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Mycobacterium avium subsp. paratuberculosis (MAP) is a cause of 

Johne's disease (JD) in cattle and other ruminants. MAP infection in the bovine 

host is not well characterized. It is assumed that crossing the bovine intestinal 

mucosa is important for MAP to establish infection. MAP's ability to infect 

bovine epithelial cells in culture was determined. Cultured monolayer of Madin- 

Darby Bovine Kidney (MDBK) cells were infected by 0.90,1.25 and 3.37 % of 

initial inoculum after 1, 2 and 4 h of incubation, respectively. The results suggest 

that MAP can establish infection in bovine epithelial cells. Previous clinical 

studies on MAP infection have suggested that aftet; establishment of the infection 

in the intestinal mucosa, systemic spread of the infection can occur involving 

mammary gland. To test the ability of MAP to infect bovine mammary epithelial 

cells, MAP culture was incubated with mammary epithelial cells (MAC-T). The 

results showed an uptake of 1.80,2.51 and 3.64 % of the bacterial inoculum after 

1, 2 and 4 h of contact time, respectively, suggesting that MAP can infect 



mammary epithelial cells. MAP was also shown to translocate across MAC-T 

cells, from both the apical and the basolateral surfaces at approximately the same 

level of efficiency (0.11% after 24 h to 0.49% after 96 h). Influence of 

environmental conditions prior to infection were also investigated. Because MAP 

can be transmitted to the calf by milk, which is a hyperosmolar medium, it was 

investigated whether prior incubation in milk impacted the efficiency of invasion. 

The results indicated that MAP exposed to milk had greater invasion efficiency 

for MDBK cells compared to MAP exposed to broth or water (P <0.01). Prior 

intracellular incubation of MAP in MAC-T cells resulted in an increased ability of 

MAP to enter bovine epithelial cells (P< 0.001). DNA microarray analysis of 

MAP genes expressed under intracellular incubation in MAC-T cells revealed that 

upregulation of genes may be associated with the invasive phenotype. To identify 

MAP factors associated with invasion of intestinal epithelial cells, a signature- 

tagged mutagenesis system was created. Individual screening of 600 mutant 

clones identified 4 mutants with impaired ability to enter cultured bovine 

epithelial cells (MDBK). Mutant clones 2C12, 265,286 and 2D1 showed 

significantly less invasive ability (P<0.01) compared to the wild type bacterium. 

Nucleotide sequencing of 4 mutant clones was carried out. The gene sequence 

analysis was carried out to identify the transposon insertion site and the 

interrupted gene in the mutant clones. The results indicated that mycobacterial 

cell entry (mcelD), oxidoreductase operon, NADH-ubiquinone oxidoreductase 

and potassium transporter (trkA) are invasion-associated genes for entry of MAP 

into MDBK bovine epithelial cells in vitro. Complementation of oxidoreductase 



gene did not revert the invasive phenotype suggesting that other genes in the 

oxidoreductase operon may be associated with invasion. 
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Characterization of the Interaction Between Mycobacterium avium subsp. 
paratuberculosis and Bovine Epithelial Cells in Culture and Identification of 

Invasion-Associated Genes by Transposon Mutagenesis 

Chapter 1 
Introduction 

Johne's disease (JD), or paratuberculosis, is an intestinal infection of ruminants. It is 

caused by Mycobacterium avium subsp. paratuberculosis (MAP). It is estimated that 

22% of dairy herds and 8% of beef herds in the United States are infected with MAP 

(Linnabary et al., 2001). Certain characteristics of JD compromise efforts to eradicate it 

from cattle herds. For example, infection occurs in young animals at an early age, but the 

infection is usually silent during the following two to four years. MAP is excreted in 

feces and milk of infected cows, which allows propagation of the disease by ingestion of 

contaminated milk, water, or fecal material (Bannantine et al., 2004; Harris and Barletta, 

2001). Most cattle with JD are infected soon after birth from ingestion of infected 

colostrum, milk or feces (Sweeney, 1996). Alternatively, calves may also be infected 

across the uterine and placental barriers before birth. 

Clinical signs of JD include chronic diarrhea and weight loss despite adequate nutrition. 

Animal illness occurs in a "one-at-a-time" fashion in the herd, which often does not 

unduly alarm the producer. Inattention to this entity has resulted in JD becoming one of 

the most prevalent and costly diseases of the dairy cattle industry in the United States 

(Collins, 1994). 



Association of MAP with Crohn's disease (CD), a chronic, progressive, enteric disease of 

humans, has been suggested. Because the clinical symptoms of CD are somewhat similar 

to those found in animals with JD, and because non-caseating granulomatous 

inflammation is a feature of both diseases, it has been proposed that MAP is the causative 

agent of CD (Van Kruiningen et al, 1986). Whether the association is causal or 

incidental, however, has not been determined. Studies to determine how MAP could be 

transferred from animals to humans have focused on milk (Linnabary et al, 2001). 

Current concerns regarding a possible relationship between CD and JD have been 

heightened by the detection of live MAP in milk from the US retail market (Anon, 2004). 

The Marshfield study implied that viable MAP bacteria are present after pasteurization in 

approximately 3% of U. S. market milk. This has served as an impetus to control JD in 

dairy herds. The dairy industry must assure the public that they are providing a clean and 

safe product for consumers (Anon, 2004). 

MAP is believed to be acquired through the gastrointestinal tract of young animals. To 

reach the intestinal mucosa, MAP needs to resist the environmental conditions 

encountered in the stomach and intestinal tract. Following passage through the stomach, 

MAP survives the conditions in the intestinal tract and it is capable of crossing the 

intestinal wall. Interaction of MAP with host intestinal epithelial cells appears to be one 

of the key events in the infection process. After oral ingestion, MAP organisms are taken 

up by mucosal cells of the small intestine (Momotani et al, 1988). The primary sites of 

bacterial replication are the terminal portion of the small intestine (ileum) and the large 

intestine. With high levels of MAP exposure, rapid replication of organisms can occur, 



leading to early development of lesions and shedding of MAP (Whitlock and Buergelt, 

1996). In contrast, some animals become resistant to infection, some never develop 

lesions nor shed organism, and some have no signs of the disease. The course of the 

disease in most of the infected animals falls between these extremes. After MAP 

infection of the intestinal tract, lesions in the intestinal wall gradually progress resulting 

into malabsorption syndrome. Animals initially have intermittent diarrhea. Thirst 

increases as a result of fluid loss from diarrhea. Animals have no fever and continue to 

demonstrate a normal appetite (Linnabary et ah, 2001). 

Lesions of JD are characterized by intestinal thickening. Associated lymph nodes and 

lymphoid tissues are enlarged several times normal size (Whitlock and Bergelt, 1996). 

Epitheloid macrophages, once activated, elicit T-cell activation and clonal expansion 

(Slagame et al, 1991). Two T-helper cell subpopulations (TH1 and TH2) activate 

different host immune responses. The initial response is a TH1 pattern that is 

characterized by a tissue infiltrate consisting primarily of lymphocytes (Orme, 1993). The 

TH1 response is characterized by production of cytokines gamma interferon (IFNy), and 

tumor necrosis factor alpha (TNF-a). These cytokines are believed to orchestrate the cell- 

mediated immune response necessary to contain intracellular bacteria (Manning and 

Collins, 2001). During the early, sub-clinical stage of MAP infection, TH1 cell activity 

appears to predominate. This sub-clinical phase of infection can last from months to 

years, as the bacilli are contained within macrophages and microscopic granulomas. A 

continuous T-cell response is required to maintain the granulomas, control bacterial 

replication, and minimize tissue damage. Animals typically begin to exhibit non-specific 



clinical signs of MAP infection, such as weight loss and diarrhea as the animal enters the 

TH2 stage of infection (Stabel, 1990). The trigger for this transition is not known. The 

TH2 T cells stimulate production of cytokines that coordinate a humoral (antibody) 

immune response (IL-4, IL-5 and IL-6). This humoral response may not be protective and 

does not seem to halt the progression of MAP infection nor pathology. The influx of 

inflammatory cells causes the intestinal wall to thicken until it is no longer functional, 

leading to malabsorption and a protein-losing enteropathy (Patterson et al, 1967). A 

concomitant elevation of TNF-a also contributes to emaciation of tissue through the 

stimulation of tissue catabolism (Adams and Czuprynski, 1995; Adams et al, 1996). At 

this stage of infection, the organism may disseminate within and beyond the 

gastrointestinal tract, e. g., lesions to the kidney, liver and mammary gland are comprised 

of infiltrating macrophages packed with organisms (Pavlik et al, 1990). 

Several studies have attempted to characterize MAP adhesins that are associated with the 

ability of the bacterium to interact with intestinal epithelial cells. A homologue of 

fibronectin-attachment protein (FAP-A), previously described in Mycobacterium avium 

(MA)( Zhao et al, 1999), has been identified as a surface protein present on MAP. The 

FAP-A is a protein that interacts with fibronectin, allowing bacteria to use fibronectin as 

a bridge to bind to integrin receptors on the surface of mucosal cells (Secott et al, 2001; 

Secott et al, 2004). This hypothesis is supported by the previous electron microscopy 

study that showed presence of MAP inside M-cells of orally infected cows (Momotani et 

al, 1988). The M-cell is the only intestinal cell that expresses fibronectin receptors on the 

surface. Studies on MA infection of the intestinal mucosa of mice have indicated that 



although a small percent of MA is taken up by M-cells, the majority of bacteria enter the 

intestinal epithelial cells (Sangari et al, 2001). Histopathological analysis shows MAP 

infecting intestinal epithelial cells, which can either be explained by MAP crossing the 

basolateral membrane to a neighboring cell or by primary invasion of epithelial cells. 

In addition, a 35-kD protein has been identified that when expressed in the intestinal 

environment confers MAP the ability to invade bovine epithelial cells in vitro 

(Bannantine et al, 2003b). However, infection is a complex event, and it is hypothesized 

that other virulence factors may be involved in MAP's ability to infect the intestinal 

mucosa. 

Several studies have reported the presence of MAP in the mammary gland and in the 

milk of asymptomatic cattle (Sweeney et al, 1992; Streeter et al, 1995; Taylor et al, 

1984; Barrington et al, 2003). This sort of observation raises the possibility that the 

mammary gland could be a reservoir for MAP. Anatomically, mammary gland 

epithelium is organized such that basolateral cell surfaces of mammary epithelial cells 

face the blood capillaries and the apical membrane is exposed to the alveolar lumen. The 

apical side of mammary epithelial cells is the usual site of infection by mastitis 

pathogens. Therefore, MAP invasion through the basolateral surface would be secondary 

to blood infection, while MAP infection through the apical surface would mean that the 

bacterium is acquired by the ascending route of infection. 

The environmental conditions in the intestinal lumen have been shown to impact the 

ability of the closely related mycobacterium, MA, to invade intestinal epithelial cells 



(Bermudez et al, 1997). This suggests that environmental conditions in the intestinal 

tract, such as hyperosmolarity and hypoxia may regulate invasion-associated genes. It has 

been shown that the conditions in the host environment to which a bacterium is exposed 

can influence the expression of genes that might be associated with the bacterium's 

ability to enter epithelial cells. For example, exposure of MA to low oxygen tension and 

increased osmolarity conditions significantly enhances its ability to enter intestinal 

epithelial cells (Bermudez et al, 1997). MAP is an intracellular pathogen, and therefore, 

it is in contact with the intracellular environment during the infection process. The 

intracellular environment of the mammary gland is believed to be hyperosmolar and 

hypoxic as may be expected in the intracellular conditions. Interaction of MA with 

environmental amoeba has been shown to enhance its virulence (Cirillo et al., 1997). It is 

reasonable then, to hypothesize that the conditions within the mammary gland, or 

mammary gland epithelial cells, can regulate gene expression in the bacterium. 

The MAP genome is sequenced (Bannantine et al, 2003), but little is known about the 

biology of the MAP infection process in the bovine host. Research in MAP pathogenesis 

is required in order to devise more rational diagnostic and control procedures, which 

would allow early detection of sub-clinically infected animals and reduce the incidence of 

disease in the herds. Through a comparative genomics approach, differences in the 

genetic content between MAP and other mycobacteria can become evident. The 

availability of sensitive detection methods could be a useful tool for implementing hazard 

analysis critical control point (HACCP) programs by dairy processors. 



The MAP infection cycle is not well understood. In order for control and intervention 

steps to be successful, it is essential to know how the infection spreads from carrier 

animals to other animals. The spread of infection from primary reservoir to epithelial 

tissues requires specific bacterial and host factors that need to be better elucidated. For 

the long-term objective of eradication of ID from the animal herds, it is important to 

better understand the virulence factors associated with the disease process. Specific 

bacterial virulence factors can be studied by transposon mutagenesis system. Since 

transposon is a mobile element that can randomly integrate into the bacterial 

chromosome, knockout mutants with random mutations can be created. Then screening 

of individual mutants for a phenotype of interest, for example impaired invasion of 

epithelial cells, can be carried out and association of a bacterial gene with a particular 

phenotype can be determined. 

The first objective of this investigation was to determine whether MAP has the ability to 

enter cultured bovine mammary epithelial cells in vitro, and whether MAP pre-exposure 

to milk and the intracellular mammary epithelial cell environment impacts its ability to 

penetrate bovine epithelial cells. The second objective aimed to determine whether 

mammary epithelial invasion occurs via the ascending route or via the systemic route. 

The third objective was to identify genes associated with MAP invasion of bovine 

epithelial cells in vitro. 



Chapter 2 

Ability of Mycobacteriunt avium subsp. paratuberculosis to enter Bovine Epithelial 
Cells is Influenced by Pre-exposure to Hyperosmolar Environment and 

Intracellular Passage in Bovine Mammary Epithelial Cells 

Dilip Patel, Lia Danelishvili, Yoshitaka Yamazaki, Lisbeth Meunier-Goddik, 
Michael Paustian, John P. Bannantine and Luiz E. Bermudez 



Abstract 

Mycobacterium avium subsp. paratuberculosis (MAP) is the cause of Johne's disease 

(JD) in cattle and other ruminants. MAP infection in the bovine host is not well 

understood. It is assumed that crossing the bovine intestinal mucosa is important for 

MAP to establish infection. MAP's ability to infect bovine epithelial cells in culture was 

examined. Cultured monolayer of Madin-Darby Bovine Kidney (MDBK) cells were 

exposed to MAP, and the results suggested that MAP can establish infection and survive 

in MDBK cells. 

The presence of MAP has been reported in mammary tissue and milk. To test the ability 

of MAP to infect bovine mammary epithelial cells, MAP was incubated with mammary 

epithelial cells (MAC-T). Uptake was observed, suggesting that MAP can infect and 

persist in mammary epithelial cells. MAP was also shown to translocate from the apical 

and basolateral surface of polarized MAC-T cells with approximately the same degree of 

efficiency (0.11 % of the inoculum after 24 h to 0.49% after 96 h). Because MAP can be 

delivered to the naive host by milk, it was investigated whether incubation of MAP with 

milk impacted invasion of epithelial cells. MAP exposed to milk entered epithelial cells 

with greater efficiency compared to MAP exposed to broth medium or water (p <0.01). 

Growth of MAP within MAC-T cells resulted in augmented ability to subsequently infect 

bovine epithelial cells (p < 0.001). Microarray analysis of RNA from intracellularly 

incubated MAP indicated that upregulation of invasion-associated genes may be 

associated with invasive phenotype. 
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Introduction 

Mycobacterium avium subsp. paratuberculosis (MAP) is the etiologic agent of Johne's 

disease (JD) in cattle and other ruminants. The MAP genome is now completely 

sequenced (Barmantine et al, 2003) but little is known about the mechanisms of MAP 

infection in the bovine host. After crossing the stomach barrier, MAP survives the 

conditions in the intestinal tract and it is capable of translocating across the intestinal wall 

(Waters et al, 2003; Bannantine et al, 2003; Bannantine et al., 2004). Interaction of 

MAP with bovine host epithelial cells appears to be one of the key events in the infection 

process. Using a cultured bovine epithelial cell system, Bannantine et al. (2003) have 

demonstrated that a membrane-bound 35-kD MAP protein plays a role in invasion of 

bovine epithelial cells. Additionally, Secott et al. (2001; 2004) have shown in a murine 

gut loop model that MAP targets M-cells through a fibronectin bridge formed by 

fibronectin attachment protein homologue (FAP-A). This implies that expression of FAP- 

A is important for virulence and facilitates attachment of MAP to host integrins. MAP 

invasion of epithelial mucosa appears to be a complex process that may involve 

participation of several bacterial and host factors. After MAP enters the intestinal 

mucosa, the infection spreads to other organs in the advanced stages of disease. In fact, 

several studies have reported MAP in the mammary gland and in the milk (Sweeney et 

al, 1992; Streeter et al, 1995; Taylor et al, 1984; Barrington et al, 2003). This 

observation raises the possibility that the mammary gland could be a reservoir for MAP. 

It has been shown that the environment in which a bacterium exists in the host can 

influence the expression of genes that might be associated with its ability to enter 
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epithelial cells. For example, recent studies have demonstrated that exposure of 

Mycobacterium avium subsp. avium (MA) to low oxygen tension and increased 

osmolarity conditions significantly enhance its ability to enter intestinal epithelial cells 

(Bermudez et al, 1997). A previous study on interactions between MA and 

environmental amoeba has shown that intracellular incubation of bacteria in amoeba 

results in enhanced virulence (Cirillo et al, 1997). MAP is an intracellular pathogen, and 

as a consequence it is in contact with the intracellular environment. The environment 

inside the mammary gland is believed to be hyperosmolar and hypoxic. The influence of 

the host intracellular environment on MAP pathogenesis is unknown. However, it is 

reasonable to hypothesize that the conditions within the mammary gland, or mammary 

gland epithelial cells, may impact gene expression in the bacterium. The objective of this 

work was to determine whether MAP has the ability to enter cultured bovine mammary 

epithelial cells in vitro, and whether MAP exposure to milk or the intracellular 

environment of mammary epithelial cells would influence the bacterium's ability to 

penetrate bovine epithelial cells. 

Materials and Methods 

Cell lines 

A bovine epithelial cell line (Madin-Darby Bovine Kidney, MDBK) was purchased from 

American Type Culture Collection (ATCC, Manassas, VA) and maintained on 

Dulbecco's Modified Eagel's Medium (DMEM) supplemented with 10% heat inactivated 

fetal bovine serum (FBS). Bovine mammary epithelial cell line (MAC-T) was provided 

by Dr. Lewis Sheffield (Department of Dairy Science, University of Wisconsin). MAC-T 
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cells were maintained on DMEM with 10% FBS, 5 ng/ml insulin and 1 p.g/ml 

hydrocortisone. 

Bacteria 

Mycobacterium avium subsp. paratuberculosis ATCC 19698, a bovine clinical isolate 

from an animal with JD, was purchased from ATCC. It was grown at 37 0C on modified 

7H11 agar with mycobactin J (2 mg/1), oleic acid, albumin, dextrose and catalase (OADC 

10% V/V), or in 7H9 broth with mycobactin J (2 mg/1) and OADC (10% V/V). For the 

invasion assay, individual colonies were selected, and a bacterial suspension was 

prepared using Hank's balanced salt solution (HBSS) to give the turbidity equivalent to 

0.5 McFarland. The MAP suspension (5 ml) was then passed through a 30-gauge needle 

10 times, and clumps in the final suspension were allowed to settle. Only the top 1 ml out 

of 5 ml suspension, containing disperse bacteria was used for the invasion assay. 

Invasion assay 

The invasion assays were carried out using the methods described by Bermudez et al, 

(2000, 2002). Briefly, twenty-four-well tissue culture plates (Coming-Costar, NY) were 

seeded with 104MDBK or MAC-T cells, and monolayers were grown in an atmosphere 

of 5% CO2 at 37 0C until confluency. Before infection, the media was replaced with fresh 

culture media. Monolayers were then infected with approximately 2x10 bacteria and 

incubated at 37 0C in 5% CO2 for up to 4 h, depending upon the experimental design. 

After incubation, monolayers were washed 3 times with HBSS, and then treated with 200 

jig/ml of amikacin for 2 h at 37 0C to kill extracellular bacteria as demonstrated by 
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Bermudez et al. (1997). Following incubation, the supernatant was removed and cell 

monolayers were washed 3 times with HBSS. To lyse the cells, wells were treated with 

0.5 ml Triton X-100 (0.1%) for 10 min. Subsequently, 0.5 ml 7H9 broth containing 

mycobactin J (2 mg/1) and OADC (10% V/V) was added to each well, and cells were 

disrupted by vigorous pipetting. Lysates were collected, diluted and plated onto 7H11 

agar for colony count. The percentage of invasion was calculated as the fraction of the 

inoculated bacteria that were recovered from the cell lysate. 

Intracellular survival of MAP in MDBK and MAC-T cells 

Confluent monolayers of bovine epithelial cells were incubated with approximately 10 

MAP for 2 h. After the incubation period, extracellular bacteria were killed by amikacin 

treatment (as described above), the supernatant removed and fresh culture medium was 

added to the monolayers. Infected cells were incubated for up to 4 days. At the end of the 

incubation period, monolayers were lysed, the lysate was diluted, and the number of 

intracellular bacteria was determined by plating cell lysate onto 7H11 agar. 

Translocation assay 

The translocation assay was performed using the Transwell 2-chamber culture system 

(Coming-Costar, NY). Monolayers were established either on the top or bottom sides of 

the filter by seeding it with 1 x 105 MAC-T cells. This way, some monolayers had their 

apical surface exposed to the media in the top chamber, whereas others had their 

basolateral side exposed to the media in the top chamber. The culture medium was 

changed daily and the integrity of the monolayers was determined by: 1) microscopic 
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observation, 2) measuring the transepithelial resistance (TER), and 3) by a trypan blue 

(0.25%) permeability assay (OD at 580 run), as previously described by Bermudez et al. 

(2002). The top chamber was infected with ~ 3 xlO7 bacteria as described above. At 1, 2, 

3, and 4 d after infection, 600 \x\ of filtrate was collected from the bottom chamber, and 

fresh culture medium (600 p.!) was added. The ability to translocate was calculated as the 

cumulative percent of initial inoculum recovered in the bottom chamber at each time 

point. 

Passage of MAP in MAC-T cells 

Confluent monolayers of MAC-T cells in cell culture flasks (Coming Costar, NY) were 

inoculated with approximately 10 to 10 MAP. After 2 h contact time, extracellular 

bacteria were removed by amikacin treatment as described above and new medium 

replaced. The internalized bacteria were allowed to grow at 37 0C for a total of 1 day or 4 

days. At the end of the incubation period, MAC-T cells were lysed by adding 0.5 ml 

Triton X-100 (0.1%) for 10 min. The MAP cells were collected into 7H9 broth containing 

mycobactin J (2 mg/1) and OADC (10% V/V). The bacteria were recovered by 

centrifugation at 3500 x g for 30 min at 4 0C to maintain their phenotype. Bacteria were 

then used in the invasion assays. 

Pre-exposure of MAP to milk and milk components 

Approximately 107 MAP were inoculated into 5 ml of raw milk containing polymyxin B 

(5.5 mg/1), amphotericin (11 mg/1), carbenicillin (25 mg/1) and trimithoprim (2.5 mg/1) 

(PACT). Incubation was carried out at 37 0C. After 24 h, MAP were recovered by 
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centrifugation at 3500 x g for 30 min at 5 0C. Subsequently, bacteria were quantified by 

McFarland turbidity standard and colony count and then used for infection of MDBK 

cells. Sterile water and 7H9 broth treated in the same manner as milk were used as 

controls. To determine the role of milk components, casein and serum protein fractions 

were separated by centrifuging milk at 90,000 X g for 2 h at 5 0C (Holt, 1998). The 

casein fraction formed the pellet while serum protein and lactose fraction remained in the 

supernatant. The volumes of casein fraction and serum protein + lactose fractions were 

brought to the level of original volume of milk by adding water. Casein fraction with 

0.9% NaCl was prepared by addition of NaCl to the casein fraction. The 4.8% lactose 

sample was prepared by dissolving lactose in water. 

RNA isolation and DNA microarray 

A MAP genome microarray was provided by Michael Paustian, and John Bannantine, 

National Animal Disease Center, Ames, Iowa. For RNA isolation, MAP bacteria were 

kept in contact with confluent monolayers of MAC-T cells grown in T75 flask for 2 h. 

Extracellular bacteria were removed by amikacin treatment for 2 h. Twenty-four hours 

later, intracellular bacteria were recovered after treating MAC-T cells with sterile water. 

Cell debris and nuclear fractions were removed by low speed centrifugation at 500 rpm 

for 5 min at 4 0C (McGarvey et al., 2004). The bacterial pellet was recovered from the 

supernatant after centrifuging at 3000 x g for 10 min at 40C. Pelleted bacteria were stored 

at -70 0C until further use. The RNA extraction procedure used a combination of 

guanidine-thiocyanate-based buffer (Trizol) (Invitrogen, Carlsbad, CA) and rapid 
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mechanical cell lysis, as described by Mahenthiralingam (1998). Briefly, 1 ml Trizol 

reagent was added to the bacterial pellet and gently mixed. The mixture was added to a 

2-ml screw cap tube containing 0.4 ml glass beads (0.1 mm). Cell disruption was carried 

out in a bead beater using 3 beatings for 30 s each. The Trizol solution was transferred to 

a heavy phase lock gel (Eppendorf, Hamburg, Germany) after centrifugation at 3000 rpm 

for 90 s at 40C. Subsequently, 300 |j,l of chloroform: isoamyl alcohol (24:1) was added to 

the heavy phase lock gel tube. This was followed by rapid mixing for 15 s. Mixing was 

continued periodically for 2 additional min, followed by centrifugation at 6000 rpm for 

10 min at 4 0C. The aqueous layer (540 (4.1) was transferred to a tube (1.5 ml eppendorf) 

containing 270 p.! cold isopropanol. The tube was inverted several times. The mixture 

was centrifuged at 12,000 rpm for 10 min at 40C. Isopropanol was carefully removed 

without disturbing the RNA pellet. The final washing was done in 80% ethanol. The 

RNA was dried at room temperature for 20 min and stored at -70 0C until further use. 

RNA quality was determined spectrophotometrically (OD 260/280). A ratio > 2.0 was 

considered significant. RNA was treated with DNAse as per manufacturer's instructions 

(Qiagen, Valencia, CA) before sending to the laboratory for microarray analysis. The 

DNA microarray analysis was carried out at the Central Service Laboratory, Oregon State 

University, Corvallis, Oregon. RNA prepared from MAP bacteria incubated in 7H9 broth 

served as control, whereas MAP bacteria incubated into MAC-T cells served as 

treatment. For DNA microarray, the Array 900 MDX (Gemisphere, Hatfield, PA) 

labelling and detection system was used as per instructions. Briefly, RNA samples were 

reverse transcribed using dNTPS and random primer. The cDNA was labelled at 3' end 

with terminal Deoxynucleotidyl transferase (TdT) tailing reaction followed by ligation to 
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3DNA capture sequence. The tagged cDNA was purified using PCR purification kit 

(Qiagen, Valencia, CA), and then successive hybridization of cDNA and 3DNA was 

carried out using the MAP genome microarray. The differential gene expression was 

measured in the phosophoimager. 

Transmission Electron Microscopy 

Approximately 5 x 10 4MAC-T cells were grown in T25 tissue culture flasks (Coming 

Costar, NY) until confluency was established, and then inoculated with approximately 

107 MAP bacteria. Incubation was carried out for 24 h under 5% CO2 at 37 0C. After the 

incubation period, MAC-T cells were treated with trypsin (0.5%) for 10 min, and 

subsequently cells were fixed in 0.1 M cacodylate buffer (pH 7.3) containing 3% 

gluteraldehyde and and 2% paraformaldehyde. After fixing, cells were pelleted and 

surrounded by 1% agarose, cut into quarters and processed as per the following schedule. 

0.1 M cacodylate buffer 2x 30 min room temperature (RT); 1% osmium tetroxide in 0.1 

M cacodylate buffer 1 h RT; 0.1 M cacodylate buffer 2x 30 min RT, acetone (10%, 30%, 

50%, 70%, 80%, 95%, 100%) all 10 min RT, 3:1 acetone:resin 30 min RT, 1:1 

acetone:resin 30 min RT, 1:3 acetone:resin 30 min RT, 100% resin 1 h 30 oC,100% resin 

20 h RT. Fresh resin was placed in polymerization capsules for 24 h at 60 0C. The blocks 

were sectioned on a MT-5000 ultramicrotome (Sorvall, Newton, CO) using a diamond 

knife and sections were placed on 300 mesh copper grids. Grids were stained with 

saturated uranyl acetate and lead citrate and viewed using Zeiss 10A transmission 

electron microscope (Carl Zeiss, Thomwood, NY). 
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Statistical analysis 

Each experiment was repeated at least 3 times and significant differences were 

determined using Student's Mest (unpaired). A p < 0.05 was considered significant. 

Results 

MAP can enter MDBK cells 

Invasion assays were carried out using a bovine epithelial cell line (MDBK cell line) as a 

model of intestinal mucosa. The results in Fig. 2.1 indicate that MAP can invade MDBK 

cells. The efficiency of invasion at 1 h and 2 h time points were comparable, however, a 

significant increase (p < 0.05) in invasion was observed after 4 h contact time. 

1 h 2h 4h 

FIG. 2.1. Invasion of bovine epithelial cells (MDBK) by Mycobacterium avium subsp. 
paratuberculosis. The percent of invasion was defined as the fraction of inoculated 
bacteria that became internalized after the incubation period. Values represent means of 3 
experiments ± SEM. * p < 0.05 compared with the percent invasion at 2 h. 
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Survival in MDBK cells 

There was no replication of MAP over the course of the experiment. The number of MAP 

bacteria did not significantly increased after 24 or 96 h of incubation compared with the 

number of bacteria at 2 h (Table 2.1). However, it is apparent from these results that 

MAP is able to survive inside MDBK cells. The absence of observed replication may be 

either due to the long bacterial duplication time in the intracellular environment or 

because the time point for doubling might have been missed. 

Table 2.1. Intracellular survival of Mycobacterium avium subsp. paratuberculosis (MAP) 
in bovine epithelial cells (MDBK). 

Time Mean number3 of intracellular 
(h) bacteria +_ SEM (cfii/ml) 

2b 2.36 ± 0.44 x 103 

24c 2.81 ± 0.39 xlO3 

 96^ 3.26 ± 0.43 x 103  
a Values represent means of 3 experiments ± SEM. 
bMDBK cells were exposed to MAP for 2 h. 
c Extracellular bacteria were removed in all experiments after 2 h. Internalized bacteria 
were allowed to incubate for 24 h or 96 h. 

Mammary gland as a reservoir for MAP 

The MAP bacteria entered cultured MAC-T cells (Fig. 2.2) with an invasion efficiency 

that did not change during the first 2 h of incubation. However, the efficiency of invasion 

was greater at 4 h (p < 0.05) compared with 2 h. MAP was found to survive 

intracellularly in MAC-T cells (Table 2.2). It is apparent from these results that MAP did 

not show significant replication after 24 h and 96 h of incubation compared with number 
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of MAP after 2 h. However, this observation at least indicates that MAP was able to 

persist inside MAC-T cells for the time points selected in the investigation. 

1h 2h 4h 

FIG. 2.2. Invasion of bovine mammary epithelial cells (MAC-T) by Mycobacterium 
avium subsp. paratuberculosis. The percent invasion was defined as the fraction of 
inoculated bacteria that became internalized after the incubation period. Values represent 
means of 3 experiments ± SEM. * p < 0.05 compared with the percent invasion at 2 h. 
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Table 2.2. Intracellular survival of Mycobacterium avium subsp. paratuberculos (MAP) 
in bovine mammary epithelial cells (MAC-T). 

Time of infection (h) Mean number3 of intracellular 
Bacteria +_ SEM (cfu/ml) 

2b 0.91 ± 0.25 xlO4 

24c 0.96 ± 0.28 x 104 

 96^ 1.29±0.39xl04  
a Values represent means of 3 experiments + SEM. 
b MAC-T cells were exposed to MAP for 2 h. 
c Extracellular bacteria were removed in all experiments after 2 h. Internalized bacteria 
were allowed to grow for 24 h or 96 h. 

In the mammary gland, the apical surface of epithelial cells faces the alveolar lumen, 

whereas, the basolateral side faces the blood stream. To investigate whether there was a 

preferential route for entry, invasion assays were performed using polarized cell 

monolayers. The MAP bacteria crossed the polarized monolayers of MAC-T cells equally 

well from apical and basolateral surfaces (Table 2.3). These results indicate that infection 

of mammary epithelial cells could potentially occur across both membrane surfaces. 
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Table 2.3. Translocation" of Mycobacterium avium subsp. paratuberculosis (MAP) 
across polarized monolayersb of bovine mammary epithelial cells0 (MAC-T). 

Invasion Surface        % MAP inoculum recovered after designated incubation period 

24 h 48 h 72 h 96 h 

Apical 0.11 ±0.02        0.25e±0.03 0.35e±0.04 0.49e±0.05 

Basolateral 0.15+0.02 0.26f±0.01 0.34e±0.02 0.47e±0.03 

a Translocation percentage was defined as the percentage of MAP inoculum that was 
recovered from the bottom chamber of the transwell apparatus. 
b Monolayer integrity was verified by a trypan blue dye exclusion assay and by measuring 
transepithelial resistance. 
0 MAC-T cells were exposed to MAP for variable time periods, i.e., 24 h, 48 h, 72 h and 
96 h from either the apical or the basolateral surface. 
d The results represent means of 3 experiments within rows + SEM. 
ep < 0.05, cumulative percent translocation after 48, 72 and 96 h compared with 24 h 
within individual rows. 
p <0.01, cumulative percent translocation after 48 h compared with 24 h within 

individual row. 

Incubation with milk and efficiency of invasion 

To evaluate the effect of milk on the ability of MAP bacteria to enter bovine epithelial 

cells, MAP were exposed to milk, 7H9 broth (iso-osmolar), or water (hypo-osmolar) at 

37 0C for 24 h in the presence of antibiotics (PACT). The antibiotics were used to prevent 

growth of other microorganisms present in the milk. Invasion efficiencies were 

significantly higher when MAP bacteria were pre-incubated in milk than when MAP was 

exposed to other environments (Fig. 2.3). 
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Milk 7H9 Broth Water 

FIG. 2.3. Ability of Mycobacterium avium subsp. paratuberculosis (MAP) to invade 
MDBK epithelial cells following exposure to 3 different environments: milk, 7H9 broth, 
or water for 24 h at 37 0C. Values are means of 3 experiments + SEM. * p < 0.01 
compared with 7H9 broth or water. 

To determine which specific milk component was associated with increased invasive 

efficiency, MAP was exposed to individual milk components and invasion of MDBK 

cells was performed. Figure 2.4 shows that the efficiency of invasion of MAP after 

incubation in casein alone was lower than milk (p < 0.05). Milk represents a high osmolar 

medium. However, differences were not significant when milk was compared to casein 

with 0.9% NaCl, lactose, or lactose plus serum protein (hyperosmolar media). (Fig. 2.4). 
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FIG. 2.4. Percent of invasion of bovine epithelial cells (MDBK) by Mycobacterium 
avium subsp. paratuberculosis (MAP). Prior to invasion, MAP bacteria were incubated in 
the presence of milk (A), casein(B), casein + 0.9% NaCl (C), serum protein + lactose (D), 
or lactose (4.8% solution) (E) for 24 h at 37 0C. Values represent means of 3 experiments 
+ SEM. * p < 0.05 compared with invasion percent for milk (A) and Casein + NaCl (C). 

Intracellular phenotype 

Because MAP is encountered intracellularly during infection, it was important to 

determine whether intracellular growth of MAP in mammary epithelial cells impacts its 

ability to enter bovine epithelial cells. Infected MAC-T cells were maintained for 1 day 

or 4 days in culture before they were lysed. Harvested intracellular bacteria were then 

used to infect MDBK cells. Efficiency of invasion for MAP collected from infected 

MAC-T cell was approximately 17- fold higher compared to MAP grown in media (Fig. 

2.5). 
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FIG. 2.5. Percent invasion of bovine epithelial cells (MDBK) by Mycobacterium avium 
subsp. paratuberculosis after intracellular incubation in MAC-T cells. MAP was grown 
in MAC-T cells for 1 or 4 days and then used to infect MDBK epithelial cells. MAP 
grown in media was used as a control. Values represent means of 3 experiments + SEM. 
* p < 0.001 compared with invasion percent for control. 

DNA microarray 

To determine whether MAP genes are upregulated during intracellular exposure in 

mammary epithelial cells, DNA microarray analysis was carried out. The results in Fig. 

2.6 indicate that there is upregulation of MAP genes during intracellular incubation in 

MAC-T cells. 
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FIG. 2.6. DNA microarray showing differential expression (circles in red) of 
Mycohacterium avium subsp. paratuberculosis (MAP) genes. MAP bacteria were 
incubated intracellularly in MAC-T cells for 1 day prior to RNA extraction. MAP grown 
in 7H9 broth was used as a control. 

Discussion 

MAP infection is difficult to study in large animal model system. However, tissue culture 

cell lines are used to study the host pathogen interactions. Madin-Darby Canine Kidney 

(MDCK) cells have been used in several laboratories to study pathogenesis involving 

human pathogens (Leung and Finlay, 1991). Cultured epithelial cells have been used to 

study mycobacterial pathogenesis (Bermudez et ai, 1997; Bermudez et ai, 2002; Cirillo 
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replicates. When confluent monolayers of MDBK cells were exposed to MAP, it was 

determined that MAP invaded epithelial cells. The results suggest that MAP can establish 

infection in bovine epithelial cells. MAP can be recovered from various sites in the body 

in advanced stages of infection. For example, MAP has been isolated from milk, 

colostrum, and mammary lymph nodes from both asymptomatic and symptomatic cows 

(Sweeney et al, 1992, Taylor et al, 1985 and Streeter e/a/., 1995). When confluent 

monolayers of MAC-T cells were exposed to MAP, it was observed that MAP invaded 

mammary epithelial cells. This in vitro study demonstrated that MAP could infect MAC- 

T cells. Similar observations have been made for other pathogens, such as Streptococcus 

dysgalactiae and Staphylococcus aureus (Almeida et al., 1995; Almeida et al, 1996). In 

this study, MAP translocation across polarized monolayers of MAC-T cells was 

investigated. This model mimics anatomical conditions in the mammary gland in vivo. It 

was observed that MAP could translocate across mammary epithelial cells from the 

apical side or the basolateral side with equal efficiency. This implies that infection in 

mammary gland tissue may occur by either the systemic or the ascending route. Using 

transmission electron microscopy (Fig. 2.7), MAP bacteria were found within 

cytoplasmic vacuoles similar to what has been described for MAP in macrophages 

(Harris and Barletta, 2001) and other mycobacteria in epithelial cells (Parker and 

Bermudez, 1997). Furthermore, MAP survived intracellularly for several days in vitro. 

These findings raise the possibility that the mammary gland can be a reservoir for MAP 

and a potential source of infection for young calves. It can be postulated that adult 

animals acquire infection from either route and if JD control program exclude adult 

animals there may be the risk that silent carrier animals remain in the herd. 
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Bacterik 

FIG. 2.7. Representative transmission electron micrograph of mammary epithelial cells 
(MAC-T) after 24 h of infection by Mycobacterium avium subsp. paratuberculosis 
(arrows). Bacterial cells can be seen within vacuoles. Magnification 10,000X. 

The environment in the mammary gland is characterized by hyperosmolar and hypoxic 

conditions. Furthermore, the environment contains milk, which is a hyperosmolar liquid. 

When MAP was incubated in milk prior to infecting MDBK epithelial cells, it was found 

that the bacteria could invade epithelial cells with increased efficiency compared with 

MAP that had been previously incubated in broth or water. It is plausible that the 

augmented ability to invade cells could be attributed to the hyper-osmolar conditions in 

milk. This hypothesis is strengthened by the observation that MAP incubated in four 

different hyperosmolar milk fractions resulted in a similar increased ability of MAP to 

enter MDBK cells compared to the low invasion by MAP incubated in casein alone 
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which is a low osmolar medium. It appears that a high osmolarity environment may serve 

as a trigger for expression of invasion related determinants. In fact, osmolarity has been 

shown to be an environmental stimulus triggering the expression of the toxR gene in 

Vibrio cholerae as well as ompK genes in Salmonella and Shigella important in the 

pathogenesis (Miller and Mekalanos, 1988; Bemardini et al, 1990; Chatfield et al, 

1991). In a similar fashion, MA, when pre-incubated under high osmolar conditions, also 

had enhanced invasion efficiency to enter intestinal epithelial cells (Bermudez et al., 

1997). Upregulation of genes is believed to be involved because MA incubated under 

high osmolar conditions in the presence of sub-inhibitory concentrations of amikacin, 

which inhibits protein synthesis, does not show the expression of an invasive phenotype. 

Prior incubation of MAP in MAC-T cells increased the invasion efficiency for MDBK 

cells. DNA microarray analysis of MAP genes expressed during intracellular incubation 

in MAC-T cells revealed upregulation of genes. It is possible that an increase in invasion 

efficiency is associated with the upregulation of MAP genes in the intracellular 

environment. Several other studies have demonstrated that bacteria grown intracellularly 

acquire an increased ability to invade or survive in a second host cell. Cirillo and 

colleagues (1997) reported that MA grown inside Acanthamoeba castellani (free living 

amoeba) entered human intestinal mucosa with significantly increased invasion 

efficiency compared with plate grown bacteria. A similar effect was observed after 

growth of MA in macrophages (Bermudez et al., 1997). Further study of the genes 

expression during intracellular incubation may be useful to understand the mechanisms 

associated with MAP virulence. The fact that MAP may come in contact with calf 
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intestinal mucosa after an adaptation period in milk or inside mammary epithelial cells 

indicates that these findings warrant further investigation. 

In conclusion, MAP is able to enter bovine epithelial cells and establish infection. The 

ability of MAP to infect mammary epithelial cells by apical or basolateral surfaces 

indicate that animals can get infection from environment or descendant route and as a 

result mammary gland could become a reservoir for MAP. Prior exposure of MAP to 

milk or intracellular mammary epithelial cell enhances the invasion efficiency for bovine 

epithelial cells. Invasive MAP phenotype induced after intracellular incubation in 

mammary epithelial cells may be attributed to upregulation of MAP genes in the 

intracellular conditions. Elucidation of specific MAP genes expressed during intracellular 

incubation will be useful to characterize MAP pathogenesis which will increase our 

understanding of host-pathogen interactions. 
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Chapter 3 

Identification of Mycobacterium avium subsp. paratuberculosis Transposon Mutants 
Impaired in Their Ability to Enter Cultured Bovine Epithelial Cells 

Dilip Patel, Lia Danelishvili, Lisbeth Meunier-Goddik and Luiz E. Bermudez 
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Abstract 

Mycobacterium avium subsp. paratuberculosis (MAP) is the etiologic agent of Johne's 

disease in ruminants. The bacterial factors associated with the establishment of MAP 

infection are not well understood. However, the intestinal tract is believed to be important 

route of MAP infection. To identify MAP genes associated with the invasion of intestinal 

epithelial cells, a signature-tagged mutagenesis system was created. Individual screening 

of 600 mutant clones identified 4 mutants (clones 2C12, 255, 286 and 2D1) with 

impaired ability to enter MDBK epithelial cells. The gene sequence analysis was carried 

out to identify the transposon insertion site and the interrupted gene in individual 

mutants. The results indicated that mycobacterial cell entry (mcelD) operon, 

oxidoreductase operon, NADH-ubiquinone-oxidoreductase, and a potassium transporter 

{trkA) are invasion associated genes for MAP entry into MDBK epithelial cells in vitro. 

The complementation of oxidoreductase gene alone failed to restore the phenotype 

suggesting that other genes in the operon may be associated with the phenotype. 
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Introduction 

Johne's disease (JD) is a chronic, insidious, intestinal disease of ruminants caused by 

Mycobacterium avium subsp. paratuberculosis (MAP). Economic losses resulting from 

JD in the animal product industry in the US are estimated to be $1.5 billion annually (Ott 

et al, 1999). A potential strategy for prevention of infection would be to target essential 

molecular pathways required for entry of MAP into the host. However, little is known 

about the mechanisms associated with MAP pathogenesis. A recent study by Bannantine 

et al. (2003) demonstrated that a membrane-bound 35 kD MAP protein plays a role in the 

invasion of bovine epithelial cells. The role of M-cells has been examined in a murine gut 

loop model. In this model, MAP has been suggested to use a surface protein, which binds 

fibronectin attachment protein homologue (FAP-A). As a consequence, the bacteria with 

attached fibronectin is recognized by the pi integrin on the surface of M-cells (Secott et 

al, 2001; Secott et al, 2004). This hypothesis is supported by a study carried out 

previously, which demonstrated by electron microscopy that MAP enters M cells of 

orally infected calves (Momotani et al, 1988). It is possible that other virulence factors 

may be involved in MAP infection of the intestinal mucosa. Studies with Mycobacterium 

avium subsp. avium (MA) infection of the intestinal mucosa have shown that although 

MA is taken up by M-cells, the majority of bacteria enter enterocytes (Sangari et al, 

2001). In addition, histopathological studies of the intestinal mucosa show MAP inside 

enterocytes, which can be explained either by MAP crossing the basolateral membrane to 

a neighboring epithelial cells or by primary invasion of intestinal epithelial cells. 



38 

It appears that actin based motility may facilitate the entry of mycobacteria into host cell. 

Mycobacterium marinum has recently been shown to have actin-based motility when 

inside host cells (Stamm et ai, 2003), but such phenomena has not been investigated for 

MAP. To study specific bacterial factors associated with host invasion, MAP transposon 

mutant library can be a useful tool. Since transposon is a mobile element that can 

randomly integrate into chromosome, knockout mutants with random mutations can be 

created. Then screening of individual mutants for a phenotype of interest, for example 

bacterial invasion of epithelial cells, can be carried out and association of bacterial gene 

with a particular phenotype can be determined. The advantage of knockout mutants is 

that it can be useful in studying other bacterial factors, protein targets or host receptors 

associated with the phenotype. Such a system has been used successfully for other 

bacterial pathogens such as Salmonella, Yersinia and Listeria monocytogenes (Watari, 

1995; Yu, 2000). The objective of this study was to identify MAP genes associated with 

invasion of bovine epithelial cells.To achieve this goal, a signature-tagged-mutagenesis 

system was created and independent mutants were examined regarding their ability to 

enter bovine epithelial cells. 

Materials and Methods 

Bacterial culture, cell lines and growth conditions 

A bovine epithelial cell line, Madin-Darby Bovine Kidney (MDBK), was purchased from 

American Type Culture Collection (ATCC, Manassas, VA) and maintained on 

Dulbecco's Modified Eagel's Medium (DMEM) supplemented with 10% heat inactivated 

fetal bovine serum (FBS). Mycobacterium avium subsp. paratuberculosis (ATCC 19698) 
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was purchased from ATCC (Manassas, VA). Bacteria were grown on modified 7H11 

agar with mycobactin J (2 mg/1) supplemented with oleic acid, albumin, dextrose and 

catalase (OADC 10% V/V) or 7H9 broth with mycobactin J (2 mg/1) and OADC (10% 

V/V) at 37 0C. For transposon mutants, 7H11 agar or 7H9 broth containing 400 j^g 

kanamycin/ml were used. For enumeration purposes and isolating individual colonies, 

7H11 agar medium with supplements was used. 

Construction of the signature-tagged mutagenesis system 

Plasmid pYJ (Fig. 3.1), which has the transposon Tn 5367, was used for transformation. 

The plasmid was created by Li and Bermudez (unpublished). The transposon Tr\.5367, has 

been derived from IS 1096, which was removed from pYUB285 by cutting it with the 

restriction enzymes Hindlll and iscoRI. The fragment was cloned into Hindlll and iscoRI 

sites of vector PUC19 to create pYJLl. The plasmid contains kanamycin as a selectable 

marker and origin of replication for E. coli (OriE). A mycobacteria temperature-sensitive 

origin of replication was amplified from pYUB285, using primers with the Hindlll 

restricton site, and cloned into Hindlll site of pYJLl giving plasmid pYJL2. Double 

stranded DNA tags were produced by PCR amplification, using a variable 

oligonucleotide pool RTCG as the template DNA: 5'-AAACTAACTA GTTAC AAC 

CTCAAGCTT-(NK)2o-AAGCTTGGTTA GATGACTAGTATTAAA-3'. The primers 

used to amplify the tags were pTagl (S'-AAACTAACGCGTTACAACCTC-S') and 

pTag2 (5'TTTAATACGCG TCATTCTAACC-3'). For cloning, the tags were amplified 

using RTCG template and pTagl and pTag2 as primers. PCR products were purified, 

using a PCR purification kit (Qiagen, Valencia, CA), digested with Mlul, and ligated into 
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the vector pYJL2, which was linearized with Mlul and dephosphorylated. The ligation 

mixture was transformed into E. coli and the transformants were selected on LB agar 

containing 50 j^g kanamycin/ml. The plasmids were analyzed by restriction enzyme 

digestion to verify that tags were incorporated into pYJL2. The resulting plasmid, with a 

mixture of tags, was named pYJTags. 

EcoRI 9886 

Mlul 8111. 

Mlul 7333 

BamHI 7056 

Hindlll 2194 

Hindlll 5354 

FIG. 3.1. Genetic map of the plasmid pYJ Tags. Kanamycin resistant gene (Km), which 

is a selectable marker, is contained in transposon (Tn 5367). The transposon Tn5367 was 

derived from IS J096, which was cut out from pYUB285 on a Hindlll and .EcoRI 

fragment, and then cloned into E. coli vector PUC19 at Hindlll and EcoRI sites to create 

pYJLl. 
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Transposon mutant library 

Competent MAP cells were prepared by repeated washings of bacterial pellet in a 

solution of 10% glycerol and 0.1% Tween-80, followed by centrifugation at 3000 x g for 

30 min at 4 0C. Washing and centrifugation were repeated at least 4 times. Plasmid pYJ 

was purified from E. coli using a plasmid extraction kit (Stratagene, La Jolla, CA) 

according to methods recommended by the manufacturer. Competent MAP cells were 

prepared by repeated washing (5 times) in a washing solution of 0.1% tween 80 and 10% 

glycerol and centrifugation at 3000 x g for 30 min at cold temperature. The competent 

cells were electroporated with plasmid pYJ using a Bio-Rad Gene Pulser X-cell, Version 

3.1 (Bio-Rad, Hercules, CA) under the following conditions: voltage 2500 V, capacitance 

25 pF, resistance 1000 Q, and cuvette 2 mm. Electrotransformants were grown in 7H9 

broth containing mycobactin J (2 mg/1) and OADC (10% V/V) in a shaking incubator at 

37 0C for 2 h. Subsequently, transformed bacteria were plated onto 7H11 agar containing 

kanamycin (400 (ig/ml) and incubated at 30 0C for 3 weeks. Kanamycin-resistant 

colonies were then grown at 40 0C for an additional 1 week in 7H9 broth containing 

kanamycin (400 ^g/ml). Positive mutant clones having the kanamycin-resistant gene 

cassette were identified by a PCR procedure using kanamycin primers with the following 

sequence: Kan Upper primer was 5'-GTTCAACAGGCCAGCCA-3' and Kan Lower 

primer was 5'-TAATGTCGGGCAATCAGGTG-3'. The PCR conditions used were: 

denaturation at 95 0C for 5 min, followed by 35 cycles of 95 C/30 s, 57 0C /30 s and 72 

0C /30 s and final extension at 72 0C for 6 min Confirmed clones were plated on 7H11 
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agar containing kanamycin. Individual mutant clones were collected in individual wells 

of a 96-well tissue culture plate. The mutant bank consisted of 33 different tags having 60 

individual clones, totaling 1980 clones. For the invasion assay, individual clones were 

used in the experiments. 

Cloning and sequencing 

Sequencing was carried out using a nested suppression PCR method previously described 

by Tamme et al. (2000). Chromosomal DNA was isolated by a phenol extraction method 

(Yoshitaka Yamazaki, personal communication). Briefly, MAP bacteria grown in 7H9 

broth to a logarithmic phase and the centrifugation was carried out at 3000 x g for 10 

min. Bacterial pellet was reconstituted in 2 ml TrisHCl (pH 8.0) containing freshly 

prepared lysozyme (30 mg/ml). After vortex agitation, the mixture was kept in a shaker 

incubator at 37 0C overnight. Subsequently, 200 nl SDS (10%) and 20 \i\ proteinase K 

(10 mg/ml) were added to the overnight mixture, followed by vortexing and incubation in 

a shaker incubator for 3 h at 37 0C. To the above mixture, 350 ^1 NaCl (5 M) and 300 \i\ 

CTAB/NaCl (10% Hexadecyl Trimethyl Ammonium Bromate in 0.7 M NaCl) were 

added and incubation was carried out at 65 0C for 10 min. The chromosomal DNA was 

recovered by phenol: chloroform: isoamylalcohol extraction followed by washing with 

isopropanol and ethanol. Chromosomal DNA was kept at -70 0C until further use. 

Chromosomal DNA from mutant clones was used as a template in the PCR reaction. 

Transposon primers TNI and TN2 with the following sequences were used in the PCR 

reaction. TNI: 5'-CCATCATCGGAAGACCTC-3' and TN2: CCATCAT CGG AAG 

ACCTCGACCCC-3'. PCR conditions used were: denaturation at 95 0C for 5 min, 
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followed by 35 cycles of 95 C/30 s, 60 0C /30 s and 72 0C /30 s and final extension at 72 

0C for 6 min. PCR product was purified using a PCR purification kit (Qiagen, Valencia, 

Ca) according to manufacturer mstructions. The PCR product containing sequences were 

cloned in chemically competent E. coli DH5-a using a Zero blunt TOPO cloning kit 

(Invitrogen, Carlsbad, CA). After transformation, E. coli bacteria were grown in Luria 

Bertani broth with kanamycin (50 jag /ml) in a shaking incubator at 37 0C for 12 h. 

Plasmid extraction was performed using a plasmid extraction kit (Stratagene Cloning 

Systems, La Jolla, CA), and clones were sequenced at the Central Service Laboratory, 

Oregon State University. Sequence analysis was performed using a BLAST program 

from the National Center for Biotechnology Information website (www.ncbi.nlm.nih.gov/ 

BLAST/). 

Complementation 

A complementation plasmid was constructed for the 2C12 mutant by cloning the 

corresponding MAP oxidoreductase homologue (MAP 3464) into pMV262-II that 

encodes apramycin-resistant gene as a selectable marker. The MAP 3464 gene was 

amplified from MAP (ATCC 19698) total chromosomal DNA by PCR, with the primers 

MAP3464Upper£coRI (5'-TTTGAA TTC ATG CCCAC CC CTCCGGACGTG-3') and 

MAP3464Lower///ndIII (S'-TCGAAG CTTTTAAGTTGCGGCGC TGGTGTG-3'). The 

PCR products were purified using a Qiagen PCR purification kit (Qiagen, Valencia, Ca) 

according to manufacturer's instructions. The PCR purified product was digested with 

iscoRI and i//HdIII and cloned into iscoRI and Hindlll digested pMV261-II. The 

constructs were confirmed by restriction analysis and sequencing of the MAP 3464 gene. 
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The plasmid was then transformed into 2C12 competent cells. The transformants were 

plated onto 7H11 agar containing kanamycin (200 ug/ml) and apramycin (200 ug/ml). 

The complemented-mutant clone was confirmed by a PCR amplification of the 

apramycin-resistant gene using the primer pairs AprUpper (5' GCA TCG CAT TCT 

TCGCATCC-S') and AprLower(5'-GGCCCACTTGG ACTGATCGA-3'). 

Invasion assay 

The invasion assay was performed as previously described (Patel et al, 2005). Briefly, 

24-well tissue culture plates (Coming-Costar, New York, NY) were seeded with 104 

MDBK cells, and the monolayers were grown until confluency, in an atmosphere of 5% 

CO2 at 37 0C. Before initiating the invasion assay, the culture media was replenished. 

Monolayers were then infected with approximately 2 x 106 mutant or wild-type bacteria 

and incubated at 37 0C in 5% CO2 for varying time periods, depending upon the 

experimental design. After incubation, monolayers were washed 3 times with Hank's 

balanced salt solution (HBSS), followed by treatment with amikacin (200 ug/ml) for 2 h 

at 37 0C, to kill extracellular bacteria. Following treatment, cell monolayers were washed 

3 times with HBSS and then treated with 0.5 ml Triton X-100 (0.1%) for 10 min. 

Subsequently, 0.5 ml 7H9 broth containing mycobactin J (2 mg/1) and OADC (10% V/V) 

was added to each well, and cells were disrupted by vigorous pipetting. Lysates were 

collected, serially diluted and plated onto 7H11 agar for estimating the number of 

internalized bacteria. The invasion percentage was calculated as the fraction of the 

inoculated bacteria that were recovered from the cell lysate. 



45 

Statistical analysis 

The experiments were repeated at least 3 times and significant differences among means 

were determined by Student's /-test (impaired). P< 0.05 was considered significant. 

Results and Discussion 

Understanding specific bacterial factors associated with JD is essential for developing 

effective control and prevention strategies based on molecular biology and genomic 

approaches. However, molecular mechanisms associated with MAP infection are not well 

described. There is a strong interest to investigate mechanisms of host invasion so that 

intervention strategies can be examined for potential use. To address the need to identify 

invasion associated MAP genes for infection of bovine epithelial cells, a signature-tagged 

mutagenesis system was created. Screening of 600 mutant clones from the STM library 

for impaired ability to enter MDBK cells in vitro identified 4 mutants (Fig. 3.2). Mutants 

286,2C12,285, and 2D1 were shown to invade epithelial cells with significantly less 

efficiency than the wild-type bacteria grown under the same conditions. 
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FIG. 3.2. Percent of invasion of bovine epithelial cells (MDBK) by transposon mutants 
of Mycobacterium avium subsp. paratuberculosis. Invasion % is defined as the 
percentage of inoculated bacteria that become internalized after a 2 h incubation period. 
Values are means of 3 experiments + SEM. * p < 0.01 compared to percent invasion for 
wild-type bacteria (WT) at 2 h. 

The nucleotide sequencing analysis indicated that the transposon has been inserted into 

the mcelD homologue of MAP. The homologous gene regions between Mycobacterium 

tuberculosis (MTB) and MAP are shown in Fig. 3.3. The mcelD in MAP is important for 

invasion due to its association with epithelial cell entry. The role of mcelD in invasion 

has been characterized in other closely related mycobacteria (Cole et al; 1998, Kumar et 

al; 2003, Sassetti et al; 2003). Arruda and colleagues (1993), who first identified the 

mcel locus in MTB H37Ra, demonstrated that the transformation of mcel gene in non- 

invasive E. coli conferred the ability to invade mammalian cells. It seems likely that the 
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role of mcel in the cell entry is due to the ability to induce membrane perturbations in the 

host epithelial cells. The work of Chitale et al. (2001) demonstrated that polystyrene latex 

particles, which are otherwise inert, when coated with purified recombinant mcel protein, 

could enter HeLa cells and form the pedestal like structure on epithelial cell membrane. 

^> Rv"      Rv 
0167     0168 

MTB 

Rv       Rv 
0169   0170 
mcel mcelB 

> 
Rv Rv Rv Rv 

0171 0172      0173        0174 
mceIC      mcelD   mcelE     mcelF 

MAP 

^x^mCx^^) 
MAP MAP MAP MAP MAP MAP MAP   MAP 
3602 3603 3604 

mcel 
3605 3606 3607 

mcelD 
3608   3609 
mce 

family IprL 

FIG. 3.3. Homologous genes between Mycobacterium tuberculosis (MTB) and 
Mycobacterium avium subsp. paratuberculosis (MAP). Gene MAP 3607 in MAP and 
gene Rv 0172 in MTB are located in the mcel operon. Proteins encoded by MAP 3604, 
MAP 3605, MAP 3606, MAP 3607, MAP 3608 and MAP 3609 in the mcel operon of 
MAP are homologous to proteins encoded by mcel (Rv 0169), mcelB (Rv 0170), mceIC 
(Rv 0171), mcelD (Rv 0172), mcelE (Rv 0173) and wee IF (Rv 0174), respectively, of 
MTB. MAP 3602 and MAP 3603 are hypothetical proteins homologous to conserved 
membrane proteins yrbElB (Rv 0167) and yrbElB (Rv 0168), respectively, of MTB. 
TN = transposon integrated into MAP gene as shown above. 

The interrupted gene in mutant clone 2C12 was identified as MAP 3464, which encodes 

an oxidoreductase. Comparison of the homologous gene regions in MTB and MAP is 

shown in Fig. 3.4. Oxidoreductase performs important function to facilitate membrane 
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transport by participating in cellular oxidation-reduction reactions. However, 

oxidoreductase is likely to have an effector role due to its association with protein 

folding. It is important for secreted protein to be in properly folded structure to facilitate 

its presentation on cell surface. Watarai et al. (1995) have shown that oxidoreductase 

performs an indirect but essential function in Shigella flexneri by facilitating transport of 

Spa32 protein across the outer membrane which in turn facilitate secretion of IpaB, IpaC 

and IpaD, which are essential proteins for invasion of epithelial cells. A mutation of the 

disulphide oxidoreductase gene in Shigella flexneri resulted in decreased efficiency to 

invade epithelial cells. Oxidoreductase may facilitate cell-to-cell entry process through 

facilitating secretion of Ipa proteins into interepithelial protrusions (Yu et al., 2000). In 

other pathogenic bacteria, the disulphide oxidoreductase is involved in pathogenicity 

though catalyzing oxidative protein folding of virulence factors (Miki et al., 2004). 

Examples include the cholera toxin of Vibrio cholerae (Peek and Taylor, 1992), the heat 

stable toxin of enterotoxigenic E. coli (Okamoto et al, 1995), and the invasin protein of 

Yersinia pseudotuberculosis (Leong and Isberg, 1993). In Yersinia pestis, a mutation in 

the oxidoreductase gene results in impaired expression of the outer membrane protein 

(YscC) important in invasion (Jackson and Piano, 1999). 
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FIG. 3.4. Homologous genes between Mycobacterium tuberculosis (MTB) and 
Mycobacterium avium subsp. paratuberculosis (MAP). The oxidoreductase gene of MAP 
is flanked by thefolD gene upstream and ABC transporter genes downstream. Rv 3357 
and Rv3358 code for are conserved hypothetical proteins in MTB. TN = transposon 
integrated into MAP gene as shown above. 

The complementation of oxidoreductase was carried out for the mutant 2C12. The 

invasion phenotype in the complemented mutant was comparable to 2C12 (Fig. 3.5). 

Unsuccessful complementation observed might be because of polar effect of transposon 

mutaton affecting neighboring gene(s) or poor expression of oxidoreductase gene. The 

influence of ABC transporter genes can be confirmed by carrying out complementation 

of oxidoreductase operon. 
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PTBWT 2C12 Comp 

FIG. 3.5. Percent invasion of bovine epithelial cells (MDBK) by Mycobacterium avium 
subsp. paratuberculosis wild-type bacteria (PTBWT), mutant 2C12 and complemented 
mutant of 2C12 (Comp). Invasion % is defined as the percentage of inoculated bacteria 
that become internalized after a 2 h incubation period. Values are means of 3 experiments 
± SEM. * p < 0.01 compared to invasion percent for (2C12 and Comp) at 2 h. 

Mutant 285 had interruption in the gene MAP 3212. This gene has been identified as a 

NADH-ubiquinone oxidoreductase (nuoL) (Fig. 3.6). NADH-ubiquinone oxidoreductase 

is important molecule in the electron transport chain. However, nuoL has a motif for an 

antiporter function. It is possible that the role of nuoL in MAP invasion may be through 

its sensor role and upregulation of invasion-associated genes. It has been shown by Hase 

et al. (2001) that NaDH-oxidoreductase performs antiporter function in bacterial 

virulence. It may be possible that bacteria sense the change in environment through 

antiporter sensor molecules and respond to adverse environment by upregulation of 

virulence genes. It has been shown in Vibrio cholerae and Chlamydia sp. that a sodium 

motive force and a proton motive force through antiporters such as ubiquinone 
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oxidoreductase may be associated with expression of virulence determinants (Hase et al., 

2001). 

MTB 
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nuoW nuo\ nuoJ nuoK nt/oL nuoM m/oN 

FIG. 3.6. Homologous genes between Mycobacterium tuberculosis (MTB) and 
Mycobacterium avium subsp. paratuberculosis (MAP). Gene MAP 3212 (NADH- 
ubiquinone-oxidoreductase L chain) is homologous to nuoL of MTB (Rv 3156). Genes 
nuoH through nuoNare homologous between MAP and MTB. TN = transposon 
integrated into MAP gene as shown above. 

In the mutant 2D1, the gene for MAP 2808 is inactivated (Fig. 3.7). This gene encodes 

for a potassium transporter protein (trkA). Cytoplasmic accumulation of compatible 

solutes is widely recognized as a bacterial stress response (Ly et al., 2004). It is possible 

that role of trkA in MAP invasion may be due to association of sensor function with 

upregulation of invasion-associated genes or alternatively a protective function that may 

involve response to host antimicrobials. It has been shown for E. coli that osmotolerance 

is achieved using potassium transporters (Wood, 1999). It is possible that the stress 

response in bacteria may trigger upregulation of virulence related genes. MAP mutant 
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2D1 has an invasion phenotype suggesting that trkA gene is associated with invasion. 

Strong correlation has been found between mutation in trkA gene and impaired invasion. 

It has been shown in Vibrio vulnificus that functional trkA is required for countering the 

host antimicrobial response. Mutation in trkA gene results into impaired invasion in mice 

model (Chen et al., 2004). A similar phenomenon has been observed in Salmonella 

enterica serovar typhimurium (Groisman et al, 1992). The sap (sensitivity to 

antimicrobial peptides) mutants were avirulent in the mouse model. It has been shown by 

genomic comparison studies that fr&A shares high homology to sapG. The association of 

trkA in invasion may be either due to its role in resistance to host antimicrobials or its 

role in upregulation of invasion associated genes. 
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FIG. 3.7. Homologous genes between Mycobacterium tuberculosis (MTB) and 
Mycobacterium avium subsp. paratuberculosis (MAP). Gene trkA (MAP 2808) is 
homologous to trkA (Rv 2691) in MTB. Proteins for MAP 2806, MAP 2807, MAP 2809, 
MAP 2810 and MAP 2811 are homologous to proteins for Rv 2689, Rv 2690, Rv 2692, 
Rv 2693 and Rv 2694 in MTB, respectively. MAP 2810 is an integral membrane protein, 
MAP 2811 is a conserved hypothetical protein, MAP 2807 is an amino acid permease 
and MAP 2806 is an RNA methyl transferase. TN = transposon integrated into MAP 
gene as shown above. 

These results demonstrate that MAP infection of MDBK epithelial cells involve 

participation of oxidoreductase operon, mycobacterial cell entry operon (wcelD), nuoL- 

NADH-oxidoreductase, and a potassium transporter (trkA). Complementation study 

carried out for oxidoreductase mutant revealed that participation of other genes could be 

involved. This can be addressed by complementing ABC transporter genes along with 

oxidoreductase gene in the operon. It may be hypothesized that the role of mcelD may be 

due to its direct participation in epithelial cell entry by mechanism involving membrane 

protrusion or pedestal formation. The role of nuoL and trkA may be through sensor like 

response upregulating invasion-associated genes. To further clarify the molecular 
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mechanisms of host invasion, study of gene expression profile of mutants can be useful. 
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Chapter 4 
Conclusions 

MAP infection is not well understood. Much remains to be known regarding specific 

interaction of MAP with the host and the virulence factors associated with the infection 

process. Mycobacterial invasion of intestinal epithelial cells is a complex event requiring 

participation of several bacterial and host factors. However, interaction with epithelial 

cells is the defining characteristic of MAP infection. The ability of MAP to infect 

cultured bovine epithelial cells was investigated. The results showed that 0.90, 1.25 and 

3.37% of MAP inoculum entered MDBK epithelial cells after 1, 2 and 4 h of contact 

time, respectively. The percentage of invasion observed is within the published range of 

invasion percentages for other mycobacteria and intestinal pathogens. Bacterial clumping 

and physiological state of growth may influence the invasion behavior. Therefore, the 

results of in vitro analysis should be confirmed in an animal model system or a primary 

cell line. Bacterial entry into the epithelial cells is an associative phenomenon that 

requires participation of host factors. Investigation of specific host receptors associated 

with MAP entry may be useful to further elucidate host-pathogen interaction mechanism. 

The ability of MAP to enter cultured bovine mammary epithelial cells was investigated. 

The results showed an uptake of 1.80, 2.51 and 3.64% of MAP inoculum after 1,2 and 4 

h of contact time suggesting that mammary gland could be a likely site of infection 

during the disease process. Transmission electron microscopy results confirmed the 

ability of MAP to invade bovine mammary epithelial cells suggesting that mammary 
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gland could become a reservoir for MAP. It is believed that young animals acquire 

infection early in life by fecal route and adult animals are resistant to MAP infection. 

However, the results of translocation experiment indicated that MAP can cross the 

mammary epithelial barrier from apical and basolateral side equally well. Therefore it 

implies that adult animals may acquire infection by environmental route also and it may 

be possible that such animals may remain symptom free. This possibility should be 

examined in animal model or other in vivo system. 

It has been shown previously that host environment can be an important factor 

influencing the phenotype in mycobacterial pathogenesis. Invasive mycobacterial 

phenotype as a response to change in environment can add to the redundancy and 

sophistication of MAP invasion ability. MAP can be transmitted to the calf by milk, 

which is a hyperosmolar fluid. It was observed that prior incubation of MAP in milk 

enhanced its ability to infect MDBK epithelial cells. Influence of milk components was 

investigated and it was observed that hyperosmolarity is probably an important factor 

associated with invasive MAP phenotype. This observation merits further investigation. It 

should be investigated which specific genes are upregulated in milk environment and 

other equivalent osmolarity environment, and whether increase in the invasion efficiency 

is correlated with known invasion genes in pathogenic mycobacteria or other pathogenic 

bacteria. 

Intracellular incubation of MAP in bovine mammary epithelial cells resulted in the 

increased efficiency to infect MDBK epithelial cells. It appears that intracellular 
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environment is the important variable influencing the interaction of MAP with epithelial 

cells. MAP phenotype induced after intracellular incubation is characterized by invasion 

efficient phenotype showing upregulation of genes. Microarray analysis of MAP gene 

expression supports the hypothesis that gene expression is regulated by change in the host 

environment that may alter virulence of MAP. It may be useful to identify set of genes 

that are upregulated during intracellular MAP incubation and then the expression of 

selected virulence genes can be studied by real time RT PCR. This may provide useful 

information about pathogenic mechanisms of MAP infection. 

MAP pathogenesis involves participation of several bacterial factors and host 

environmental factors. Based on the analysis of MAP genome data, it is postulated that 

infection may be a complex event requiring participation of diverse molecular 

mechanisms. Signature-tagged transposon mutant library was created to identify 

invasion- associated genes of MAP. Screening of 600 individual transposon mutant 

clones identified 5 mutants showing impaired ability to enter MDBK epithelial cells. The 

nucleotide sequence analysis of 4 knockout mutants revealed inactivation in the 

oxidoreductase operon, mycobacterial cell entry operon (mcelD), wuoL-NADH- 

oxidoreductase, and a potassium transporter (trkA). It may be possible that participation 

one or more of the other bacterial factors may be associated in the invasion process. 

Complementation of oxidoreductase gene alone failed to reverse the phenotype back to 

the wild-type level suggesting putative participation of other genes. Such a possibility can 

be examined by complementing oxidoreductase operon back into the mutant clone. 

Bacterial factors identified in this investigation should be tested in animal model system 
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to confirm impaired phenotype. It may be also useful to investigate protein targets to 

understand participation of other putative factors in the invasion process. 

The findings of this investigation contribute to increased understanding of MAP infection 

in bovine system. Invasion efficiency of MAP increased after prexposure to milk and 

mammary gland environment. The observation that environment is an important variable 

in MAP pathogenesis will be useful to understand the molecular basis of the disease 

process. The identification of low invasion mutants is not only useful for characterizing 

the virulence mechanisms but also, because such mutants may be candidates for vaccine 

development. A vaccine against ID will be an important tool for the dairy industry. 
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Appendix A 

Kanamycin PCR gel electrophoresis picture of transposon mutants having 
kanamycin gene cassette 

400 bp, 

Size 
marker 
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Appendix B 

Apramycin PCR gel electrophoresis picture of complemented mutant clone 2C12 
having apramycin gene cassette 

500 bp 

Size 
marker 
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