tubes containing ~ 10 

glass beads (Fisher, Ottawa, ON, Canada) and diluted in antibiotic-free media 

(RPMI-1640 supplemented with 2.0 mM L-glutamine, 10% heat inactivated fetal 

bovine serum and 25 mM HEPES buffer. Suspensions were vortexed ten times 

for 30 sec and left to settle for 45 min to remove clumped Map. Following this, 

the bacterium was passed through a 28-gauge needle two times to disperse any 

clumped bacteria that remained. Map cell numbers were estimated by measuring 

their fluorescence intensity with a Wallac-1420 VICTOR3 plate reader and then 

adjusted 1 x 107/mL. 

Monolayers were cultured with Map at a multiplicity of infection (MOI) of 

10:1 for 3 h at 37°C, 5% CO2 to allow phagocytic uptake of fluorescent bacteria. 

Bacterial suspensions were serially diluted and plated in order to estimate CFUs. 

After 3 h post-infection, the media was removed and the monolayers were 

washed three times with phosphate buffered saline (PBS; Sigma-Aldrich, St. 

Louis, MO, USA) to remove any non-adherent Map.  

 Following the wash with PBS, the breakaway tabs of the Millicell EZ Slides 

were snapped off and the chamber wells were removed. A coverslip was 

positioned on top of each well, sealed with nail polish, and allowed to dry for 5 

min. Infected BoMacs were visualized using the Zeiss Axiovert 200M and 
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Differential Interferance Contrast (DIC) and fluorescent images were obtained. A 

590 nm excitation filter was used to view the fluorescent Map. DIC and 

fluorescent images were overlaid using Volocity® 3D Image Analysis Software 

(Perkin Elmer, Woodbridge, ON, Canada).   

3.3.10: Bovine monocyte isolation and culture of monocyte-derived 

macrophage 

For isolation of bovine monocytes, blood was collected from the tail vein of 

healthy cows using vacutainers containing sodium heparin (BD, Franklin Lakes, 

NJ, USA) as an anticoagulant. Blood was centrifuged for 20 min at 400 x g and 

plasma was aspirated using a 10 mL pipette. The buffy coat from 18 vacutainers 

was pooled and suspended in an equal volume of PBS, layered over 15 ml of 

Ficoll-plaque™ PREMIUM (GE Healthcare, Cooksville, ON, Canada), and 

centrifuged at room temperature for 30 min at 1600 rpm. The peripheral blood 

mononuclear cells (PBMC) were collected from the interface and transferred to a 

50 mL falcon tube. Contaminating red blood cells (RBCs) were lysed by the 

addition of H20 and 10 inversions, subsequently the 50 mL falcon tube was 

topped to 40 mL with PBS containing 0.01% Penicillin. This step was repeated 

until contaminating RBCs were no longer grossly visible.   

The isolated PBMCs were suspended in RPMI-1640 supplemented with 

2.0 mM L-glutamine, 15% heat inactivated fetal bovine serum, 1% non-essential 

amino acids (NEAA; Sigma-Aldrich, St. Louis, MO, USA), gentamicin (5 µg/mL; 

Sigma-Aldrich, St. Louis, MO, USA) and 25 mM HEPES buffer. PBMCs were 

placed in P75 flasks and allowed to adhere for 3 h at 37°C in 5% CO2. Non-
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adherent cells, which were largely contaminating lymphocytes, were removed by 

washing with warm RPMI. After 24 h of incubation, the media was replaced with 

fresh media to remove any additional non-adherent cells. Monocytes were 

cultured for an additional 9 days, replacing media every 3rd day. By day ten, 

most flasks had reached 80-100% cell confluency with MDM displaying the 

characteristic morphology of macrophages. MDM’s were dissociated using 1 x 

non-enzymatic cell dissociation solution (Sigma-Aldrich, St. Louis, MO, USA), 

enumerated using trypan blue and a hemocytometer and then re-seeded at 5 x 

104 cells per well in 96-well black bottom tissue culture plates (Corning, 

Tewksbury, MA, USA) using antibiotic-free culture media. Cells were incubated 

for 24 h at 37°C in 5% CO2 and then used for the in vitro challenge experiments 

with Map. 

3.3.11: In vitro bovine monocyte-derived macrophage infection & 

fluorescent microscopy  

In order to visualize the in vitro model of MDM infection and phagocytic 

uptake of Map, MDMs were grown on Millicell EZ Slides. An aliquot of cells was 

combined with trypan blue and enumerated using a hemocytometer. Each tissue 

culture well was seeded with approximately 1 x 105 cells and brought to 1 mL 

with the addition of fresh RPMI media containing 15% heat inactivated FBS and 

1% NEAA. MDMs were incubated for 24 hr at 37°C with 5% CO2.  

 Monolayers were cultured with Map at a MOI of 10:1 for 3 hr at 37°C, 5% 

CO2 to allow phagocytic uptake of fluorescent bacteria. Bacterial suspensions 

were serially diluted and plated in order to determine accurate CFUs. After 3 h 
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post-infection, the media was removed from MDMs and the monolayers were 

washed three times with PBS to remove any non-adherent Map. As discussed 

earlier, infected MDMs were visualized using the Zeiss Axiovert 200M. 

3.3.12: In vitro challenge of bovine monocyte-derived macrophage with 

fluorescent Map 

To determine the effector killing of Map by MDM over the duration of 

infection, control and infected MDM were measured at different time points for 

fluorescent intensities in hexaplicate. As previously described the infection stocks 

were thawed and incubated at 37°C for 72 hr prior to infection. Map cell numbers 

were estimated by fluorescence using the Wallac-1420 VICTOR3 Multilabel 

Counter and then adjusted 5 x 105/mL. For all challenges, Map numbers were 

estimated based on quantification of fluorescence based on the specific emission 

and excitation wavelengths for mCherry; 587/610nm. To confirm the amount of 

bacteria used for infection, suspensions were serially diluted and plated on 7H11 

solid media. MDM (seeded at 5 x 104 cells per well) were challenged with Map at 

a MOI of 10:1.  Once challenged, Map and MDM were co-cultured for 3 h at 

37°C, 5% CO2 to allow phagocytosis of bacteria.  For the control samples, 

antibiotic-free media (RPMI 1640 medium containing 15% heat inactivated FBS 

and 1% NEAA) was added to each well. After 3 h post-infection, the media was 

removed from MDM and the monolayers were washed three times with fresh 

media to remove any non-adherent Map. Lastly, fresh antibiotic-free media was 

added to each well (200 µL) and re-incubated at 37°C, 5% CO2 until harvested at 

each at the necessary point. At 3, 24, 48, 72 and 96 hrs, media was removed 
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from hexaplicate wells and MDM monolayers were washed twice with PBS. The 

internalized fluorescent reporter Map strain was quantified using the Wallac-1420 

VICTOR3 Multilabel Counter. 

3.3.13: Experimental design and animals  

Nine 2-5 week old Holstein Friesian and Jersey bull calves were obtained 

for the study from various local dairy herds, as well as the University of Guelph 

Elora Dairy Research Center (Elora, Ontario, Canada) and the University of 

Guelph Ponsonby Dairy Research Center (Ponsonby, Ontario, Canada).  All 

herds were actively participating in testing for JD and had not had a positive case 

for at least 2 years. Calves were immediately separated from mother after birth 

and were deprived of maternal colostrum. Calves received Calf’s Choice Total™ 

artificial colostrum (Saskatoon Colostrum Company, Saskatoon, SK, Canada), 

according to the manufactures instructions. The artificial colostrum was provided 

by Grober Nutrition (Cambridge, Ontario, Canada). The handling and care of 

animals was conducted in agreement with the Canadian Council on Animal Care 

regulations and standards (2009). The study was completed within the guideline 

of an approved Animal Utilization Protocol (AUP# 11R103) from the University of 

Guelph Animal Care Committee. Animals were housed within the OMAFRA 

Research Isolation Unit at the University of Guelph (Guelph, ON, Canada), for 

the duration of the study. Calves were housed in groups of 2, control calves were 

housed separately from infected calves and their feces.   
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3.3.14: Bacterial inoculum preparation 

  Map infection stocks were thawed and incubated at 37°C for 72 hr prior to 

infection.  The stocks were centrifuged at 10,000 rpm for 30 min (Spectrafuge 

24D™ Digital Microcentrifuge, Labnet Internation Ltd.) and the supernatant was 

removed carefully ensuring the bacterial pellet was not disrupted. The pellet was 

washed two times with sterile saline, and resuspended in 250 µL of sterile saline. 

Suspensions were vortexed ten times at top speed for 30 sec and left to settle for 

45 min to remove clumped Map. After this period the bacterium was passed 

through a 28-gauge needle two times to disperse any clumped bacteria that 

remained.  The inoculum used in this study was serially diluted and plated in 

order to determine CFUs of dose as well as to check for contaminants.  The 

inoculum was confirmed as Map based on: slow growth rate, dependence on the 

siderophore mycobactin J for in vitro growth, Ziehl-neelsen staining, RFLP 

analysis of hsp65, and PCR amplification of IS900, hsp65 and hspx genes.  

3.3.15: In vivo Map challenge 

Calves were inoculated by way of direct subserosal injections into the 

Peyer’s patch regions in the distal ileum flanking the ileocecal valve [156]. In 

brief, a right-sided approach to the ileocecal valve was utilized through a 4- to 5-

cm vertical incision in the paralumbar fossa using local anesthesia in standing 

calves.  When entry to the peritoneum was accomplished, the cecum and distal 

ileum were isolated and exteriorized. Once the antimesenteric Peyer’s patches of 

the distal ileum were visualized, 250 µL of sterile saline containing 1 x 108 CFU 

of live Map Gc86 expressing mCherry was injected; control calves were injected 
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with sterile saline. The intestine was then placed back into the abdominal cavity 

and the body wall was sutured closed using sterile instrumentation and surgical 

techniques. At 60 d post-infection, calves were humanely euthanized with 

pentobarbital sodium (Euthansol; Schering-Plough Canada Inc., Pointe-Claire, 

QC, Canada) and tissue samples from the ileum and the ileo-cecal lymph nodes 

were collected at necropsy for the BACTEC MGIT 960 Mycobacterial detection 

system (BD, Franklin Lakes, NJ, USA). All positive samples were confirmed by 

PCR by amplification of Map sequence IS900. 

3.3.16: In vitro culture and fluorescent microscopy of calf passaged Map 

Gc86 expressing mCherry 

In order to assess the stability of Map Gc86 expressing mCherry, tissue 

samples that were identified as positive by the BACTEC MGIT 960 Mycobacterial 

detection system were cultured and viewed for fluorescence. A 1mL aliquot of the 

egg yolk media-grown bacterial culture was collected and allowed to settle for 1 

d.  Culture supernatants were visualized using the Zeiss Axiovert 200M as 

previously described.   

3.3.17: Statistical analysis 

Mixed models were used to analyze repeated measurements over time for 

effector killing of Map. The model included time and treatment (infected vs. 

control). Helmert and orthogonal polynomial contrasts over time, and interactions 

of these treatments were used to assess killing of Map by MDM. 
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3.4: Results   

3.4.1: PCR analysis of bacterial strains 

Since Map is known for its slow growth rate, with a doubling time of 22-26 

hr [27], it can easily be outgrown by faster growing contaminants. To reduce this 

risk culture medium for Map contained antibiotics and Map colonies were 

identified by PCR amplification of IS900, hspX and hsp65 as well as restriction 

fragment length polymorphism (RFLP) analysis of hsp65. The PCR DNA 

products were electrophoresed on agarose gel, visualized by ethidium bromide 

staining and the size estimated relative to a kb ladder standard. The insertion 

sequence IS900 has been shown to be Map-specific [157], and by using the 

primers in Table 3.1 the expected product of 399 base pairs was only amplified in 

lanes 4, 5 and 6, which contained Map culture lysates (Figure 3.1). The PCR-

based strategy developed by Eriks et al. to rapidly differentiate between isolates 

of M. avium and isolates M. paratuberculosis was also utilized to confirm Map 

cultures. This assay uses primers for conserved regions of the hsp 65 

mycobacterial gene and amplifies the variable regions of gene, and then 

restriction enzyme digestion of the amplicon with PstI to produce specific 

restriction digestion patterns for a range of mycobacterial species.  The expected 

fragment size of 960 bp for hsp65 was only amplified in lanes 4, 5 and 6, which 

contained Map culture lysates (Figure 3.2).  Following PstI RFLP analysis of the 

hsp65 product, two bands of approximately 515 and 415 bp, which were 

expected from cultures that contained Map, lanes 3, 4 and 5 (Figure 3.3).  These 

results confirmed Map presence and that the cultures were not contaminated.  
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3.4.2: Plasmid construction 

The DNA encoding the mCherry variant of mRFP1 was amplified by PCR 

from pCHAP6698. The resulting PCR products and vector digests were purified, 

the purity and concentration of the DNA was assessed using the NanoDrop 8000 

spectrophotometer (Table 3.5).  Pure DNA has an A260nm/A280nm ratio of 1.80 

to 1.98 when measured in H20.  The quality of the mCherry digest and pKMOP-B 

digest BamHI-NheI products were between 1.89-1.98 so they were used for the 

subsequent ligation reaction. The pKMOP-B vector was also digested with 

BamHI combined with NheI, and BamHI alone and later tested for self-ligation; 

no colonies formed from bacterial cultures containing only these plasmid 

constructions. These products were tested because self-ligated vector that did 

not contain mCherry insert would still give rise to kanamycin resistant colonies. 

3.4.3: Growth of recombinant E. coli and plasmid isolation  

Following the transformation of E. coli with the pMADDOGPM5 plasmid, 

aliquots of cells were plated on selective media and incubated for growth of 

colonies. Four colonies were randomly selected and subjected to plasmid 

preparation. The purity and concentration of the mCherry pMADDOGPM5 

plasmid was assessed using the NanoDrop 8000 spectrophotometer (Table 3.6). 

A sample of the plasmid DNA was sequenced by the Genomics Facility, 

Advanced Analysis Centre at the University of Guelph (Guelph, Ontario, 

Canada). The sequencing results confirmed the correct insertion and orientation 

of the mCherry gene into the pKMOP-B shuttle vector to create pMADDOGPM5 

that was used in this study. 
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3.4.4: Quantification of fluorescent mCherry Map 

The most common methodology for quantifying bacterial numbers of Map 

is to plate on solid media and to determine CFUs; the disadvantage with this 

methodology is that it can take from 4-8 weeks to obtain results. As noted by 

Carroll et al [134], growth can be measured by OD, but this analysis is not able to 

distinguish between live and dead bacteria if cell lysis has not occurred. In order 

to rapidly estimate bacterial numbers optical density values were plotted against 

fluorescent intensities. Following the transformation of Map with pMADDOGPM5, 

cultures were examined using fluorescent microscopy (Figure 3.4). Once the 

cultures reached the logarithmic stage of growth (OD600 = 0.6-0.9), Map cells 

were adjusted to a range of OD600 (0.1-1.0), serially diluted and plated in 

triplicate in order to determine corresponding CFUs (Figure 3.5).  A problem that 

is consistent when working with Map is the tendency of the organism to form 

clumps [158]. The clumping aspect of Map can increase variability and reduce 

accuracy of viable cell numbers [159].  This disadvantage of working with Map 

was particularly evident when trying to correlate OD600 values with CFUs; the 

relationship was not linear, as one would expect. This problem most likely 

resulted from Map clumping together while performing the serial dilutions and 

subsequent plating. Next, the fluorescence intensities corresponding to each 

OD600 were measured using the Wallac-1420 VICTOR3 Multilabel Counter 

(Figure 3.6). Measurements were performed in quadruplicate from a 96 well 

black bottom tissue culture plate.  When optical densities were examined with 

their corresponding fluorescent intensities a linear correlation between the two 
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values was found. This indicates that the fluorescent reporter strain has an 

advantage when rapid readouts of viable bacterial cells are needed, and it may 

be more accurate than CFUs because only live bacteria express mCherry.  

 3.4.5: In vitro BoMac infection & fluorescent microscopy 

In order to test the effectiveness of the newly developed red fluorescent 

reporter strain of Map, an infection study was carried out in vitro using a bovine 

macrophage cell line (BoMac). The BoMacs present an easy to use immortalized 

cell line to study host-pathogen interactions [155] as well as demonstrate many 

well characterized properties of macrophages including the ability to phagocytize 

bacteria, produce reactive oxygen species (ROS), IL-6 generation and an ability 

to contribute to antibody-independent and antibody-dependent cellular toxicity 

[160]. After 3 hr of infection BoMacs were visualized and red fluorescent Map 

bacilli were observed within BoMac phagosome (Figure 3.7). These results 

demonstrate that the fluorescent reporter strain could be used for rapid detection 

of Map bacilli in an in vitro infection model. 

3.4.6: Fluorescent microscopy & effector killing of Map by Bovine 

monocyte-derived macrophages 

The mCherry Map Gc86 was also assessed using primary MDM. After 3 

hr of infection MDM were viewed for phagocytic uptake of Map (Figure 3.8). To 

determine the effector killing of Map by MDM, infected MDMs were analyzed for 

fluorescence of internalized Map at 3, 24, 48, 72 and 96 hr (Figure 3.9). After 

being phagocytized, fluorescent Map values stay relatively the same from 3 to 72 

hr, and then there is a decrease at 96 hr. A decrease in fluorescent units was 
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considered to be a product of the MDMs killing the reporter strain. These results 

demonstrate the usefulness of the fluorescent reporter strain during in vitro 

infection assays. By quantifying the fluorescent intensity of internalized bacteria, 

a non-invasive method of estimating the effector killing of Map by the host cell 

has been developed.  

3.4.7: Fluorescent microscopy of calf passaged mCherry Map Gc86  

In order to access the stability of Map Gc86 expressing mCherry, the 

strain was viewed for fluorescence after 60 days of in vivo calf infection. 

Fluorescent images were taken with the Zeiss Axiovert 200M; DIC and 

fluorescent images were obtained. DIC and fluorescent images were captured 

using Volocity™ (Figure 3.10). These results demonstrated that after a 60 day in 

vivo calf infection, without antibiotic selection pressure, mCherry Map was still 

fluorescent, and that there was stable expression of the pMADDOGPM05.  

 

3.5: Discussion 

The present study was designed to create a fluorescent reporter strain of 

Map that can be used to help improve our understanding of the mechanisms 

involved in Johne’s immunopathogenesis and host-pathogen interaction. 

Although many researchers have used the GFP as a reporter in mycobacteria 

[134,137,163-165], the far-red reporter, mCherry was chosen for this study 

because its red-shifted excitation and emission maxima (587nm and 610nm 

respectively) that permits long-term excitation of bacteria with little detrimental 

effects to host cells because they have minimal sensitivity to these wavelengths 
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[134]. Since stable expression of reporter proteins is a concern once antibiotic 

selection pressure has been removed, mCherry stability was investigated after in 

vitro BoMac infection, in vitro MDM infection, and after 60 days of in vivo calf 

infection.  

One of the major drawbacks of studying the host-pathogen interaction of 

paratuberculosis infection is the difficulty of distinguishing host cells that are 

infected with Map from those that are not. The results from the current study 

demonstrate the utility of a recombinant Map strain expressing mCherry. The 

mCherry Map Gc86 was used to quantify viable bacterial, detect infected cells 

using fluorescent microscopy, as well as determine effector killing of bacteria by 

the host macrophage. The linear relationship that was established between 

bacterial numbers and fluorescent intensity makes using this Map strain 

particularly useful when evaluating effector killing by host or death of bacteria by 

other means. It was also demonstrated that the fluorescent mCherry Map 

remained stable after a 60 d in vivo calf infection, where there was no antibiotic 

selection pressure placed on the bacteria to retain the expression of the plasmid.  

It has already been well established that using fluorescent reporters in 

Mycobacterium species can help detect live bacteria. Studies conducted by 

Carrol et al [135], confirmed that numerous far-red reporters were functional in 

three mycobacterial species; M. smegmatis, M. marinum, M. tuberculosis. To our 

knowledge we believe that we are the first group to successfully clone and 

express mCherry in the Mycobacterium avium subspecies paratuberculosis 

species. With the aid of this fluorescent Map strain we hope to further our 
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understanding of the mechanisms involved in Johne’s immunopathogenesis and 

host response to paratuberculosis infection.  
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3.7: Figures 

 

 

Figure 3.1: IS900 PCR Confirmation of Map Cultures. The gel was loaded as 
follows: 5 µL 100 bp molecular mass marker in Lane 1, 2 µL M. smegmatis culture 
lysate in Lane 2, 2 µL M. hominissuis culture lysate in Lane 3, 2 µL M. 
paratuberculosis culture lysate in Lane 4, 2 µL M. paratuberculosis culture lysate 
in Lane 5, 2 µL M. paratuberculosis culture lysate in Lane 6, and 2 µL of PCR 
control in Lane 7. The expected product of 399 base pairs for IS900 was only 
amplified in lanes 4,5 and 6, which contained Map culture lysates.  
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Figure 3.2: hsp65 PCR Confirmation of Map Cultures. The gel was loaded as 
follows: 5 µL 100 bp molecular mass marker in Lane 1, 2 µL M. smegmatis culture 
lysate in Lane 2, 2 µL M. hominissuis culture lysate in Lane 3, 2 µL M. 
paratuberculosis culture lysate in Lane 4, 2 µL M. paratuberculosis culture lysate 
in Lane 5, 2 µL M. paratuberculosis culture lysate in Lane 6, and 2 µL of PCR 
control in Lane 7. The expected product of 960 base pairs for hsp65 was only 
amplified in lanes 4,5 and 6, which contained Map culture lysates.  
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Figure 3.3: RFLP Analysis of hsp65. The gel was loaded as follows: 2 µL of 
hsp65-PCR reaction for M. smegmatis culture lysate in Lane 1, 2 µL of hsp65-
PCR reaction for M. hominissuis culture lysate in Lane, 2 µL of hsp65-PCR 
reaction for M. paratuberculosis culture lysate in Lane 3, 2 µL of hsp65-PCR 
reaction for M. paratuberculosis culture lysate in Lane 4, 2 µL of hsp65-PCR 
reaction for M. paratuberculosis culture lysate in Lane 5, 2 µL of hsp65-PCR 
reaction for PCR control lysate in Lane 6. Following the digestion of the 
restriction fragment length polymorphism with PstI, the restriction enzyme 
produced two bands of approximately 515 and 415 bp, which was expected from 
hsp65-PCR reactions originating from Map cultures, lanes 3,4 and 5.  
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A. 

 

B. 

 

Figure 3.4: Microscopy of mCherry Map Gc86. To confirm expression of 
pMADDOGPM5, fluorescent Map was visualize microscopically at 400x 
magnification. A. DIC image of mCherry Map Gc86. B. Fluorescent image of 
mCherry Map Gc86 
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Figure 3.5: OD600 vs. CFU. mCherry Map Gc86 cells were adjusted to a range 
of OD600, serially diluted and plated in triplicate in order to determine 
corresponding CFUs 
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Figure 3.6: OD600 vs. Fluorescent Intensity. mCherry Map Gc86 cells were 
adjusted to a range of OD600 (0.1-1.0), plated in triplicate and measured for 
mCherry fluorescence.  
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A. 

  

B. 

 

Figure 3.7: In Vitro BoMac Infection Model. To visualize phagocytic uptake of 
mCherry Map Gc86, infected BoMacs were visualized microscopically at 400x 
magnification. DIC and Fluorescent images were obtained.  A. DIC image of 
mCherry Map Gc86 infected BoMac after 3 hr of infection.  B. Fluorescent image 
of mCherry Map Gc86 infected BoMac after 3 hr of infection  
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A. 

  

B. 

 

Figure 3.8: In Vitro MDM Infection Model. To visualize phagocytic uptake of 
mCherry Map Gc86, infected MDMs were visualized microscopically at 400x 
magnification. DIC and Fluorescent images were obtained.  A. DIC image of 
mCherry Map Gc86 infected MDMs after 3 hr of infection.  B. A fluorescent 
image of mCherry Map Gc86 infected MDMs after 3 hr of infection  
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Figure 3.9: Effector function of Bovine MDM in response to mCherry Map 
Gc86. To determine the effector killing of mCherry Map Gc86 by bovine MDM, 
infected MDMs were analyzed for fluorescence of internalized bacteria at 3, 24, 
48, 72 and 96 hr. 
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A. 

 

B. 

 

Figure 3.10: Microscopy of calf passaged mCherry Map Gc86. To confirm 
expression of pMADDOGPM5, fluorescent Map was visualize microscopically at 
400x magnification. A. DIC image of mCherry Map Gc86. B. Fluorescent image 
of mCherry Map Gc86 
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3.6: Tables 

Table 3.1:  Primer sequences for PCR confirmation of Map Culture 

  

Primer 
Name 

Gene Sequence 5’-3’ Product 
Size 

IS900p90  
 

GAAGGGTGTTCGGGGCCGTCGCTTAGG          
Sanderson et al. (1992) 

IS900P91  
 

IS900 

GGCGTTGAGGTCGATCGCCCACGTGAC 
Sanderson et al. (1992) 

399 bp 

TB13 * 
 

GGCTACATCTCGGGGTACTTC 
Eriks et al. (1996) 

65-1400 * 
 

hsp65 

CTCGGTGGTCAGGAACAGC 
Eriks et al. (1996) 

960 bp 

hspXf 
(hspX) 

ACCGCCTATCTGTGGAAC 
Miller et al. (1999) 

hspXr 
(hspX) 

hspX 

TCATGCCGGTGTGAGTAC 
Miller et al. (1999) 

211 bp 
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Table 3.2: Primer sequences for amplifying mCherry 

 

 

 

 

 

 

 Sequence 5’-3’ 

mc-

For1 

5’CAGGGATCCCCTAGGAGGAATCACCATGGCCTCCTCCGAGGACGTC

ATCAAGGAGTTCATGCGCTTCAAGG3’ 

mc-

Rev1 

5’GCCGCTAGCTTACTTGTACAGCTCGTCCATG3’ 
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Table 3.3:  Enzymatic Digestion of Purified mCherry & Vector Products 

 

 

 

 

 

Reagent Gel mCherry PCR mCherry pKMOP-B vector 

BamHI 1 µl 4 µl 4 µl 

NheI 1 µl 4 µl 4 µl 

DNA 20 µl (13.20 ng/µl) 4 µl (239.1 ng/µl) 3 µl (327 ng/µl) 

Buffer 3 µl 3 µl 3 µl 

H20 5 µl 15 µl 16 µl 

Total  30 µl 30 µl 30 µl 
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Table 3.4: DNA quality & quantity of digested vector & mCherry fragments 

 

 

 

 

 

Fragment  A260/A280 Concentration 

mCherry digest 1.89 66.78 ng/µl 

mCherry 1.93 61.60 ng/µl 

Vector digest 

BamHI-NheI  

1.98 11.45 ng/µl 

Vector digest 

BamHI 

1.49 7.675 ng/µl 

 

 

 
 
 

 

 

 



 57 

Table 3.5: Ligation of pKMOP-B and mCherry BamHI-NheI fragment to 

create pMADDOGPM5 

 

 

 

 

 Insert & Vector Vector digest with 

BamHI &NheI 

Vector digest with 

BamHI only 

Vector 9 µl (11.5 ng/µl) 9 µl (11.5 ng/µl) 12 µl (11.5 ng/µl) 

Insert 2 µl (33 ng/µl) 0 µl 0 µl 

10x Buffer 1.5 µl 1.5 µl 1.5 µl 

T4 Ligase 1 µl 1 µl 1 µl 

H20 1.5 µl 3.5 µl 0.5 µl 

Total 15 µl 15 µl 15 µl 

Colonies  Yes  No  No 
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Table 3.5: Purity and concentration of pMADDOGPM05 from four test 

colonies. 

 

 

 

 

 

Colony A260/A280 Concentration ng/µL 

1 1.67 115.2 

2 1.74 77.2 

3 1.49 46.93 

4 1.69 64.92 
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Chapter 4:  Infection of Monocyte-derived macrophages 

with a reporter Mycobacterium avium subsp. 

paratuberculosis strain: Validation of the susceptibility 

SNP (-298A>G) in the bovine MIF gene 

4.1: Abstract 

 

Macrophage migration inhibitory factor (MIF) plays a pivotal role in the 

host innate immune and inflammatory response. This cytokine promotes the 

inflammatory response by stimulating the release of pro-inflammatory cytokines, 

neutralizing the anti-inflammatory effects of glucocorticoids and suppressing 

cellular apoptosis. The primary objective of the present study was to assess the 

association between SNP (-298 A>G), located in the MIF promoter, with 

susceptibility to Mycobacterium avium subsp. paratuberculosis infection (Map). In 

order to evaluate this objective, monocyte-derived macrophages from healthy 

Holstein cattle carrying either the MIF -298 AA (n=6) or GG genotype (n=6) were 

infected with a reporter Map strain. This fluorescent Map strain was utilized to 

determine effector killing of bacteria and MDM viability during infection. The MDM 

phagocytized the reporter Map strain, however, no significant difference was 

observed between AA or GG (MIF-298A>G) based on these two functional 

endpoints. 
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4.2: Introduction 

JD is a chronic enteric disease of ruminants caused by Mycobacterium 

avium subsp. paratuberculosis (Map), and is characterized by profuse diarrhea, 

weight loss, decreased milk production and death [5]. Cattle usually become 

infected with Map as calves, but clinical signs of infection do not manifest until 

the cows second or third lactation [166]. Calves generally become infected with 

Map after ingesting the bacteria from the surrounding environment [5].  Currently 

there is no treatment for disease and controlling disease through management 

practices can be complicated by the long latent period of infection [167].  

Vaccination of calves results in a reduction of animals that reach the clinical 

stage of disease, but it does not prevent infection and shedding of bacteria 

[35,36,168-170].  

Host genetic factors influence the degree of resistance to infectious 

diseases. Susceptibility to Map infection in cattle is known to be a heritable trait, 

with heritability estimates ranging from 0.06 to 0.183 [48,49]. Differences in Map 

susceptibility have been observed amongst different cattle breeds with Jersey 

and Shorthorns being more susceptible to JD than Holstein breed and its crosses 

[50]. This indicates that susceptibility to Map infection is at least partially 

determined by genetic factors, and that selecting for increased JD resistance 

may have utility [23].  

A genetic association study conducted by Verschoor et al. found that there 

was a significant association between -298A>G SNP in the MIF promoter and 

susceptibility to Map infection status [55]. They demonstrated that there was a 
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significant additive effect with the ‘G’ allele in the MIF SNP (-298 A>G) and the 

likelihood of testing positive for Johne’s disease (p=0.029) based on ELISA. The 

frequency of the MIF SNP (-298 A>G) genotypes in the test population were; 

AA=16.1%, AG=46.4% and GG=37.3%. 

Macrophage migration inhibitory factor (MIF) is an important regulator of 

the innate immune system and plays a critical role in the control of bacterial 

infections [121]. Many cell-types, including immune, epithelial, and endothelial 

cells constitutively express this unique pro-inflammatory cytokine. MIF is stored 

in the cytoplasm and is released after simulation with pro-inflammatory cytokines 

such as interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α), 

glucocorticoids, reactive oxygen species, and bacterial endotoxin [122]. MIF has 

been described as a unique pro-inflammatory cytokine whose principal functions 

include modulating Toll-like receptor 4 (TLR4) expression, promoting cellular 

survival, suppressing the anti-inflammatory effects of glucocorticoids, and 

modulating the T Helper 1/T Helper 2 balance during the inflammatory responses 

[123,124]. MIF has been shown to directly or indirectly increase the expression of 

the pro-inflammatory molecules, IFN-γ, TNF, IL-1B, IL-2, IL-6, IL-8, macrophage 

inflammatory protein 2 (MIP-2) [125-128], cyclooxygenase-2 (COX2), 

prostaglandin E2 (PGE2) [129] and nitric oxide [130,131]. MIF has been 

implicated in chronic inflammatory diseases of humans including rheumatoid 

arthritis, cystic fibrosis, asthma, glomerulonephritis, and inflammatory bowel 

diseases [132,133]. As stated above, MIF has been suggested to play a role in a 
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number of inflammatory diseases and has been implicated in modulating the 

outcome of disease progression.  

In this study, a recombinant Map clinical isolate expressing mCherry, a 

variant of the Dicosoma Red Fluorescent Protein, was used to infect monoycyte-

derived macrophages in vitro from cows genotyped based on -298A>G SNP in 

MIF to compare effector killing of bacteria by macrophages and macrophage 

viability.   

4.3: Material & Methods 

4.3.1: Bacterial strains and in vitro culture 

The Mycobacterium avium subsp paratuberculosis strain Gc86 expressing 

mCherry was used for the infection study. The strain was confirmed as Map 

based on: its slow growth rate, dependence on the siderophore mycobactin J for 

in vitro growth, Ziehl-Neelsen staining, RFLP analysis of hsp65, and PCR 

amplification of IS900, hsp65 and hspx genes.  

4.3.2: Animals   

Fifty holstein dairy cows were used for this study. The animals were 

housed at the University of Guelph Elora Dairy Research Center (Elora, Ontario, 

Canada). All animals were maintained according to the Canadian Council on 

Animal Care guidelines (2009). 

4.3.3: Isolation of DNA for genotyping  

Blood was collected from the tail vein of healthy cows using sodium citrate 

as an anticoagulant.  Whole blood was centrifuged at 1600 rpm for 30 min at 4°C. 
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Concentrated leukocytes were aspirated using a plastic transfer pipette and 

transferred into a 15 ml conical tube.  Red blood cells were lysed with 

approximately 2 ml of Milli Q water, the tube was then filled with PBS and the 

cells were harvested by centrifugation at 1600 x rpm for 15 min. The cell pellet 

was resuspended in 400 ul of PBS, and the DNA was isolated using the DNeasy 

Blood & Tissue Kit (Qiagen, Toronto, ON, Canada) following the protocol that 

was provided. 

4.3.4: Genotyping nucleotide polymorphism in cattle population 

The tetra-primer ARMS-PCR technique [171] was used to type the SNP (-

298 A>G) in the promoter of the MIF gene. PCR was performed in 20 μL 

reactions in DNase and RNase-free sterile PCR tubes to amplify DNA fragment 

containing the SNP located in the MIF promoter. Each reaction contained 50 ng 

of template DNA, 0.4 mM of dNTP mixture, 10 mM of each inner primer, 1 mM of 

each outer primer, appropriate concentrations of buffer and MgCl2 and 0.5 Unit of 

Taq polymerase; the primers are listed in Table 4.1. PCR cycling conditions 

were: initial denaturation for 5 min at 94°C, followed by 35 cycles of 94°C for 1 

min, 62°C for 1 min, 72C for 1 min, and ending with a final extension step of 72°C 

for 10 min. 

A 10 ul aliquot of the PCR product was mixed with 4 ul of loading buffer 

and subjected to horizontal 1.5% non-denaturing agarose gel electrophoresis to 

verify PCR product size. The gel was stained with Redsafe (Chembio, Bricket 

Wood, Hertfordshire, United Kindom) and visualized using the Gel Doc XR 

System (BioRad, Mississauga, ON, Canada). 
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4.3.5: Monocyte isolation and culture of bovine monocyte-derived 

macrophages  

Protocols were previously described in Chapter 3; Section 3.3.10 (page 

30) 

4.3.6: In vitro challenge of bovine monocyte-derived macrophages     with 

mCherry Map 

Previously described in Chapter 3, page 31. From each cow MDM were 

seeded at 1 x 104 cells per well and were challenged with Map at a MOI of 10:1.  

Once challenged MDM were cultured for 3 hr at 37°C, 5% CO2 to allow 

phagocytosis of Map. This incubation time was found to be optimal for 

phagocytosis of Map. Control wells contained antibiotic-free media. After 3 h of 

infection, the media was removed and the MDMs were washed three times with 

fresh media to remove any non-adherent Map. Fresh antibiotic-free media was 

then added to each well (200 μL) and re-incubated at 37°C, 5% CO2 until 

harvested at each at the experimental time point. 

Phagocytosis and Map killing was assessed by measuring the 

fluorescence intensity of mCherry. At 3, 24, 48, 72 and 96 hr post-infection, 

media was removed from hexaplicate wells and MDM monolayers were washed 

twice with PBS. The internalized fluorescent reporter Map strain was quantified 

using the Wallac-1420 VICTOR3 Multilabel Counter. Next, 100 ul of PBS 

containing calcein AM (19.88 ul/10 ml of PBS) was added to each well. Calcein 

AM is a non-fluorescent compound that is cell permeable, it converts to a green 

fluorescent calcein when hydrolyzed by intraceullar esterases in live cells 
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[172,173].  The plates were incubated for 20 min at 20°C. The fluorescence at 

(495/515 nm) was quantified using the Wallac-1420 VICTOR3 Multilabel 

Counter.  

4.3.7: Statistical analysis 

Mixed models were used to analyze repeated measurements over time for 

effector killing of Map and for effector killing of Map with survival as a covariate. 

The model included time, genotype and treatment (infected vs. control). Helmert 

and orthogonal polynomial contrasts over time, and interactions of these 

treatments were used to assess killing of Map by MDM and viability of MDM. 

4.4: Results   

Although Map infection stocks were produced from pure cultures, Map 

purity was confirmed by colony morphology on 7H11 agar plates and by PCR 

amplification of IS900 and hsp65 as well as restriction RFLP analysis of hsp65. 

DNA fragments were electrophoresed on agarose gel, and fragment size was 

visualized by ethidium bromide staining. The anticipated product size of 399 bp 

for IS900I and 960 bp for hsp65 was amplified from fluorescent Map infection 

stock. RFLP analysis of hsp65 with PstI produced two bands of approximately 

515 and 415 bp. This is consistent from stocks that contain Map and are not 

contaminated with other mycobacterium species.  

The tetra-primer ARMS-PCR technique was effectively used to genotype 

the SNP (-298 A>G) in the MIF gene as indicated by the expected PCR product 

sizes for the A and G alleles, 140 and 200 bp, respectively (Figure 4.1). 

Homozygote animals for the MIF SNP (-298 A>G) produced 1 band of the 
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appropriate size (AA = 140 bp or GG= 200 bp, respectively) where as 

heterozygotes created both A (140 bp) and G (200 bp) allele bands. Based on 

the genotyping results two sample groups of animals were constructed to carry 

out the infection study; MIF -298 AA (n=6) and GG genotype (n=6). 

The fluorescent reporter Map strain was used for rapid quantification of 

bacterial numbers to determine the effector killing of bacteria by host cells. 

Infected MDMs were examined microscopically for phagocytic uptake of Map 

(Figure 4.2). Fluorescent values for Map obtained from the plate reader were 

log-log transformed to normalize sample variance. Phagocytic uptake of 

fluorescent Map was different but it was not significant between the AA and GG 

genotypes after 3 hr of co-infection (Figure 4.3). At 24 hr post-infection 

fluorescent intensity of intracellular Map was still very different but statistics 

proved otherwise. There was also no significant difference between the 

genotypes to effectively kill intracellular Map. Macrophage viability was also 

assessed during the infection study using calcein AM. Survival did not appear to 

be different over time between control and infected groups or between 

genotypes.  

4.5: Discussion  

The purpose of the present study was to assess the association between 

the MIF SNP (-298 A>G) with susceptibility to Map infection. A previous genetic 

association study performed by Vershoor et al. [55] revealed an association for 

MIF -298A>G on Map-infection status (0.35±0.16, p<0.03).  In order to attempt to 

validate these findings, two groups were constructed, MDMs from healthy cows 
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carrying either the MIF -298 AA or GG genotype. MDMs were challenged with a 

fluorescent Map strain to determine effector killing of bacteria by the host 

macrophage and a calcein AM stain was used to evaluate survivability of infected 

cells. Results were compared between genotypes to evaluate phagocytosis, the 

effect of the MIF SNP on the viability of host cell after infection, and the ability of 

MDM to kill phagocytosized bacteria.  

For the small sample set (n=6 for each genotype) there was no significant 

difference between AA or GG (MIF-298A>G) genotypes when evaluating the 

viability of infected host cells or with effector killing of intracellular Map.  The 

results from this in vitro work do not provide any functional evidence in support of 

the association observed by Vershoor et al. between the MIF SNP (-298 A>G) 

with susceptibility to Map-infection status. MIF plays an important role in the 

innate immune and inflammatory response of the host against invading 

pathogens [174] and it can maintain the pro-inflammatory response of 

macrophages by inhibiting p53-mediated apoptosis induced by endotoxins from 

bacteria [129]. It is interesting to consider the relationship between Map and host 

cells. Map is able to survive and replicate inside the host macrophage by 

preventing phagosome maturation, a method used to eliminate phagocytized 

bacteria [175,176]. Generally, intracellular infections should result in apoptosis of 

the infected cell to properly kill and to present bacterial antigens to the host 

adaptive immune system by a practice known as efferocytosis [101].   

Macrophages play a critical role in the initiation of adaptive immunity [177] and 

many of the cytokines that they produce are essential for T lymphocyte activation 
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[178]. If infected host cells do not undergo apoptosis and dies by necrosis, the 

pathogen can be released and spread to new targets [105-107]. Results from a 

study conducted by Kabara et al. demonstrated that populations of Map-infected 

macrophages had less apoptotic cells than control populations. Also, Map-

infected cells had reduced sensitivity to induction of apoptosis by H202. Results 

from the present study did not reveal any significant differences between control 

and infected groups or between genotypes with live cell population. Again, even 

though the present study did not demonstrate a significant difference between 

the SNP (-298 A>G) in the MIF gene, it does not mean that this cytokine is not 

playing a critical role in the pathogenesis of JD. In order to properly assess the 

MIF SNP (-298 A>G) it would be good to know the effect of the polymorpism that 

is located in the promotor region of the MIF gene. Does it result in an increase or 

decrease in expression of the MIF? MIF clearly has an effect on the outcome of 

many diseases. In human pulmonary tuberculosis for example, elevated MIF 

serum levels have been correlated with disease severity [179]. Similar results 

were obtained in an in vitro model, where antibody-mediated neutralization of 

MIF increased M. tuberculosis growth in MDMs, while the addition of 

recombinant MIF decreased growth in a dose-dependent manner [100]. A 

potential explanation for why this was not observed in the present in vitro study is 

because the genotypes did not result in altered expression of MIF. If MIF 

production by macrophages were the same between the two genotypes one 

would not expect to see a difference in MDM viability or effector killing of Map. In 

summary, analyses of survivability between the MIF SNP (-298 A>G) 
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homozygote genotypes did not reveal anything significant when comparing the 

two genotypes, but given the important role played by MIF in promoting the pro-

inflammatory response further investigation is warranted on in its relationship to 

JD and its progression. 
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4.6: Figures 

Figure 4.1: Tetra-Primer ARMS-PCR. Results of tetra-primer ARMS-PCR 
reaction with the MIF gene -298A>G. Product size for homozygote G allele: 200 
bp, lanes 10, 11 and 15. Product size for the homozygote A allele: 140 bp, lanes 
6, 8, 9, and 12. Product size of two outer primers: 284 bp, lanes 1-18. 
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A. 

  

B. 

 

Figure 4.2: In vitro MDM infection model. To visualize phagocytic uptake of 
mCherry Map Gc86, infected MDMs were stained with calcein AM and visualized 
microscopically at 1000 x magnification. DIC and Fluorescent images were 
obtained.  A. DIC image of mCherry Map Gc86 infected MDMs after 3 hr of 
infection.  B. A merged fluorescent image of mCherry Map Gc86 infected MDMs 
stained with calcein AM after 3 hr of infection  
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Figure 4.3: Phagocytic uptake & effector function of Bovine MDM. To 
evaluate the effect of SNP (-298A>G) on effector killing of mCherry Map Gc86 by 
bovine MDM, infected MDMs were analyzed for fluorescence of internalized 
bacteria at 3, 24, 48, 72 and 96 hrs.  
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Figure 4.4:  MDM Survivability during Map infection. To evaluate the SNP (-
298A>G) on viability of bovine MDM, infected MDMs were analyzed for 
fluorescence of calcein AM at 3, 24, 48, 72 and 96 hrs.  
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4.7: Tables 

Table 4.1:  Tetra-primer ARMS-PCR primers 
 

Primer 
name 

Sequence 5’-3’ Melting 
Temp 
(C°) 

Product 
size 

Forward 
inner 
primer (G 
allele) 

TCACTCACACGCACACACATACACAGTCG 72 200 bp 

Reverse 
inner 
primer (A 
allele) 

AGTCTCCCGGGCCGCAGTCGCGCTAAT 79 140 bp  

Forward 
outer 
primer 

CCAAGAGCTGGGTGCAGGAAGGTCCCT 75 284 bp 

Reverse 
outer 
primer  

GCGGCCGGAAGTGTCAGTCCTTTCACTT 75 284 bp 
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Chapter 5: General discussion and conclusions   

We have come to a period in time where scientific advances have opened 

up new avenues to explore and understand the development of JD and the 

complex interaction among the host, Map and environmental factors. Genetic 

selection as a method for disease control, has emerged into a promising field. 

Considerable evidence has been collected that proves that host genetic factors 

influence the outcome of disease progression. Identifying genetic variation that 

influences host susceptibility to Map infection will be imperative in progressing 

the understanding the pathogenesis of JD. Susceptibility to Map infection in cattle 

is recognized as a heritable trait, with heritability estimates ranging from 0.06 to 

0.183 [48,49]. Diffeences in Map susceptibility have been observed amongst 

different cattle breeds with Jersey and Shorthorns being more susceptible to JD 

than Holstein cattle and its crosses [50]. This implies that susceptibility to Map 

infection is at least partially determined by genetic factors, and that selecting for 

increased JD resistance may have utility [23]. Genetic selection for disease 

resistance is an enduring process but the gains are permanent; genetic gains 

from one generation add to the improvement of the next generation [56]. 

A genetic association study conducted by Verschoor et al. found that there was a 

significant relationship between -298A>G SNP in the MIF promoter and 

susceptibility to Map infection status [55]. They demonstrated that there was a 

significant additive effect with the ‘G’ allele in the MIF SNP (-298 A>G) for the 

likelihood of testing positive for JD (p=0.029) based on ELISA.  The authors 

concluded that functional validation of the SNP was required in a number of 



 76 

disease related traits before it should be employed in a selective breeding 

program. In order assess the involvement the -298A>G SNP in the MIF promoter 

with innate defense to Map infection, our first objective was to develop an in vitro 

infection model using a fluorescent Map clinical isolate. In order to detect 

bacterial load within host immune cells, we cloned the gene encoding mCherry 

into a clinical isolate of Map. The fluorescent isolate was used to quantify 

bacterial numbers, detect infected macrophages in vitro using fluorescent 

microscopy, determine effector killing of bacteria by macrophages and was 

tested in an in vivo calf infection study to assess its stability. The mCherry 

carrying Map strain expression remained stable after a 60 day in vivo calf 

infection indicating no adverse effect due to the presence of the plasmid. The 

linear relationship that was established between bacterial numbers and 

fluorescent intensity made this Map isolate particularly useful when evaluating 

the involvement of the -298A>G SNP with innate defense to Map infection. The 

development of mCherry Map Gc86 will help JD research because this reporter 

can be used to detect differences between a SNP as well as different haplotype 

constructions in their innate defense capabilities against Map infection.  

The final objective of the present study was to use the fluorescent Map 

isolate to assess the association between SNP (-298 A>G) with innate 

susceptibility to Map infection. Thus an in vitro infection model was designed to 

evaluate the AA or GG (MIF-298A>G) genotype on their ability to phagocytosize 

and kill Map as well as determine macrophage viability during infection. In order 

to examine the effect of the SNP, two groups were constructed, MDMs from 
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healthy cows carrying either the MIF -298 AA or GG genotype. Results were 

compared between genotypes to determine the effect of the MIF SNP on viability 

of host cell once infected, and the ability to phagocytosize and kill internalized 

bacteria. The results from the study indicated that there was no significant 

difference between AA or GG (MIF-298A>G) based on these two functional 

endpoints. In order to properly validate the SNP located in the MIF promoter it 

would be beneficial to know the effect of each genotype on the regulation the MIF 

expression; this was a limitation of the present research.  

JD resistance is considered a polygenic trait; as in susceptibility to Map 

infection is a result of a combination of many genes [15]. A particular gene will 

not confer resistance to JD, it will be many genes that will influence the outcome 

of disease progression. It is necessary for researchers to identify the importance 

of genetic variation in susceptibility to Map infection and not only validate their 

effects but also examine their effect with other genes of interest. This type of 

work will help advance the process of genetic selection for disease resistance to 

Map infection and help develop tools for its control. 
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