
Survival Strategies of Mycobacterium avium subsp. paratuberculosis in a Variety of 
Microenvironments 

 
 
 
 

A DISSERTATION 
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA 
BY 

 
 
 
 

Elise A. Lamont 
 
 
 
 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 
 
 
 

Srinand Sreevatsan, M.VSc., M.P.H., Ph.D. 
 
 
 
 

May 2012 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Elise A. Lamont 



ACKNOWLEDGEMENTS 

 

First, I am extremely grateful to the Graduate School and the National Institutes of Health 

for awarding me the Diversity of Views and Experiences Fellowship and the 

PharmacoNeuroImmunology Training Grant, respectively.  It has been an immense relief 

to know that funding for my first two years of graduate school was secure.   

 

I thank Dr. Vivek Kapur, who gave me a start in graduate school and piqued my curiosity 

for all things related to mycobacteria.  But most of all I would like to thank him for 

introducing me to Dr. Srinand Sreevatsan, my adviser. 

 

I express my sincerest gratitude to my mentor and friend, Dr. Srinand Sreevatsan.  First, I 

thank him for providing a stable and nurturing environment to call home for the last four 

years.  I am especially grateful for his guidance and constructive criticism of our projects.  

I’ve greatly learned from his uncompromising work ethic, which is to never sacrifice 

quality for speed.  I am also happy to report that the hair on the left side of his head 

(specifically reserved for me) has not turned white.   

 

I thank my committee members: Drs. Scott M. O’Grady, David Brown and Alexander 

Khoruts for their advice on my dissertation and research.  I appreciate Dr. Scott 

O’Grady’s help in design of co-culture experiments and calcium signaling studies. 

 

I acknowledge all personnel from the Sreevatsan laboratory for their advice and kind 

words.  I especially want to thank my colleague, Dr. Harish K. Janagama, for taking the 

i 
 



time to introduce me to standard mycobacterial techniques, discussing ideas and 

sometimes frustrations, and being my partner in crime in the lab.   

 

I acknowledge all the help I received from the bovine blood collection service at the 

University of Minnesota.  I thank the College of Veterinary Medicine Office of the 

Associate Dean of Research Signature Grant, the Emerging Zoonotic Diseases Signature 

Grant, the Johne’s Disease Integrated Program, and the United States Department of 

Agriculture for financial support of these studies. 

 

Finally, I would like to thank my family.  I’m indebted to my older sister, Genelle, for 

always watching out for me and taking care of me when I was sick and away from home.  

I thank my parents, David and Barbra, for providing a loving home and teaching me the 

principles of a strong work ethic and to always take pride in my work.  They are my 

greatest teachers and cheerleaders. 

 

 

 

 

 

 

 

 

 

 

ii 
 



 

 

 

 

 

 

 

 

 

 

This is dedicated to my parents, David and Barbra—the bravest people I know 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iii 
 



 

 

 

ABSTRACT 

Mycobacteria, specifically Mycobacterium avium subsp. paratuberculosis (MAP), are 

extreme strategists and as a rule live by deception.  Mycobacteria represent a group of 

closely related acid-fast bacilli that encompass a wide-range of host tropisms and 

diseases.  Mycobacteria can be divided into two complexes: the Mycobacterium 

tuberculosis complex and the Mycobacterium avium complex (MAC).  The MAC is 

comprised of M. avium subsp. avium (M. avium), MAP, M. intracellulare and M. avium 

subsp. hominissuis (M. hominissuis), all of which share an over 90 percent nucleotide 

similarity.  Despite its genetic similarity, MAC elicits different diseases in both animals 

and humans including infections of the lung, lymph nodes, bones, skin and 

gastrointestinal tract.  MAP is a unique member of MAC as it infects and establishes itself 

within the intestine of ruminants and other wildlife.  Furthermore, MAP lives in a 

quiescent state in soil and aquatic environments.  Since MAP encounters numerous 

environments, including those with unfavorable conditions, it has developed several 

strategies to survive.  However, the mechanisms by which MAP survival is achieved 

remains incompletely understood.   

 

The goal of these studies was to determine how MAP may survive and disseminate under 

unfavorable conditions, which included nutrient starvation and host pressures.  We have 

identified the development of a new MAP morphotype under prolonged nutrient starved 
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conditions.  This novel MAP morphotype resembles a spore-like structure and contains 

dipicolinic acid, which is used to protect DNA located within the core.  These novel 

structures are heat resistant at 70oC and can be enriched for in multiple MAP strains.  

Furthermore, we describe an unrecognized mechanism by which MAP takes advantage of 

host responses at the epithelium interface to recruit macrophages to the site of initial 

infection.  MAP is able to safely enter into macrophages and consequently ensures its 

establishment, survival and dissemination throughout the host.  Lastly, we demonstrate 

the importance of host physiological relevant temperature on successful disease 

progression.  Infection utilizing the temperature of MAP’s natural host, the cow, enhances 

the speed of infection as well as host and pathogen transcriptomic profiles.  Taken 

together, data generated from these studies will provide the basis for understanding MAP 

persistence and survival in diverse conditions.  The mechanisms by which MAP establishes, 

disseminates and/or survives difficult conditions may impact new programs to control JD as well 

as rational vaccine/therapeutic design and the way in which we view other mycobacterioses. 
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GENERAL INTRODUCTION 

Mycobacteria, specifically Mycobacterium avium subsp. paratuberculosis (MAP), are 

extreme strategists and as a rule live by deception.  Mycobacteria represent a group of 

closely related acid-fast bacilli that encompass a wide-range of host tropisms and 

diseases.  Mycobacteria can be divided into two complexes: the Mycobacterium 

tuberculosis complex and the Mycobacterium avium complex (MAC).  The M. 

tuberculosis complex is more readily recognized due to its implications in human health 

and includes two major pathogens, Mycobacterium tuberculosis and Mycobacterium 

bovis.  The MAC is comprised of M. avium subsp. avium (M. avium), MAP, M. 

intracellulare and M. avium subsp. hominissuis (M. hominissuis), all of which share an 

over 90 percent nucleotide similarity.  Despite its genetic similarity, MAC elicits 

different diseases in both animals and humans including infections of the lung, lymph 

nodes, bones, skin and gastrointestinal tract.  Historically MAC research has been 

limited; however, it is quickly gaining interest due to its association as opportunistic 

infections (M. avium and M. hominissuis) in HIV/AIDS patients and a potential 

etiological agent in Crohn’s disease (MAP). 

The hallmark of a successful pathogen is the ability to persist within the host for an 

indefinite period of time. Among the mycobacteria, MAP is the leader of this paradigm 

that succeeds by efficiently invading, replicating and laying siege to the host without 

being detected by the immune system [1].   Most notably MAP employs this modus 

operandi by causing Johne’s disease, a chronic inflammatory disorder of the 

gastrointestinal tract, in ruminants.   Johne’s disease is of increasing concern due to its 

severe economic and animal health impact.  MAP infection has the greatest consequence 
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to the dairy industry in which preemptive culling, quarantine, decreased carcass value and 

milk yield result in a conservative loss of $250 million per annum in the United States 

alone.  This strategy has quickly made MAP a dominant worldwide pathogen. 

The overall goal of these studies was to determine how MAP may survive and 

disseminate under unfavorable conditions, which included nutrient starvation and host 

pressures.  In order to understand MAP survival, experimental studies with three specific 

aims were designed. 

Specific aim 1:  Characterize MAP survival under chronically nutrient starved in vitro 

conditions. 

Specific aim 2:  Determine the role of host epithelium in establishment and persistence of 

MAP infection using an epithelium/bovine monocyte derived macrophage co-culture 

system. 

Specific aim 3:  Elucidate host specific temperature influences on MAP pathogenesis and 

survival. 

This thesis is divided into four chapters: Chapter 1 is the literature review with a focus on 

MAP survival in ambient and host environments; Chapter 2 describes a new MAP 

morphotype found in nutrient starved broth cultures and its implications towards 

transmission, pathogenesis and vaccine development; Chapter 3 characterizes the 

function of the host epithelium response to MAP infection and outlines a novel 

mechanism by which MAP is established within the host, Chapter 4 examines the role of 

host physiological relevant temperatures on MAP pathogenesis and survival and 

summarizes host temperature impact on other mycobacterioses. 
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1.0 Organism and Disease 

 

1.2  Overview 

Mycobacterium avium subsp. paratuberculosis (MAP), the causative agent of Johne’s 

disease (JD) in ruminants (mainly dairy and beef cattle and sheep) and other wildlife 

animals, is responsible for a conservative loss of $200 million dollars per. year to the 

United States dairy industry alone [1-6].  Like many mycobacterial species, MAP is a 

pathogen of deception that wages war by efficiently invading, replicating and laying 

siege to the host without being detected by the immune system.   Although the ultimate 

goal of MAP is to reside within the host macrophages, it is unlike other mycobacteria in 

that it preferentially colonizes the intestines, which eventually results in transmural 

inflammation and granuloma formation [7, 8].  Clinical symptoms of paratuberculosis 

include weight loss, diarrhea, and decreased milk production but typically do not occur 

until 2-10 years into the infection [1, 9].  In addition to economic burden, MAP is of 

significant concern due to its role as a possible etiological agent of Crohn’s disease (CD) 

in humans [10-14].  JD treatment is costly and all attempts to control disease onset 

through vaccination have been unsuccessful[2].  Therefore, it is essential to understand 

MAP persistence and pathogenesis and recognize the role of the host in disease 

progression.   

 

1.2  History: Disease Discovery and Isolation 

The first cases of JD in cattle were most likely seen in 1829; however, a definitive 

clinical characterization was not described until 1894 by Drs. Heinrich Albert Johne and 
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Langdon Frothingham at the Veterinary Pathology Unit in Dresden, Germany [15, 16].  

Inflamed tissue isolated from a ‘wasting’ cow sent to Johne exhibited thickening of the 

intestinal mucosa and swelling of the mesenteric lymph node [16].  Histological 

examination of the intestines uncovered heightened leukocyte and epithelioid cell 

infiltrates as well as acid-fast bacilli resembling Mycobacterium tuberculosis.   Unlike 

tubercle bacilli, an inoculum from the intestinal tissue failed to elicit disease when 

injected into guinea pigs.  Therefore, Johne and Frothingham believed the causative 

organism to be M. avium, the pathogen responsible for tuberculosis in birds [16].   

Recognition of JD as a potential global problem and not one restricted to Germany 

occurred with the first JD case report in the United States by Dr. Leonard Pearson in 

1908 [17].  A serendipitous finding by Bernhard Bang showed dermal reactivity of JD 

positive animals to avian tubercle antigen from M. avium, which was later developed as a 

diagnostic tool for JD until the advent of johnin tuberculin [18, 19].  Attempts to isolate 

the causative agent of JD were hampered due to the inability to culture the organism in 

available biological media; however, F.W. Tort inadvertently discovered a novel 

cultivation approach [20].   Using non-sterile glassware to culture bacteria, Twort 

observed the growth of satellite colonies surrounding larger contaminate (M. phlei) 

colonies.  Twort hypothesized that M. phlei colonies supplied nutrients not provided in 

the original culture medium and thus, promoted the growth of the satellite colonies.  In 

order to include the additional nutrient, Twort ingeniously combined heat killed M. phlei 

and his culture medium and was able to isolate the bacterium responsible for JD [20].  In 

his landmark paper, Twort named the organism Mycobacterium enteriditis chronicae 

pseudotuberculosae bovis, Johne [20].  
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1.3  Disease: Clinical signs and manifestation 

JD can be categorized into four stages: stage 1 or ‘silent’ infection, stage 2 or 

subclinical/carrier infection, stage 3 or early/clinical disease and stage 4 or advanced 

clinical disease.   The distribution of diseased animals in a herd represents an iceberg, in 

which animals in stage four represent the tip.  Animals located in the tip of the iceberg 

are those that have progressed from earlier disease stages located at lower levels of the 

iceberg [15].  The spread of JD within a herd will depend upon the number of animals 

within stage 1 infection as well as the number of MAP bacilli ingested (e.g. studies have 

shown that disease progression is MAP dose dependent); however, estimates for every 

clinical case may mean 5 to 20 subclinical animals [15, 18].  The iceberg principle is 

applicable to JD as diagnosed animals, those belonging to stages 3 and 4, are indicative 

of a much larger and hidden problem within the herd [19]. 

 

Stage one is associated with animals less than two years of age or those that have 

ingested a low concentration of MAP bacilli (50-1.0 x 103 colony forming units (CFUs)) 

within feces [21-23].   After phagocytic uptake by the host, MAP preferentially replicates, 

albeit in the lymph nodes [24].  Stage one animals appear outwardly healthy and lack 

clinical signs of disease; however, they are capable of fecal shedding of MAP in numbers 

that fall below the limit of detection for culture and polymerase chain reaction (PCR) 

amplification of MAP-specific genes [25, 26].  Unlike experimental infection in calves, 

naturally infected animals in early JD infection do not develop a humoral response and 
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test negative by enzyme-linked immuunosorbent assay (ELISA) [16, 27].  Subclinical 

infection is a significant problem in high density dairy and beef herds as uninfected 

animals are likely to come in contact with manure from stage one shedders; therefore, 

MAP infection is perpetuated throughout the herd [15].  ‘Silent’ infection may continue to 

2-10 years and some animals may clear MAP or progress to stage two or stage three 

infection [28, 29]. 

 

Similar to stage 1 infection, animals in stage 2 JD have a healthy appearance and shed 

MAP intermittently in feces.  Approximately ten per cent of stage 2 animals produce 

increased levels of interferon gamma (IFN-ƴ) and antibodies towards MAP [30-33].  

Dairy cattle may have decreased milk production and will be culled from the herd to 

prevent continuing monetary losses [3, 34].  However, animals that are not removed from 

a highly stocked herd serve as a hidden source of infection and promote MAP exposure to 

naïve animals [19]. 

 

Stage three clinical signs are weight loss and diarrhea, which gradually progresses to an 

emaciation and cachexia state [9, 35].  MAP burden within the intestinal mucosa will 

have reached a high concentration such that the majority of clinical disease animals will 

test positive for MAP by fecal culture, PCR and ELISA [17, 36].  Due to high bacterial 

burden, MAP may also be detected in milk and colostrum [36-39].  Pregnant stage three 

animals may also transfer MAP in utero [40-43].   As with stage two infection, animals 

experience a decrease in milk production and are culled from the herd to prevent disease 

spread [18].  Post mortem examination of the small intestine reveals a thickened intestinal 

7 
 



mucosa infiltrated with lymphocytes, epithelioid macrophages and giant cells resultant in 

non-functional villi and microvilli (e.g. villi are either destroyed or blunted) [35, 44].  

MAP has disseminated into extra-intestinal locations including supra-mammary, hepatic 

and pulmonary lymph nodes [44, 45]. 

 

Advance clinical disease/stage four status is associated with profuse diarrhea, emaciation 

and cachexia [35, 46].  Animals are extremely weak and may develop “bottle jaw” 

(submandibular edema) [29, 47].  Submandibular edema occurs due to the low 

concentration of serum proteins, particularly albumin, caused by loss of function in the 

intestine [1, 6] .  Animals in stage four are sent to slaughter although economic losses 

(e.g. processed meat will have a decreased market value if it passes inspection) are never 

fully recouped [3, 48].  

 

1.4 Host Range 

Although MAP can survive in soil and aquatic environments in a non-replicative state, it 

is most widely recognized for the pathogenesis it causes in various ruminants and wildlife 

species [1, 6, 49, 50].  The most well documented cases of JD are associated with cattle, 

sheep and goats; however, JD infection has been reported in other wild ruminants such as 

deer, elk, alpacas, llamas, camels, buffalos, bison, and mountain goats [2, 4, 29, 51-67].  

Other organisms, including non-ruminant animals and insects, may come in contact with 

MAP contaminated feces and serve as potential vectors of MAP infection.  Fischer et al. 

have reported that beetles and syrphid flies exposed to excrement containing MAP may 

transmit the bacterium to animals in close proximity [68-71].  Other studies investigating 
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earthworms and different insect larvae have echoed these findings [71].  In addition, 

rabbits have been shown to contract MAP infection and may aid in JD spread to adjoining 

farms [72-74].  However, the contribution of the aforementioned vectors remains 

unknown.  

 

 Although controversial, MAP has been hypothesized to be one etiological agent of 

Crohn’s disease (CD) in humans [9, 11, 13, 25, 26].  Pathophysiology of JD in cattle, 

such as corrugation of the intestine, and clinical signs resembles that of CD [75-77].  

Furthermore, several studies indicate that there is an increased odds (OR: 4.07; 95% CI: 

1.85-13.29) of MAP detection in blood and intestinal biopsies from CD patients [14, 78-

80] .  Studies by Sechi et al. examined the presence of MAP within inflamed intestinal 

biopsies from a Sardinian cohort with and without CD [78].  Subjects were also 

genotyped to determine if they possessed a specific CD susceptibility locus that did or did 

not correlate with a positive MAP test result (e.g. IS900 PCR positive).  Genotype 

analysis of the Nod2 locus showed that 70 per cent of CD subjects carrying a mutant 

allele (insC3020, G908R, and R702W) correlated with the presence of MAP in intestinal 

biopsies [78].  MAP may enter human consumption via milk, cheese and meat and due to 

inefficient killing by pasteurization [81-89].  Thus, repeated exposures to MAP 

contaminated food products may induce CD onset given appropriate susceptibility loci, 

such as Nod2.   

 

While an association between CD and JD is well documented, a causal link remains 

tenuous at best [11, 14, 78, 90-92].  One frequent argument against a potential CD-JD 
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link is that despite claims that these two diseases share a number of morphologic 

similarities; they are superficial and do not include many signs in CD such as fistulas and 

skip lesions [93].  However, JD and CD development may be an intertwining story 

involving how two very different hosts (natural and dead-end, respectively) handle a 

similar situation i.e. MAP infection [94, 95].  MAP is maintained in the ruminant 

population by continuous dissemination and re-infection; however, in the human 

population MAP may serve as an infectious instigator causing initial immune 

dysregulation and barrier breakdown.  Tight junction breakdown may occur through 

influx of proinflammatory cytokines, such as TNF- and IL-1, induced by the 

interaction of MAP and PRRs.  These interactions start when MAP cell wall components 

are recognized by PRRs; inflammatory signaling may continue unabated through multiple 

levels of cross-talk between pathways and cell types.  Thus, unregulated inflammatory 

signals induced by MAP may persist despite a potential host clearance.   A critical 

component of deciphering this story involves elucidation of how MAP dysregulates 

inflammatory pathways, especially those pertaining to pathogen recognition receptors 

(PRRs), and evades host recognition and clearance.  Characterization of the complete 

genome sequence of MAP (strain K-10) has provided a critical tool in meeting these 

challenges; therefore, the combined knowledge of MAP gene regulation and host 

signaling may aid in solving a potential link between MAP and CD as well as offer new 

insights into novel therapeutic modalities for CD [96]. 

 

1.5 Genome 
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The Mycobacterium avium complex (MAC), which comprises M. avium subsp. avium, M. 

avium subsp. hominis, M. intracellulare, M. silvaticum and MAP, is a close group of 

genetically related bacteria [97, 98].  Despite over a greater than 90 percent similarity, 

MAC members have a wide range of host tropisms, phenotypes and disease 

characteristics [97, 99].  MAP is one of the most costly members of MAC and is 

attributed to an economic burden of $1.5 billion dollars [1].  A significant portion of this 

money is allocated to testing and management programs for JD, of which culling is the 

most commonly used method [34, 100, 101].  While culling of MAP infected cattle and 

contact animals are necessary for JD control, JD prevention is not addressed by this 

method alone [2, 102-107].  It is well recognized that more robust testing strategies that 

are both sensitive and specific for MAP are urgently needed [108-110].  Current 

advancements in elucidating the MAP genome is starting to shed light on addressing this 

problem [96]. 

 

The MAP strain K-10 (bovine clinical isolate, C strain) genome, sequenced at the 

University of Minnesota, is comprised of 4,829,781 base pairs that encode 4,350 

predicted open reading frames (ORFs) with a G+C content of 69.3 percent [96].  MAP 

contains approximately 1.5% repetitive DNA, such as insertional sequences like IS1300 

and IS900.  Both IS1300 and IS900 restriction fragment length polymorphisms (RLFP) 

are used to characterize MAP isolates from other members of the mycobacterium avium 

complex (MAC).  IS900 is more widely used to differentiate MAP from other members of 

MAC due to the number of copies within the MAP genome [97].  Li et al. determined that 

MAP K-10 has 17 copies of IS900, while IS1300 is present in 7 copies.  It is important to 
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note that other studies indicate that while IS900 may be used to demonstrate initial 

presence of MAP, it may not be specific to MAP alone [111].  Thus, more specific targets 

may be needed to distinguish MAP from other IS900 positive mycobacteria. 

 

One of the most significant findings by Li et al. addressed a possible phenotypic 

difference between MAP and other mycobacterial species.  It is well established that 

unlike other mycobacteria, MAP is unable to produce mycobactin, a sidephore that is 

necessary for binding and transport of iron; therefore, addition of mycobactin J in 

laboratory culture is needed to fulfill this iron requirement.   A cluster of 10 genes 

identified in M. tuberculosis termed mbtA-J was shown to be responsible for mycobactin 

synthesis and transport of iron.  Homologues of mbtA-J were classified in MAP and 

compared with the M. tuberculosis and M. avium subsp. avium genome.  The mbtA gene 

in MAP was shown to be truncated with respect to M. avium subsp. avium and M. 

tuberculosis.  MAP encodes a 400 amino acid MbtA as opposed to 565 and 551 amino 

acids in M. tuberculosis and M. avium subsp. avium, respectively.  It is currently thought 

that Mbta is required to initiate mycobactin synthesis; therefore, Li et al. suggests that the 

loss of 165 amino acids may give one explanation to MAP’s inability to produce 

mycobactin. 

 

Li et al. also addresses two potential explanations for documented growth differences 

between slow growing MAP and fast growing Mycobacterium spp..  An insertional 

sequence (MAP0028c/IS1311) was identified in MAP 32 kb from oriC in contrast to M. 

tuberculosis, which is located 600 kb away.  The proximity of MAP0028c to oriC may be 
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deleterious to chromosomal replication and thus result in an increased generation time in 

MAP.  The other explanation for growth differences may be due to increased substitution 

in MAP0638, which is responsible for regulation of purine synthesis, DNA and protein 

synthesis, and cell growth.  Therefore, an increase in the substitution rate may factor in a 

decreased growth rate in MAP.  However, both of these hypotheses need to be further 

tested. 

 

Since the public availability of the MAP genome, Wynne et al. have re-sequenced the K-

10 isolate and provided a greater depth of coverage as well as annotation corrections 

[112].  The re-sequencing project identified 90 single nucleotide errors and a 51 base pair 

indel in a possible mammalian cell entry family protein (MAPK_1173), which during 

correction resulted in 28 frameshift alterations (27 of these were within protein coding 

loci).  Annotation errors in the original genome sequence were also identified by optical 

mapping of MAP strain ATCC 19698 [113].  Optical mapping uncovered a 648-kb 

inversion surrounding the origin of replication and additional copies of IS1311 and 

IS_MAP03, which were also confirmed in the K-10 strain. 

 

Several studies surrounding the MAP genome and elucidating strain differences have 

followed the MAP K-10 sequence [11, 114, 115].  Alexander et al. indicates that MAP 

may serve as a major branch for the evolution of more pathogenic mycobacteria; thus, it 

is essential that differences between MAP isolate types be elucidated [116].   MAP may 

be categorized into three classes based on host tropism: type I (previously referred to as 

sheep (S) type), type II (previously referred to as cattle (C) type) and type III 
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(intermediate type) [117].  In a recent study, Paustian et al. investigated differences 

between MAP types and host specificity[115].  MAP sheep and cattle isolates as well as 

M. avium subsp. hominis (MAH) were hybridized to MAP K-10 and MAH 104 DNA 

microarrays to analyze for large sequence polymorphisms (LSP) content.  The majority 

MAP cattle isolates did not show any LSPs similar to bird, bison, human, armadillo, cat a 

goat isolates.  The remaining isolates were grouped into three genomotypes: sheep, 

avium-silvaticum and hominissuis.   Several of the sheep isolates shared LSP ORFs 

present in the MAH 104 genome and those absent from MAP K-10.  These ORFs are 

expected to encode proteins involved in lipid and energy metabolism, virulence and 

transcriptional regulation.  Interestingly, Paustian et al. identified a glycopeptidlipid 

biosynthesis operon present in sheep isolates in contrast to cattle isolates, which is 

hypothesized to contribute to phenotypic differences between S and C types.  

Glycopeptidlipids have previously been shown to act as agonists of Toll-like receptor 2 

(TLR2) that function to activate macrophages.  Other LSPs that were identified include 

the mammalian cell entry (mce) gene clusters.  The mce gene cluster was classified in the 

MAP genome and is thought to enhance MAP’s ability to survive in macrophages.  

Paustian et al. found the presence of mce5 in MAP isolates; however, mce5 was absent in 

the majority of hominissus and avium-silvaticum genomotypes.  These findings are also 

supported in a separate study by Castellanos et al. [117].  It is important to note that the 

role of LSPs in phenotypic differences of MAP strains remains unclear and requires 

further validation.  Interestingly, a study by Janagama et al. was the first to report the 

association between LSP genes and pathogenicity during macrophage infection [118].  

The type VII secretory system, esx3, located downstream of LSP14 and 15 was 
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upregulated in MAP K-10 infected macrophages.  Previous studies have shown that esx3 

is controlled by the iron dependent regulator (ideR) and is necessary for mycobactin 

synthesis [119, 120].  Janagama et al. suggest that the LSP 14, LSP 15 and esx3 form a 

pathogenicity island capable of maintaining iron homeostasis and survival within 

macrophages [118]. 

 

2.0  In vitro MAP Gene Expression Profiles 

A recent study by Wu et al. [121] characterized transcriptional profile of MAP exposed to 

different stress conditions in vitro, or shed in cow feces was defined using DNA 

microarrays. Expression data analysis revealed unique gene groups of MAP that were 

regulated under in vitro stressors while additional groups were regulated in the fecal 

samples. Interestingly, acidic pH induced the regulation of a large number of genes 

(n=597), suggesting the high sensitivity of MAP to acidic environments. Generally, 

responses to heat shock, acidity, and oxidative stress were similar in MAP and 

Mycobacterium tuberculosis, suggesting common pathways for mycobacterial defense 

against stressors. Several sigma factors (e.g., sigH and sigE) were differentially 

coregulated with a large number of genes depending on the type of each stressor.  While 

there was little correlation on the identities of genes detected in macrophage exposures 

and in vitro induced stress, there was good agreement between the two studies in the 

metabolic pathways induced in MAP by macrophages and in vitro stressors.  

Wu et al., [121] followed up the in vitro transcriptional study with a functional analysis 

of several mutants of differentially regulated genes using a mouse model. Bacterial and 

histopathological examinations indicated the attenuation of all gene mutants, especially 
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those selected based on their expression in the cow samples (e.g., lipN). Overall, the 

employed approach profiled mycobacterial genetic networks triggered by variable 

stressors and identified a novel set of putative virulence genes. Thus, MAP uses a 

common survival theme irrespective of the stressor or the model (in vitro stress or 

macrophage) used. Further analysis of the functional genomes of MAP using proteomics 

approaches in in vivo models will help define the mechanisms of disease induction (at the 

animal level) and phagosome escape (at the cellular level). 

 

3.0.  Life Cycle: Transmission, Persistence, and Survival Tactics 

3.1 Transmission 

3.1.1  Fecal-Oral  

It is well established that MAP may be shed through the feces of subclinically and 

clinically infected animals and thus, provides an opportunity for the pathogen to establish 

infection in other ruminates through fecal-oral route [49, 122-125].  Ruminants infected 

by MAP are categorized into three groups of shedders by culture methods using Herrold’s 

egg yolk agar: low (‹10 CFU/ tube), moderate (10-50 CFU/tube) and high (›50 

CFU/tube)[123].   Crossley et al. suggests that “stressors”, such as stocking densities and 

management systems used in cattle farming, may act as triggers for MAP shedding and 

result in a shortened incubation period [125].   For instance, larger herd size has been 

correlated with increased prevalence of JD [126].   Feces containing excreted MAP cells 

may come in contact with feed, water and teats; therefore, young animals exposed to 

these vehicles are at an increased risk of developing JD [1, 7, 123].  Several studies have 
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shown isolation of MAP in milk and colostrum, which may be conferred to neonates [40, 

45].  

 

3.1.2 In-utero 

Vertical transmission may occur through an intrauterine route as demonstrated by MAP 

isolation from the fetus, uterus, placenta and semen [41, 44, 45, 51, 127].   For example, 

Seitz et al. isolated MAP from twenty-five percent of in-utero calves of clinically infected 

mothers[127].  Detection of MAP within supramammary lymph nodes and milk has 

introduced the use of milk replacer to prevent and control vertical transmission [45, 81]. 

 

 

3.1.3  A Hypothesized Aerosol Transmission 

Initially proposed by Corner et al., aerosol transmission may occur via dust particles from 

dry feces of MAP or droplet from water sources contaminated with MAP [128-130].  

Other mycobacteria, such as M. tuberculosis and M. bovis, are capable of aerosol 

transmission and thus infection is often difficult to control [131-135].  Similarly, MAP 

may have multiple routes of entry which may aid in infection efficiency.  Therefore, 

current culling and control strategies will need to be furthered modified to address 

aerosol transmission.   It is important to note that direct evidence of aerosol transmission 

of has not been established and its contribution to MAP infection in the host remains 

unknown. 

3.2 Persistence 

3.2.1 Soil Environments 
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Although destocking is often employed as a means to clear MAP presence, MAP may 

persist within the environment for an extended period of time.  Whittington et al. has 

shown MAP survival of up to 55 weeks in fecal material and soil, while isolation of MAP 

in sediment was 48 weeks [49].  Attachment to soil particles and persistence is expected 

to influence MAP exposure to other animals (e.g. increased availability) and may aid in 

transportation to other environments [136].   MAP may persist within soil environments 

in a state of non-replication until contact is made with a suitable host.  A quiescent 

existence within soil may explain MAP genes acquired by lateral gene transfer [137].  A 

study conducted by Marri et al. identified 275 genes that were likely acquired by lateral 

gene transfer.  The majority of reported genes clustered with actinobacteria and other 

soil-dwelling bacteria. 

 

3.2.2  Aquatic Environments 

Contact with contaminated feces is not solely limited to the immediate surroundings but 

may pollute other water sources such as lake catchments and dam water [50, 126, 138].  

Pickup et al. determined that 68.8 percent of water samples collected from the River 

Tywi in South Wales, United Kingdom tested positive for MAP by IS900 PCR[50].  The 

River Tywi area encompasses more than a million dairy and beef cattle as well as 1.3 

million sheep; therefore, MAP presence in the lake catchment is most likely due to rain 

runoff from local pastures.  Additionally dam water was shown to harbor MAP up to 36 

weeks in a semi-shaded location [138].  These data have potential significance not only to 

environmental cycling, but also to the public health concern of human transmission.     
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3.3 Survival Tactics within the Host 

3.3.1 Host Entry 

The ability of MAP to appear benign may explain why it is so well adapted to its host.  

Once ingested, MAP gains entrance to subepithelial macrophages by invasion into the 

lamina propria via microfold cells (M cells), villious epithelial (VE) cells overlying the 

Peyer’s patches (PP) in the gut-associated lymphoid tissue (GALT) or a separate 

unknown mechanism  [7, 8, 123, 139-141].  M cells represent a primary target for MAP 

infection, which may be due to the lack of lysosomes and hydrolytic enzymes present 

[142].  Therefore, many antigenic properties of MAP remain unaltered.  It is well 

established that fibronectin attachment proteins (FAPs) present on MAP facilitate 

fibronectin (FN) binding to the bacterium which in turn forms a FN bridge with β1 

integrins located on intestinal epithelial cells [8, 143-145].  Preferential binding of MAP 

to M cells may be explained by the high densities of β1 integrin present on the luminal 

surface in comparison to enterocytes.  Therefore, VE cell invasion is due to an unknown 

FN-independent mechanism [144, 145].  MAP preference for M cells appears to require 

more than FN-integrin interaction since the closely related organism Mycobacterium 

avium avium most commonly enters the intestinal wall by absorptive epithelial cells 

despite having FAP genes [146].  Furthermore, MAP construction of a FN bridge is not 

limited to M cells but has also been shown to occur in other epithelial cell types, such as 

Caco-2 and T-24 cells [146].  Both Caco-2 and T-24 cell lines are human derived and 

may demonstrate a role of MAP in Crohn’s disease onset. 

The ultimate goal of MAP is to reside within the macrophage, epithelial cell processing of 

MAP may be essential in terms of efficiency of invasion into the macrophage.  Studies 

19 
 



examining MAC-T cell, a mammary epithelial cell line, exposure to MAP increased 

invasion in subsequent infections with Madin-Darby Bovine Kidney (MDBK) cells.  

Increased invasion may be due to upregulation of MAP3464, an oxidoreductase, which 

activates host internalization pathways Cdc42 and Rho pathways [147, 148].  Although 

these studies concern subsequent invasion into epithelial cells, it can be speculated that a 

similar mechanism may be at play with the macrophage.   Taken together these data 

suggest an essential role of epithelial cells in processing of M. paratuberuclosis that not 

only aids invasion into the subepeithelial dome, but also may dictate disease progression 

and outcome. 

Although MAP preferentially interacts with M cells, MAP may induce invasion in other 

epithelial cells.  In a recent study conducted by Patel et al., it was suggested that the 

mammary gland might act as a reservoir for MAP within the host [147].  MAP previously 

exposed to MAC-T cells, a mammary epithelial cell line, displayed increased invasion in 

subsequent infections with Madin-Darby Kidney (MDBK) cells.  Infection might be 

sustained within the mammary gland since MAP was shown to be capable of invasion 

from both apical and basolateral surface of MAC-T cells.  Increased invasion may be due 

to a hyperosmolar environment, which MAP would naturally encounter via milk.  Since 

MAP is isolated from milk and colostrum, it may be first processed by mammary 

epithelial cells in the host.  DNA microarray analysis of MAP 24 hours post infection 

with MAC-T cells revealed upregulation of 20 MAP genes related to regulatory, 

metabolic and virulence-associated functions compared with MAP 7H9 broth cultures.  

Patel et al. hypothesize that a 35kDa protein, which previously was shown to enhance 
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invasion in epithelial cells, present in MAP may be upregulated in response to previous 

exposure to MAC-T cells [149].   

Recent studies using a bovine ileal-loop model have shown host upregulation of intestinal 

trefoil factor (CD73) in response to MAP infection [150].  CD73 expression often marks 

damage to the glycocalyx and tight junction repair.  MAP may obtain access to 

subepithelial macrophages by localization and ingress through tight junctions.  MAP is 

well adapted to life within the macrophage and is able to persist and replicate within the 

phagosome, which is largely due to its ability to efficiently block phagosome-lysosome 

fusion [151, 152].  Interplay between MAP and the macrophage may dictate disease 

progression and outcome; therefore, it is of extreme importance to understand early 

macrophage responses in order to elucidate pathogenesis.   

 

3.3.2 Macrophages and Dendritic Cells 

After M cell invasion into the subepithelial dome, MAP may encounter dendritic cells and 

macrophages.  It is well established that MAP interacts with intestinal dendritic cells 

through its cell wall glycoplipid, mannosylated lipoarabionomannan (ManLAM) and the 

dendritic cell receptor, DC-SIGN [153].  MAP may use intestinal dendritic cell invasion 

as a strategic maneuver since the primary function of intestinal dendritic cells is to 

sample and present commensal bacteria through tight junctions to the GALT.  Thus, MAP 

would be able to overcome the tight junction barrier and be directly transported to the 

lamina propia to interact with subepithelial macrophages.  Furthermore, ManLAM-DC-
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SIGN interaction may prime MAP to direct a Th2 response, which would lead to immune 

subversion [153].   

The major goal of MAP is to enter its niche—the macrophage.  The ability of MAP and 

other mycobacteria to invade the macrophage has been suggested as a conserved 

evolutionary selection for intracellular growth within protozoa [154-157].  

Mycobacterium avium avium has been shown to survive and persist within Tetrachymena 

pyriformis and Acanthamoeba species [158].  It appears that prior phagocytosis of M. 

avium avium by A. castellanii enhances not only entry of the pathogen, but also virulence 

in epithelial cells due to selection by a more virulent phenotype.  MAP likewise has been 

shown to invade A. castellanii within 180 minutes of co-culture [154].   MAP-protozoa 

interaction is extremely provocative in terms of spread of infection and Crohn’s disease 

since protozoa have been located in dam water contaminated with MAP [138].  However, 

whether or not MAP invasion in protozoa occurs naturally is still unknown.  Like 

dendritic cells, ManLAM from MAP is capable of interacting with macrophage host 

receptors.  The most well documented interaction is that with the mannose receptor, 

which enhances macrophage phagocytosis of MAP [143, 151, 155, 159].  Upon entry into 

the macrophage, MAP undergoes simultaneous replication and killing that is reflective of 

an initial Th1 response [155, 160, 161].  This may be due to an initial phagosome 

acidification response from the host.   Studies investigating M. tuberculosis ManLAM 

interaction with macrophages have indicated that ManLAM is indispensable for blockage 

of phagosome maturation [162, 163].  The ability of MAP and other mycobacteria to 

inhibit phagosome-lysosome fusion is essential to prevent pathogen awareness by the 

host immune system such that MAP may hijack macrophage resources and persist 
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unabated.   This is supported by the observation that MAP is able to persist within the 

phagosome for 15 days; however, phagosome function is restored with killed MAP 

replacement of live counterparts [164].  Other important macrophage receptors that are 

important for MAP binding include the complement receptors CR1, CR3 and CR4, the 

immunoglobulin receptors (FeR), transferring receptors, the scavenger receptors, and 

surfactant protein A receptor [143, 159].   MAP binding to CR3 prevents activation of an 

oxygen burst and is abrogated with addition of monoclonal antibodies to CR3 [7].   

Invasion efficiency of MAP appears to differ with respect to MAP genotype such that 

species specific variation occurs [165].  Despite variation in invasion, MAP strains 

employ a similar infection protocol or modus operandi.  Zhu et al. determined that 

expression patterns from MAP strains 1018 (short sequence repeat (SSR) finger-print: 

7G, 4GGT; cattle isolate), 6 (SSR finger-print: 7G, 5GGT; human isolate) and 7565 (SSR 

finger-print: 15G, 3GGT; sheep isolate) isolated from bovine monocyte derived 

macrophage infections at 48 and 120 hours showed upregulation of 27, 22 and 35 genes 

with overlapping cellular functions, respectively [166].  Pathway analysis categorized 

gene functions related to small-molecule degradation, energy metabolism, amino acid 

biosynthesis, lipid biosynthesis, broad regulatory functions, synthesis and modification of 

macromolecules, cell envelope, transport/binding proteins, virulence, antibiotic 

production and resistance, and conserved hypothetical proteins.  All three MAP strains 

upregulated MAP4041c and MAP4281, which are suggested to play a role in protein 

transport and act as insertion elements, as well as genes related to lipid degradation, 

membrane transportation and DNA repair at 48 hours. Taken together, this comparative 
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transcriptional analysis suggests that diverse MAP genotypes may use similar modus 

operandi for survival in the host.   

Previous studies have investigated the ability of MAP strains to regulate expression of 

major histocompatability complex molecules during macrophage infection.  Although 

MAP infected J774 murine macrophages did not affect the expression of MHC class II 

molecules, antigen presentation decreased which may be due to MAP limitation of 

antigen processing [164].  However, these results conflict with bovine macrophages 

infected with live and killed MAP that conferred downregulation of MHC class I and 

class II molecules [167].  It is exciting to speculate the potential that one or a number of 

hypothetical genes identified by Zhu et al. may be responsible for MAP regulation of 

MHC class I and class II molecules and control of antigen processing.     

 

3.3.4 Establishment and Dissemination 

During MAP replication within the macrophage phagosome, host cell resources and space 

become limited.  Therefore, MAP egresses from the cell by apopotosis and is able to 

infect neighboring macrophages within the subepithelial dome.  Infected macrophages 

migrate into local lymphatics concurrent with disease progression, resulting in bacterial 

spread to regional lymph nodes, including the mesenteric lymph node (MLN) [51, 123, 

166, 168].  MAP is able to replicate within regional lymph nodes albeit rather slowly.  

Macroscopic lesions develop in the intestine and the MLN causing the intestinal wall to 

thicken and become corrugated [168].  Infection may spread to the supramammary lymph 

node and mammary gland and therefore cause MAP contamination in colostrum and milk 
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[41, 45].  Several studies indicate that MAP is able to survive the pasteurization process 

and thus with respect to the possible zoonotic nature of MAP may pose a significant 

public health concern with CD onset [45, 81].   

The most recognizable feature of Johne’s disease is the atypical granuloma formation, 

which is found in the mid- and distal-segments of the small intestine [1, 12, 123].  These 

atypical granulomatous lesions are thought to represent a late response by the host to 

control and limit MAP spread to the rest of the intestine and draining lymph nodes.  

However, it has been suggested that mycobacteria may take advantage of granulomas to 

recruit new macrophages to the site of infection and allow for mycobacterial travel 

through the granuloma [169].  Thus, MAP may use granulomas as bridges to infect new 

portions of the intestine as well as other organs, including the mammary gland and 

mesenteric lymph node [41, 44, 45, 147]. 

 

IV: Concluding Remarks and Future Directions 

MAP is a highly successful pathogen with diverse survival mechanisms encoded in its 

~4.5 megabase genome. Since MAP genome sequence was published in 2005, little 

research has focused on functionals analysis of this fastidious organism. Understanding 

functional genome used by MAP is essential to establish the repertoire of virulence 

pathways used by this organism in vivo or in vitro. Thus future studies using systems 

analysis of its transcriptome and proteomes will significantly aid in improving our 

understanding of host-pathogen and pathogen-environment interactions of MAP.  Also 

encoded in that complex genome are pathways used by MAP that will greatly aid in 
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improving in vitro culture systems for rapid diagnosis. An additional area of emphasis for 

future studies in MAP-host interactions would be in elucidating their innate responses at 

calf hood versus adult animal exposures and the mechanisms by which MAP traffics to its 

site of predilection – distal ileum (Peyer’s patches) and mesenteric lymph nodes. A clear 

understanding of its functional genome and its interactions with the host will also aid in 

establishing good animal models to study this complex but successful microbe. 
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Background. 

Mycobacteria are able to enter into a state of non-replication or dormancy, which may 

result in their chronic persistence in soil, aquatic environments, and permissive hosts.  

Stresses such as nutrient deprivation and hypoxia provide environmental cues to enter a 

persistent state; however, a clear definition of the mechanism that mycobacteria employ 

to achieve this remains elusive.  While the concept of sporulation in mycobacteria is not 

novel, it continues to spark controversy and challenges our perceptions of a non-

replication.  We investigated the potential role of sporulation in one-year old broth 

cultures of Mycobacterium subsp. paratuberculosis (MAP). 

 

Results. 

We show that dormant cultures of MAP contain a mix of vegetative cells and a previously 

unknown morphotype resembling a spore.  These spore-like structures can be enriched 

for using sporulating media.  Furthermore, purified MAP spore forms survive exposure to 

heat, lysozyme and proteinase K.  Heat treated spores are positive for MAP 16SrRNA and 

IS900.  MAP spores display enhanced infectivity as well as maintain acid-fast 

characteristics upon germination in a well-established bovine macrophage model. 

 

Conclusions. 

This is the first study to demonstrate a new MAP morphotype possessing spore-like 

qualities.  Data suggest that sporulation may be a viable mechanism by which MAP 

accomplishes persistence in the host and/or environment.  Thus, our current 

understanding of mycobacterial persistence, pathogenesis, epidemiology and rational 

drug and vaccine design may need to be reevaluated.   
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BACKGROUND. 

Mycobacteria represent a group of highly successful organisms that range from free-

living saprophytes to those that have adapted full dependence on a living host [170, 171].  

During their life cycle, mycobacterial species may encounter a number of stresses 

including nutrient deprivation, hypoxia, acidic pH, and even competition with other 

organisms for limited resources and occupation of a specific niche, such as soil and water 

[172-175].  In order to survive in such unfavorable conditions, mycobacteria have 

developed mechanisms to achieve dormancy, latency and persistence [176-178].  While 

several studies have investigated persistence in mycobacteria, the definition remains 

loosely explained and the mechanisms that lead to and sustain this state of non-

replication are poorly understood.  A recent study by Ghosh et al. stated the formation of 

endospores in two month old cultures of M. marinum and M. bovis, which may serve as 

an unprecedented method employed by mycobacteria to withstand harsh conditions 

[179].  The concept of sporulation in mycobacteria continues to spark controversy and 

challenges our current perceptions of the facets involved in mycobacterial persistence.  

Follow-up studies conducted by Traag et al. could not reproduce endospore formation in 

4 week to ~8.5 month liquid cultures of M. marinum, which questioned the purity of 

cultures used in ultrastructural characterization by Ghosh et al. [180].  The current 

research trend focusing on sporulation in mycobacteria remains to reproduce findings by 

Ghosh et al. using identical isolation methods; however, we investigated whether the 

potential for sporulation was limited to M. marinum or may encompass another 

saprophyte and animal pathogen, Mycobacterium avium subsp. paratuberculosis (MAP). 
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MAP, the causative agent of Johne’s disease (JD) in ruminants, is one of the most 

prevalent and well-documented infections of dairy cattle worldwide [11].  To date, JD 

eradication remains implausible and control efforts are hampered due to MAP’s 

persistence within soil and water as well as shedding by subclinical and clinical cattle 

[11, 49, 136, 181].  Therefore, it is critical to augment our knowledge of the events that 

precede non-replication as well as the various mechanisms used to attain it.  Our data 

showed that one year old broth cultures of MAP strains K-10, 7565, Linda and Ben have 

the potential to produce a previously undocumented morphotype possessing a spore-like 

structure given optimal sporulation conditions.  All isolated MAP spore-like morphotypes 

shared appropriate spore ultrastructures, presence of dipicolinic acid and the MAP 

specific insertion sequence, IS900, and heat resistance.  More importantly, heat treated 

MAP spore structures retained macrophage infectivity as well as acid-fast characteristics 

upon germination.  These data suggest that sporulation may be a viable route by which 

MAP accomplishes persistence in the environment. 

 

RESULTS AND DISCUSSION. 

MAP produces a new morphology when grown on Arret-Kirshbaum sporulation 

agar under physiologically relevant temperature. 

One year old Middlebrook 7H9 (MB7H9) broth cultures (herein referred to as dormant 

cultures) of MAP strains K-10 (cattle isolate) and 7565 (sheep isolate) were used to 

examine sporulation activity and isolate spores.  It is important to note that the culture 

medium was never changed and agitation was not supplied for ~ 6 months (mo.); 

therefore, MAP strains were assumed to be subject to nutrient starvation and hypoxia.  
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These methods differ from those utilized by Ghosh et al. in which M. marinum and M. 

bovis were grown on 7H10 agar plates for 2 and 12 weeks, respectively [179].  Methods 

also varied from those described by Traag et al. since MAP broth cultures were kept at a 

constant 37oC as opposed to intermittent incubations at 4oC and 33oC.  Furthermore, we 

included a spore enrichment process in which MAP broth cultures were separately plated 

on Arret-Kirshbaum (A-K) sporulating agar and grown at 37oC and 39oC.  Since A-K 

sporulating agar is used for induction of sporulation, particularly from Bacillus spp., we 

hypothesized that MAP may also produce spores upon nutrient exhaustion in this 

medium.  We showed that MAP is capable of growth and sporulation on A-K agar after 

72 h of incubation at 39oC, which was validated by differential staining for spores using 

malachite green and safranin (Figure 1A and B).  These results are in stark contrast to E. 

coli K-12 A-K growth, which is negative for malachite green staining (Figure 1B).  It is 

interesting to note that successful MAP growth on A-K medium occurred at 39oC and not 

at 37oC, the physiological body temperature of cattle in contrast to the B. subtilis control 

which grew at 37oC and 39oC (Figure 1A).  Previous studies from our laboratory 

demonstrate that physiologically relevant temperatures greatly influence MAP gene 

expression profiles and speed of macrophage invasion [182].  It is well recognized that 

mycobacteria are sensitive to changes in temperature, which influence growth, cell 

morphology and pathogenesis [182-185].  Temperature also impacts sporulation 

efficiency [186-188].  For example, a recent study by Garcia et al. demonstrate B. 

wiehenstephanensis KBAB4 has a sporulation efficiency of 15% at 7oC compared to 99% 

efficiency at 12-30oC [186].  As previously mentioned, dormant cultures of M. marinum 

used by Traag et al. were stored at 4oC for an unspecified period of time, which may 
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provide one explanation to the lack of spore detection [180].  Thus, additional pressures 

like host related temperature may be one of several contributing stressors capable of 

inducing differential rates of sporulation.   

 

Due to the age of MAP cultures, a valid concern arose that isolated morphotypes were not 

of a MAP origin but a known endospore contaminant.  In order to confirm MAP purity, 

dormant MAP K-10 cultures used for spore enrichment were streaked on Brain-Heart 

Infusion (BHI) agar.  While B. subtilis produced visible colonies, MAP K-10 showed no 

growth and was determined to be devoid of any contaminating organisms (Figure 1C).  

Also, MAP K-10 was revived on MB7H9 agar indicating that dormant cultures remained 

viable.  Therefore, MAP K-10 has the potential to produce spore-like structures given 

sufficient and appropriate cues.  Environmental cues that are involve nutrient and 

moisture limitation, temperature, hypoxia, and competing microbes are hypothesized to 

be sufficient to cause mycobacterial sporulation but may not all be necessary at the same 

time.   

 

Transmission Electron Microscopy (TEM) shows presence of spore-like forms. 

Since malachite green primarily functions by permeating the mother cell through heat and 

is retained within the cell coat layers due to their thickness, the possibility remained that 

malachite green may be bound to the complex, waxy mycobacterial cell wall.  In fact, 

malachite green has been used to stain flagella and leprosy bacilli in addition to 

endospores [189, 190].  To validate A-K agar and malachite green staining results and 

characterize the MAP spore-like structure, we examined the spore forms during different 
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phases of growth: log, dormant, and induced (A-K isolated) spore phases (Figure 2A).  

Dormant MAP K-10 cultures displayed a mix of bacilli and spores, while the induced 

phase contained only spores (Figure 2A).  Next, we increased the stringency of our 

testing for possible contamination and conducted duplex and normal polymerase chain 

reactions (PCRs) to demonstrate the presence and/or absence of IS900 integration sites in 

MAP, Bacillus spoIVA gene and Clostridium 16SrDNA gene in all MAP and control 

samples (Figure 2B).  MAP dormant, log phase, germinated and A-K isolated spore 

cultures showed the presence of IS900 integration sites but did not display amplification 

of specific Bacillus and Clostridium gene elements, which suggested the unlikelihood of 

isolated MAP morphotypes containing Bacillus and Clostridium species (Figure 2B).  As 

expected, control spore samples from B. subtilis and C. perfringens did not amplify the 

MAP specific IS900 integration sites (Figure 2B). 

 

We tested if MAP dormant and A-K spore cultures represented true spores and not a 

simple thickening of the cell wall as has been reported by Cunningham et al. by 

determining the presence of dipicolinic acid (DPA; pyridine-2,6 dicarboxylic acid), a 

chemical commonly found in spores [191].  Calcium bound DPA is found within the 

spore core and contributes to spore DNA resistance to wet and dry heat, desiccation and 

hydrogen peroxide [192-194].  In order to detect DPA, we used a colorimetric assay that 

releases DPA after autoclaving and acetic acid treatment and is subsequently available to 

bind to iron under an acidic pH [195].  Since mycobacteria secrete, contain, and are 

supplemented with siderophores, which form complexes with iron, we included a 

mycobactin J control to ensure abrogation of potential reactions with iron involved in 

49 
 



DPA detection (Figure 2C) [196].  Elevated levels of DPA were found in MAP dormant 

and spore cultures and B. subtilis spores (matched for wet pellet weight) (Figure 2C).  

Not surprisingly, isolated MAP spores contained increased amounts of DPA (470.0 µg/ 

mL) compared to any other MAP culture, which was not due to reactive mycobactin J 

(Figure 2C).  It has been noted that DPA synthesis in addition to endospore formation 

occurs with low guanine (G) and cytosine (C) % content among Firmicutes, which 

conflicts with the high percentage of G+C found in mycobacteria [180].  Although rare, 

members of the Streptomyces (S. globisporus and S. avermitilis) are capable of endospore 

production given conditions conducive to endsporulation such as incubation in 

submerged cultures and phosphate limitation [197, 198].  Also, the presence of DPA was 

found by Stastná et al. despite the lack of the spoVF locus, which encodes a DPA 

synthetase [198].  Orsburn et al. has described that the spoVF locus is also absent in 

certain clostridia and that an electron transfer flavoprotein may compensate for DPA 

generation [199].  Therefore, spoVF may not be a strict requirement for DPA production 

and endosporulation may infrequently encompass genera from Actionbacteria and may 

not be restricted solely to low G+C% bacteria.  Future studies should involve mechanistic 

based experiments to determine if DPA production in MAP depends upon an electron 

transfer flavoprotein.  It is possible that novel morphotypes of MAP may  be reminiscent 

of endospore production in Streptomyces spp..  

 

Sporulation in MAP is reproducible and consistent in a different culture, medium 

and multiple strains.  
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Our enrichment technique using A-K agar was validated by another laboratory (National 

Animal Disease Center (NADC), USDA) using a separate MB7H9 liquid culture of MAP 

K-10 (Figure 3A).  TEM images of MAP K-10 showed characteristic spore features (e.g. 

condensed core and coat layers) (Figure 3A).  Since A-K agar is not a typical method 

used to induce sporulation from bacterial cultures, we included spore enrichment using 

potato extract agar (PEA) using a described method (Figure 3B) [200].  Again, year old 

liquid culture of MAP K-10 was capable of producing spore-like morphotypes and 

displayed identifiable spore structures (Figure 3B).  B. subtilis and E. coli K-12 were 

included as positive and negative controls, respectively (Figure 3B).   MAP K-10 PEA 

spore-like structures were free of contamination as determined by the absence of growth 

on blood agar (Figure 3d). Furthermore, we sought to determine if other MAP strains 

were capable of sporulation.  A-K enrichment of and TEM visualization showed that 

MAP 7565 (sheep strain), Ben (human strain) and Linda (human strain) sporulated 

(Figure 4).  Both Ben and Linda strains were isolated from patients with Crohn’s disease 

[201, 202].  Although highly controversial, the presence of MAP (either in blood or 

intestinal tissue) has been shown to be associated with Crohn’s disease but an etiological 

link between the two remains to be established [203-205].  Interestingly, MAP found 

within the intestinal tissue of Crohn’s disease patients fail to stain acid-fast and appear to 

have lost the cell wall (forms are referred to as cell wall devoid or spheroplasts) [206].  

Visualization of the spheroplasts requires methods that stain the nucleic acid, such as 

acridine orange or fluorescence in situ hybridization of IS900.  Spores are acid-fast; 

however, since the stain does not penetrate past the cell coat layers it gives a halo or 
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spheroplast appearance.  Since spores will also stain positive for acridine orange, it is 

exciting to speculate that MAP spheroplasts are this spore-like morphotype.   

 

MAP spore-like forms survive heat treatment and are positive for MAP 16SrRNA 

and IS900. 

To be considered a true spore former, isolated novel MAP morphotypes must survive 

exposure to heat and be capable to germinate given a nutrient source [192].  We heat 

treated MAP K-10 spores at 70oC and 90oC for 30 min in addition to 2% lysozyme, 

proteinase K (PK), kanamycin and anaerobic exposure.   Heat treatment served two 

purposes to: 1) determine temperature threshold for survival and 2) eliminate any 

remaining vegetative cells such that the re-grown culture only originated from spores.  

Both lysozyme and PK are typically used as a standard DNA extraction protocol that 

functions by damaging the cell wall of vegetative MAP cells, which causes bacterial lysis.  

MAP K-10 spores survived exposure to 70oC but not at 90oC (Figure 5a).   Heat exposed 

spores treated in combination with either lysozyme, PK or kanamycin were capable of re-

growth due to the coat layer resistance to these enzymes (Figure 5a).  Incubation under 

anaerobic conditions was included to rule out Clostridium spp. contamination.   Exposure 

to anaerobic conditions post heat treatment failed to produce any visible growth (Figure 

5a). Contamination during heat treatment was also eliminated as can be observed by the 

absence of growth on blood agar plates (Figure 5b).   Ten colonies from each heat treated 

MAP plate (70oC  alone/and + lysozyme, + PK, +kanamycin) were selected and 

submitted to 16SrRNA sequencing.  Sequencing results showed that all colonies were 

positive for MAP 16SrRNA (Figure 5c).  These colonies were also positive for MAP-
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specific IS900 (Figure 5d).  MAP spore survival post exposure to 70oC may in fact not be 

extremely surprising since many studies have shown the presence of MAP as a food 

contaminant in pasteurized (also treated at 70oC) milk, cheeses and yogurt [85, 88, 89, 

207].  It is currently unknown if the MAP found in these dairy products may exist in a 

spore or spore-like state.  If MAP does survive pasteurization as a spore, this may result 

in an important finding and further understanding of MAP’s potential role in public health 

 

Dormant MAP cultures express elevated transcript levels of sporulation related 

genes. 

In addition to spore visualization, we have identified a number of mycobacterial 

candidate genes corresponding to those in the sporulation pathway of several Bacillus and 

Streptomyces species (Figure 6a).  We show that MAP 1002c, which has a 57% similarity 

to the sporulation response regulator spo0A in Bacillus spp., has a 40-fold increase 

expression in dormant MAP K-10 compared to respective log-phase culture (Figure 6b).  

Other studies have also noted the presence of spore related genes in M. tuberculosis and 

other mycobacterial species [208]. 

 

 Research investigating Bacillus spp. and S. coelicolor A3(2) morphology indicate that 

the stringent response is essential to robust spore production [209, 210].    A recent study 

by Stallings et al. showed that the mycobacterial gene, carD, is an essential regulator of 

the stringent response that is also found in a number of sporulating bacteria that 

downregulates rRNA by binding onto the β-subunit of RNA polymerase (RNAP) in 

response to nutrient starvation and oxidative stress (Figure 6c) [211].    Transcript levels 

in dormant MAP culture show a 15 and 2-fold upregulation of MAP 0475 and MAP 
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0987(carD orthologues), respectively (Fig. 6b).      The presence and absence of 

orthologous genes alone is unlikely to shed any deeper understanding of the sporulation 

process in mycobacteria but will require the addition of an evolutionary systems biology 

approach [212].  Evolutionary systems biology, which focuses on the changing 

relationships between genes and gene products, will reveal developmental networks that 

may include regulatory molecules and feed-forward networks.  Ongoing studies in our 

laboratory are seeking to create knock-out and knock-in mutations of genes identified in 

Table 1 to determine what role if any they may have in formation of the MAP spore-like 

morphotype. 

 

MAP spores retain infectivity and germinate into acid-fast bacilli during exposure to 

bovine monocyte derived macrophages (MDMs).   

Previous studies have reported that MAP can readily be isolated in soil and aquatic 

environments, which may come into contact with animals and serve as transmission 

routes [70, 126, 136, 213-215].   For example, livestock manure stored in liquid lagoons 

is often applied to agricultural land and MAP may persist within this environment 

upwards of 175 days [124].  Therefore, we asked the question if MAP spore-like forms 

could transmit and maintain infection in a well-developed bovine monocyte derived 

macrophage (MDM) model.  Both MAP and B. subtilis spores are readily phagocytosed 

by MDMs; however, B. subtilis spores are cleared within 6 h p.i. (post infection) (Figure 

7).  All vegetative cells were lysed as stipulated in materials and methods.  MAP spores 

are maintained within MDMs and germinated by 24 h (Figure 7).  Spore germination into 

developed bacilli show strong acid-fast staining, which is a major diagnostic feature of 
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mycobacteria.  Furthermore, the progression of infection with MAP spores was enhanced 

when compared to the MAP log-phase control and MDMs lysed at 48 h p.i. (Figure 7).  

These data combined with heat resistance suggest that sporulation in MAP may aid and 

impact the rate of transmission and consequently establishment of infection in host 

species.   

 

CONCLUSIONS.  

 This is the first study to identify and describe a new spore-like morphotype in MAP 

associated with nutrient starvation.    We propose that MAP may utilize sporulation as a 

mechanism to persist in unfavorable conditions such as those encountered in soil and 

aquatic environments.  MAP may also commit itself to a spore-like state to survive the 

pressures applied by pasteurization and thereby provide one explanation for MAP 

detection in commercialized dairy products.  Although significant strides have been 

made, especially within the last ten years, in understanding mycobacterial persistence, it 

continues to be fraught with ambiguities and dissension.  The findings by Ghosh et al., 

which identified spores in M. marinum,  and those presented in this paper for MAP are 

difficult to grapple with as they defy key concepts and change our perceptions of 

persistence, dormancy and transmission for MAP.   This new MAP morphotype or spore 

readily invaded bovine MDMs, germinated and developed into acid-fast bacilli.  More 

importantly, enrichment and isolation of this new morphotype was independently 

conducted by a second laboratory (NADC) using a separate MAP culture grown at that 

facility.   Concerns are raised due to the similarities of spore formation in MAP and 

Bacillus given widely divergent genera.  However, 1) certain species of Streptomyces, 

55 
 



another genus of the Actinobacteria, are capable of endospore formation at suitable 

conditions and 2) DPA is also present in Streptomyces despite the lack of spoVF operon.  

Identification of unique MAP spore coat proteins as well as the cues leading to 

sporulation may aid in future diagnostics for food and environmental safety.  Further 

studies are needed to examine the role of MAP sporulation in soil and aquatic 

environments as well as post pasteurization in dairy products utilizing the above aspects 

to assess impact in transmission and persistence.       

 

MATERIALS AND METHODS. 

Bacterial and MDM Cell Culture.   

Dormant cultures of MAP strains K-10, 7565, Ben and Linda were grown at 37oC in 

MB7H9 broth supplemented with oleic acid, albumin, dextrose and catalase (OADC) 

enrichment and mycobactin J (2.0 mg/L) (Allied Monitor, Fayette, MO)  for one year 

without agitation.  MAP cultures were determined to be free of contamination by absence 

of growth on BHI agar at 37oC and 39oC.  Bacillus subtilis and Escherichia coli K-12 

were cultured in Luria-Bertani (LB) broth at 37oC with shaking at 150 rpm.  Clostridium 

perfringes was grown on blood agar at 37oC in an anaerobic chamber.  Mitsubishi 

anaeropacks (Fisher Scientific, Pittsburgh, PA) used for the anaerobic chamber were 

changed every 24 h. 

  

Peripheral blood was collected from the jugular veins of two JD free cattle (542 and 

2170) at the University of Minnesota’s dairy barn and teaching facility.  Monocyte 

derived macrophages (MDMs) were elutriated using an established protocol [216].  All 
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cattle work performed was in concordance with the institutional guidelines and approved 

animal care and use protocols at the University of Minnesota. 

 

 

 

Spore-like Morphotype Isolation.   

Approximately 250.0 μL of dormant cultures of MAP (K-10, 7565, Ben and Linda),  log-

phase B. subtilis (O.D.570 = 0.5) and log-phase E. coli (O.D.600 = 0.5) were cultured 

separately on Arret-Kirshbaum (A-K) sporulation agar (BD, Franklin Lakes, NJ) at 37oC 

and 39oC for either 72 (MAP) or 24 h (B. subtilis and E. coli).  MAP cultures were also 

grown on Potato Extract Agar  (PEA) at 39oC until growth was achieved (2 weeks) [200].  

Upon completion of incubation times, A-K and PEA agar plates were allowed to rest at 

room temperature (RT) for 48 h.  Biomasses were collected in autoclaved distilled water 

(dH2O) and incubated at RT for 72 h..  Spores were washed 3x in 1X phosphate buffer 

saline (PBS), centrifuged at 13,000 rpm for 10 min to sediment and resuspended in 20.0 

mL of autoclaved dH2O.  C. perfringes spores were enriched by incubation with Duncan 

and Strong broth at 37oC for 24 h under anaerobic conditions.  All spore samples were 

heat treated at 70oC for 30 min to lyse any vegetative cells.  All spore samples were 

differentially stained with malachite green/safranin and visualized on an Olympus IX70 

inverted fluorescence microscope (Olympus, Center Valley, PA). 

 

DNA Extraction and Polymerase Chain Reaction (PCR).   
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DNA was extracted from 500.0 mg (wet weight) MAP K-10 log-phase (O.D.600 = 0.5), 

dormant cultures and spores by incubating samples for 10 min at 37oC with 10% sodium 

dodecyl sulfate (SDS) followed by homogenization in a mini-bead beater (Roche) using 

0.2 mL of 0.1 mm sterile RNase free zirconium beads (Biospec, Bartlesville, OK) for 4 

min .  DNA samples were cleaned using PE buffer and spin columns (Qiagen, Valencia, 

CA).   B. subtilis DNA was isolated from subcultures grown for 16 h at 37oC using the 

QIAamp DNA mini kit (Qiagen, Valencia, CA) per manufacturer’s instructions.  

Clostridium perfringens DNA was generously provided by Arpita Ghosh (University of 

Minnesota).  All DNA samples were checked for purity and concentration using the 

260/280 ratio provided by the NanoDrop sample retention system (Thermoscientific, 

Wilmington, DE).     All primers with the exception of Clostridium 16SrDNA [217] were 

designed using Primer3 software (http://frodo.wi.mit.edu/primer3/) (Table 1).  PCR was 

conducted using Hot-Start Taq (Denville, Metuchen, NJ) per manufacturer’s instructions.  

All MAP DNA reactions contained 5% dimethyl sulfoxide (DMSO).  The following 

cycling programs were used for the corresponding genes: IS900 95oC for 15 min., 94oC 

for 15 s, 58oC for 20 s, 72oC for 20 s and 72oC for 7 min. for 35 cycles, spoIVA 94oC 15 

min., 94oC 15 s, 51.5oC for 15 s, 72oC for 30 s, and 72oC for 1 min. for 35 cycles, and 

Clostridium 16SrDNA 94oC for 15 min., 94oC for 15 s, 52oC for 15 s, 72oC for 30 s and 

72oC for 1 min for 35 cycles.   

 

Transmission Electron Microscopy (TEM).   

TEM ultrastructural imaging was conducted on MAP log-phase, dormant and isolated 

spore cultures using the methods described by Ghosh et al. [179].  Dormant cultures and 
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A-K and PEA biomasses of MAP strains K-10, 7565, Linda and Ben were centrifuged at 

3,000 rpm and supernatants were discarded.  Pellets were fixed with 2.5% glutaraldhyde 

in 0.1M sodium cacodylate buffer overnight at 4oC.  Samples were washed 3x using 

0.1M sodium cacodylate buffer and post fixed in 1% osmium tetroxide in 0.1M sodium 

cacodylate buffer reduced with ferroyanide and washed 3x in autoclaved water.  After a 

series of acetone dehydration, all samples were infiltrated with 1:2, 2:1 resin:acetone 

mixtures and 3 100% resin.  Samples were embedded and cured at 60oC for 48 h and later 

visualized using TEM. 

 

DPA Assay.  

 DPA was detected using a previously reported colorimetric assay [195].   Wet pellet 

weight of 250.0 mg was used for each bacterial sample.  Autoclaved and “intact” 

mycobactin J (250 μg/mL) were used as controls.  DPA concentrations were calculated 

based on a DPA (MP Biomedicals, Riverside CA) protein concentration curve 

(Additional File 1; Supplemental figure 1).  DPA assay was performed six times and all 

samples were conducted in triplicate with duplicate technical replicates.  Figure 2C 

shows a representative experiment. 

 

Heat Treatment. 

MAP K-10 spores, B. subtilis spores and C. perfringes spores were heat treated at 70oC 

and 90oC for 30 min.  Additional treatments post heating included exposure to 2% 

lysozyme at 37oC for 10 min, PK (100 µL of 2 mg/mL) digestion at 37oC for 10 min, 

kanamycin (50 µg/mL) at 37oC for 2 h and anaerobic exposure at 37oC for 3 weeks.  To 
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ensure that MAP cultures were devoid of contaminants post heat treatment, all samples 

were grown on blood agar at 37oC for 4 weeks.  Ten colonies were selected from each 

MAP heat treatment plate and re-grown in MB7H9 broth at 37oC for 10 weeks.  DNA 

was extracted from re-grown cultures and sequenced for 16SrRNA (Table 1).     The 

universal 16SrRNA  cycling program is as follows: 94oC for 15 min., 94oC for 15 s, 54oC 

for 15 s, 72oC for 30 s and 72oC for 1 min for 30 cycles.  16SrRNA sequences were 

analyzed using Sequencher (Gene Codes Corporation, Ann Arbor, MI) and aligned using 

MEGA software (http://www.megasoftware.net/) [218].  Colonies were further submitted 

to IS900 PCR.  All samples were plated twice and heat treatment experiments were 

conducted three separate times. 

 

 

 

RNA Extraction and Qt-RT-PCR.   

1.0 mL of dormant and log-phase MAP K-10 cultures were  centrifuged separately in 1.5 

mL eppendorf tubes for 10 min. at 13,000 rpm.  Supernatants were decanted and pellets 

were washed 3x in 1X PBS.  1.0 mL of TRIzol reagent (Invitrogen, Carlsbad, CA) was 

added to each sample and allowed to incubate at room temperature for 5 min.  MAP K-10 

samples mixed with TRIZol were homogenized using 0.3ml of 0.1mm sterile RNase-free 

zirconium beads for 4 min. in the MagNa Lyser system (Roche, Basel, Switzerland). 

RNA was extracted following TRIzol protocol.  RNA was subsequently treated with 

TurboDNase (Ambion, Austin, TX) for 30 min at 37oC.  All samples used had a 260/280 

ratio of at least 1.9 as measured by NanoDrop sample retention system (Thermoscientific, 
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Wilmington, DE).  Primers used for Qt-RT-PCR were designed using Primer3 software 

(http://frodo.wi.mit.edu/primer3/) (Table 1).  Qt-RT-PCR analysis was conducted on 50.0 

μg of purified dormant or log-phase MAP K-10 culture combined with the Quantifast 

one-step RT-PCR reagents (Qiagen, Valencia, CA) using the Lightcycler 480II (Roche, 

Basel, Switzerland) programmed for the following:  50oC for 10 min, 95oC for 5 min, 

95oC for 10 s, 60oC for 30 s for 40 cycles.       Fold change was calculated using the 2-∆ΔCt 

method.  All samples were conducted in triplicate. 

 

Spore Invasion Assay.   

Bovine MDMs in RPMI containing 2% autologous serum were seeded at 2.0 x 104 

cells/mL in a 24 well plate containing 1.0 No. 1.5 thickness glass coverslips and allowed 

to adhere for 2 h at 37oC in humidified incubator containing 5% CO2.  Following 

incubation, MDMs were washed 3x in 1X Dulbecco’s phosphate buffer saline (D-PBS) to 

remove non-adherent cells and medium was replaced with fresh serum-free RPMI prior 

to infection.  MAP K-10 subculture and spores and B. subtilis spores were pelleted at 

13,000 rpm for 5 min. or 10 min., respectively, washed 2x with warm 1X D-PBS and 

resuspended in 37oC warmed serum-free RPMI such that a MOI (multiplicity of 

infection) ratio of 10: 1 was achieved.  Serum free RPMI was used to prevent spore 

germination outside of MDMs.  Spores were heat treated at 70oC for 30 min.  

Subsequently, cultures were vigorously vortexed and allowed to rest for 5 min. at 37oC so 

that potential clumps would settle to the bottom of the tube.  An 18.5 gauge syringe 

needle was used to repeatedly draw the upper three-fourths of the newly suspended MAP 

cultures to disperse any remaining clumps.   MDMs were separately infected with upper 
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three-fourths of RPMI-MAP/spore cultures for 2 h at 37oC in humidified incubator 

containing 5% CO2, rinsed 3x with 1X D-PBS and resuspended in RPMI containing 2% 

autologous serum for the following post infection (p.i.) time points: 0, 0.5, 6, 2, 24, and 

48 h.  Upon completion of post infection time points, MDMs were rinsed 3x in D-PBS 

and fluorescently or acid-fast stained for visualization.  All time points were conducted in 

triplicate. 

 

 

 

Cell Staining.   

Fluorescent staining was conducted as stipulated by Lamont et al. [182] with the 

exception that log-phase and spore cultures were pre-stained for 30 min in 2.0 mg/ mL of 

5-carboxyfluorescein diacetate (CFDA) (Sigma-Aldrich, St. Louis, MO) at 37oC.   

Fluorescent images were visualized and collected as a Z-series (step size: 1.0 μm) using 

DAPI, FITC and Cy5 lasers on an Olympus Fluoview 1000 upright confocal microscope 

(Olympus, Center Valley, PA).  Joint acid-fast images were stained using a modified 

Zeil-Neelsen protocol (Trend Laboratories Inc., Atlanta, GA) and imaged on an Olympus 

IX70 inverted fluorescence microscope.  1 

                                                            
1 This work is dedicated to Dr. Samuel K. Maheswaran, who recently retired after forty-two years of a distinguished 

academic career at the University of Minnesota.  We acknowledge the Veterinary Diagnostic Laboratory and College 

of Biological Sciences Imaging Center, University of Minnesota for use of microscopy facilities.  We thank the 

University of Minnesota’s dairy barn and teaching facility.  We also thank Anil Thachil, Arpita Ghosh, and Patricia 

Goodman, University of Minnesota, for providing Clostridium 16SrDNA primers and C. perfringens culture, 

Clostridium perfringens DNA, and Bacillus subtilis culture, respectively.  We thank Dr. Samuel K. Maheswaran and 
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Figure 1:  MAP morphotype induction is dependent upon temperature.  One year old 

MB7H9 MAP broth cultures were inoculated on A) A-K agar and C) BHI agar for 72 h at 

37oC and 39oC.  MAP showed growth only at 39oC compared with B. subtilis and E. coli 

K-12 controls, which had substantial growth at both temperatures (A).  Spore enrichment 

was determined by malachite green staining (B).  In order to confirm purity of MAP 

culture, the year old MAP culture was grown on BHI agar and determined to be free of 

any contaminating organisms (C).     
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Figure 2: Ultrastructural characterization of MAP morphologies.  Fine MAP 

morphotype structure was determined by TEM (A).  TEM images were taken of log-

phase, dormant and A-K MAP cultures.  While the dormant MAP culture showed a mix 

of vegetative cells and spores, A-K MAP cultures displayed typical spore characteristics, 

including a cortex, plasma membrane and coat layers.   (B) All MAP cultures were 

assessed for contamination of duplex and normal PCR of IS900, spoIVA and Clostridium 

16SrDNA.  Only MAP samples contained the IS900 element and did not amplify Bacillus 

and Clostridium related genes.  (C) Spore formation was confirmed by the detection of 

DPA using a colorimetric assay.  Intact and autoclaved mycobactin J (250.0 μg/mL) were 

used as controls.  Each sample was conducted in triplicate.    
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Figure 3: Sporulation is reproducible on traditional sporulation medium.  Spore 

enrichment was independently conducted by the National Animal Disease Center (Ames, 

IA) using a separate MAP K-10 culture inoculated on A-K agar.  MAP K-10 year old 

MB7H9 broth culture, B. subtilis and E. coli K-12 were inoculated on B) Potato extract 

agar with mycobactin J at 37oC and 39oC.  MAP K-10 growth was observed after two 

weeks of incubation at 39oC in comparison to overnight growth of B. subtilis and E. coli 

K-12 controls.  Biomasses were collected similarly to A-K cultures and processed for 

TEM (B).  MAP K-10 TEM images showed similar structures as those observed in 

Figure 2.  Furthermore, biomasses were streaked on blood agar and incubated at 37oC 

and 39oC for 4 weeks to confirm purity (C).  MAP K-10 failed to grow for the entire 

duration of incubation in comparison to B. subitlis and E. coli K-12 controls. 
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Figure 4:  Sporulation occurs in multiple MAP strains.  MAP strains 7565, Ben and 

Linda were inoculated on A-K agar.  Biomasses were collected and processed for TEM.  

All strains show characteristic spore structures. 
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Figure 5:  MAP morphotypes survive 70oC and are positive for MAP 16SrRNA and 

IS900.  (A) MAP K-10 log phase and spores, B. subtilis and C. perfringens were heat 

treated at 70oC for 30 min and subsequently treated with 2% lysozyme, PK, or 

kanamycin.  Heat treated samples were plated on MB7H9 or blood agar and incubated at 

37oC under aerobic or anaerobic conditions. (B) Heat treated cultures were plated on 

blood agar to determine growth of any contaminates. (C) 16SrRNA sequences of 

germinated heat treated MAP spores compared to reference sequences from MAP, 

Bacillus spp., Streptomyces spp. and Clostridium spp..  Ten colonies from each plate 

were selected for sequences.  Sequences shown are a consensus from the ten colonies. 

(D) IS900 duplex PCR of germinated heat treated MAP spores. 
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Figure 6: Dormant MAP cultures upregulate spore-related transcripts.  (A) A 

BLAST comparison and reciprocal BLAST searches were conducted between known 

sporulation genes from Bacillus spp.† and Streptomyces spp.‡ against MAP.  Percent 

similarity was determined by protein alignment.   (B) Quantitative real-time PCR was 

performed on dormant MAP cultures to determine the presence of carD (MAP0475 and 

MAP0987) and spo0A (MAP1002c).  All three genes are upregulated in comparison to 

log-phase MAP K-10 culture.  All samples were conducted in triplicate.  C) Multiple 

sequence alignment of selected CarD proteins.  CarD has recently been shown by 

Stallings et al. to be necessary component of stringency regulation in mycobacteria.  

Other studies indicate that the stringency response is also necessary for the initiation of 

sporulation.  A multiple sequence alignment of CarD amino acid sequences from 

mycobacteria and sporulating bacteria was conducted using CLUSTALW.   
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Figure 7: MAP spores retain infectivity and germinate into acid-fast bacilli in a 

bovine MDM model.  MAP spores, MAP log-phase and Bacillus subtilis spores were 

allowed to infect MDMs for 0.5, 2, 6, 24, and 48 h p.i..  MAP spores readily infected 

MDMs and germinated by 24 h p.i..  Upon 48 h p.i., MDMs were lysed and MAP spores 

successfully germinated into acid fast bacilli.  
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Table 1: Primers used in this study. 

Gene and direction Sequence 

IS900, L1± CCCGTGACAAGGCCGAAGA 

IS900, L9± CGGCCCTGGCGTTCCTATG 

IS900, 900 R ŧ ACGCTGTCTACCACCCCGCA 

spoIVA, F AAATCGGCACACGAAAAGTC 

spoIVA, R TGCCAATACCGGGATATCAT 

Clostridium 16SrDNA, F Ψ AAAGATGGCATCATCATTCAAC 

Clostridium 16SrDNA, R Ψ TACCGTCATTATCTTCCCCAAA 

Universal 16SrRNA, F AGAGTTTGATCCTGGCTCAG 

Universal 16SrRNA, R GGGTGGATCCTCCTT 

MAP1002c, F CGGGTGTGGAACTACGACTT 

MAP1002c, R TCTTCTTCCTCAGGTACGAGATGT 

MAP0475, F GACAAGGTATTCCAGGTGCTG 

MAP0475, R CTCGGCGACCTTGTTGAC 

MAP0987, F GCACGACGGCATCGTTAT 

MAP0987, R GTCAAGTCCGTCCGTCTCGGTGA 
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Supplemental Figure 1:  DPA standard curve.  A DPA standard curve was created 

based on DPA concentrations ranging from 50 µg/mL-1.0 mg/mL.  The optical density 

was read at 440 nm.  All concentrations were conducted in triplicate for a total of three 

tests. 
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CHAPTER 3 

 

 

 

 

Mycobacterium avium subsp. paratuberculosis Induces Phagosome Acidification at the 

Epithelium to Promote Calcium Dependent IL-1β Production and Macrophage 

Recruitment 
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Pathogen processing by the intestinal epithelium involves a dynamic innate immune 

response initiated by pathogen-epithelial cell cross-talk. Epithelium- Mycobacterium 

avium subsp. paratuberculosis interactions have not been intensely studied and it is 

currently unknown how epithelium processing may contribute to the course of infection. 

We hypothesized that M. avium subsp. paratuberculosis harnesses host responses to 

recruit macrophages to the site of infection to insure its survival and dissemination. We 

investigated macrophage recruitment in response to M. avium subsp. paratuberculosis 

using a MAC-T-bovine macrophage co-culture system. We show that M. avium subsp. 

paratuberculosis induces phagosome acidification within bovine epithelial (MAC-T) 

cells as early as 10 min, resulting in upregulation of IL-1β at transcript and protein levels.  

Within 10 min of infection, macrophages were recruited to the apical side of MAC-T 

cells.  Inhibition of phagosome acidification and IL-1β abrogated this response, while 

MCP-1/CCL-2 blocking had no effect.  IL-1β processing was dependent upon Ca2+uptake 

from the extracellular medium and intracellular Ca2+oscillations as determined by EGTA 

and BAPTA-AM treatments.  Thus, M. avium subsp. paratuberculosis guidance of 

phagosome-acidification enlists IL-1β processing in an extracellular calcium dependent 

manner in order to efficiently transverse the epithelium and into its niche—the 

macrophage.  This mechanism may be a unifying theme in establishment for other 

pathogenic mycobacteria, such as M. tuberculosis, that must traverse epithelial barriers to 

gain access to resident macrophages and disseminate within the host. 
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INTRODUCTION. 

The intestinal epithelium is the largest surface area on humans and animals and acts as a 

primary barrier against pathogens 43).   It is composed of a myriad of various cell types 

and commensal microorganisms that function together as a unique but non-separable part 

of the host (25).  Intestinal pathogens must overcome several mechanisms employed by 

the epithelium such as mucus, secretory IgA, antimicrobial peptides, tight junctions and 

the glycocalyx to establish and promote its survival within the host (17, 18, 55).  

Therefore, intestinal pathogens have developed several strategies to circumvent, stun, and 

even manipulate the innate responses of the intestinal epithelium (6, 26, 33, 34, 42, 51).    

 

The initial interaction between intestinal pathogens and the epithelium set the stage for 

the ensuing infection and may determine pathogen success as defined by establishment, 

survival and dissemination.  Therefore, it is of interest to elucidate epithelium-pathogen 

interactions with Mycobacterium avium subsp. paratuberculosis, the causative agent of 

Johne’s disease (JD) in ruminants (1, 21).  M. avium subsp. paratuberculosis is 

considered a pathogen that mainly interfaces with macrophages despite the natural route 

of infection occurring via the intestinal tract 11).   Like other intracellular pathogens, 

such as Yersinia spp., Salmonella typhimurium, and Shigella spp., M. avium subsp. 

paratuberculosis infects M cells due to their lack of hydrolytic enzymes and inability to 

form mature phagosomes (7, 30, 31, 44, 45, 47).  However, further investigations have 

revealed that M. avium subsp. paratuberculosis is also capable of invading enterocytes 

and undergoes epithelium processing and subsequent infiltration into the Peyer’s Patches 
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(9, 46, 48).   Studies by Patel et al. have shown that processing of M. avium subsp. 

paratuberculosis by bovine mammary epithelial cells (MAC-T) result in enhanced 

phagocytosis by macrophages during secondary infection (37).  M. avium subsp. 

paratuberculosis entrance into Madin-Darby bovine kidney cells (MDBK), a surrogate 

for intestinal epithelia, increases an oxidoreductase (MAP3464) expression to regulate the 

Cdc42 pathway (3).  The Cdc42 pathway is also initiated by other intracellular pathogens 

to form filopodia and consequent cytoskeleton rearrangement (29, 36, 59).  Research 

utilizing the closely related bacterium, M. avium subsp. avium, indicates that intestinal 

mycobacteria have developed several mechanisms, such as upregulation of genes related 

to fatty acid and membrane protein synthesis, to invade epithelium cells by a proposed 

regulatory role in GTP-binding and modulation of bacterial cell wall structure (35).   We 

have recently shown that M. avium subsp. paratuberculosis transcriptomes obtained from 

the ileum and mesenteric lymph node of naturally infected cattle have distinct profiles in 

comparison to bovine macrophage infection (23).  This dichotomy may be due to the 

various cell types present within the ileum and mesenteric lymph node, which further 

highlights the importance of cell-cell cross-talk during natural infection.  It is likely that 

M. avium subsp. paratuberculosis encountered by lamina propria macrophages is 

significantly altered from its original state due to epithelium processing.  Therefore, 

current research initiatives solely utilizing M. avium subsp. paratuberculosis from broth 

culture to infect bovine macrophages may not capture the full complexity of host-

pathogen interactions and have limited utility in deciphering mycobacterial pathogenesis. 
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In the current study, we developed a MAC-T/ bovine monocyte derived macrophage 

(MDM) co-culture model to investigate innate immune responses to M. avium subsp. 

paratuberculosis infection.  We show that M. avium subsp. paratuberculosis induces 

phagosome acidification in MAC-T cells during initial infection, which leads to rapid 

processing of IL-1β.  IL-1β production was determined to be critical for recruitment of 

MDMs to the site of M. avium subsp. paratuberculosis infection.  Phagosome 

acidification and IL-1β transcript and protein levels were dependent upon an extracellular 

calcium influx.  We propose that M. avium subsp. paratuberculosis guidance of 

phagosome-acidification enlists IL-1β processing in order to efficiently transverse the 

epithelium and into its niche—the macrophage.   

 

RESULTS. 

M. avium subsp. paratuberculosis acute infection leads to phagosome acidification 

and interleukin 1-beta production at the epithelial interface. 

In order to assess the innate response induced by epithelium-M. avium subsp. 

paratuberculosis interaction, we infected MAC-T cells with a GFP-expressing strain of 

M. avium subsp. paratuberculosis K-10 and imaged the cells using confocal microscopy.   

M. avium subsp. paratuberculosis K-10 infection resulted in early phagosome 

acidification within 10 min p.i. and reached peak LysoTracker fluorescence intensity by 

30 min (Fig. 1A).  This is in stark contrast to ManLAM, a mycobacterial cell wall 

lipidglycan responsible for phagosome maturation arrest, which did not display 

LysoTracker staining throughout the infection (Fig. 1A) 10).   Phagosome acidification 

was sustained in AraLAM, LM and carboxylate modified microsphere controls, while M. 

avium subsp. paratuberculosis guided phagosome acidification dissipated by 1 h p.i. (Fig. 
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1A).  Phagosome acidification was validated by staining for the late endomsomal marker, 

Rab7, during the infection process (Fig. 1B).  This observation is surprising as pathogenic 

mycobacteria have developed several strategies to shut-off the acidification process 10, 

15, 24, 50, 56, 57).  It is important to note that these reports were conducted with 

macrophages; therefore, a different cell type like the epithelium may function differently 

in response to mycobacteria.    We found that IL-1β transcription in MAC-T cells showed 

a 50-fold upregulation compared to uninfected controls by 10 min p.i., which 

corresponded to M. avium subsp. paratuberculosis induced phagosome acidification (Fig. 

1C).  IL-1β transcript levels were validated by analyzing protein concentration via 

immunobloting.   MAC-T cells show a maximum IL-1β (~200ng/mL) production by 30 

min p.i. that also coincides with peak LysoTracker intensity (Fig. 1D).  Although IL-1β 

has been reported to be an integral component for host defense, it may also serve as a 

chemoattractant for macrophages and has previously been identified to be an integral 

cytokine in granuloma formation during mycobacteriosis 32, 38, 58).    Therefore, we 

hypothesized that M. avium subsp. paratuberculosis harnesses the epithelium IL-1β 

response to recruit macrophages to the site of infection to insure its survival and 

dissemination.   

 

Phagosome acidification and IL-1β production is necessary for macrophage 

transepithelial migration and M. avium subsp. paratuberculosis escape from the 

epithelium. 

We next investigated macrophage recruitment during M. avium subsp. paratuberculosis 

infection in a MAC-T/ bovine MDM co-culture system (Fig. 2).  MAC-T cells and 
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MDMs were adhered to the apical and basolateral sides of transwells, respectively.  If 

MDM recruitment to the site of infection was induced by M. avium subsp. 

paratuberculosis, MDMs should permeate through the transwell pores and reside within 

the apical chamber of the co-culture system (Fig. 2).   MDM recruitment was assessed by 

flow cytometry of apical chamber supernatants.   M. avium subsp. paratuberculosis 

infection in MAC-T cells led to recruitment of MDMs (5,000 cells/10,000 recorded 

events) into the apical chamber within 10 min (Fig. 3A, B and C).  The entire MDM cell 

population permeated into the apical chamber by 120 min and was comparable to 

extravasation in the MCP-1control treatment (Fig. 3A).  Confocal microscopy confirmed 

M. avium subsp. paratuberculosis escape from MAC-T cells and phagocytosis into 

MDMs during the migration process (Fig. 3B and C).  Next, we sought to determine the 

role of phagosome acidification in the M. avium subsp. paratuberculosis promoted 

macrophage transepithelial migration.   We pretreated MAC-T cells prior to M. avium 

subsp. paratuberculosis infection with bafilomycin A1, an established inhibitor of 

vacuolar ATPases, to block the acidification process (Fig. 3D).  Bafilomycin A1 

treatment resulted in a complete abrogation of MDM recruitment (Fig. 3A).  Furthermore, 

bafilomycin A1 treatment prevented the production of IL-1β and was comparable to 

transcript levels in uninfected MAC-T cells (Fig. 3E).  Since the production of IL-1β may 

be critical to macrophage transepithelial migration, we supplemented the exact 

concentration of IL-1β secreted during normal infection to the bafilomycin A1 treatment.  

Addition of IL-1β restored MDM migration to the apical chamber in comparable cell 

numbers as M. avium subsp. paratuberculosis infection alone (Fig. 3A).  Furthermore, 

inhibition of IL-1β by a blocking antibody abrogated macrophage recruitment (Fig. 3A 
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and E).  Despite the apparent macrophage recruitment reliance on IL-1β, an alternative 

may be that another chemoattractant induced IL-1β production and is actually responsible 

for transepithelial migration.  For example, Gavrilin et al. have shown that MCP-1 

upregulates IL-1β expression in monocytes 20).  Therefore, we included a MCP-1 

blocking antibody pretreatment to M. avium subsp. paratuberculosis infection in the co-

culture system.  MCP-1 did not affect macrophage recruitment or IL-1β transcript and 

protein levels (Fig. 3A, E and F).  Taken together these data indicate that phagosome 

acidification promotes IL-1β expression, which is the critical component leading to 

macrophage transepithelial migration. 

 

Phagosome acidification and IL-1β expression is dependent upon an extracellular 

calcium flux. 

Phagosome maturation into the lysosome requires calcium oscillations; therefore, we 

asked whether or not this flux originated from the extracellular milieu or intracellular 

stores.  It is also important to note that transepithelial migration is also dependent upon 

calcium signaling 12).   We treated MAC-T cells with BAPTA-AM, a chelator of calcium 

from intracellular and extracellular sources, during M. avium subsp. paratuberculosis 

infection.    BAPTA-AM treatment abolished both phagosome acidification and 

upregulation of IL-1β (Fig. 4A and B).  Removal of calcium from the extracellular 

environment using EGTA treated calcium free medium also blocked phagosome 

acidification and IL-1β expression (Fig. 4B, C and D).  Furthermore, UTP 

supplementation restored phagosome acidification in the EGTA calcium-free medium 

treatment, which indicates that intracellular stores were still functional (Fig. 4E).    Thus, 
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M. avium subsp. paratuberculosis preferentially utilizes an extracellular calcium flux in 

order to complete phagosome acidification and IL-1β production. 

 

 

 

DISCUSSION. 

The intestinal epithelium serves as a gatekeeper that allows for nutrient absorption and 

luminal sampling but blocks microbial (both commensal and pathogen) passage (43).  

Therefore, intracellular pathogens that target host cells within the gastrointestinal tract, 

particularly those cells that reside within the lamina propria, have developed exquisite 

and complex mechanisms to overcome this barrier (35, 51).  The defining features of M. 

avium subsp. paratuberculosis infection in ruminants are lesions and noncaseating 

granulomas present in the intestinal cell wall; however, there remains a paucity of studies 

investigating how M. avium subsp. paratuberculosis interacts with the epithelium.  Given 

that the intestinal epithelium is the first host tissue that M. avium subsp. paratuberculosis 

comes in contact with, it is likely that the intestinal epithelium might play an important 

role in facilitating infection (11, 21).  In the current study, we sought to define 

epithelium-M. avium subsp. paratuberculosis interactions during acute infection using a 

MAC-T/bovine macrophage co-culture system.  The MAC-T/ bovine macrophage co-

culture system not only takes advantage of epithelium processing of M. avium subsp. 

paratuberculosis, but also takes into account the nuances of cell to cell cross-talk that 

takes place during infection.  This is the first report to define M. avium subsp. 

paratuberculosis directed macrophage recruitment to the infection site due to phagosome 
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acidification and IL-1β production.  This dynamic process at the epithelium interface may 

ultimately determine disease outcome. 

 

Although epithelium-M. avium subsp. paratuberculosis interactions may seem a bedlam 

of host and pathogen signals the results of the present study suggest that these signals are 

orchestrated and synchronized  in a manner that promotes pathogen establishment and 

survival.  Previous studies have shown that M. avium subsp. paratuberculosis exposure to 

a hyperosmolar environment, like that found within epithelial cells, enhance phagocytosis 

into macrophages during secondary infection (37).  Furthermore, M. avium subsp. 

paratuberculosis entrance into the epithelium mirror other intestinal pathogens in that 

there appears to be an upregulation of pathways involved in cytoskeleton rearrangement 

(3).  The closely related pathogenic mycobacterium, M. avium subsp. avium, has been 

reported to upregulate a number of genes related to fatty acid and membrane protein 

synthesis in HEp-2 cells (35).  Therefore, it is likely that M. avium subsp 

paratuberculosis has developed certain signaling mechanisms to survive within the 

intestinal epithelium.  We show that acute infection with M. avium subsp. 

paratuberculosis in MAC-T cells induced phagosome acidification and rapid IL-1β 

expression.   Phagosome acidification may seem to be a contradiction to M. avium subsp. 

paratuberculosis’ major goal of survival as it is well documented that pathogenic 

mycobacteria have employed numerous mechanisms to inhibit the acidification process 

(15, 40, 53, 54).  However, a recent report by Koo et al. has suggested that phagosome 

acidification may actually serve as an effective survival and dissemination strategy (27).  

Koo et al. have shown that phagosome acidification aids in IL-1β processing during 
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lysosomal disruption (27).  Furthermore, IL-1β may serve as a chemoattractant for 

macrophages and is also reported to be a necessary cytokine in granuloma formation and 

maintenance (32, 38, 39, 58).   We propose that the intestinal epithelium represents a 

transition cell for M. avium subsp. paratuberculosis based on data indicating that M. 

avium subsp. paratuberculosis replicates inefficiently within this tissue (9, 37).  M. avium 

subsp. paratuberculosis temporarily resides within the epithelium while macrophage 

recruitment is elicited by phagosome acidification and IL-1β expression and release by 

the epithelium. Once macrophages arrvive at the site of infection, M. avium subsp. 

paratuberculosis enter the cells and begin proliferation and dissemination to other 

locations within the host.  We show that M. avium subsp. paratuberculosis recruits 

MDMs to the primary site of infection (MAC-T cells) in a co-culture system.  

Macrophage transepithelial migration requires phagosome acidification and IL-1β 

expression and these two events are not mutually exclusive.  IL-1β is the true 

chemoattractant agent responsible for this mechanism since blocking of a previously 

reported linked chemoattractant, MCP-1/CCL-2, failed to abrogate macrophage 

recruitment and IL-1β processing.   

 

Transepithelial migration may also be an important survival and establishment strategy in 

other pathogenic mycobacteria.  Bermudez et al. developed a two-layer transwell system 

containing A549 alveolar epithelial cells and endothelial cells to investigate monocyte 

translocation during infection with M. tuberculosis H37Rv, M. avium 101 and M. bovis 

BCG strain Pasteur (8).  Passage through alveolar epithelial cells increased M. 

tuberculosis translocation across the bilayer compared to direct endothelial infection, 
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which indicates that exposure to alveolar epithelial cells allowed for an emergence of a 

M. tuberculosis invasive phenotype.  Mycobacterial invasion in alveolar epithelial cells 

also enhanced monocyte migration across the bilayer.  One briefly mentioned observation 

was the decrease in transmembrane resistance (TER), which may have influenced 

monolayer integrity (8).  Interestingly, reduction in the TER has been reported in 

intestinal epithelium cells infected with Salmonella enterica serovar Typhimurium and 

Shigella flexneri (26, 42).  The diminished TER is a result of dephosphorylated occludin 

and degradation of zona-occludens-1, which promoted the migration of neutrophils to the 

apical side of the epithelium.  One limitation of our study is that MAC-T cells form low 

resistance or diffuse tight junctions.  These tight junctions presumably offered less of an 

impediment for macrophages to transverse the monolayer into apical chamber.    Ongoing 

studies within our laboratory are using a bovine intestinal epithelial (BIE) cell line, which 

forms higher resistance junctions, to determine if the same reduction in TER noted by 

Bermudez et al. also occurs with M. avium subsp. paratuberculosis infection. 

 

Phagosome acidification and IL-1β expression was found to be dependent on an 

extracellular calcium influx.  Calcium serves a dual role as it aids in phagolysosome 

fusion and is necessary for the development of pro-IL-1β into its mature form (19, 41).  

Additionally, calcium fluxes are necessary for leukocyte and macrophage transepithelial 

migration (12, 13).  M. avium subsp. paratuberculosis preferentially induces calcium 

influx from the extracellular medium.  Targeting of the transport mechanism responsible 

for calcium influx by an appropriate blocker may provide a novel therapeutic for Johne’s 

disease.  It is likely that functional disruption of this transport pathway will prevent M. 
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avium subsp. paratuberculosis induced IL-1β expression and consequently macrophage 

recruitment to the epithelium.   For example, P2X receptors have been linked to calcium 

influx from the extracellular milieu and are currently under consideration for potential 

therapeutic targets for inflammatory-based neurodegenerative disorders (49, 52).  Also, 

the connection between extracellular calcium, phagosome maturation, IL-1β and 

macrophage recruitment may be exploited in M. avium subsp. paratuberculosis vaccine 

candidate screening.  Attenuation and those candidates worthy of future experimentation 

may be determined by the abrogation of calcium influx and phagosome acidification at 

the epithelium interface.  More importantly, our MAC-T/MDM co-culture model 

provides a useful system to investigate M. avium subsp. paratuberculosis vaccine 

candidates. 

 

In conclusion, we demonstrate that M. avium subsp. paratuberculosis infection promotes 

a cooperative self-destruction state in the host epithelium, which entails maturation of the 

phagosome and IL-1β production that is dependent upon extracellular calcium.  IL-1β in 

turn is available to act as a chemoattractant for macrophages, which supply an escape 

route for M. avium subsp. paratuberculosis.  Although these results were identified in an 

in vitro system, they may also be applied to natural infection.  In a 1996 study conducted 

by Alzherri et al., the authors reported monocyte/macrophage infiltration into the 

intestinal mucosa of M. avium subsp. paratuberculosis infected Scottish Blackface ewes 

as well as elevated levels of IL-1β (4).  To our knowledge, this is the first paper to 

describe the mechanisms involved in Alzherri’s observation.  Pathogen directed 

macrophage recruitment may also be applicable to other mycobacteria.  Pulmonary 
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epithelial cells are the first barriers that M. tuberculosis must traverse in order to gain 

access to the alveolar space and macrophages (5, 16).  Therefore, M. tuberculosis has 

developed a number of adherence and invasion strategies to lung epithelia, which have 

resulted in enhanced dissemination in some strains (2, 5).  Increased dissemination may 

likely involve bacterial escape from pulmonary epithelium and secondary invasion into 

alveolar macrophages (16).  Alveolar macrophage recruitment in response to robust IL-1β 

production in the epithelium would increase the chances of secondary invasion and may 

provide in additional explanation for enhanced dissemination.  Thus, IL-1β, which is 

most widely known as a critical cytokine for control of pathogenic mycobacteria, may 

paradoxically promote pathogen establishment and dissemination within the host.   

 

MATERIALS AND METHODS. 

Ethics Statement. 

All animal work was conducted in accordance with the recommendations in the 

institutional guidelines and approved animal care and use committee (IACUC) protocols 

at the University of Minnesota (approval number 1106A01161).  All other experiments 

were carried out in accordance with the University of Minnesota’s Institutional Biosafety 

Committee (IBC) approved protocol number 0806H36901. 

 

Bacterial culture. 

M. avium subsp. paratuberculosis strain K-10 and K-10 (pWes4) GFP were maintained 

in Middlebrook (MB) 7H9 medium containing 10% glycerol, 1% oleic acid- dextrose-

catalase (OADC) and mycobactin J (2.0 mg/L) (Allied Monitor, Fayette, MO) at 37oC at 
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120 rpm.  Bacteria were subcultured at 1/10th the original culture volume once 

logarithmic growth was obtained (O.D.600 =1.0). 

 

Mammalian cell culture. 

Monocyte derived macrophages (MDMs) from two Johne’s disease free dairy cows (253 

and 2170) were elutriated and matured as described 14, 22).  Briefly, blood was collected 

from the jugular vein into a chemically sterilized vacuum container containing an equal 

volume of acid-citrate dextrose to inhibit coagulation.  Blood was divided in 40 mL 

aliquots and centrifuged for 20 min at 2,200 rpm at room temperature.   Buffy coats were 

collected, resuspended in 1X Dulbecco’s phosphate buffered saline (D-PBS) and layered 

on a 58% percoll gradient (Sigma-Aldrich, St. Louis, MO).  The monocyte layer was 

obtained, washed four times in 1X D-PBS and matured in teflon wells containing RPMI 

1640 with 20% autologous serum at 37oC in a humidified chamber (5% CO2) for four d.  

Cells were later seeded for co-culture experiments.  Bovine mammary epithelial cells 

(MAC-T) were maintained in DMEM containing 10% fetal bovine serum (FBS) at 37oC 

in a humidified chamber (5% CO2). 

 

Conjugation of mycobacterial cell wall lipidglycans to fluorescent polystyrene beads.   

 M. avium subsp. paratuberculosis-specific mannosylated lipoarabionmannan 

(ManLAM) was obtained from Dr. Eckstein (Colorado State University).  The following 

reagents were obtained through the NIH Biodefense and Emerging Infections Research 

Resources Repository, NIAID, NIH: Mycobacterium tuberculosis, Strain H37Rv, purified 

lipomannan (LM) (NR-14850) and Mycobacterium smegmatis, purified non-mannose-
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capped lipoarabinomannan (NR-14849).   Lipidglycans were purified using a previously 

reported method.  Approximately 0.5 mg of ManLAM, LM and AraLAM were separately 

mixed with 50mM of 2-(N-Morpholino) ethanesulfonic acid hydrate, 4-

Morpholinoethanesulfonic acid (MES hydrate) buffer (pH 6.0) (Sigma-Aldrich, St. Louis, 

MO) and a 2 percent aqueous solution of FITC labeled 0.1 µm carboxylate-modified 

microspheres (Sigma-Aldrich, St. Louis, MO) and incubated for 15 min. at room 

temperature.  Forty mg of 1-ethyl-3-(3-dimethylaminopropyl carbodiimide) (EADC) 

(Invitrogen, Carlsbad, CA) was added to the microsphere solution and the pH was 

adjusted to 6.5 using 0.1 N sodium hydroxide (NaOH).  The reaction mixture was placed 

on a rocker and incubated overnight at room temperature.  Lipidglycan-microsphere 

solutions were quenched with 100 mM of glycine, incubated for 30 min at room 

temperature and washed three times using 50 mM phosphate buffer saline (PBS) 

containing 0.9 percent sodium chloride (NaCl) at 3,000 x g.  Glycolipid-microspheres 

were resuspended in 5.0 mL of 50 mM PBS containing 1 percent BSA and 2 mM sodium 

azid and stored at 4oC until use in invasion assays.  All microspheres were tested for 

successful glycolipid binding by Western blot analysis using a rabbit polyclonal antibody 

against whole cell lysate of M. avium subsp. paratuberculosis (data not shown).  

 

MAC-T/macrophage co-culture and M. avium subsp. paratuberculosis invasion 

assay. 

Approximately 2.0 x 104 MAC-T cells were seeded onto the apical side of a 3.0 µm pore 

snapwell insert (Transwell permeable support, Corning, Lowell, MA) and incubated for 4 

d in DMEM containing 10% FBS at 37oC in a humidified chamber.  Once semi-
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confluence was reached, the snapwell insert was inverted and 2.0 x 104 bovine MDMs 

were seeded onto the new apical side (Figure 2).  MDMs were allowed to adhere for 2 h 

at 37oC and the snapwell insert was inverted again to its original orientation such that 

MAC-T cells and MDMs were located on the apical and basolateral sides of the snapwell, 

respectively.  Transwells were examined under phase-contrast microscopy to insure 

macrophage adherence. 

 

Subcultured M. avium subsp. paratuberculosis (either K-10 or GFP expressing K-10) was 

grown to an O.D.600 of 0.5 (equivalent to 1.0 x 106 cells/mL), pelleted at 3,000 rpm for 

10 min and washed three times in sterile PBS.   The pellet was resuspended and vortexed 

for 5 min in DMEM containing 10% FBS such that a 10:1 multiplicity of infection (MOI) 

was achieved.  Resuspended M. avium subsp. paratuberculosis was incubated for 5 min 

at room temperature to sediment any bacterial clumps and the upper 2/3 of the resuspend 

culture was used for the invasion assay.  M. avium subsp. paratuberculosis was applied to 

the apical chamber and allowed to infect the co-culture system for 3 h at 37oC in a 

humidified chamber containing 5% CO2 followed by three washings with 1X D-PBS to 

remove any non-adherent bacteria.  The bovine MAC-T/MDMs co-culture was further 

incubated at 37oC in a humidified chamber for the following post infection (p.i.) time 

points: 10, 30, 60 and 120 min.  The co-culture was later washed using 1X D-PBS and 

further processed for RNA extraction, confocal imaging or flow cytometry. 

 

Blocking assays. 
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The following reagents were purchased for use in blocking assays: bafilomycin A1 

(Sigma-Aldrich, St. Louis, MO), bovine 9.1 IL-1β blocking antibody (provided by Dr. 

William C. Davis), recombinant bovine IL-1β (Thermo Scientific, Rockford, IL), human 

monocytic chemoattractant protein-1/CCL-2 (MCP-1) (EMD Chemicals, Gibbstown, 

NJ), and MCP-1/CCL-2 blocking antibody (Novus Biologicals, Littleton, CO).  In order 

to access the role of phagosome acidification and IL-1β production, the co-culture 

infection assay was conducted as previously stipulated with the exception of a pre-

incubation period with either bafilomycin A1 (25nM), 9.1 IL-1β blocking antibody (250 

ng/mL or 500 ng/mL), or MCP-1/CCL-2 blocking antibody (250 ng/mL or 500 ng/mL) 

for 1 h at 37oC in a humidified chamber containing 5% CO2 followed by three 1X D-PBS 

washes.  IL-1β (200 ng/mL) was added to each co-culture well in a separate bafilomycin 

A1 experiment to rescue MDMs recruitment.  MCP-1/CCL-2 (5.0 ng/mL) was added to 

uninfected co-cultures to serve as a positive control and comparison for M. avium subsp. 

paratuberculosis invasion and blocking assays.  All blocking assays were conducted 

three separate times and each p.i. time point was performed in triplicate. 

 

Calcium signaling assays. 

The following reagents were purchased for calcium signaling assays: 1,2-Bis (2-

aminophenoxy) ethane-N,N,N’,N’-tetraacetic acid tetrakis (acetoxymethyl ester) 

(BAPTA-AM) (Sigma-Aldrich, St. Louis, MO), ethyleneglycol bis (aminoethylether) 

tetraacetic acid (EGTA) (MP Biomedicals, Solon, OH), calcium-free DMEM (Invitrogen, 

Carlsbad, CA) and uridine 5’ –triphosphate tris salt (UTP) (Sigma-Aldrich, St. Louis, 

MO).  The MAC-T/macrophage co-culture invasion assay was conducted as stated with 
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the addition of either DMEM containing BAPTA-AM (25 nM), EGTA (4 mM) treated 

calcium-free DMEM alone or with UTP (25 µM) during p.i. time points.  All calcium 

signaling assay was conducted for a total of three separate experiments using biological 

triplicates per p.i. time point. 

 

RNA extraction and Quantitative real-time polymerase chain reaction. 

Upon completion of p.i. time points, MAC-T cells were washed 3 times in 1X D-PBS, 

gently mixed with 1.0 mL TRIzol Reagent (Invitrogen, Carlsbad, CA), and incubated for 

5 min at room temperature to ensure successful lysing.  All RNA work was conducted on 

RNase Away (Molecular Bioproducts, San Diego, CA) treated work surfaces.  RNA was 

extracted per manufacturer’s instructions (Invitrogen, Carlsbad, CA) and was later treated 

with Turbo DNase (Ambion, Austin, TX) at 37oC for 30 min.  The RNA reaction was 

inactivated using phenol/cholorform for 2 min at room temperature.  RNA purity was 

assessed by measuring the 260/280 ratio obtained by NanoDrop ND-1000 (NanoDrop 

Products, Willimington, DE) and the absence of amplification of B-actin with direct 

PCR.  RNA used for quantitative real-time polymerase chain reaction (Qt-RT-PCR) had a 

minimum 260/280 ratio of 1.9.  QT-RT-PCR of selected genes (Table 1) was conducted 

using the Quantifast SYBR Green One-Step QT-RT-PCR kit (Qiagen, Valencia, CA) and 

the Roche Light cycler 480II (Roche NimbleGen Inc., Madison, WI) with corresponding 

software.  The following program was used: 50oC for 10 min, 95oC for 5 min, 95oC for 

10 s and 60oC for 30 s for 40 cycles.   Primers were designed using Primer 3 

(http://frodo.wi.mit.edu/primer3/).  Fold change was calculated using the ΔΔCT method 

and the house-keeping gene, β-actin, which was normalized to uninfected MAC-T cells.  
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Products were examined on a 2% agarose gel.  All samples were conducted in biological 

triplicates and duplicate technical replicates.   

 

 

Immunoblot analysis. 

Supernatants from M. avium subsp. paratuberculosis invasion/blocking assays with and 

without calcium were saved in 1.0 mL aliquots, filtered with 0.2 µm Millex® syringe-

driven filter units (MilliporeTM, Billerica, MA), dried via speedvac and resuspended in 

250.0 µL of 1X D-PBS without calcium and magnesium.  One µL of each supernatant 

was spotted in duplicate technical replicates on a 0.45 µm pore size nitrocellulose 

membrane using the Minifold I dot blot apparatus (GE Healthcare, North America) per 

manufacturer’s instructions.  The nitrocellulose membrane was blocked in 5% non-fat 

dried milk in 1X PBS-Tween 20 (PBS-T20) for 2 h at room temperature with subtle 

shaking, washed five times in 1X PBS-T20 in 5 min intervals and incubated with rabbit 

anti-bovine IL-1β polyclonal antibody (AbD Serotec, Raleigh, NC) for 1 h at room 

temperature.  Next, the membrane was washed as previously stated, incubated with goat 

anti-rabbit IgG-HRP (R&D systems, Minneapolis, MN), and further washed with 1X 

PBS-T20.  The nitrocellulose membrane was developed using the Western Lightning 

Ultra kit (PerkinElmer, Waltham, MA) per manufacturer’s instructions and imaged under 

simple biochem acquisition from LabWorks 4.6 software (LabWorks Inc., Costa Mesa, 

CA).  Raw density values were collected and converted into ng/mL.  Concentrations were 

calculated based on recombinant bovine IL-1β protein (Thermo Scientific, Rockford, IL) 

concentration curve. 
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Cell staining and confocal microscopy. 

All cells were adhered to No. 1.5 thickness glass coverslips in 24 well plates.  Phagosome 

acidification staining is based in part on a previously reported protocol (28).  Upon the 

final 30 min p.i. of MAC-T cells, 25nM of LysoTracker® blue (Invitrogen, Carlsbad, 

CA) was added to culture medium and incubated at 37oC in a humidified chamber with 

5% CO2.  After the designated p.i. time point was completed, culture medium was 

decanted and cells were washed three times in 1X D-PBS.  MAC-T cells were stained in 

pre-warmed (37oC) Deep Red CellMask® plasma membrane stain (2.5 µg/mL) 

(Invitrogen, Carlsbad, CA) for 5 min and washed three times in 1X D-PBS.  Coverslips 

were removed and cells were immediately fixed in absolute methanol for 5 min, at -20oC 

followed by two washes with ice cold 1X D-PBS.  In a separate experiment examining 

Rab7 expression, MAC-T cells were fixed in 2% paraformaldehyde at 37oC for 5 min, 

rinsed in PBS containing 0.01% bovine serum albumin (BSA), permeabilized in ice cold 

methanol at -20oC for 5 min and blocked with PBS containing 1% BSA for 1 h at room 

temperature.  MAC-T cells were further incubated with 1: 500 anti-mouse Rab7 

monoclonal antibody (Abcam, Cambridge, MA) for 1 h at 37oC in a humidified chamber 

containing 5% CO2, rinsed three times in PBS, and stained with 1: 1,000 Alexa Fluor 405 

goat anti-mouse IgG (Invitrogen, Carlsbad, CA) for 1 h at room temperature in the dark.  

Coverslips were mounted on glass slides using Prolong gold reagent (Invitrogen, 

Carlsbad, CA) and sealed with nail polish.  All slides were stored at 4oC until confocal 

imaging. 
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Co-culture transwells were pre-processed similar to the Rab7 staining in MAC-T cells.  

Transwells were incubated with a 1:500 dilution of rabbit anti-bovine CD11b (Abcam, 

Cambridge, MA) and mouse anti-bovine cytokeratin (Abcam, Cambridge, MA) for 2 h at 

37oC in a humidified chamber (5% CO2).  Subsequently, cells were washed three times 

with 1X D-PBS , incubated with 1:1,000 dilutions of Alexa Fluor 405 goat anti-mouse 

IgG and  Alexa Fluor 680 donkey anti-rabbit IgG (Invitrogen, Carlsbad, CA) for 1 h at 

room temperature in the dark,  and rinsed three times in 1X D-PBS.   Transwells were 

removed by scoring the support circumference with an 18.5 gauge needle, mounted on 

glass coverslips and stored in the same fashion described above.   

 

The supernatant from the apical chamber was saved and transferred to 24 well plates 

containing glass coverslips in order to recover any recruited macrophages.   Macrophages 

were incubated in RPMI 1640 containing amikacin (200µg/mL) (Sigma-Aldrich, St. 

Louis, MO) for 2 hr. at 37oC in a humidified chamber (5% CO2) to remove extracellular 

bacteria and subsequently stained and fixed using the described CellMaskTM protocol. 

 

All slides were imaged using the Olympus Fluoview 1000 upright confocal microscope 

(Olympus, South-end-on-sea, Essex).   The following lasers were used to visualize cells: 

Alexa Fluor 405, FITC, Cy5 and/or DAPI.  Z-series for each slide was collected in 1.0 

µm steps and stacked to render a complete image.  Three fields per slide were visualized. 

 

Fluorescence activated cell sorting analysis.  
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Upon completion of p.i. time points from M. avium subsp. paratuberculosis invasion 

assays, supernatants were collected from the apical chamber, centrifuged at 1200 rpm and 

washed three times using sterile PBS.   The pelleted cells were re-suspended in 500 µL of 

PBS, blocked using 1X PBS containing 1 percent BSA for 1 h on ice and immediately 

washed three times with PBS.  Cells were incubated separately with 1:500 dilutions of 

anti-human CD14-PE (R&D systems, Minneapolis, MN) and anti-bovine CD11b-FITC 

(Raybiotech Inc., Norcross, GA) primary antibodies or appropriate isotype controls 

(R&D systems, Minneapolis, MN)  for 1 h on ice and washed three times with PBS in 

between staining.  Flow cytometric analysis was conducted using a FACSCanto equipped 

with FACSDiva software (BD Biosciences, San Jose, CA).  Bovine MDMs were defined 

as CD11bHI (FITCHI) and CD14HI (PEHI).  Cell population was recorded at 10,000 events.  

Experiments were conducted three times using triplicate biological samples (per p.i. time 

point). 

 

Graphs. 

All graphs were generated using GraphPad Prism software (GraphPad Software, La Jolla, 

CA).  Mean and SEM were calculated.2   

                                                            
2 We thank Raul G. Barletta (University of Nebraska-Lincoln) and Luiz E. Bermudez (Oregon State University) for 

their generous gifts of GFP expressing M. avium subsp. paratuberculosis strain K-10 and MAC-T cells, respectively.   

We thank John P. Bannantine (United States Department of Agriculture) for providing the rabbit polyclonal antibody 

against M. avium subsp. paratuberculosis. We would also like to acknowledge the University of Minnesota’s bovine 

blood collection service.  This study was supported by USDA-CRIS (MIN-62-027), USDA-CSREES NRI (2005-

35204-16106) and the University of Minnesota College of Veterinary Medicine Associate Dean of Research Signature 

Program (1802-11646-AES0062027) grants awarded to SS. 
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Figure 1:  Mycobacterium avium subsp. paratuberculosis induces phagosome 

acidification and IL-1β processing at the epithelium interface.  A)  Confocal 

microscopy of phagosome acidification in MAC-T cells.  MAC-T cells were infected 

with M. avium subsp. paratuberculosis, mycobacterial cell wall components or 

carboxylate modified polystyrene beads for 10, 30, and 60 min post-infection and 

assessed for phagosome acidification using LysoTracker-blue.  M. avium subsp. 

paratuberculosis induced phagosome acidification at 10 and 30 min. post-infection but 

ceased at 60 min. post-infection.  Mycobacterial cell wall components, with the exception 

of ManLAM, and carboxylate modified polystyrene beads sustained phagosome 

acidification throughout all post-infection time points.  B)  Rab7 stain of MAC-T cells 

infected with M. avium subsp. paratuberculosis 30 min. post-infection.  Lysotracker 

staining was validated with indirect staining for the late endosomal marker, Rab7.  

Infected MAC-T cells were positive for Rab7.  C) Qt-RT-PCR of uinfected and infected 

MAC-T cells at 10 min. post-infection.  In stark constrast to uinfected cells, M. avium 

subsp. paratuberculosis infected MAC-T cells showed a 50-fold upregulation of IL-1β.  

D)  IL-1β protein levels in uninfected and infected MAC-T cells.  Infected MAC-T cells 

reached peak IL-1β expression at 30 min. post-infection.  Abbreviations: MAP (M. avium 

subsp. paratuberculosis).  Legend: a = M. avium subsp. paratuberculosis, b = ManLAM, 

c = AraLAM, d = LM, and e =  carboxylate modified polystyrene beads. 
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Figure 2:  Epithelium-bovine macrophage co-culture design.  MAC-T cells 

(epithelium) were grown on the apical transwell until semi-confluent.  The transwell was 

inverted and bovine macrophages were allowed to adhere to the transwell for ~ 2 h.  

Upon completion of macrophage adherence, the transwell was once more inverted and 

the co-culture system was incubated for 3 d. to establish cell-cell communication.  M. 

avium subsp. paratuberculosis was introduced to the co-culture system in the apical 

chamber and the apical supernatant was collected for 10-120 min. post-infection to 

determine macrophage recruitment via FACS. 
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Figure 3:   M. avium subsp. paratuberculosis enlistment of IL-1β recruited 

macrophages to the initial site of infection.  A)  FACS analysis of macrophage 

recruitment in response to M. avium subsp. paratuberculosis infection in the epithelium-

bovine macrophage co-culture system.  M. avium subsp. paratuberculosis infection 

readily recruits macrophages to the apical chamber.  Macrophage recruitment was 

abolished when phagosome acidification was blocked with bafilomycin A1 or IL-1β 

expression was prevented.  Recruitment was rescued in bafilomycin A1 treatment with 

the addition of recombinant IL-1β protein.  MCP-1 blocking did not impact macrophage 

recruitment.   B) and C) M. avium subsp. paratuberculosis infection.  B) Macrophages are 

readily recruited to the apical chamber as the trannswell only contained MAC-T cells.  C) 

Macrophages were only found in the apical chamber.  Recruited macrophages contained 

M. avium subsp. paratuberculosis.  D) Bafilomycin A1 treatment abrogated phagosome 

acidification and IL-1β transcription.  Confocal microscopy of bafilomycin A1 treated 

cells and vehicle control (DMSO) (shown above).  Bafilomycin A1 treatment blocked IL-

1β transcription and is indistinguishable from uninfected controls (shown below).  E)  Qt-

RT-PCR of infected MAC-T cells treated with IL-1β blocking antibody or MCP-1 

blocking antibody.  MCP-1 blocking does not impact IL-1β expression.  F) IL-1β dot 

blot.  Cell supernatants were collected during M. avium subsp. paratuberculosis infection 

of MAC-T cells.  The addition of the MCP-1 blocking antibody did not influence IL-1β 

protein levels.  Abbreviations: MAP (M. avium subsp. paratuberculosis). 
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Figure 4:  M. avium subsp. paratuberculosis induced phagosome acidification and 

IL-1β processing is dependent upon an extracellular calcium flux.  A)  Confocal 

microscopy of BAPTA-AM treated MAC-T cells during M. avium subsp. 

paratuberculosis infection.  BAPTA-AM abolished lysotracker staining.  B)  Qt-RT PCR 

of infected MAC-T cells treated with BAPTA-AM and calcium-free/EGTA medium.  

BAPTA-AM and calcium free medium prevented IL-1β transcription.  C)  Confocal 

microscopy of infected MAC-T cells treated with calcium free/EGTA medium 10 and 30 

min. post-infection.  Calcium-free/ EGTA medium abrogated lysotracker staining.  D)  

IL-1β dot blot of infected MAC-T cells treated with calcium- free/EGTA medium.  The 

addition of calcium-free/EGTA medium prevented IL-1β expression at all post-infection 

time points.  E)  Confocal microscopy of combined UTP and calcium-free treatment in 

infected MAC-T cells 10 min. and 30 min. post-infection.  The addition of UTP to 

calcium-free treatment restored phagosome acidification.  Therefore, intracellular 

calcium stores remained functional. 
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Table 1: Primers used in this study. 

Gene and Direction Sequence 
IL-1β, L CAATAACAAGCTGGAATTTGAGTC 
IL-1β, R TGCTTGAGAGGTGCTGATGT 
MCP-1, L CCCTCCTGTGCCTGCTACT 
MCP-1, R ATCTGGCTGAGCGAGCAC 
β-actin, L TCCTCCCTGGAGAAGAGCTA 
β-actin, R GTAGAGGTCCTTGCGGATGT 
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CHAPTER 4 

 

 

 

Paradigm Redux—Mycobacterium avium subspecies paratuberculosis- macrophage 

interactions show clear variations between bovine and human physiological body 

temperatures. 
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The physiological conditions encountered by pathogenic mycobacteria inside their hosts 

significantly influence their adaptation, virulence, and gene expression. Current in vitro 

models investigating host-pathogen interactions of Mycobacterium avium subsp. 

paratuberculosis use 37oC, the normal body temperatures of mice and humans.  However 

since the physiological temperature of MAP’s natural host is 39oC, we hypothesized that 

host and pathogen behavior to vary considerably in comparison to 37oC. Our MAP-

macrophage interaction studies show striking differences in regards to velocity of cell 

invasion of MAP as well as bacterial and host gene regulation at 39oC compared with 

37oC.    Upregulation of host genes (nod2, tlr2, mapkp38 and il-10) follow a similar trend 

at 37oC and 39oC; however, there is over a five-fold increase as early as 0.5 and 2 hrs in 

39oC treatments.   While host signaling is completed by 48 hr p.i. at 39oC in MDMs 

cultures due to early cell death, signaling and infection is sustained at 37oC.   

Surprisingly, transcription of MAP genes did not show a set pattern and were upregulated 

at different time points for both temperatures.  Interestingly, MAP genes encoding a 

lipase (lipN) and an oxidoreductase (MAP3464) are staggered at 39oC, while they 

increase steadily at 37oC.  In conclusion, infection and culture at a physiologically 

relevant temperature influences host-pathogen interaction, which may have far reaching 

ramifications including for currently used animal models, in vitro culture methods, 

bacterial pathogenesis and host responses, and vaccine candidate design and screening.    
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1.  Introduction 

Mycobacterium avium subsp. paratuberculosis (MAP) is the etiological agent of Johne’s 

disease (JD) in ruminants, a chronic enteritis most notably in cattle, yet in vitro cell 

infection assays examining host-MAP interactions are conducted at the normal 

temperature for humans [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19].  Elucidation of 

host-pathogen interactions is critical for understanding pathogenesis, disease progression, 

and design of novel therapeutics and vaccines.  Thus, multiple factors including the 

incubation temperatures may influence these facets of JD and continue to go unnoticed in 

currently used in vitro infection systems. 

The significant role of temperature in virulence has been noted for other pathogens, such 

as Listeria monocytogenes [1].  Although capable of growing at both room temperature 

and 37oC, L. monocytogenes will only form flagella at the former temperature [2].  A 

study conducted by Lo et al. investigated the role of physiological temperature (37oC and 

39oC) and environmental temperature (20oC and 30oC) on Leptospira interrogans gene 

regulation [3].  While the authors noted a limited variation at physiological temperatures,  

it is important to note that experimentation with physiological temperatures were 

conducted in culture media (EMJG) rather than using host cells [3].  Primary cells and 

established cell lines have optimal function at incubation temperatures modeled after 

their respective animal species [24,25,26].   Therefore, the possibility remains that host 

responses at 37oC and 39oC may be different and are capable of influencing L. 

interrogans gene regulation.  A similar dynamic host-pathogen process is expected to go 

unrecognized during MAP infection at 39oC.    
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In the current study, we investigated the role of incubation temperatures at 39oC versus 

37oC in MAP infection and host response using a well-established in vitro bovine 

macrophage infection model.  Our results indicate a dichotomy in MAP and host gene 

transcription at 37oC and 39oC.  Furthermore, MAP replication at 39oC is more robust in 

comparison to 37oC, which results in the early death of host macrophages.   Premature 

death of bovine macrophages may be due to increased MAP replication or a host-induced 

act of felo-de-se spurned by oxidative stress.  These data have significant implications in 

utility of previous in vitro data, redefining current culture techniques and design and 

screening of vaccine and therapeutic candidates.   

2.  Results 

2.1.  MAP infectivity is enhanced at 39oC 

First, we tested if a two-degree difference in temperature influences the in vitro growth of 

MAP in enriched MB7H9 broth (Figure 1A).  We show that MAP grown at 39oC, the 

normal body temperature of cattle, requires less incubation time to reach mature growth 

in comparison with MAP cultured at 37oC.  Since the majority of studies concerning in 

vitro analysis of bovine macrophage-MAP interactions are conducted at 37oC, we 

investigated whether infection of bovine macrophages conducted at a physiologically 

relevant temperature played a significant role in MAP progression.  Freshly elutriated 

bovine monocyte derived macrophages (MDMs) were allowed to adhere at either 37oC or 

39oC prior to MAP infection.  Over ninety percent of macrophages incubated at 39oC 

were observed to adhere within 10 min of incubation, while those cells incubated at 37oC 

adhered at 2 hr.  This observation raises the possibility that cell culture of bovine 
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macrophages should be conducted at 39oC to take advantage of a quick turnaround time 

for results.  However, this finding was not statistically evaluated and requires further 

validation.  MDMs were infected with MAP K-10 (pWes4), a GFP expression strain, for 

2 hr and allowed to recover for 0.5-48 hr at respective temperatures.  MDMs grown at 

either temperature showed rapid fusion within 30 min post infection (p.i.); however, 

progression of MAP infection changed dramatically at later time points (Figure 1B and 

C).  Confocal images of MDMs taken at 2 and 24 hr from 39oC displayed increased GFP 

expression in comparison to 37oC incubated cells indicating enhanced MAP replication 

(Figure 1B and C).  These findings were confirmed by MAP cell count numbers by 

FACS using a live/dead stain protocol (Figure 1D).  While MAP infection appears 

completed by 48 hr in 39oC cell cultures, infection persists at 37oC (Figure 1B and C).  

MAP infection at 39oC for 48 hr results in early MDMs cell death; therefore, MAP has 

lost its niche and can no longer sustain bacterial numbers (Figure 1C and D).  Incubation 

at 39oC leads to increased MAP invasion and replication inside MDMs, which 

consequently leads to earlier destruction of host cells (Figure 1C and D).  This action 

may seem counterintuitive, as MAP has induced an unnecessarily premature death of its 

stronghold against a robust host immune response.  However, in vitro cultures are limited 

to a succinct number of MDMs used per infection unlike the in vivo situation in which 

MAP may invade secondary macrophages to accommodate its increased numbers.  These 

data give credence that physiologically relevant temperatures used during in vitro 

infection influence MAP invasion and outcome, which has potential to play a significant 

role for utility of results. 

2.2.  Transcriptional profiles of MAP and host vary at 37oC and 39oC   
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In order to determine why progression of MAP infection is accelerated at 39oC, we 

evaluated transcriptional profiles of a set of MAP and host genes suspected to have 

significant roles in pathogenesis and pathogen recognition (Table 1).   Host responses at 

39oC show a similar transcriptional pattern to 37oC albeit at a greater fold change (Figure 

2A).  Previous studies have detailed host recognition of MAP by Nod2 and TLR2 

pathways at 37oC; however, when compared to results from 39oC, there is an over five-

fold discrepancy at 0.5 and 2 hrs (P<0.001) (Figure 2A) [6,17].  Similar trends are also 

seen for secondary signaling molecules, mapkp38 and il-10 (Figure 2A).    Early 

transcription of mapkp38 and il-10 has recently been implicated as a MAP induced 

survival strategy to subvert and evade deleterious host immune responses [14,15,16].  In 

one of these reports, mapkp38 and il-10 phosphorylation and transcription was detected 

with 6 hr and 10 min at 37oC[4], respectively;  illustrating the importance of il-10 in MAP 

infection [14,15,16].  We were unable to replicate these results fully at 37oC (Figure 2A).  

However, within 6 hr p.i. mapkp38 and il-10 were detected at 39oC (Figure 2A).  

Previous studies indicate that host responses are optimal at this time point at 37oC[5].  

We have shown that 6 hr p.i. in combination with 39oC has an increased ‘host awareness’ 

as demonstrated by nod2, mapkp38 and il-10 transcription.  It should also be noted that 

peak transcription levels for il-10 at 37oC were also achieved by 24 hr p.i., but at a fold 

change of 10, contrary to results reported by Weiss et al. [15].  Incubation at 39oC 

reached maximum transcription at 2 hr with a 27-fold upregulation; however, despite a 

greater fold change these results do not match those previously reported.  Host signaling 

is completed at 48 hr p.i. in 39oC MDMs cultures, which is most likely due to cell death 

(Figures 1C and 2A).    
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Surprisingly, selected MAP gene profiles did not show similar trends like host genes 

(Figure 2B).  With the exception of katG and aphD, all other MAP genes were 

upregulated at different times for 37oC and 39oC (Figure 2B).  lipN, a lipid metabolism 

gene, is uniquely upregulated solely at 2 hr at 39oC as opposed to continuous 

transcription at 37oC (Figure 2B) [6].  Metabolism of host lipids has been suggested to be 

a critical event in mycobacterial pathogenesis and survival [7].  Thus, MAP may 

transcribe lipN at 2 hr p.i. in 39oC infection cultures to diffuse a detrimental host 

response.  MAP3464, an oxidoreductase, steadily increases at 37oC, while it is transcribed 

separately at 2, 6 and 48 hr at 39oC (Figure 2B) [8].  MAP3464 is speculated to 

contribute to MAP invasion of host cells; therefore, no difference in fold change 

compared to broth culture observed at 24 hr at 39oC indicates successful phagocytosis.  

MAP0403, a membrane-associated protein and structural homologue of Rv3671c in M. 

tuberculosis, is hypothesized to combat phagosome-lysosome acidification by aiding in 

the maintenance of intrabacterial pH [9].  MAP0403 transcription showed a 10-fold 

upregulation difference at 39oC compared with 37oC at 0.5 hr and may be upregulated to 

combat a hostile host environment until lipN is synthesized to subdue host responses.  

katG transcription does not occur until 6 and 48 hrs of infection at 39oC (Figure 2B).  

katG, a hydrogen catalase-peroxidase, is upregulated in response to oxidative stress to 

protect phosphate starved cells [29,30].  Late transcription of katG at 39oC paired with 

limited number of surviving MDMs may mean that host cells undergo an act of felo-de-se 

by inducing a state of oxidative stress triggering apoptosis [10].    These data further 

confirm that there is a fundamental difference in MAP infection and outcome dependent 

on temperature. 
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2.3.  IL-10 protein concentration is elevated during acute infection at 39oC 

IL-10 has recently been implicated as a pathogen-induced host response necessary to 

produce a TH2 response and concomitantly promote immune subversion[11].   In order to 

confirm il-10 transcript findings as well as show significance at the protein level, we 

examined IL-10 levels in cell culture supernatants.  Electroblot analysis of infected 

MDMs supernatants revealed rapid induction of IL-10 expression at 0.5 p.i. for both 

temperatures; however, there was a 9.0 ng concentration discrepancy (Figure 3a and b).  

While IL-10 expression remained stable at 37oC, it peaked dramatically at 0.5 and 24 hr 

p.i. at 39oC (P<0.001) (Figure 3a and b).  The 14 ng IL-10 peak at 24 hr corresponds 

with previous transcript levels at 2 hr for 39oC (Figure 2a and Figure 3a and b).    

Previous studies using 37oC show heightened levels of IL-10 in the picogram range with 

increasing p.i. time points; however, we demonstrate nanogram differences at 39oC using 

similar infection times (Figure 3b).  Thus, in vitro infection at 39oC represents a more 

robust MAP elicited TH2 response, which may have ramifications in disease progression 

and ultimate success of MAP survival.   

 

3.  Discussion 

One overlooked aspect of host-pathogen interaction is the role of physiologically relevant 

temperatures in disease progression.  It is well documented that the average physiological 

temperature of a cow is 39oC; however, in vitro infection assays examining the cellular 

and molecular events that take place during Johne’s disease (JD) are conducted at 37oC, 
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which is based on human or mouse body temperature 

[1,3,4,5,6,7,8,10,11,12,13,14,15,16,17,18,19,32].  Since mycobacteria are sensitive to 

changes in temperature, it seems short sighted to assume that a mycobacterial species 

would react in a similar fashion for the entire temperature spectrum.  In this report, we 

asked how physiologically relevant temperature may influence host-MAP interactions.  

Although seemingly simplistic, this question has significant and broad-ranging 

ramifications including currently used in vitro culture methods, bacterial pathogenesis 

and host responses, and vaccine candidate design and screening.    

3.1.  Mycobacterial niche preference and implications for in vitro culture 

Mycobacteria represent a genus of punctilious bacteria that does not readily permit 

cultivation; therefore, a significant challenge is establishing an optimal laboratory growth 

environment.  Culture of M. marinum, M. ulcerans, and M. leprae indicate that successful 

growth largely depends upon faithful replication of niche temperature.  Mycobacterial 

pathogens that have aquatic reservoirs, such as M. marinum and M. ulcerans, are readily 

grown at 25 to 35oC but demonstrate little to no growth at 37oC [12-15].  Furthermore, 

mouse macrophage cultivation of M. leprae must be conducted at 31 to 35oC to allow for 

sufficient replication and sustainability [16, 17].   

Similarly, we show that both MAP and bovine MDMs grown at 39oC display decreased 

times to reach log-phase and adherence compared to 37oC treatment, respectively.  It is 

well established that primary cells and cell lines work optimally under conditions 

representative from the animal of origin [24,26]. Traditional in vitro culture methods of 

MAP using Herrold’s egg yolk agar slants or MB7H9 enrichment media may take several 
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weeks to months to yield positive growth, even with the addition of mycobactin J [18].   

This finding may have important implications in improving/speeding the diagnosis of a 

MAP infection since culture based methods are still considered gold standards.  Bacterial 

culture of non-typhoid Salmonella spp. are typically conducted at 42oC, the body 

temperature of birds from where Salmonella is isolated [19, 20].  Culture of Salmonella at 

42oC reduces time necessary to reach mature growth [20]. Thus, we propose that 

optimization of culture methods is critical in timely diagnosis and limiting MAP infection 

to other members of the herd or neighboring farms.  Furthermore, MDMs grown at a 

temperature representative of the host are speculated to decrease incubation time needed 

for substrate adherence and allow the researcher to proceed more efficiently with 

experiments.    

3.2.  Temperature influences the pathobiology of mycobacterioses 

One theme that has emerged from host-pathogen interactions is that pathogens may have 

distinct behaviors in different hosts.  Studies examining M. leprae behavior at 31oC and 

37oC mouse macrophage treatments reveal M. leprae elongation only at 31oC [17].  M. 

marinum infection of J774A.1 cells at 33oC result in early cytopathic effects due to 

enhanced bacterial load [21].  M. marinum, M. ulcerans and M. leprae produce localized 

infections in humans that are typically restricted to cooler body surfaces, such as the skin 

and limbs [22-28].  The observation that pathogenic mycobacteria are restricted by 

temperature has led researchers to use animal models with temperatures representing 

those of the site of infection.  For example, Kirchheimer and Storrs implemented the 

armadillo model to facilitate M. leprae growth due to its low core temperature range of 

32 to 35oC [25, 29-31].  The mouse foot pad model also used for M. leprae as well as M. 
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ulcerans takes advantage of lower skin temperatures [13, 32].  The importance of 

location in dissemination of mycobacteria is further illustrated by a study by Ebenezer et 

al in which mice inoculated with M. leprae at the flank (37oC) displayed no signs of 

infection and remained healthy [32].   

Our studies show that MAP invasion at different physiological temperature progress at 

different rates.  MAP infection at 39oC yields rapid phagocytosis and premature host cell 

death compared to 37oC.  Furthermore, host and pathogen gene expression were 

differentially upregulated at 37oC and 39oC.  While 39oC host gene expression (nod2, 

tlr2, mapkp38 and il-10) displayed a similar trend at greater fold changes from 37oC, 

MAP gene regulation showed no set pattern and demonstrated different profiles.  lipN, a 

lipid metabolism gene, was upregulated within 2 hr at 39oC as opposed to continuous 

transcription at 37oC [6].  MAP may upregulate lipN at 2 hr p.i. as a means to shut down 

early phagosome acidification and ensure its survival.  MAP infection at the normal 

temperature of a cow dramatically influences host and MAP gene regulation, which 

indicates dynamic host-pathogen interactions leading to earlier shut down of host 

protective responses and disease progression.  Therefore, current studies using 37oC are 

underestimating MAP virulence as well as initial host responses, which limit the utility of 

these results in the field.   

Although highly controversial, several studies implicate MAP as the causative agent of 

Crohn’s disease (CD) [33].  Therefore, our results show that MAP infection conducted at 

normal human temperature is prolonged and is less rapid than that of the natural host.  

This may explain why onset of CD occurs during the 20s and 40s compared to JD onset 

at 2-5 years p.i. [34].  Furthermore, results obtained from in vitro studies at 37oC as well 
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as those utilizing a mouse model may be translational for confirming the link between 

CD and JD.          

These physiological factors of the primary hosts are also expected to play a significant 

role in other mycobacterial diseases, such as human and bovine tuberculosis.  Despite 

sharing a 99.9 percent nucleotide similarity and identical 16S rRNA, M. tuberculosis and 

M. bovis have a varying host range [56,57,58,59].  Brosch et al. took advantage of this 

similarity as well as the previously described clonal population of the members of the 

Mycobacterium tuberculosis complex (MTC) and demonstrated that tuberculosis animal 

strains form a nested linage characterized by deletion of region of difference 9 (RD9) 

[35].  Furthermore, the M. bovis genome is marked by deletion of region of difference 4 

(RD4) and it has been suggested that genome reduction may confer in expansion in host 

range [36].  In a study by Smith et al., spoligotyping of RD9 was employed to further 

characterize MTC strains of which noted spacers correlated with tuberculosis species 

division by animal [37].  Smith et al. conclude that rather than viewing MTC members as 

different tuberculosis strains, they should be considered as distinct ecotypes that have 

adapted to a given niche determined by host preference [37].  We suggest that one factor 

that might constrain host preference and consequently determine ecotype is adaptation to 

host temperature.  Therefore, temperature in the physiological niche may be one 

explanation as to host specialization or adaptation.   M. bovis’ broad host range indicates 

that the pathogen has the ability to survive at both 39oC and 37oC.  It is interesting to note 

that M. bovis spillover infection in humans primarily result in extrapulmonary lesions, 

which may be due to a change in temperature to which the pathogen is not adapted [36].  

In order to evade host detection and acclimatize to 37oC, M. bovis may invade proximal 
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sites atypical of those from cattle infection.  Thus, current investigations on M. bovis 

infection in animal models should also consider hosts with relevant temperatures to 

permit logical conclusions on pathogenesis and virulence.  

It is interesting to note that M. ulcerans may act upon distal locations from the site of 

infection, such as human bone [26, 28].  However, M. ulcerans isolation from bone 

infections is rare and incapable of in vitro growth at 37oC [14].  We suggest two 

explanations for this phenomenon 1) toxin mediated pathogencity and 2) macrophage 

hitchhiking.  A defining feature of M. ulcerans is the virulence plasmid, pMUM001, 

which encodes mycolactone and has been shown to induce cytopathic effects and cell 

cycle arrest [26, 28, 38, 39].  Purified mycolactone is functional at 33 to 37oC [38].  Thus, 

M. ulcerans growth at the skin may facilitate a critical concentration of mycolactone, 

which in turn may disseminate to distal sites and be permissive at 37oC.  Another 

explanation for pathological effects at the bone may occur through a Trojan horse 

mechanism.  African isolates of M. ulcerans have recently been shown to be capable of 

growth at 37oC comparable to that of lower temperatures albeit for a limited period of 

time [14].  Furthermore, M. ulcerans is able to infect macrophages in vitro and in vivo 

and may be targeted during infection to promote pathogen entry, survival and replication 

[40, 41].  Therefore, M. ulcerans may target macrophages, enter local lymphatics and 

travel to the bone where mycolactone and other virulence factors promote granuloma 

formation and eventual cytopathic effects.   
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3.3.  Control of mycobacterial infections 

Our findings provide fundamental information to help design better preliminary in vitro 

screens of candidate drugs or vaccines.  While vaccine initiatives represent a step forward 

in control and eradication of mycobacterial infections, caution should be employed when 

interpreting the translational benefits of results.  For example, we have shown that MAP 

infection at 39oC is enhanced when compared to 37oC; therefore, mutants screened at 

37oC may appear to be attenuated.  However, screening of MAP mutants at 39oC may not 

show the same responses as mutants may overcome initial attenuation by culture in a 

temperature representative of the natural host that is more conducive to its replication.    

Furthermore, in vitro vaccine screening will be followed by a validation phase in small 

animal models, including the mouse – also an inappropriate model as the normal 

temperature of a mouse is 37oC. These observations may also hold true for M. bovis 

infections and is reflected by the findings that rabbit models for this agent show more 

robust granuloma formations compared with popular mouse models. 

 

4.  Methods 

All cattle work in this study was performed according to institutional guidelines and 

approved animal care and use protocols at the University of Minnesota. 

4.1.  Cell culture 
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Bovine macrophages were obtained from the peripheral blood of two JD free cows (3413 

and 472) at the University of Minnesota’s teaching facility.  MDMs were elutriated by a 

previously described method [8].  Briefly, peripheral blood was collected from the 

jugular vein into acid-citrate dextrose containing blood bags (Terumo Medical 

Corporation, Somerset, NJ) and centrifuged at 2,200 rpm for 20 min in 50 mL 

DNase/RNase free conical tubes.  Buffy coats were collected and mixed with 1X PBS, 

which was layered onto a 58% percol (Sigma-Aldrich, St. Louis, MO) gradient.  

Mononuclear cells were harvested from percol, washed with 1X PBS and incubated at 

37oC in RPMI (Invitrogen, Carlsbad, CA) with 20% autologous serum for 4 days until 

differentiated.   

4.2.  Bacterial culture 

MAP strain K-10 (pWes4) (hereinafter referred to as MAP K-10) was grown at 37oC in 

Middlebrook (MB) 7H9 broth supplemented with oleic acid, albumin, dextrose and 

catalase (OADC) enrichment and mycobactin J for 4 weeks.  MAP K-10 was determined 

to be free of contaminating organisms by absence of growth on BHI plates.  After 4 

weeks of incubation, MAP K-10 was subcultured in MB7H9 enrichment media and 

grown separately at 37oC and 39oC with subtle shaking until an O.D.600 of 0.3 was 

achieved.    MAP K-10 subcultures were used in infection assays with MDMs.   

4.3.  MAP invasion assay 

MAP invasion assay was performed using the methods described by Patel et al.[42].  

Briefly, 2.0 x 107 MDMs in RPMI containing 2% autologous serum were seeded into T-

25 flask and incubated at either 37oC or 39oC in 5% CO2 for 2 hr.  Adherence was 
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assessed by visualization under phase-contrast microscopy.  T-25 flasks were washed 3x 

with 1X D-PBS to remove any non-adherent cells.  MAP K-10 subcultures were pelleted 

for 5 min. at 500 x g, washed 2x with warm 1X D-PBS and resuspended in either 37oC or 

39oC RPMI containing 2% autologous serum such that approximately 2.0 x 108 cells/ mL 

was achieved.  Subsequently MAP cultures were vigorously vortexed and incubated for 5 

min. each at either 37oC or 39oC so that potential MAP clumps would settle to the bottom 

of the tube.  An 18.5 gauge syringe needle was used to repeatedly draw the upper three-

fourths of the newly suspended MAP cultures to disperse any remaining clumps.   MDMs 

were infected with upper three-fourths of RPMI-MAP cultures at a MOI of 10:1.  All 

cells were infected for 2 hr. at respective temperatures, rinsed 3x with 1X D-PBS, and 

treated with amikacin (200 μg/mL) (Sigma-Aldrich, St. Louis, MO) for 2 hr. to remove 

any extracellular bacteria.  MDMs were allowed to recover for the following time points: 

0.5, 2, 6, 24 and 48 hr. at previously mentioned temperatures in 5% CO2.  All time points 

were conducted in triplicate.   

4.4.  RNA extraction and quantitative real-time PCR analysis 

Upon completion of recovery time points, supernatants from MDMs were collected in 

RNase/DNase free 1.5 mL eppendorf tubes and stored at -80oC for future analysis.  

MDMs were washed 3x in 1X D-PBS and gently mixed with 1.0 mL TRIzol reagent 

(Invitrogen, Carlsbad, CA) for 5 min. following RNA extraction per manufacturer’s 

instructions.   RNA extraction was performed on RNase Away (Molecular BioProducts, 

San Diego, CA) treated work surfaces.  All RNA extractions were treated with Turbo 

DNase (Ambion, Austin, TX) for 30 min at 37oC and inactivated using 

phenol/chloroform at room temperature for 2 min.  RNA purity was assessed by 260/280 
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ratios obtained by NanoDrop ND-1000 (NanoDrop Products, Wilmington, DE).  RNA 

used for Qt-RT-PCR analysis had a minimum 260/280 ratio of 1.9.  QT-RT-PCR analysis 

of selected genes (Table 1) was conducted using the Quantifast SYBR Green One-Step 

QRT-PCR kit (Qiagen, Valencia, CA), Roche Light Cycler 480 II (Roche NimbleGen 

Inc, Madison, WI) and 480 1.5 software.  Primers used in QT-RT-PCR reactions were 

designed using Primer 3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) with 

the exception of lipN primers, which were created based on Wu et al. 2007.   Fold change 

was calculated using the ΔΔCT using target house-keeping genes β-actin and secA, which 

was normalized to uninfected MDMs.  Products were examined on a 2% agarose gel.  All 

samples were conducted in triplicate. 

4.5.  Cell staining 

MAP invasion assay was conducted as described above with the exception of plating cells 

in 24 well plates containing No. 1.5 thickness glass coverslips.  Once recovery time 

points were reached, MDM coverslips were washed 3x with 1X D-PBS followed by 

absolute methanol fixation at -20oC for 5 min.  Coverslips were washed 2x with ice cold 

1X D-PBS and further stained with 5.0 μg/ mL of warmed Deep Red CellMask plasma 

membrane stain (Invitrogen, Carlsbad, CA) for 5 min. at room temperature.  MDM 

coverslips were mounted on glass slides using Prolong Gold with DAPI (Invitrogen, 

Carlsbad, CA) and sealed with nail polish.  All slides were stored at 4oC until 

visualization with Olympus Fluoview 1000 upright confocal microscope (Olympus, 

South-end-on-sea, Essex).  Slide images were taken using the following lasers in the 

Olympus Fluoview software: FITC, DAPI and Cy5.  Z-series of all slides were imaged 

with a 1.0 μm step size.     
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4.6.  FACS staining and MAP survival curve 

MAP invasion assay was conducted exactly as previously mentioned.  Upon recovery 

time, cells were washed 3x with 1X D-PBS and lysed with 1.0 mL of 0.1% Triton X-100 

for 5 min. at room temperature.  Cell lysates were collected in DNase/RNase free 1.5 mL 

eppendorf tubes and centrifuged for 10 min. at 1, 200 rpm to pellet MDMs.  Supernatants 

were pipetted into new tubes and further centrifuged for 5 min. at 500 x g to sediment 

MAP.  MAP pellets were resuspended in 1.0 mL of PBS and processed for FACS analysis 

using the BacLight Live/Dead staining kit (Invitrogen, Carlsbad, CA) per manufacturer’s 

instructions.  Briefly, MAP suspensions were incubated with 3.0 μL of a 1:1 ratio of 

component A (Syto 9 1.67 mM/ Propidium iodide 1.67 mM) and component B (Syto 9 

1.67 mM/ Propidium iodide 18.3 mM) for 15 min. at room temperature in the dark.  MAP 

suspensions were subsequently centrifuged for 5 min. at 500 x g, washed 3x in PBS and 

resuspended in 250.0 μL of PBS.  MAP live population was determined by gating for 

cells that stained Syto9High (FITCHigh) and Propidium iodideLow (PELow) using the BD 

FACS Canto Flow Cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ) and 

FACS Diva software (Becton, Dickinson and Company, Franklin Lakes, NJ).  FACS data 

were collected in cells/20 μL, which was later calculated to cells/mL.  MAP survival 

curve was graphed using the live population per mL based on recovery time points with 

Graphpad Prism software (Graphpad Software, La Jolla, CA).  Mean and SEM were 

calculated for each treatment. 
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4.7.  Electroblot analysis 

MDMs supernatants were collected from three T-25 flasks at each post recovery time 

point.  MDMs were washed twice with 1X D-PBS between recovery time points and 

replaced with fresh media; therefore, protein levels were not allowed to accumulate for 

the entire length of the experiment.  Supernatants were filtered using 0.2 μm Millex® 

syringe-driven filter units (MilliporeTM, Billerica, MA) and lyophilized with Savant 

Automatic Environmental SpeedVac System AES2010 (GMI Inc., Ramsey, MN) at low 

dry rate.  Dried supernatants were resuspended in 80.0 μL of PBS and stored at -20.0oC 

until electroblotting.  Nitrocellulose membrane (0.45 μm, 7.9 cm x10.5 cm) (Thermo 

Scientific, Waltham, MA) was assembled on the Minifold® I slot blot system (Whatman, 

Piscataway, NJ) and 1.0 μL of each sample was pipetted in duplicates into individual slot 

blot wells.  Vacuum pressure was not applied.  Nitrocellulose membrane was dried and 

later blocked for 2 hr with PBS-Tween 20 containing 5% nonfat dried milk.  Primary, 

mouse anti-bovine IL-10 monoclonal (AbD serotec, Raleigh, NC), and secondary, anti-

mouse IgG-HRP (R&D Systems Inc., Minneapolis, MN), antibodies were applied in 

order to membrane in 1: 500 and 1: 1,000 concentrations in 1X PBS-Tween 20 with 5% 

nonfat dried milk for 1 hr each.  Incubation with primary and secondary antibodies were 

each followed with 5x wash steps for 5 min using 1X PBS-Tween-20.  Nitrocellulose 

membrane was developed using the Supersignal West Pico Chemiluminescent Substrate 

kit (Thermo Scientific, Waltham, MA) per manufacturer’s instructions.  Membrane was 
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imaged using simple biochem acquisition from LabWorks 4.6 software (Labworks Inc., 

Costa Mesa, CA).  Raw density values for each sample were obtained and converted into 

concentrations (ng/μL).  Concentrations were calculated based on human IL-10 (Abcam, 

Cambridge, MA) protein concentration curve.  IL-10 protein concentrations were plotted 

using Graphpad Prism software (Graphpad Software, La Jolla, CA).  Mean and SEM 

were calculated for each treatment. 

4.8.  Statistical analysis 

All results were analyzed using two-way analysis of variance (ANOVA) with Bonferroni 

correction.  P values of less than 0.05 were considered statistically significant.   

 

 

 

 

 

 

 

 

 

 

143 
 



 

Figure 1: MAP infectivity is enhanced at 39oC.  (A) MAP K-10 was cultured in 

MB7H9 enriched media at 37oC (left) and 39oC (right) for 2 weeks. At 39oC, MAP K-10 

culture reached log-phase as can be seen by turbidity and pellicle formation.  Bovine 

MDMs were infected with MAP K-10 at a MOI of 10:1 for 0.5-48 hr at 37oC and 39oC.  

(B) Confocal images of MAP infection assay at 37oC.  MAP infection is sustained 

throughout the entire p.i. time period.  (C) Confocal images of MAP infection assay at 

39oC.  Note that infection progresses at a faster rate when compared to 37oC.  Infection 

appears to be completed by 48 hr due to limited number of surviving MDMs.  It appears 

that MAP is exiting from a collapsing bovine macrophage in the last frame. (D) Live 

population of MAP in MDMs.  MAP numbers increase by 24 hr but diminish by 48 hr at 

39oC, while cell population at 37oC is sustained throughout the time course.   
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Figure 2: Host gene regulation follows a similar trend, while MAP gene 

transcription varies dramatically at 37oC and 39oC.  (A) Relative fold change of host 

genes and (B) relative fold change of MAP genes.  All samples were conducted in 

triplicate.  Statistical significance was determined using a two-way ANOVA with 

Bonferroni correction.  * = P<0.05, ** = P<0.01 and *** = P<0.001 
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Figure 3: IL-10 is expressed during acute infection at 39oC.  MDMs supernatants were 

collected at p.i. time points for 37oC and 39oC incubations.  IL-10 concentration was 

determined by (A) dot blot analysis and calculated using a known human IL-10 

concentration curve (B).  All samples were conducted in triplicate with duplicate 

technical replicates.  Statistical significance was determined using a two-way ANOVA 

with Bonferroni correction.  *** = P<0.001 
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Table 1: QT-RT-PCR primers used in this study 

Gene and direction  Sequence 

aphD, L cggcaagtacgacgacct 

aphD, R aagcaccacagctcgaagtt 

katG, L cgaccaagtgggacaacac 

katG, R tggtcagctcccactcgta 

lipN, L ccgctgctggtcttctacc 

lipN, R gtcgtgggtgtccaggtc 

MAP0403, L tgtggagcaaggcaattc 

MAP0403, R cttggtctcgccgatctt 

MAP3464, L gtggttttcatcatcggaatc 

MAP3464, R accgcatagccgactacct 

secA, L ggcctgctccttgaggtt 

secA, R gcgcaaggtgatctacgc 

tlr2, L ggggcttcacttctctgctt 

tlr2, R agcatcctctgagatttgacg 

nod2, L tgtggagtcaccgcaaaac 

nod2, R tcctctgtgcctggaactct 

mapkp38, L tgcttgtcctgttctcttcg 

mapkp38, R ggaaggtcttcactggcaaa 

il-10, L cagagccacatgctcctaga 

il-10, R tgtccagctggtcctttgtt 

B-actin, L ctaaggccaaccgtgaaaag 

B-actin, R accagaggcatacagggaca 
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CONCLUDING REMARKS 

 

Mycobacterium avium subsp. paratuberculosis (MAP) is an enigmatic microbe that 

continually redefines our definition of a successful pathogen.  Several studies describe 

MAP's amazing capacity to survive in ambient environments for over 40 weeks without 

nutrient and oxygen supplementation.  Pathogen success relies on the establishment of a 

productive infection; therefore, MAP has developed strategies to combat several hostile 

conditions including those encountered in soil, water and host environments.  Research 

indicates that MAP likely enters a state of quiescence under harsh conditions; however, 

the mechanisms by which this is achieved are not well understood.  As a first step in 

unraveling the survival pathways initiated and utilized by MAP, we have examined MAP 

persistence using nutrient starved culture conditions, epithelium-MAP interactions and 

host temperature influence.   

 

Under extreme nutrient deprivation in vitro, we show a novel MAP morphotype that 

resembles a spore. This spore-like morphotype can be enriched for in several strains (K-

10, 1018, Linda, etc.) using spore related culture media.  In order to eliminate the concern 

of contamination from the starting culture (1 year old MAP K-10 MB7H9 broth culture), 

we inoculated the MAP K-10 culture on brain heart infusion (BHI) and blood agar plates 

and incubated them at 37oC and 39oC.  We observed no growth for MAP K-10 plates after 

four weeks of incubation, while robust growth occurred within one day for B. subtilis and 

E. coli K-12 controls.  Furthermore, we extracted DNA from several cultures of MAP K-

10 under different growth states (log phase i.e. OD600=1.0, 1 year old MB7H9 broth, 
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enriched spore, and germinated spore) for PCR testing of the two IS900 integration sites 

(L1 and L9 specific for MAP), spoIVA (Bacillus spp.) and 16SrDNA (C. perferinges).  

Amplification of the L1/L9 IS900 was exclusively seen in MAP cultures in stark contrast 

to the Bacillus specific spoIVA and C. perferinges 16SrDNA, suggesting that the enriched 

spore culture originated solely from MAP.  Also, the characteristic spore chemical, 

dipicolinic acid, was identified in MAP spore cultures and not from actively replicating 

MAP bacilli.   Isolated MAP morphotypes resisted heat and chemical treatments and were 

positive for the MAP 16SrRNA sequence.   The identification of a novel morphotye may 

impact our current understanding of MAP physiology, transmission, pathogenesis and 

treatment. 

 

We next examined the role of the epithelium in regards to MAP survival within the host.  

This is the first study to investigate initial MAP infection in an epithelium/bovine MDM 

co-culture model, which describes an unknown method by which MAP establishes itself 

within the host.  Initial infection at the epithelium interface was met with rapid 

phagosome acidification that coincided with an elevated expression of IL-1β.  IL-1β 

processing by the epithelium led to macrophage recruitment to the site of infection.   

However, rather than clearing MAP, macrophages phagocytized the bacterium and served 

as safe house in which MAP could persist within the host.   

 

Finally, MAP survival within macrophages was studied using host relevant temperatures.  

Although the core body temperature of a cow is at 39oC, most studies involving macrophage-

MAP interactions, including research on macrophages from MAP's natural host, are conducted at 

37oC (human and mice body temperature).  We show that both MAP and host responses vary at 
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37oC and 39oC.  Host responses, including regulation of nod2, tlr2 and tlr4, have increased 

transcriptional upregulation.  Interestingly, MAP responses appear at earlier time points 

throughout the infection.  Therefore, current studies may have limited utility in deciphering MAP 

pathogenesis in the natural host. 

 

Taken together, data generated from these studies will provide the basis for understanding MAP 

persistence and survival in diverse conditions.  The mechanisms by which MAP establishes, 

disseminates and/or survives difficult conditions may impact new programs to control JD as well 

as rational vaccine/therapeutic design and the way in which we view other mycobacterioses. 
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