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Mycobacterium avium subsp. paratuberculosis (MAP) parasitizes macrophages of
ruminant animals, ensuring its survival by blocking phagosome maturation and the induction of
antimicrobial defences. Numerous secreted proteins have been implicated in subverting
macrophage defences, however the mechanisms transporting these components are undefined.
This research investigated the composition of MAP membrane vesicles (MVs) and identified MV
protein composition, and antigenic MV proteins. Transmission electron microscopy visualized
membrane vesicles that ranged from 20 to 270 nm in size, and immunoblotting with serum
antibodies from MAP infected cattle identified seven antigenic proteins including previously
identified secreted virulence factors of MAP. Collectively this work showed MVs of MAP
contain proteins derived from the cell membrane, cytosol, and secreted proteins. As MAP MVs
are secreted and can interact with host immune response cells, they may of be value in the search
for MAP-specific epitopes for use in the detection of animals sub-clinically infected with MAP.
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Chapter 1: Literature Review
Introduction
The genus Mycobacterium, in the family Mycobacteriaceae, contains non-pathogenic (e.g. M.
smegmatis), opportunistic (e.g., M. avium subsp. avium, M. avium subsp. hominisuiss) and
obligate (e.g., M. tuberculosis, M. avium subsp. paratuberculosis (MAP), M. leprae, and M.
bovis) pathogenic species that cause significant global health problems for both animals and
humans. Pathogenic mycobacteria are vastly different in host tropism, growth rate and compared
to non-pathogenic mycobacteria, are fastidious and slow growing. Mycobacteria are rod-shaped,
non-motile aerobic actinomycetes that have high G+C genomes (69%) and a number of
prominent features compared to other Gram-positive bacteria, the most significant being a multilayered, lipid-rich cell envelope that provides innate resistance to cell lysis (Fig. 1.1) (Li et al.,
2005). Membrane lipids constitute over 60% of the dry cell mass (Brennan and Nikaido, 1995)
and up to 10% of the genome is involved in lipid metabolism, transport, and synthesis (Wu et al.,
2009). Cell envelope mycolic acids (in addition to other classes of lipids) and proteins form what
is known as the mycomembrane, a protective-hydrophobic-bilayered membrane structure
analogous to the Gram-negative outer membrane (Hoffman et al., 2008; Bansal and Hikaido,
2014; Peirs et al., 2005) which contributes to the inherent impermeability to compounds
including antibiotics and nutrients (Brennan and Nikaido, 1995). Members of the genus
Mycobacterium and Norcadia can be differentiated by the Ziehl–Neelsen (ZN) acid-fast stain,
which involves boiling cell smears in carbol fuchsin dye to irreversibly stain mycolic acids red
(Brassil, 1985). Much of what is known about mycobacteria comes from research on M.
tuberculosis or the non-pathogenic M. smegmatis, and the discoveries are often extrapolated to
other Mycobacterium species to fill in knowledge gaps. M. tuberculosis cell envelope lipids and
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Figure 1.1: Comparison of the mycobacterial and Gram-positive/-negative cell walls.
The Gram-negative cell wall has an inner and outer membrane and is capped with
lipopolysaccharides. In place of an outer membrane, Gram-positive bacteria have a thick
layer of peptidoglycan and teichoic acids. The mycobacterial inner membrane contains
unusual polar lipids, followed by a layer of peptidoglycan, arabinan-galactan, and mycolic
acids. The basic structures of LAM and LPS are shown. Not drawn to scale.
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glycolipids are potent toxins and modulators of host macrophage cells which can induce proinflammatory chemokines and cytokines (Gehring et al., 2004; Pecora et al., 2006). Studies by
Singh et al. (2011) showed that small vesicles or exosomes released by non-pathogenic M.
smegmatis and pathogenic M. tuberculosis induce the production of cytokines by mouse
macrophages and granuloma formation. These studies suggested a mechanism for delivery and
targeting of pathogen virulence factors to host cells. Recently, M. tuberculosis membrane
vesicles (MVs) have been shown to modulate the host immune response by inducing Toll-Like
Receptor 2 (TLR2)-dependent cytokine production (Prados-Rosales et al., 2011). MAP MVs
have yet to be purified or visualized; therefore, it is not known what function they may play in
virulence or modulation of host immune cells and response. This literature review will focus on
Mycobacterium avium subsp. paratuberculosis (MAP) biology, phylogeny, genetics, impact on
the dairy industry, and pathogen virulence mechanisms. Mechanisms involved in membrane
vesicle release and the role of MVs in host-pathogen interactions will also be reviewed.

The Mycobacterium avium complex and Mycobacterium avium subsp. paratuberculosis
The Mycobacterium avium complex (MAC) consists of two species including M. avium and M.
intracellulare (Turenne et al., 2006). M. avium is divided into four distinct subspecies:
Mycobacterium avium subsp. silvaticum, Mycobacterium avium subsp. avium, Mycobacterium
avium subsp. hominissuis, and Mycobacterium avium subsp. paratuberculosis (Thorel et al.,
1990; Mijs et al., 2002). While M. avium subspecies are closely related with greater than 95%
nucleotide sequence similarity amongst their genomes, they exhibit significant differences in
replication time, host tropism, and nutritional requirements (Paustian et al., 2005). For example,
in birds Mycobacterium avium subsp. silvaticum and Mycobacterium avium subsp. avium
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infections cause tuberculosis-like granulomatous lesions in the liver, spleen and intestines
(Dhama et al., 2011). M. avium subsp. hominissuis, which is commonly found in the
environment, is known to cause granulomatous lesions in the intestine of swine (Mijs et al.,
2002). While M. avium subsp. hominissuis and M. avium subsp. avium are not a risk to the
general human population, they represent a significant threat to immunocompromised humans
and are the cause of significant morbidity in HIV/AIDS patients (Brodt et al., 1997; Babrak et
al., 2015). MAP, unlike other members of the MAC, has tropism for intestinal mucosal tissues
and is an obligate intracellular parasite of mammalian macrophages. The disease caused by MAP
is known as Johne’s disease (JD) or paratuberculosis and is characterized by chronic
granulomatous inflammation in the small intestines of ruminant animals (Harris and Barletta,
2001). While MAP is generally considered a pathogen of ruminant animals, there is a growing
body of evidence to suggest that MAP is capable of causing disease in humans. Recent studies
have implicated MAP in a number of chronic human diseases including type I diabetes, Crohn’s
disease, multiple sclerosis, and others (Cossu et al., 2011; Naser et al., 2014; Sechi and Dow,
2015).
Drs. H.A. Johne and L. Frothingham first identified MAP in 1895 in granulomatous
lesions of a malnourished cow. However, Koch’s postulates were not fulfilled until 1933 when
Hagan and Zeissig reported JD signs in a herd of cattle 6-years post-infection with MAP bacteria.
MAP infects a broad range of animal species including cattle, sheep, goats, deer and monogastric
animals (Whittington et al., 2000), it is not able to replicate in the environment but can persist
and replicate in environmental amoeba (Mura et al., 2006), and MAP cells can survive in a
dormant state for up to 250 days in slurry, soil, and water, providing a source of exposure to
animals (Lovell et al., 1944; Larsen et al., 1956; Berg-Jorgensen, 1977). Three MAP pathotypes
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have been identified based on genetic differences (e.g. large sequence polymorphisms), growth
characteristics, and host tropism (Collins et al., 1990; Sohal et al., 2010). Type I or Cow (C-type)
can be isolated from many ruminant species; Type I/II or Sheep (S-) isolated from ovines, and
Bison (B-) isolated from Bison and Indian Buffalo.
MAP is a fastidious bacterium and is extremely slow growing, with an in vitro replication
time between 22-26 hours. Due a deletion in the mbtA gene of the mycobactin siderophore
synthesis operon (mtbA–J), MAP requires the exogenous siderophore mycobactin J for in vitro
growth (Chacon et al., 2004; Li et al., 2005). Identification of MAP by PCR targets specific
genomic sequences including insertion sequences (IS) IS900 and ISMAP02, large sequence
polymorphisms (e.g., LSPA 18, LSPA 20), and conserved hspX, and hsp65 genes (Collins et al.,
1989; Whittington et al., 1998; Semret et al., 2005; Semret et al., 2006; Turenne et al., 2006).

Economic impacts, and diagnosis of Johne’s disease
C-type MAP strains have been detected in a wide range of species including human and nonhuman primates, rodents and rabbits (Chiodini, 1989; Greig et al., 1997; Daniels et al., 2003;
Singh et al., 2011). MAP in ruminant animals causes Johne’s disease, a chronic gastroenteritis of
farmed and wild ruminant animals worldwide (e.g., cattle, sheep, goats, deer, camels) (Chiodini
and Kruiningen, 1985; Beard et al., 2001). Johne’s disease is a production limiting disease in the
dairy industry (Tremblay et al., 2000; Hendrick et al., 2005). In Europe and the USA, the
estimated herd-level prevalence of MAP is reported to be >50% and >70%, respectively (Nielsen
and Toft, 2009; Lombard et al., 2013). In Canada, environmental sampling studies of dairy farms
in Saskatchewan and Alberta detected MAP in 47% and 53% of farms tested, respectively, with
large herds of cattle being more likely to be MAP positive than smaller herds (Wolf et al., 2014).
5

Economic losses in this sector are estimated at CD$15M annually due to decreased milk yield,
infertility, mastitis, reduced slaughter value and the premature culling of infected animals
(McKenna et al., 2006; Tiwari et al., 2008).
In the absence of efficacious vaccines or treatment for Johne’s disease, effort has been
directed to programs to control transmission of MAP from infected to uninfected animals.
Current tests rely on the culture of MAP from feces and the detection of humoral (antibodybased) immune response (Bannantine et al., 2008; Gao et al., 2009). However, these programs
have had limited success due to the low sensitivity of diagnostic tests in the silent and early
subclinical phases of disease (Whitlock and Buergelt 1996; Sweeney et al., 2006). The current
ELISA-based screening methods used to detect Johne’s disease are highly specific (90-99%) but
suffer from low sensitivity (13-42%) (Sweeney et al., 2006). Recent studies suggest that
antibodies against MAP are induced in early subclinical infections and can be detected using
MAP -specific epitopes (Bannantine et al., 2008; Facciuolo et al., 2013). A study by Facciuolo et
al. (2013) identified MAP -specific epitopes in the secretome (extracellularly secreted proteins)
of MAP. A subsequent study showed that the secretome has benefits in the search for candidate
biomarkers that can be used for diagnostics and likely induces protective host responses
(Facciuolo et al., 2016).
MAP is transmitted primarily via the fecal-oral route from infected to susceptible animals.
MAP infection follows 3 phases based on clinical signs and fecal shedding of MAP. Following
infection, there is a silent phase when immune responses to MAP are not detectable. If the
organism is not cleared, there is progression to the subclinical phase which can last for 2-10
years and is characterized by MAP-specific T-Helper 1 (Th1) cell-mediated immune responses,
and production of IL-12 and interferon-gamma (IFN- γ) (Chacon et al., 2004). Those animals
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intermittently and actively shed MAP in their feces, milk and colostrum, providing a source of
exposure to uninfected cattle (Streeter et al., 1995; Sweeney, 1996; Grant et al., 2002). As the
Th1 responsiveness fades the disease enters the clinical and terminal phase. A shift to a Th2
immune response is characterized by MAP-specific serum antibody/B-cell responses
corresponding temporally with the manifestation of the typical clinical signs of diarrhea and
wasting. Recent studies suggest that the shift from a Th1 to a Th2 response may occur earlier
than what has been reported or that both responses may be present in early infection. Mortier et
al. (2014) infected calves with MAP and using commercial ELISA kits were able to detect
infected animals within 12 weeks of orally administering MAP, and the antibody response was
found to be dose-dependent. Researchers using purified recombinant MAP proteins detected
serum antibodies as early as 70 days post-infection (Koets et al., 2001; Bannantine et al., 2008).
Collectively these studies suggest that identifying MAP-specific epitopes or MAP ligands that
induce responses early in infection can potentially improve detection of infected animals before
they start shedding MAP and thus transmitting the disease.

Interactions between MAP and the host immune system
Following ingestion, MAP bacteria are exposed to hypoxic and acidic conditions in the
gastrointestinal tract which have been shown to induce and increase the expression of genes
related to virulence and cell wall adhesins (Secott et al., 2001; Wu et al., 2007). Expression of
fibronectin-attachment proteins (FAPs) has been identified as a key component in mediating
binding and uptake of MAP into subepithelial tissues (Secott et al., 2001). FAPs bind host
fibronectin (FN), a 450-kDa glycoprotein found ubiquitously in the extracellular matrix of
vertebrates. FAPs have been identified as virulence factors in a number of other pathogenic
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organisms such as Staphylococcus aureus and Streptococcus suis, providing an elegant solution
to targeted invasion of specific host cells (Greeff et al., 2002; Menzies, 2003). A subsequent
study by Secott et al. (2004) showed that MAP binding of fibronectin facilitates the formation of
a fibronectin bridge between FAP and α5β1 integrin receptors that are expressed on the apical
surface of microfold (M) cells resulting in the rapid transcytosis of MAP into the epithelial tissue
(Fig. 1.2). Another MAP protein implicated in invasion is major membrane protein-1 (MMP-1),
expression of this protein is increased in high osmolarity and low-oxygen environments, and
anti-MMP-1 antibodies inhibit MAP invasion by 30% in cultured bovine kidney cells
(Bannantine et al., 2003). Interestingly, MMP-1 has been identified as a surface exposed protein,
and FAPs/Ag85 have been identified in secreted MAP culture filtrate, suggesting they are
potential candidates for targeting via MVs (He and De Buck, 2010; Facciuolo et al., 2013).
The first route of entry for MAP that was identified was through M cells in ileal Peyer’s
patches, subsequent research has primarily focused on this area of the small intestine (Momotani
et al., 1988). However, recent studies support the notion that invasion can occur throughout the
small intestine. In lambs, MAP invades both the ileum and jejunal Peyer’s patches with equal
efficiency while invasion in non-Peyer’s patch segments is significantly reduced (Ponnusamy et
al., 2013). MAP has also been demonstrated to enter through murine enterocytes; however,
dissemination is inefficient (Bermudez et al., 2010). Furthermore, MAP invasion through murine
intestinal epithelial cells induces pro-inflammatory responses through microbial pattern
recognition receptors including the intracellular nucleotide-binding oligomerization domain
(NOD1) proteins and cell membrane TLR9 (Pott et al., 2009). Moreover, these studies
demonstrate that MAP cells benefit by selectively invading via engagement of integrin receptors
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Figure 1.2: Overview of MAP invasion and interplay between T helper cell subsets. (A)
Invasion of MAP from the lumen into the subepithelium involves being taken up by intestinal
enterocytes or M cells, which eventually leads to phagocytosis by macrophages (A1). Enterocyte
transcytosis initiates pro-inflammatory responses, attracting macrophages to site of infection
(A2). Release of MAP is dependent on reaching bursting capacity due to bacterial replication or
end of the lifespan of the macrophage (A3). Cellular debris from MAP cells can lead to
inflammation, characterized by multinucleated giant cells (A4). MAP cells can enter the
intestinal lumen via macrophages and dendritic cells, which lead to shedding of MAP in the
feces. (B) Fibronectin provides a bridge between MAP and M cells; MAP cells are internalized
and traffic into the subepithelium where cells may be picked up by dendritic cells or
macrophages (B1). Internalization of MAP cells by host enterocyte cells induces IL-1ß
production, which attracts subepithelial macrophages to site of invasion (B2) (Bannantine and
Bermudez, 2013). (C) Diverse interactions take place between host immune cells during MAP
infection. Differentiation of naïve CD4+ (Th0) cells into Th1 is dependent on the density of
infected macrophages or Th2 depending on the density of extracellular bacteria. Th1 and Th2
subsets inhibit differentiation and function of the opposite subset. Th2 responses are thought to
contribute to the pathogenesis of MAP, increasing macrophage uptake of extracellular bacteria
(C1). IL-4 expression suppresses IFN-γ activation of macrophages and inhibits killing of
intracellular MAP. On the other hand, Th1 activates macrophages (IFN-γ), aiding in the clearing
of MAP by up-regulating MHC-II expression (C2) (Magombedze et al., 2013).

10

of M-cells, which have been shown to rarely initiate an immune response to pathogens
(Kucharzik et al., 2000). This way, MAP is able to avoid activating the host immune response
and within minutes of binding the M-cell is transported across the intestinal epithelium where it
encounters subepithelial macrophages (Wu et al., 2007). However, significant research remains
to be done to identify MAP components interacting with host cells and immune response
receptors.
Interaction and the subsequent phagocytosis of MAP by subepithelial macrophages is
mediated by engaging the complement receptor CD11b/CD18, the mannose receptor, and
integrin receptors CD11 and CD18 (Souza et al., 2007). After ingestion by macrophages, live
MAP cells block maturation of the bacterial phagosome thus preventing fusion with the lysosome
and ensuring bacterial survival. Comparison between phagosomal acidification of murine
macrophages infected with live and dead MAP reveals that phagosomes with live MAP have only
mild acidification (pH 6.3) due to failure to recruit vacuolar H-ATPase (Kuehnel et al., 2001).
The phagosomes with dead MAP or opportunistic mycobacteria had a pH of 5.2. Live MAP
inhibited the co-localization of markers of the late phagosome (LAMP1 and LAMP2),
preventing phagosome fusion with the lysosome. Furthermore, MAP suppressed the expression
of the major histocompatibility complex (MHC II) gene in bovine macrophages, thus preventing
antigen presentation to naive T cells (Weiss et al., 2001). In a subsequent study, these
researchers found that viable MAP suppressed the expression of pro-inflammatory cytokine
mRNAs for TNFα, IFN-γ, and IL-12 (Weiss et al., 2002), and up-regulate the anti-inflammatory
cytokine mRNAs IL-8, IL-10 and granulocyte-monocyte colony-stimulating factor (GM-CSF).
The suppression of the bactericidal response in infected bovine macrophages by MAP is so
complete that inactivation is not alleviated by stimulation with exogenous IFN-γ or co-culture
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with CD4+ T cell (Simutis et al., 2007). Interactions between mycobacteria and host cell
receptors are complex and involve multiple secreted and cell-associated ligands (collectively
called microbial-associated molecular patterns, MAMPs). Induction of host pro-inflammatory
responses enhances mycobacterial killing; however, prolonged induction of these responses
depletes innate defences and is thought to help facilitate intracellular survival of the bacterium
and development of the disease state (Weiss et al., 2005; Redford et al., 2011; Dorhoi et al.,
2014). Mycobacterial MAMPs interact with TLR2 and activate Mitogen Activated Protein
Kinases (MAPKp38), an intracellular immune cytokine regulator pathway, which up-regulates
IL-10 and suppress IL-12 resulting in suppression of Th1 cytokine profiles and antimicrobial
responses within macrophages (Ashwell, 2006). A study by Bannantine et al. (2015) identified
MAP ligands inducing MAPKp38 phosphorylation in a TLR2-dependent fashion. From a panel
of 42 recombinant MAP lipoproteins, six lipoproteins induced transcription of the antiinflammatory cytokine IL-10, and a subset of these lipoproteins caused a differential increase in
transcription of IL-12 or both IL-12 and TNF-α gene expression. These results supported the
hypothesis that lipoproteins can impair the function of infected macrophages and suppress the
clearance of MAP by macrophages. Bacteria secrete an abundant amount of cell-surface
components and pathogenic mycobacteria are no exception. Lipid-containing M. tuberculosis
TLR2 ligands include glycolipids such as cell envelope lipoarabinomannan (LAM) and trehalose
dimycolates (Means et al., 1999; Guidry et al., 2007), and the lipoproteins (e.g. LprA and LprG)
(Gehring et al., 2004; Pecora et al., 2006). Trehalose dimycolates induce a chronic inflammatory
response and are involved in granuloma formation (Guidry et al., 2007). LAM elicits a strong
antibody response in infected cattle (Jolly et al., 2011) and in pathogenic M. tuberculosis,
mannosylated-LAM (ManLAM) suppress IL-12 cytokine production via macrophage mannose
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and TLR2 receptors (Schlesinger et al., 1994; Nigou et al., 2001; Prados-Rosales et al., 2011);
and ManLAM, but not LAM was shown to bind the dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN) receptor (Maeda et al., 2003). The consequences
of these receptor-ligand interactions between pathogen and host dendritic cells and macrophages
include: phagocytosis of the bacterium, downregulation of IL-12 and induction of a T helper 2
(Th2) response characterized by a humoral (antibody) mediated immune response, and
suppression of protective Th1 responses (Nigou et al., 2001).
If the infection is not cleared, MAP will slowly replicate increasing the bacterial burden in
the lymphoid tissues or lamina propria of the small intestine. Because MAP is able to persist
intracellularly in macrophages, secreted and cell wall ligands exported to the phagosome
membrane and released from macrophages may modulate the host immune response locally and
at a distance from the site of infection (Beatty et al., 2000). The sustained induction of chronic
inflammatory responses during MAP infection is driven by these released bacterial factors; this is
detrimental to the host and depletes innate defences (Coussens, 2004). However, the question
remains of how MAP components are delivered or targeted to host cells from intracellular
bacteria. MVs are a mechanism used by bacteria to deliver virulence factors and have yet to be
examined in MAP (Kuehn and Kesty, 2005; Prados-Rosales et al., 2011).

Characterizing the mycobacterial cell envelope
The mycobacteria cell envelope is a thick, hydrophobic barrier that significantly decreases
penetration of molecules such as antimicrobial agents, provides increased resistance to detergents
and dehydration, and has anti-phagocytic properties (Tessema et al., 2001; Stokes et al., 2004).
The composition of the mycobacteria cell envelope is unlike that of Gram-positive or Gram-
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negative bacteria. The cell envelope contains multiple layers including a thick outer
mycomembrane composed of lipoproteins, porins, LAM and mycolic acids, capped with a
variety of glycolipids (Hoffman et al., 2008). Mycolic acids are large molecules with long alkyl
α-side chains up to 90 carbon atoms in length that are covalently linked to a thick underlying
layer of an arabinogalactan/peptidoglycan polymer (Barry et al., 1998; Daffé and Draper, 1998)
LAM is anchored in the cytoplasmic inner membrane and the glycan chains extend through to
the cell surface (Hunter et al., 1990; Bansal and Hikaido, 2014). LAM is comparable in structure
to lipopolysaccharide (LPS) of Gram-negative bacteria in that it is composed of three regions, a
glycosylphosphatidylinositol anchor, a mannan core and an arabinan domain which is capped
with either arabinose (AraLAM) in non-pathogenic strains or mannose (ManLAM) in pathogenic
strains, the basic structure is also shown in Figure 1.1 (Chattejee et al., 1992; Roach et al., 1993;
Nigou et al., 2001). In a recent study, Bansal and Hikaido (2014) determined the composition
and structure of the M. smegmatis cytoplasmic membrane (Fig. 1.1) The membrane is a bilayer
containing phospholipids including cardiolipin (CL), phosphatidylinositol (PI), and
phosphatidylethanolamine (PE). However, the most abundant phospholipid species is diacyl
phosphatidylinositol mannosides (Ac2PIM2), representing 5% of the dry cell mass. These
unusual and unique inositol-containing phospholipids are also present in other actinomycetes
including Corynebacterium (Yagüe et al., 2003). The four fatty acyl chains on the single
Ac2PIM2 molecule contribute significantly to producing a bilayer structure with low fluidity. In
M. bovis bacillus Calmette Guérin (BCG), Ac2PIM2 induces granuloma formation and the
recruitment of NK cells (Gilleron et al., 2001) and purified Ac2PIM2 and Ac2PIM6 from virulent
M. tuberculosis is demonstrated to induce a significant increase in the release of IFN-γ from
bovine peripheral blood mononuclear cells (Pirson et al., 2015). Furthermore, the phospholipid
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cardiolipin in M. bovis (BCG) infected macrophages has been demonstrated to be cleaved by a
lysosomal-type Ca2+-independent phospholipase A2, and subsequently released in intracellular
vesicles; these biologically active lipid derivatives may play a role in intracellular persistence
(Fischer et al., 2001). Subsets of these lipid components have been identified in M. smegmatis
and M. tuberculosis MVs, in addition to cell wall and cytoplasmic proteins (Prados-Rosales et
al., 2011). Interestingly, many of the proteins that localize in the cell envelope are also reported
to be released in the culture filtrate, suggesting they may be actively released into the
environment (Facciuolo et al., 2013). M. tuberculosis MVs were found to induce cell-mediated
responses via interactions with TLR2, suggesting a mechanism for targeting and export of
mycobacterial virulence factors (Prados-Rosales et al., 2011). The mechanisms involved in the
release of secreted proteins and potential release in membrane vesicles will be discussed below.

Membrane and secreted mycobacterial proteins in pathogenesis
Like all bacteria, mycobacteria actively secrete components into their environment that perform
diverse functions including modulation of the macrophage phagosome (Fratti et al., 2003; Brodin
et al., 2010), nutrient scavenging (Olakanmi et al., 2000; Luo et al., 2005), iron-chelation, and
immunomodulation (Huntley et al., 2005; Brodin et al., 2006). Comparative analyses of culture
filtrate proteins of MAP revealed that proteins majority (72%) of proteins do not contain
secretion sequences or peptides for extracellular export by the SecA1/SecA2 and Tat or the type
VII systems (Facciuolo et al., 2013; Leroy et al., 2007, DiGiuseppe Champion and Cox, 2007;
Daleke et al., 2012). Our understanding of mycobacterial secretions systems is limited. However,
as the majority of secreted mycobacterial proteins do not have secretory peptides, it is evident
that a significant proportion of secreted proteins are being released by a mechanism distinct from
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the general secretion systems (Facciuolo et al., 2013). M. tuberculosis MVs contained cytosolic
and membrane proteins, the majority of which did not have secretory peptides (Lee et al., 2009;
Prados-Rosales et al., 2011). MAP MVs may function as an alternative system for secretion of
virulence determinants. MAP membrane and culture filtrate proteins have been implicated in
pathogenicity of MAP (Table 1.1) (Leroy et al., 2007; Facciuolo et al., 2016; Leite et al., 2015).
MAP secreted proteins included proteins with moonlighting activities, which describes the dual
action of a protein having physiological functions within the cytoplasm, and unrelated functions
when secreted or exported to the cell wall (Jeffery, 1999; Henderson and Martin, 2011). Heat
shock proteins (Hsp) are an example of an extracellular moonlighting protein; Hsp’s are
molecular chaperones that catalyze the folding or unfolding of proteins in the cytoplasm. Hsp65
(GroEL) is a surface exposed molecular chaperone and is found in MAP culture filtrate (He and
De Buck, 2010; Facciuolo et al., 2013). Studies conducted in M. tuberculosis identified Hsp65 as
an immunogen (Zugel and Kaufmann, 1999), and as a major adhesin that binds CD43, a
sialylated glycoprotein present on the surface of haematopoietic cells (Hickey et al., 2009;
Hickey et al., 2010). Furthermore, a second heat shock protein, Hsp70 (DnaK) is also a surface
exposed protein found in the MAP culture filtrate (He and De Buck, 2010; Facciuolo et al.,
2013), that is highly immunogenic (Zugel and Kaufmann, 1999). Hsp70 is reported to induce
DC-mediated CD4+ T cell polarization, a response that is thought to be the most effective in
controlling MAP infections (Hoek et al., 2010). Koets et al. (2006) demonstrated that Hsp70 has
potential for use in a subunit vaccine against MAP as immunization of cattle with Hsp70 protein
significantly reduced fecal shedding following experimental infection. A complex balance of
MAP-host cell interactions takes place between host immune response receptors and MAP
surface-exposed and secreted proteins. The host response can be protective, and may clear
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Table 1.1: MAP proteins implicated in host-invasion or as virulence determinants.
Invasion Proteins
Protein
MAP0482

Host
MDBK1

Evidence
Gene overexpression

Reference
Wu et al., 2007

MAP0941

MDBK1

Gene knockout, reduced invasion

Alonso-Hearn et al., 2008

MAP1569

MDBK

1

Gene knockout, reduced invasion

Secott et al., 2004

MAP2121c

MDBK1

Gene knockout, reduced invasion

Bannantine et al., 2003

MDBK

1

Gene knockout, reduced invasion

Alonso-Hearn et al., 2008

MDBK

1

Engagement of Cdc42

Alonso-Hearn et al., 2008

MDBK

1

Gene knockout, reduced invasion

Alonso-Hearn et al., 2008

MDBK

1

Gene knockout, reduced invasion

Alonso-Hearn et al., 2008

MAP3212
MAP3985c
MAP3464
MAP3607
Antigenic
Membrane Proteins
Protein
MAP0150

Host
Bovine

Evidence
Immunoblotting with JD2 sera

Reference
Leite et al., 2015

MAP1569

Bovine/
Bovine
DC

Immunoblotting with JD2 sera/
Recombinant FAP + bovine DC,
flow cytometry

Leite et al., 2015/ Lee et al.,
2009

MAP2120c

Bovine

Immunoblotting with JD2 sera

Leite et al., 2015

MAP2121c

2

Bovine

Immunoblotting with JD sera

Leite et al., 2015

Protein

Host

Evidence

Reference

MAP0196c,
MAP0471,
MAP1981c,
MAP2785c,
MAP2786c,
MAP1718c,
MAP0281,
MAP3428c,
MAP3634

Bovine

Immunoblotting/ELISA with JD2
sera

Facciuolo et al., 2016

MAP1693c,
MAP4308c,
MAP2677c

Bovine

Immunoblotting with JD2 sera

Leroy et al., 2007

Secreted Virulence
Determinants

1
2

Bovine kidney epithelial cells
Sera collected from MAP infected cattle
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the infection. However, research in intestinal T cell responses of MAP infected cattle has
demonstrated that over time, MAP infection depletes antigen-specific CD4+ T cells, impairing
the hosts ability to control the infection (Koets et al., 2002); and in MAP infected sheep, T cellmacrophage interactions have been shown to induce T cell apoptosis (de Silva et al., 2013).
Studies of murine anti-mycobacterial responses demonstrate that IFN-γ and Th1 responses
control the infection, in contrast to IL-4/Th2 responses (Wangoo et al., 2001). In addition, in
studies of MAP that have been conducted to compare Th1 (T cell proliferation/IFN-γ), and Th2
(antibody production/IL-4) responses report a shift from a protective Th1 response in
subclinically infected cattle to a Th2 response in advanced clinical stages (Stabel, 2000). Loss of
cell-mediated immunity leads to an increase in bacterial replication and shedding of the
bacterium, leading to wasting and eventually death (Koets et al., 2015). While it is not clear what
drives this shift, it is evident based on these studies that MAP secreted ligands play an integral
role in modulating the host immune response. Compositional analysis of MAP MVs will identify
the unique subset of proteins and lipids that are released into the extracellular space or
phagosome. As MVs can traffic away from the site of infection, these components are likely to
interact with host immune response cells during early stages of infection. Recent experiments
conducted to isolate MVs from M. tuberculosis have shown that mycobacterial vesicles carry
numerous ligands recognized by host Toll-like receptors that are capable of stimulating host
immune cells and pro-inflammatory responses (Prados-Rosales et al., 2011; Lee et al., 2015).
The remainder of this review will highlight the roles of bacterial (Gram-positive and Gramnegative) MVs with specific emphasis on the interactions that take place between MVs and host
immune response cells during infection.
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Bacterial secreted membrane vesicles
The release of extracellular membrane vesicles (also called exosomes or microvesicles) is an
essential process that spans kingdoms of life including bacteria (Mug-Opstelten and Witholt,
1978), fungi (Rodrigues et al., 2011), archaea (Andrade-Navarro et al., 2009), and protozoa
(Torrecilhas et al., 2012). Membrane vesicle release has been demonstrated in extracellular and
intracellular Gram-positive and Gram-negative pathogenic and non-pathogenic bacterial species,
during all growth conditions including intracellularly in host cells, in broth and on solid media,
and in planktonic or biofilm communities (Stirling and Richmond, 1980; Beveridge et al., 1999;
Rodrigues et al., 2007; Li et al., 1998). Bacterial vesicles, first identified in Escherichia coli, are
closed membrane blebs that are not a product of cell lysis or cell death (Mug-Opstelten and
Witholt, 1978). Gram-negative bacterial vesicles, called outer membrane vesicles (OMVs) to
denote their origin, are spherical, bilayered membrane structures that vary in size typically
between 20 to 250 nm in diameter, though vesicles 300 nm and larger have been identified
(Kadurugamuwa and Beveridge, 1997). OMVs are generated by a budding or pinching off
process from the OM and contain a cargo composed of periplasmic proteins (Beveridge, 1999),
peptidoglycan (Kaparakis et al., 2010), cytoplasmic proteins (Lee et al., 2007) and DNA upon
release (Bielig et al., 2011). The integrity of the bacterial cell wall is maintained throughout this
process. Bacterial MVs can be isolated from planktonic cultures using size exclusion filtration,
ultracentrifugation of the cell-free supernatant, and fractionation using density gradients
(Dorward et al., 1989; Horstman and Kuehn, 2000; Prados-Rosales et al., 2014). The
composition and structure of OMVs are typically determined using proteomic, mass
spectrometry and electron microscopy techniques (Hoekstra et al., 1976; Haurat et al., 2011; Lee
et al., 2007; Kuehn and Kesty, 2005). The OMV membrane lipid bilayer contains phospholipids
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in the inner leaflet, lipopolysaccharides (LPS) in the outer leaflet. The protein composition is
similar, but not identical to that of the outer membrane. For example, enterotoxigenic E. coli
OMVs are enriched in heat-labile enterotoxin (Horstman and Kuehn, 2000) and E. coli K-12
OMVs have very little lipoproteins compared to cellular outer membranes (Wensink and
Witholt, 1981). In contrast, Gram-positive MVs are derived from the cytoplasmic membranes
and contain a cargo of cytoplasmic proteins, peptidoglycan, and DNA (Lee et al., 2009; Brown
et al., 2014).
Vesicle production by Gram-positive bacteria was long overlooked because the cells lack
an OM and the peptidoglycan layer was assumed too thick to allow the passage or secretion of a
membrane vesicle originating in the cytoplasmic membrane. However, Gram-positive MV
production has recently been demonstrated in Streptococcus mutans (Liao et al., 2014),
Streptococcus pneumonia (Olaya-Abril et al., 2014), Staphylococcus aureus (Lee et al., 2009b),
and Bacillus subtilis (Brown et al., 2014). These studies conclusively showed that Gram-positive
bacteria secreted cytoplasmic-derived MVs and that vesicles could traffic through the
peptidoglycan layer. The first extensive proteomic study of Gram-positive MVs was in 2009 on
planktonic cultures of Staphylococcus aureus (Lee et al., 2009b). Imaging of MV via TEM and
protein compositional analysis showed that the MVs were derived from the cell
cytoplasmic/inner membrane, and the cargo included cytosolic components and extracellularly
secreted proteins (Lee et al., 2009b). S. aureus-derived MVs contain cell wall modifying
enzymes, extracellular and membrane-associated virulence factors including, proteolysin,
coagulase, adhesins and a pore-forming hemolysin, which disrupt host cell membranes (Lee et
al., 2009b). Also, S. aureus MVs contain superantigens (SEQ, SSaA1, and SSaA2) known for
their ability to induce IgG antibody production and activate T-cells in a TCR-independent

20

fashion amplifying the host immune response and causing a cytokine storm (Sibbald et al., 2006;
Lee et al., 2009b). Little is known in regards to mechanisms involved in vesicle release from the
cytoplasmic membrane and subsequent transport through the peptidoglycan cell wall. It has been
hypothesized loosening of the cell wall by cell wall modifying enzymes facilitates MV secretion
(Lee et al., 2009b). Also, there are continuing debates as to whether MVs are the product of cell
autolysis or are released from dying and dead cells. However, the requirement for active
metabolism for MV production and the fact that killed cells do not generate MVs argues against
them being a product of cell death (Prados-Rosales et al., 2011). Furthermore, as no null mutant
for OMV production has been identified and vesicle production is conserved across numerous
domains of life, there is little doubt that live Gram-positive bacteria produce membrane vesicles.

Mechanisms involved in OMV and MV biogenesis
Mechanisms involved in OMV formation have been extensively studied in Pseudomonas
aeruginosa, a Gram-negative opportunistic pathogen known to cause chronic infections in cystic
fibrosis patients (Kadurugamuwa and Beveridge, 1995; Haurat et al., 2011; Murphy et al., 2014).
The OM of P. aeruginosa contains distinct forms of the LPS O polysaccharide known as
homopolymeric neutral common polysaccharide antigen (CPA) and heteropolymeric charged Ospecific antigen (OSA) (Lam et al., 1989). Studies by Kadurugamuwa and Beveridge (1995)
showed preferential localization of OSA LPS to regions of the OM where OMVs were to be
released. It was hypothesized that the high local concentration of OSA LPS increased the
curvature of the OM due to repulsion between adjacent LPS molecules, aiding in OMV
secretion. Pseudomonas quinolone signal (PQS), a quorum-sensing molecule that associates with
LPS, has been shown to decrease the flip-flop rate between the outer and inner leaflet of the OM
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(Schertzer and Whiteley, 2012). A decrease in the membrane flip-flop rate caused a change in
the ratio of LPS between the inner and outer leaflets, inducing significant asymmetry in the
membrane, culminating in release of the OMV from the OM. OMVs are derived from, but are
not identical in protein composition to, the OM suggesting a mechanism(s) for the selective
protein sorting and targeting (Hoekstra et al., 1976; Wensink and Witholt, 1981). Although a
global mechanism for selective targeting of proteins to the OMV has not been discovered,
changes in LPS expression have been shown to alter OMV protein sorting in bacterial pathogens
(Haurat et al., 2011; Murphy et al., 2014). Murphy et al. (2014) compared OMV production and
composition by P. aeruginosa PAO1 (wildtype strain) and mutant strains defective in the
production of CPA or OSA LPS. OMVs from OSA– mutants had increased proportions of
proteins involved in translation/post-translation modifications and adaptation, while CPA–
mutants had an increased proportion of proteins involved in the transport of small molecules
compared to wildtype cells (Murphy et al., 2014). Similarly, in the periodontal pathogen
Porphyromonas gingivalis the packaging of gingipains proteases as OMV cargo correlated with
the presence of A-LPS in OMVs; OMVs devoid of A-LPS did not contain gingipains (Haurat et
al., 2011). Gingipains are potent proteases that degrade host collagen, proteins, cell receptors and
components of the complement cascade (Jagels et al., 1996; Andrian et al., 2006; Grenier et al.,
2010). Although a mechanism for targeting proteins to MVs has not been described, these studies
suggest that OMV protein sorting may in part be attributed to protein affinity to glycan moieties
or the charge of the LPS molecule. Interestingly, the expression of the LPS O polysaccharide has
been shown to depend on growth temperature and osmotic pressure (Kropinski et al., 1987), and
the expression of less immunogenic CPA LPS has been demonstrated in biofilms of clinical
isolates from cystic fibrosis patients (Lam et al., 1989; Beveridge et al., 1997). As variations in
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growth conditions can influence LPS expression, by extension, they also alter OMV
composition. A similar model has been described in eukaryotic endosomal vesicle release where
the lectin, galectin contributes to protein sorting and stabilization of the lipid rafts domains from
which vesicles are released (Delacour et al., 2009). These mechanisms of cargo selection could
enable intracellular pathogens to modulate vesicle composition and consequently, the
delivery/targeting of pathogen virulence factors to host cells.

OMVs/MVs in bacterial virulence
Bacterial membrane vesicles have multiple functions including membrane turnover and release
of cell waste (Mug-Opstelten and Witholt, 1978; Katsui et al., 1982), adaptation and nutrient
scavenging (Nevot et al., 2006), DNA transfer (Dorward et al., 1989), virulence (Kuehn and
Kesty, 2005) cell-cell communication, and quorum sensing (Bielig et al., 2011). Vesicles of
bacterial pathogens are implicated as delivery vehicles for pathogen-associated molecular
patterns (PAMPs), cell wall and secreted virulence factors, and antigens (Maldonado et al.,
2011). MVs released into the environment by extracellular pathogens (Bielig et al., 2011), or in
blebs from infected host cells (Athman et al., 2015), can act as decoys to host immune cells, and
stimulate immune responses in host cells away from the site of infection (Vidakovics et al.,
2010; Bomberger et al., 2009). A study of OMVs secreted by the respiratory pathogen Moraxella
catarrhalis exemplifies this mechanism. M. catarrhalis OMVs induce pro-inflammatory
responses by tonsillar B cells, the process is dependent on the Moraxella IgD-binding protein
(MID) superantigen, and unmethylated CpG-DNA binding receptors present in B cell lipid rafts,
including IgD B cell receptor, TLR2, and TLR9 (Vidakovics et al., 2010). Activation of CD19+
IgD+ lymphocytes result in IgM and IL-6 production while OMVs devoid of MID and CpG-
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DNA fail to induce B cell activation. So, while M. catarrhalis cells are phagocytosed and killed
by human tonsillar B cells, superantigen-bearing OMVs can interact with distant B cells
(Vidakovics et al., 2010). Previous studies have demonstrated that interactions between MID and
B-lymphocytes result in vigorous proliferation and production of nonspecific IgM (Jendholm et
al., 2008). Thus, Moraxella OMVs redirect the immune response allowing the bacterium to
avoid direct contact with host immune response cells. Other advantages to MVs as secretion
vehicles include, the fact that they are ubiquitous in the environment, can fuse with membranes
of adjacent and distant cells (Bielig et al., 2011), their cargo proteins are protected from damage
by extracellular factors (Horstman and Kuehn, 2000), and they can transport enzymes and
hydrophobic or membrane proteins (Mashburn and Whiteley, 2005). An example that
demonstrates many of these qualities is OMVs from P. aeuriginosa. Application of P.
aeuriginosa OMVs to a lawn of Staphylococcus epidermidis cells produces a zone of clearing,
indicating significant antimicrobial properties (Bomberger et al., 2009). P. aeuriginosa OMVs
also deliver multiple virulence factors to host cells via fusion with cell lipid rafts including βlactamase, hemolytic phospholipase, alkaline phosphatase, and Cif (Bomberger et al., 2009).
This process is rapid, with OMV virulence factors detected in the cytoplasm of bronchial
epithelial cells in as little as 10 minutes. Bomberger et al. (2009) demonstrated that OMVs have
a cytotoxic effect on airway epithelial cells, while lysed OMVs did not elicit the same reaction.
This study demonstrated that secretion of virulence factors in OMVs is critical in trafficking to
host cells, facilitating targeting to specific subcellular locations. Secreted OMVs also fuse with
other bacterial cells, enabling inter-bacterial signalling in a cell population (Mashburn and
Whiteley, 2005). For example P. aeruginosa OMVs, which contained the highly hydrophobic
quorum-sensing molecule PQS and were found to be integral in cell-cell signaling of planktonic

24

cells (Mashburn and Whiteley, 2005). Quorum-sensing signals are known to regulate factors
involved in the expression of virulence genes. Therefore, their presence in OMVs has important
implications in bacterial communication and environmental sensing.
To date, studies of virulence-associated components of Gram-positive MVs have identified
toxins (Rivera et al., 2010), enrichment of lipoproteins (Prados-Rosales et al., 2011; Olaya-Abril
et al., 2014), antibiotic resistance proteins (Lee et al., 2013), extracellular DNA involved in
biofilm formation (Liao et al., 2014) and an enzyme involved in the degradation of
peptidoglycan from competing bacteria (Lee et al., 2009b). Immunoelectron microscopy of MVs
isolated from Bacillus anthracis identified multiple toxins associated with vesicles, including
edema toxin and anthrolysin (Rivera et al., 2010). Visualization of B. anthracis-infected
macrophages also identified these toxin containing MVs, indicating that toxins are vesicleassociated and that MVs function to increase potency allowing the concentrated delivery of
toxins to host cells (Rivera et al., 2010). In addition to MV cargo, the enrichment of membrane
lipoproteins was identified in Streptococcus pneumoniae MVs when compared to the lipoprotein
composition of the cell membrane fraction (Olaya-Abril et al., 2014). S. pneumoniae MVs were
also found to be highly immunogenic and immunization of mice with isolated MVs was
protective against challenge with a virulent strain of S. pneumoniae; thus, demonstrating the
potential use of MVs in a new type of vaccine, capable of preventing pneumococcal infections.
In a study of Staphylococcus aureus by Lee et al. (2009b), proteomic analysis of MVs identified
N-acetylmuramoyl-L-alanine amindase, an enzyme involved in peptidoglycan biosynthesis,
which the authors hypothesize can degrade peptidoglycan of competing cells (Campbell et al.,
1969). Peptidoglycan degradation would culminate in cell death and the release of essential
nutrients giving S. aureus a competitive advantage. A similar function has been demonstrated in
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P. aeruginosa OMVs, and is thought to be vital in low nutrient growth conditions such as biofilm
communities (Kadurugamuwa and Beveridge, 1996). Subsequent studies of S. aureus MVs
demonstrated that they transport biologically active β-lactamase and in doing so impart antibiotic
resistance to ampicillin-sensitive Gram-positive and Gram-negative bacteria (Lee et al., 2013).
These studies highlight an interesting dual role of S. aureus MVs in biofilm communities of
bacteria, providing nutrients for the cell and antibiotic resistance to the community. In addition to
the Gram-positive MVs discussed, recent studies have identified MVs produced by pathogenic
and non-pathogenic mycobacteria.

Mycobacterium membrane vesicles
Prados-Rosales et al. (2011) demonstrated the production and composition of mycobacterial
MVs by pathogenic (M. tuberculosis, M. bovis), opportunistic (M. avium subsp. avium) and nonpathogenic (M. smegmatis) species. In this study MVs were visualized by TEM and ranged from
20-300 nm in size, consistent with other Gram-positive bacteria. The most abundant polar lipids
of MVs included PI, PIM2, PE, and CL; the glycolipid, LAM, was detected by Western blotting.
Based on the enriched polar lipid composition of M. tuberculosis MVs, Prados-Rosales et al.
(2011) hypothesized that the MVs are released from the cytoplasmic membrane and not the
mycobacterial outer-membrane. Based on evidence of mycobacterial MVs being derived from
the cytoplasmic membrane, a diagram illustrating the release of a hypothetical membrane vesicle
from the mycobacterium cell wall is shown in Fig. 1.3. A comparative analysis of MVs from
pathogenic and non-pathogenic mycobacteria and with proteins extracellularly secreted by these
bacteria, revealed the enrichment of a number of lipoproteins associated with virulence in MVs
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Figure 1.3: Proposed model for membrane vesicle release from the mycobacterial cell
membrane. Curvature in the membrane culminates in the pinching off of a membrane vesicle
containing cytoplasmic proteins. The vesicle traffics through the cell wall, by some unknown
mechanism, and is released into the extracellular space. Not drawn to scale.
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of M. tuberculosis and M. bovis (Prados-Rosales et al., 2011). MVs from virulent, but not
avirulent M. tuberculosis, were enriched with the lipoproteins LpqH, LppX, and LprA, which are
ligands for TLR2 and which have been demonstrated to interfere with antigen presentation by
macrophages and dendritic cells (Drage et al., 2010; Prados-Rosales et al., 2011). In contrast, no
lipoproteins were detected in M. smegmatis MVs, despite lipoproteins representing 1.03% of
total cell proteins (Prados-Rosales et al., 2011). In addition, M. tuberculosis MVs proteins
include those secreted by the ESX (type VII) secretion systems, including PE/PPE proteins. The
PE/PPE family of proteins, which are named for their Proline- Glutamate/Proline- ProlineGlutamate residues, respectively are thought to be a potential sources of T and B cell epitopes
(Demangel et al., 2004; Sampson, 2011), function in inhibition of macrophage phagosome
maturation (Brodin et al., 2010), and play a role in virulence in mice (Brodin et al., 2006).
Interestingly, knockout of the ESX-5 secretion system was found to attenuate M. tuberculosis,
suggesting that secretion of PE/PPE proteins into the extracellular space is required for a
functional cell envelope (Sayes et al., 2012). PE/PPE and lipoproteins have been demonstrated to
be ligands for TLR2 (Nair et al., 2009; Drage et al., 2010), and therefore are likely to contribute
to host TLR2-dependent pro-inflammatory responses to M. tuberculosis MVs (Prados-Rosales et
al., 2011). Evidence of this was shown using TLR2-deficient C57BL/6 female mice and wildtype
C57BL/6 mice that were treated with M. tuberculosis MVs. Wildtype mice had a significant proinflammatory response inducing the production of chemokines and cytokines including IL-6, IL10, IL-12, and TNF-α; this response was not observed in TLR2 knockout mice (Prados-Rosales
et al., 2011). To investigate the use of MVs in vaccination, mice were treated with MVs prior to
infection by live M. tuberculosis and were found to have an increased inflammatory response
compared to mice not exposed to M. tuberculosis MVs before infection (Prados-Rosales et al.,
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2011). A subsequent study compared the vaccine potential of MVs with the BCG vaccine.
Findings from this study indicated that M. tuberculosis MVs elicit a protective response
comparable to that of the BCG vaccine, and can increase vaccine efficacy (Prados-Rosales et al.,
2014). Collectively these studies support a role for MVs from pathogenic mycobacteria as
vehicles for pathogen TLR-ligands (to cells) at and distant from the site of infection (Athman et
al., 2015; Lee et al., 2015). Moreover, it is evident that mycobacterial MVs consist of membrane
and lipid components known to interact with host receptors, and their presence during infection
initiates a significant inflammatory response. Pathogenic bacteria undergo significant changes in
gene expression to enhance intracellular survival, including altering the membrane and lipid
composition to change how the cell is presented to host immune response cells.
Modifying growth conditions and environmental stress have been demonstrated to have a
significant impact on vesicle biogenesis and composition. Examples of this include: high
temperatures (Katsui et al., 1982), iron deficiency (Keenan et al., 2008; Prados-Rosales et al.,
2014), and use of chemically defined or complex medium (Zarrella et al., 2011). M. tuberculosis
MV composition and production have been shown to be influenced by growth conditions. For
example, MVs isolated from M. tuberculosis cultured in iron-depleted media are enriched with
the iron-scavenging siderophore mycobactin and TEM analysis show a higher abundance of
MVs on iron-starved cells and increased production of mycobactin-rich microvesicles (PradosRosales et al., 2014). Iron acquisition is one of the greatest hurdles for an intracellular pathogen,
as infected macrophages induce the transcription of ferroportin to actively export iron from the
phagosome, a process that is amplified further by stimulation with IFN-γ (Van Zandt et al., 2008;
Nairz et al., 2010). Isolation of MVs from an IdeR mutant stain of M. tuberculosis was
performed to investigate the role of mycobactin in context of MVs; IdeR represses mbt gene
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transcription, suppressing siderophore production under iron sufficient growth conditions.
Prados-Rosales et al. (2014) found IdeR mutant MVs do not support the growth of iron-starved
mycobacteria compared to wildtype M. tuberculosis MVs that did support the growth of ironstarved mycobacteria. This study confirms that mycobactin functions as an iron-carrier in MVs
and that support the replication of iron-starved mycobacteria. Growth conditions can also impact
genetic regulation of mycobacteria (Janagama et al., 2009). A proteomic study was conducted to
compare MVs of a M. tuberculosis knockout strain defective in the Rv0431 gene to those of
wildtype M. tuberculosis MVs (Rath et al., 2013). The transposon-disrupted Rv0431 strain of M.
tuberculosis was attenuated, found to lack the VirR protein, and was hyperinflammatory in
human macrophages. Interestingly, the attenuation observed was significantly reversed in mice
that lacked TLR2. Furthermore, TLR2-dependent stimulation of macrophages between the two
MV preparations showed that the knockout M. tuberculosis MVs were enriched in the
lipoprotein LpqH and the protein SodC (superoxide dismutase) both of which are TLR2 agonists
(Rath et al., 2013). Based on this evidence, the authors hypothesized that Rv0431 regulates the
quantity of M. tuberculosis MVs bearing TLR2 ligands. Therefore, this study indicates that the
pro-inflammatory potential of mycobacterial MVs can be influenced by genetic regulatory
mechanisms.
As previously discussed, in macrophages infected with live M. tuberculosis, lipoglycans
and lipoproteins released from the pathogen block phagosome maturation (Brodin et al., 2010),
modulate TLR2-dependent cytokine production (Huntley et al., 2005; Brodin et al., 2006), and
inhibit class II MHC antigen presentation (Chan et al., 1991; Dahl et al., 1996). The mechanism
for release and transport to the phagosome membrane of these components from the intracellular
bacterium has been poorly described; however, these bacterial components have been shown to
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be present in exosomes released extracellularly from infected macrophages (Bhatnagar and
Schorey, 2007; Bhatnagar et al., 2007; Giri et al., 2010). A recent study used density gradient
centrifugation to separate distinct sub-populations of vesicles released by M. tuberculosis
infected macrophages (Athman et al., 2015). The first subset was shown by immunofluorescence
to have host cell markers CD9 and CD63, markers of macrophage exosomes. The second vesicle
subset was shown to contain M. tuberculosis lipoproteins and lipoglycans, but was devoid of
macrophage exosome markers (Athman et al., 2015). Interestingly, macrophages exposed to
dead M. tuberculosis did not have distinct exosome populations implying that the secretion of
MVs is an active process that requires live M. tuberculosis, and that MV are vehicles for
trafficking and export of the bacterial virulence components such as lipoglycans and lipoproteins
that are known to modulate macrophage bactericidal activity. Furthermore, the release of vesicles
containing M. tuberculosis virulence factors (e.g., lipoglycans and lipoprotein) into the
extracellular space facilitates the modulation of uninfected immune response cells at a distance,
while the pathogen remains relatively protected within the modified macrophage phagosome. It
is conceivable that MAP MVs could exhibit a similar function in the trafficking bacterial
virulence factors extracellularly to host cells during infection and intracellularly within
macrophages to the phagosome membrane and to receptors (TLR, MHC) of the immune system.
This notion is supported by a study of exosome release by MAP-infected macrophages, which
were found to transport pro-inflammatory molecules such as glycopeptidolipids and Hsp70
(Bhatnagar and Schorey, 2007; Anand et al., 2010). In addition, macrophage infection by MAP is
known to increase secretion of IFN-γ and TNFα; a similar response was reported in macrophages
exposed to exosomes isolated from MAP-infected macrophages (Wang et al. (2014). Therefore,
exosomes act in a manner similar to MAP infection itself, activating Th0 cells to differentiate
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into Th1 effector and cytotoxic T cells. Future studies could utilize density gradient
centrifugation to fractionate exosomes from MAP-infected macrophages to determine if distinct
sub-populations exist, as shown in M. tuberculosis (Athman et al., 2015). Such a study would
have a number of implications for the immunomodulatory role of MAP MVs and may highlight
MAP-specific epitopes seen early in infection.

Research rationale
Proteomic surveys of mycobacterial secretomes has revealed that the majority of proteins do not
have an export signal, for example, only 31% M. tuberculosis and 28% of MAP secretome
proteins have been shown to have a signal for secretion (Gomez et al., 2000; Facciuolo et al.,
2013). Therefore, the vast majority of secreted proteins must either be secreted by other
unknown secretion systems or released in membrane vesicles. Membrane vesicles are a unique
form of bacterial secretion and have the capacity to traffic bacterial antigens and lipids involved
in interaction with host cells and receptors modulating host immune cells (Lee et al., 2009b;
Prados-Rosales et al., 2011). Biochemical and proteomic analyses of M. tuberculosis MVs reveal
that the lipid components are consistent with the cytoplasmic membrane, and with proteins from
the extracellularly secreted, cell envelope, and cytoplasmic-membrane compartments (PradosRosales et al., 2011). Vesicle production is considered a universal and evolutionary conserved
process, therefore I sought to purify MAP MVs to determine the protein composition and identify
antigenic MV proteins. Membrane-associated MAP proteins including major membrane protein1 and glycolipids such as LAM interact with receptors on host immune cells, facilitating
transcytosis and pro-inflammatory responses (Means et al., 1999; Bannantine et al., 2003).
Mycobacterial MVs are known to consist of cell wall and secreted components that are
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immunogenic during infection. Furthermore, secreted MVs diffuse into the extracellular mileau
of the host tissues where they can bind cellular receptors affecting host immune cells at distances
from the site of infection. Therefore, MAP MVs are of interest for their role in modulating the
host immune response, and may represent a unique subset of MAP antigens delivered to host
immune response cells in early stages of infection. In this thesis, I completed a proteomic
investigation of MAP MVs hypothesizing that MAP actively releases MVs and that investigating
MV protein composition would identify a unique subset of secreted membrane and cytosolic
proteins. Pathogenic mycobacterial MVs have been shown to contain immunogenic, phagosome
modifying, and nutrient scavenging proteins. Therefore, investigating MAP MV composition will
highlight a new area of study in MAP biology and pathogenesis. My second hypothesis is that the
protein composition of MAP MVs is influenced by growth conditions and that culturing under
potassium replete and limited conditions may cause preferential packaging of proteins in MVs.
Therefore, I sought to perform a comparative analysis of MAP MVs produced under nutrient
limiting conditions. Potassium is essential in regulating osmotic pressure, intracellular pH, stress
response, gene expression and the proton-motive force (Epstein, 2003; Castaneda-Garcia et al.,
2011). Previous work conducted in our lab by Banasure et al. (2007) compared the expression of
the MAP two-component system (KdpDE), which regulates a potassium transporter (KdpABC),
in response to potassium-limiting growth conditions. A 2 mM to 1 mM decrease in potassium in
the culture media resulted in a 2.5 fold increase in KdpDE expression. Disruption of the MAP
potassium transporter results in reduced tissue colonization in mice, and therefore may be
involved in virulence (Shin et al., 2006). Proteomic comparison of the two MV populations will
identify any changes in protein composition of MAP MVs under stress conditions, and may help
elucidate the function of MAP MVs in intracellular survival and immune modulation.
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Chapter 2: Materials and Methods
MAP culture and growth conditions
The MAP strain, gc86, was isolated (in the Mutharia lab) in December 2001 from the feces of a
cow from a dairy farm in southern Ontario. The isolate stained acid-fast using the Ziehl-Neelsen
carbol-fuschin stain and was identified as MAP by mycobactin-dependent growth (Chacon et al.,
2004) by PCR for IS900, ISMAP02, hsp6 and hspX; it was shown to be MAP Cow-genotype by
IS1311 PCR (Collins et al., 1989; Ellingson et al., 1998; Whittington et al., 1998; Turenne et al.,
2006). Live/dead viability staining using ethidium bromide (EtBr) and fluorescein diacetate
(FDA) was used to determine the proportion of live and dead MAP cells (Jayapal et al., 1991).
Live/dead staining was conducted during each stage of culturing to ensure isolated membrane
vesicles were from live cells.
For preparation of MVs, MAP gc86 cultures were initiated by the inoculation of 1-mL
frozen seedlots (108 CFU/mL) into 50 mL of detergent free Middlebrook 7H9 medium (Difco,
Detroit, MI, USA) supplemented with OADC (oleic acid, albumin, dextrose, catalase), 5 g/L
glycerol, 1 g/L casitone and 2 mg/L of ferric mycobactin J (Mj) (Allied Monitor, Fayette, MO,
USA). At 4 weeks of static growth at 37˚C, the cells were harvested by centrifugation (4000 ×
g, 15 min, 4˚C), washed in 10 mM phosphate-buffered saline (PBS), pH 7.2 and the cells
suspended in 200 ml of 7H9-OADC-Mj medium and cultured for 4 weeks at 37˚C with gentle
agitation (30 rpm). To monitor bacterial growth, the optical density of cultures was measured
using a spectrophotometer at a wavelength of 600 nm (OD600). To obtain the most accurate
approximation of the number of bacterial cells (MAP cells grow in clumps) 1 mL of culture was
passed through a 20-gauge needle to disrupt aggregates prior to OD measurements. The OD600 of
50 mL cultures were between 0.84 and 1.02, and between OD 0.71 and 0.89 for 200 mL cultures;
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un-inoculated 7H9-OADC-Mj media was used as a control. Comparison to MAP growth curves
indicated that the cells were in mid-log phase (data not shown). Cells were harvested, washed
with PBS and suspended in 1.5 L of Watson-Reid (WR) defined medium (pH 6.0) supplemented
with 4.1 g/L sodium pyruvate, 0.075 g/L of ferric ammonium citrate and 2 mg/L of mycobactin J
(Merkal and Curran, 1974). Cultures were incubated for 4 weeks, and were harvested at an OD of
0.82 to 0.89. The cells were harvested as described above, and the culture supernatants were
decanted into a sterile container, chilled on ice and used for preparation of MVs.
For culture under potassium-limiting conditions, the MAP cells were cultured as
described above with the following modifications to WR defined medium: the concentration of
potassium phosphate (monobasic) was decreased from 2 g/L to 1 g/L, 0.88 g/L of sodium
dihydrogen phosphate was added to balance the phosphate concentration, and the cells harvested
at 3 weeks of growth. The OD of the culture at the time of harvesting was 0.75, cells were
removed by centrifugation and MVs were prepared from the supernatant as described below. The
reduced-potassium WR medium will be referred to as WR-K for the remainder of the thesis.
To show that MV production was the product of live cells, 200 mL of MAP cells cultured
in 7H9-OADC-Mj medium for 4 weeks (OD = 0.87) were heat killed at 80˚C for 1 hr and
suspended in 1.5 L of WR medium for 10 days. Cultures were monitored for live cells by plating
on 7H11-OADC-Mj and Lysogeny Broth (LB) solid media, and live/dead staining after 3 days of
culturing and at the time of harvesting (day 10). No live MAP cells were detected throughout,
and no contamination was observed by acid-fast staining or plating on (7H11-OADC-Mj and
LB) agar media. The cells were removed by centrifugation at 4000 × g (15 min, 4˚C), this was
performed twice to further clarify the supernatant, which was prepared as described below.
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Light microscopy and confocal microscopy
Live/dead staining of MAP cells was performed during each stage of culturing to monitor the
viability of cells. The cells were pelleted by centrifugation at 10,000 × g for 2 min and suspended
in sterile PBS (pH 7.4). An FDA/EtBr solution was and added to cells on a microscope slide,
sealed with a cover slip and placed in the dark for 20 min. For routine checking of MAP cells, a
Zeiss Axioskop (Zeiss, Oberkochen, Germany) was used. To image live/dead MAP cells, a Leica
DM 6000B (Leica Microsystems, Wetzlar, Germany) confocal scanning laser microscope was
used, with a 63× glycerol immersion objective lens. Confocal illumination was provided by an
Ar laser (488 nm laser excitation) fitted with a long-pass 515/30 filter for the green fluorescence
signal (FDA), and a long-pass 605/75 filter for the red fluorescence signal (EtBr). Simultaneous
dual-channel imaging was used to display green and red fluorescence. Images were acquired
with Leica application suite software (version 4.8) at a resolution of 1024x1024 pixels and a
zoom factor of 1.0.

Membrane vesicle isolation
MAP MVs were prepared as described by Prados-Rosales et al. (2014). To maintain MV
integrity all procedures were performed at 4˚C; the chilled culture filtrates were sequentially
passaged through a vacuum filtration unit equipped with a 0.45 µm polyvinylidene fluoride
(PVDF) membrane filter and then with a 0.22 µm polyethersulfone (PES) membrane filter (EMD
Millipore, Mississauga, Ontario, Canada). A 1.5 L volume of the filtered MAP culture
supernatant was concentrated to 10 ml using a 100-kDa-exclusion filter (Amicon, EMD
Millipore, Mississauga, Ontario, Canada). The concentrated filtrate was decanted, and the filter
was washed with 1 mL of sterile PBS to recover residual concentrate remaining on the exclusion
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filter. To remove aggregates formed in the filtration and concentration steps, the pooled filtrates
were sequentially centrifuged at 4000 and 15,000 × g (15 min, 4˚C). The filtrates were
transferred to a 12 mL ultracentrifuge tube and centrifuged at 100,000 × g for 1 hr at 4˚C
(Beckman L8-55M ultracentrifuge, SW 40 Ti rotor). The pellet containing MV was suspended in
10 mM HEPES buffer (pH 7.4) and the protein concentration determined using the bicinchoninic
acid assay (Sigma-Aldrich, Oakville, Ontario, Canada) with bovine serum albumin as the
standard.

Transmission electron microscopy (TEM)
Imaging of MV preparations from WR, WR-K and heat killed supernatants was performed; for
WR and WR-K MVs, the distribution of MV diameter was analyzed. Isolated MAP MVs (5 µL)
were applied to glow-discharged carbon-coated 200-mesh copper grids for 1 min. The grid was
then blotted and negatively stained with 5 µL of 2% uranyl acetate. Grids were loaded into a
Phillips CM-10 transmission electron microscope (80 kV) and MVs were imaged using an 11megapixel charge-coupled device (CCD) camera (SIS/Olympus Morada). To compare the
diameter of WR (n = 3) and WR-K (n = 1) MVs, multiple fields were imaged for each culture
condition at 25,000 × magnification and 1000 MVs were measured for both culture conditions.
The images were imported into ImageJ software; thresholding was applied, and the analyze
particle function was used to measure MV diameter. Statistical analysis comparing the
distribution of WR and WR-K MV diameter was calculated using Microsoft Excel (Microsoft,
Redman, WA, USA).
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Preparation of thin MV sections
MAP MVs were prepared for sectioning as previously described (Paul and Beveridge, 1992),
which involved fixing of MVs in 2% glutaraldehyde in 0.1 M cacodylate at room temperature for
2 hr and incubated overnight in 4% formaldehyde, 1% glutaraldehyde, and 0.1% PBS. MVs were
enrobed in 2% noble agar and suspended sequentially for 2 hr in 1% osmium tetroxide and
uranyl acetate. The blocks were dehydrated by a series of washes in 25, 50, 75, 95 and 2 x 100%
ethanol, for 15 min each. The sample was placed in a 50/50 mixture of LR White resin (EM
Sciences) and anhydrous ethanol on a rotating mixer for 2 hr, followed by 2 changes of 100% LR
White resin for 30 min each and then embedded in pure resin in sealed capsules and polymerized
overnight at 60˚C. Thin sections were prepared using a Leica Ultracut UCT microtome. The
sections were mounted on 100 mesh formvar carbon-coated copper grids and stained with uranyl
acetate and Reynold's lead citrate, 10 min each. The sample was viewed on a Philips CM10 TEM
and images were taken using the Olympus/SIS Morada CCD camera using iTEM software.

Preparation of MAP lysate and culture filtrate proteins
MAP lysate and culture filtrate was harvested from 50 mL cultures of MAP grown in WR
medium for 8 weeks at 37˚C. Cultures were chilled for 15 min on ice and supplemented with 1
mM phenylmethylsulfonyl (PMSF) and 5 mM EDTA (pH 8.0). MAP cells and culture filtrate
were separated by centrifugation at 3,000 × g (20 min, 4˚C), and the supernatant was sterilized
by filtering through a 0.22 µm PES filter. Culture filtrate proteins were prepared by two-step
fractionation using Amicon Ultra-15 centrifugal filter units with 50 and 3 kDa molecular mass
cut-offs (Millipore). The volume retained on the 50 and 3 kDa filter membranes was dialyzed
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three times with 10 mM PBS (pH 7.2) and concentrated to 0.5 mL. The fractions retained on the
50 and 3 kDa filters were labeled supernatant filtrate 1 (SF1) and SF2, respectively.
MAP whole cell lysates were harvested; cells were suspended in lysis buffer solution [10
mM PBS, pH 7.2, 1% v/v Tween-20] and transferred to microcentrifuge tubes containing 0.1 mm
zirconia/silica microbeads (Thermo Fisher Scientific, San Jose, CA, USA). The tubes were
shaken in a Mini-Bead Beater for eight 20 sec pulses, with a 4-min rest on ice between each
pulse. Beads and cellular debris were pelleted by centrifugation at 10,000 × g for 15 min. The
protein concentration of culture filtrate and soluble lysates were quantified using a bicinchoninic
acid kit (Sigma-Aldrich, Oakville, Ontario, Canada) and stored at -20˚C.

SDS-PAGE analysis
For one-dimensional (1D) SDS-PAGE, 10 µg each of MAP MVs, whole cell lysates and
concentrated culture filtrates were diluted in Laemmli sample buffer, heated at 95˚C for 10 min
and resolved at 90V in a 10% or 12% polyacrylamide gel.
For two-dimensional (2D) SDS-PAGE, 50 µg of MAP MVs were suspended in
solubilizing buffer [5 M urea, 2 M thiourea, 10 mM TCEP, 1% ASB-14 and 10 mM Tris (pH
8.0)] containing 2% digitonin (Sigma-Aldrich, Oakville, Ontario, Canada) for 2 hr (Devraj et al.,
2009). Insoluble material was removed by centrifugation at 20,000 × g for 1 hr. The proteins in
the supernatants were precipitated using the ReadyPrep 2D Cleanup Kit (Bio-Rad, Mississauga,
Ontario, Canada), and the protein pellet was dissolved in 125 µl of Readyprep sequential
extraction reagent #3 (Bio-Rad, Mississauga, Ontario, Canada) containing 0.05% w/v
bromophenol blue. The sample was used to passively rehydrate a 7 cm, pH 4-7 immobilized pH
gradient (IPG) strip (Readystrip; Bio-Rad) for 1 hr. The IPG strip was overlaid with mineral oil,
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and active rehydration was performed at 50 V for 12 hr. Isoelectric focusing was conducted in a
Bio-Rad Protean isoelectric focusing (IEF) cell at 250 V for 1 hr, 500 V 2 hr, and 4000 V to 40
000 V-hr with a current of 50 µA per gel. IPG strips were stored at -80˚C or immediately
suspended in SDS-PAGE equilibration buffer [6 M urea, 375 mM Tris-HCl (pH 8.8), 2% SDS,
20% glycerol] containing 65 mM DTT in the first 15-min wash and 68 mM iodoacetamide in the
second 15-min wash. Laemmli running buffer was used to briefly equilibrate the IPG strip.
Agarose sealing solution (0.05% w/v agarose and 0.002% w/v bromophenol blue in Laemmli
buffer) was used to seal the strip onto a 10% polyacrylamide gel and electrophoresis was
performed at 90 V. 1D and 2D SDS-PAGE gels were stained with silver as described by Blum et
al. (1987) with the following changes: step 2, the gel was washed with water for 1.5 hr; step 5,
formaldehyde was not used; step 8, the reaction was stopped with a 1% v/v mixture of acetic acid
(Facciuolo et al., 2013). Gels were used immediately or stored in a 1% acetic acid solution at 4˚C
until use.

In-gel trypsin digestion
Protein spots of interest were excised from a 2D SDS-PAGE gel using a sterile scalpel blade and
destained with 15 mM potassium ferricyanide and 50 mM sodium thiosulfate in water. Reduction
and alkylation of cysteine residues were performed with 10 mM DTT and 55 mM
iodoacetamide, respectively. Gel slices were dried by vacuum centrifugation and suspended in
0.1 µg of sequencing grade modified porcine trypsin (Promega, Madison, WA, USA) in 50 mM
ammonium bicarbonate and incubated at 37˚C for 16 hr. Three washes were performed to extract
tryptic peptides from the gel slices. The first was an aqueous wash (50µL) for 10 min in a bath
sonicator at room temperature, followed by two washes with 75 µl of a 5% formic acid solution
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in acetonitrile (ACN) (5-min bath sonication). The washes were pooled together and the volume
reduced to 5 µL by vacuum centrifugation before sending for analysis by mass spectrometry
(MS).

Liquid Chromatography (LC)- tandem mass spectrometry (MS/MS)
MAP MVs (WR) were purified from triplicate independent cultures, while WR-K MVs were
prepared from a single culture. Twenty µg of MVs were disrupted by 20 seconds of bath
sonication with a 30 seconds rest on ice between each sonication (×6), followed by 3 rounds of
rapid freeze/thawing in a dry ice-ethanol bath. Next a solution of 12 M urea, and 4 M thiourea
was prepared in 10 mM HEPES buffer (pH 8.0). The MV fraction was mixed with an equal
volume of solubilizing buffer, giving a final concentration of 6 M urea, 2 M thiourea, and 1 mM
PMSF, to solubilize MV proteins. Protein digestion was performed as described by Foster et al.
(2003). Cysteine residues were reduced in 10 mM dithiothreitol (50 mM ammonium bicarbonate
[ABC] buffer) and alkylated with 55 mM iodoacetamide (50 mM ABC buffer). The solution was
diluted by a factor of 4 with 50 mM ammonium bicarbonate to maintain trypsin activity in urea.
Proteins were digested using sequencing grade modified porcine trypsin (Promega, Madison,
WA, USA) in 50 mM ammonium bicarbonate and incubated at 37˚C for 16 hr. Trifluoroacetic
acid was used to stop the digestion and the solution was reduced to a volume of 5 µL by vacuum
centrifugation before sending for MS analysis.
Protein samples were sent to the Advanced Protein Technology Center (The Hospital for
Sick Children, Toronto) for LC-MS/MS analysis. Lyophilized peptide mixtures were dissolved
in 0.1% formic acid and loaded onto a 75µm x 15cm PepMax RSLC EASY-Spray column filled
with 2µM C18 beads (Thermo Fisher Scientific, San Jose, CA, USA) at a pressure of 800 BAR.
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Peptides were eluted over 60 min at a rate of 250 nL/min using a 0 to 35% acetonitrile gradient
in 0.1% formic acid. Peptides were introduced by nano-electrospray into an LTQ-Orbitrap hybrid
mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). The instrument method
consisted of one MS full scan (400–1500 m/z) in the Orbitrap mass analyzer, an automatic gain
control target of 500,000 with a maximum ion injection of 100 milliseconds, one microscan, and
a resolution of 60,000. Ten data-dependent MS/MS scans were performed in the linear ion trap
using the ten most intense ions at 35% normalized collision energy. The MS and MS/MS scans
were obtained in parallel fashion. In MS/MS mode automatic gain control targets were 10,000
with a maximum ion injection time of 50 milliseconds. A minimum ion intensity of 1000 was
required to trigger an MS/MS spectrum. The dynamic exclusion was applied using a maximum
exclusion list of 500 with one repeat count with a repeat duration of 30 seconds and exclusion
duration of 20 seconds.
All MS/MS samples were analyzed using Sequest (Thermo Fisher Scientific, San Jose,
CA, USA; version 1.4.0.288) and X! Tandem (The GPM, thegpm.org; version CYCLONE
(2010.12.01.1)). Charge state deconvolution and deisotoping were not performed. Sequest was
set up to search NCBI-Mycobacterium_paratuberculosis_K10.fasta (unknown version, 4317
entries) assuming the digestion enzyme trypsin. X! Tandem was set up to search the NCBIMycobacterium_paratuberculosis_K10 database (unknown version, 4350 entries) also assuming
trypsin. Sequest and X! Tandem were searched with a fragment ion mass tolerance of 0.60 Da
and a parent ion tolerance of 20 PPM. Deamidation of asparagine and glutamine, oxidation of
methionine and carbamidomethyl of cysteine were specified in Sequest as variable
modifications. Modification of the n-terminus (Glu->pyro-Glu and gln->pyro-Glu), ammonia-
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loss of the n-terminus, deamidation of asparagine and glutamine, oxidation of methionine and
carbamidomethyl of cysteine were specified in X! Tandem as variable modifications.
Scaffold (version Scaffold_4.4.3, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. Peptide identifications were accepted
if they could be established at greater than 49.0% probability to achieve an FDR less than 0.1%.
Peptide Probabilities from Sequest were assigned by the Scaffold Local FDR algorithm. Peptide
Probabilities from X! Tandem were assigned by the Peptide Prophet algorithm with Scaffold
delta-mass correction. Protein identifications were accepted if they could be established at
greater than 95.0% probability to achieve an FDR less than 1.0% and contained at least 2
identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm,
proteins that contained similar peptides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide
evidence were grouped into clusters.
Bioinformatic analysis of proteins was performed to identify putative secretory signal
peptides using SignalP (version 4.1), SecretomeP (version 2.0) and PRED-TAT (Bagos et al.,
2010). Protein localization was predicted using LocateP (Zhou et al., 2008), protein
transmembrane domains were predicted using TMHMM server (version 2.0), and lipoproteins
were predicted using PRED-LIPO (Bagos et al., 2008). Venn diagrams were used to compare the
MAP MV protein composition to previously described MAP cytoplasm, cell membrane and
culture filtrate proteomes (Radosevich et al., 2007; He and De Buck, 2010; Facciuolo et al.,
2013).
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Animal serum antibodies
The care of all animals in this study and the immunization protocol were reviewed and approved
by the University of Guelph, Animal Care and Use Committee. All aspects of animal handling,
including, the injection of antigens and blood collection were conducted by animal care
technicians at the University of Guelph’s Central Animal Care Facility. Two Sprague-Dawley
female adult rats were injected intramuscularly with a 1:1 emulsion of MAP MVs (300 µg) in 10
mM PBS, pH 7.2 and TitreMax gold adjuvant (Sigma-Aldrich, Oakville, Ontario, Canada). Four
bi-weekly immunizations consisted of 100 µg of MVs emulsified in Freund’s incomplete
adjuvant. Rats were euthanized four days after the last immunization and a final bleed conducted.
To prepare serum, the blood was allowed to clot for 1 hr at 30˚C and then centrifuged at 1000 × g
for 10 min to separate serum from red blood cells. The serum was gently removed by pipetting
and stored at -20˚C.
The six serum samples used in this study were obtained from cattle that tested positive
for MAP infection by fecal culture and IDEXX ELISA tests (Appendix Table 1). The control
serum was collected from 2-month-old Holstein calves that had been removed within 24 hr after
birth and maintained in an animal isolation facility. Sera from uninfected cows were collected
from a herd with no reported cases of Johne’s disease and were confirmed seronegative by
ELISA (Facciuolo et al., 2013).

Serum Absorption
Mycobacterium chelonae cell extract proteins (300 µg) and culture filtrate protein (300 µg) were
diluted in PBS and immobilized on nitrocellulose membranes (9 cm2) for 2 hr at room
temperature. The membranes were washed and subsequently blocked with PBS containing 4%
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(w/v) skim milk powder for 1 hr at room temperature. A second wash was performed (3 × 15
min) with sterile PBS. The rat and cow sera were diluted 1:500 and 1:200 in sterile PBS,
respectively. To deplete the serum of antibodies reacting with environmental mycobacteria, 6 mL
of serum was incubated with one of the blots for 16 hr at 15˚C. The serum was decanted and
incubated with a fresh blot. This process was repeated 3 times to ensure that all cross-reactive
antibodies were removed from the serum. Aliquots of the absorbed serum and the control serum
were stored at -20˚C until use.

Immunoblotting
Proteins separated by 1D or 2D SDS-PAGE gels were transferred to nitrocellulose membranes
(Pall, BioTrace NC; Port Washington, New York, USA) using a semi-dry blotting device (TransBlot Turbo Transfer System, Bio-Rad) for 40 min at 10 V and 100 mA. Membranes were
blocked with PBS containing 2.5% Tween-20 (PBS-T) for 2 hr at room temperature. The
membrane was washed 3 × 10 min in PBS containing 0.05% Tween-20 (PBS-T). The rat and
cow sera were thawed on ice and diluted 1:500 or 1:200, respectively, in PBS-T and incubated
overnight at 15˚C. Membranes were washed 3 × 10 min in PBS-T after the primary and
secondary antibody incubations. Rabbit anti-rat IgG and rabbit anti-bovine IgG (horseradish
peroxidase-conjugated) were diluted 1:7,500 and 1:3,500, respectively (Sigma-Aldrich, Oakville,
Ontario, Canada). A diaminobenzidine solution in imidazole buffer was briefly reacted with the
membrane to visualize protein bands; ddH2O was used to stop the reaction (Nadkarini and
Lindhardt 1997).
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Chapter 3: Results
MAP actively releases membrane vesicles
The objectives of this study were to examine MV production by planktonic MAP cells, develop a
protocol for MV isolation from culture supernatants, and examine the influence of growth
conditions on MV composition by comparing the proteome composition of bacteria cultured in
nutrient sufficient and limited conditions. MVs were isolated from supernatants of MAP cultures
following the protocols described for M. tuberculosis with modifications (Prados-Rosales et al.,
2014). Due to the low MV concentration in the supernatant, the density gradient centrifugation
step was omitted. Supernatants were concentrated on a 100 kDa exclusion filter before pelleting
by ultracentrifugation (Prados-Rosales et al., 2014). One MV isolation experiment consisted of
three 500 mL WR MAP cultures, which were pooled following clarifying of the supernatants
(Fig. 3.1). The vesicle fraction from three independent MV Watson-Reid (WR) purification
experiments had an average yield of only 95.3 µg/L of protein, while the vesicle fraction from
WR-K had a yield of 75.6 µg/L protein.
Transmission electron micrographs of MV preparations from bacteria cultured in WR and
WR-K media showed membrane vesicles (Fig 3.2 A-D). WR MVs varied from 35.7 nm to 260.7
nm in diameter (Fig. 3.3 A, Table 3.1). For bacteria cultured in WR medium, the majority of
MVs were between 45-130 nm in diameter (76.5%); 5.7% of the MVs were larger than 200 nm.
Membrane vesicles from bacteria cultured in WR-K medium were of similar size range between
25.9 nm and 278.3 nm in diameter, with 69.7% of MVs between 45-130 nm, and 9.2% of MVs
larger than 200 nm in diameter (Fig. 3.3 B, Table 3.1). Negative staining of WR-K MVs showed
two distinct MV populations, with dark and light electron density by TEM.
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4 weeks
OD600 0.8-1.0

7H9-OADC-Mj
50 mL

7H9-OADC-Mj

4 weeks
OD600 0.7-0.9

200 mL

4 weeks
OD600 0.7-0.8

WR-Mj
500 mL

500 mL

500 mL

Figure 3.1: Culturing of MAP cells to produce one MV biological replicate. Optical density,
plating of solid media, live/dead staining, and acid fast staining was performed during each stage
of culturing to monitor MAP cultures.
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Figure 3.2: Electron micrographs of MAP MVs (A-F). MAP MVs harvested from WR medium
(A, B; scale bar = 2 µm). MVs harvested from WR-K medium, black and white arrows highlight
varrying electron density (C, D; scale bar = 0.5 µm). Thin sections of MAP MVs (E, F) cultured
in WR (E scale bar = 200 nm; F = 25 nm).
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Figure 3.3: The size distribution of MAP MVs (A, B). Distribution of MAP MV diameter
prepared from WR (A) and WR-K (B) medium. MV diameter measurements obtained using
ImageJ software.
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Table 3.1: Measurements of MV diameter distribution.1

Culture
Medium
WR

Mean ± SE
(nm)

Median
(nm)

Range
(nm)

Std. Dev.
(nm)

Skew

98.9 ± 1.5

89.3

35.7 – 260.7

47.6

1.1

WR-K

104.5 ± 1.7

87.3

25.9 – 278.3

53.8

1.2

1

MV diameter measurements from WR medium represent average measurements taken from
three biological replicates (n = 3), consisting of multiple micrographs from each replicate.
MVs harvested from WR-K medium represent only a single biological replicate (n = 1),
comprising multiple micrographs. For each culture condition, 1000 MVs were imaged and
the diameter measured using ImageJ software (U.S. National Institutes of Health
[http://imagej.nih.gov/ij/index.html]).

50

visualization of WR MV thin-sections by TEM showed membrane-bound structures (Fig 3.2 E
and F), consistent with vesicles that have been identified in other mycobacterial species (PradosRosales et al., 2011).
To examine whether vesicles were released or shed by dead cells, MAP cells were heat
killed and suspended in WR medium for 10 days, from which MVs were purified and the
preparations visualized by TEM. MVs or membrane-enclosed structures were not observed (Fig.
3.4 A and B). MAP cultures were regularly monitored for contamination by acid fast staining,
and plating on 7H11-OADC-Mj and LB solid media. MAP culture viability was monitored by
live/dead staining with FDA/EtBr; the ratio of live to dead cells was determined to estimate the
population of live cells. At the time of MV preparation, approximately 98% and 97% of MAP
cells cultured in WR and WR-K were viable, respectively (Fig. 3.4 C, D).

Protein composition of MAP membrane vesicles
The protein profiles of MVs from WR cultured MAP were visualized by 1D SDS-PAGE (Fig.
3.5 A). MV-1, MV-2, and MV-3 represent triplicate biological replicates of MAP MVs (WR),
which were used for LC-MS/MS analysis. A recent study conducted in our lab characterized the
culture filtrates of MAP (Facciuolo et al., 2013). To examine whether the MV and culture filtrate
contained proteins in common, culture filtrate proteins were prepared and the two protein
profiles compared (Fig. 3.5 A). There were notable differences in the protein profiles of MVs
compared to the SF-1 and SF-2 culture filtrate preparations: (i) the protein profiles of MV
fraction was more similar to the SF-1 fraction which contained proteins retained by the 50 kDa
molecular weight cut-off filter during filtration of culture supernatants (Fig. 3.5 A; SF-1) (ii) the
MVs contained proteins of MW >100kDa which were not separated on the 10% or 12%

51

Figure 3.4: MAP MVs are the product of live cells. Electron micrographs (A, B) of material
collected from heat killed MAP cells, suspended in WR medium for 10 days (scale bar = 1 µm).
Graph C represents the percentage of live cells at the time of MV harvesting (circle: WR MV
preparations; square: WR-K MV preparation), determined by live/dead staining. The percentage
of live MAP cells after exposure to 80˚C for 1 hour is also indicated. Confocal microscopy of
MAP cells stained with FDA/EtBr (D) was conducted to show cell viability at the time of WR
MV harvest (scale bar = 5 µm).
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Figure 3.5: 1D SDS-PAGE comparison of MAP subproteomes. Triplicate MAP MV protein
profile resolved by 1D SDS-PAGE on a 12% (wt/vol) polyacrylamide gel and visualized by
silver staining (A). MV-1, MV-2, and MV-3 represent three biological replicates of MAP MVs
preparations used for LC-MS/MS analysis. The MV protein profile is compared to MAP culture
filtrate, SF-1 (>50 kDa) and SF-2 (<50 kDa). Arrows indicate differences between MAP MVs
and SF-1, the bar on the top left highlights differences in high molecular weight proteins
between MV and SF-1, while the bar on the bottom right highlights differences in low molecular
weight proteins between MV and SF-2. MAP lysate (Lys.) and membrane (Mem.) fractions were
prepared and separated (B). Comparison between MAP MVs from WR and WR-K medium (C).
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acrylamide gels; (iii), significant differences were observed in low molecular weight proteins
between MVs and SF-2 (Fig. 3.5 A; SF-2). MAP lysate and membrane fractions were resolved
(Fig. 3.5 B; Lys. and Mem.), which was compared to the protein profiles of MVs from WR and
WR-K cultured MAP visualized by 1D SDS-PAGE (Fig. 3.5 C; MV and MV-K, respectively).
There were minimal differences observed in the protein profiles of MVs of MAP cultured in WR
and WR-K medium.
LC-MS/MS was used to characterize the proteins in the MV preparations of MAP
cultured in WR and WR-K media. A total of 198 proteins (9% predicted lipoproteins) were
identified from the analysis of MVs preparations; these proteins were common to the three
biological replicates of MAP cultured in WR media (Appendix Table S1). Of these, 40 proteins
were deemed novel to the MV fractions because they had not been previously reported in the
culture filtrate, cell membrane and cell wall fractions of MAP; 20 of those proteins were
annotated as hypothetical. Preliminary data (n = 1) of LC-MS/MS analysis of WR-K MVs is
presented (Appendix Table S2), 100 proteins were identified (11% lipoproteins); 20 proteins
were found to be novel and 11 of those were hypothetical. Bioinformatic tools were used to
predict canonical secretory peptides for transport of proteins across the cytoplasmic membrane,
via the general secretion (sec) pathway, the twin-arginine translocation (Tat) system, and nonclassical secretion systems. The distribution of secretory peptides for proteins identified from
WR MVs, and proteins deemed novel to WR MVs are shown (Fig. 3.6 A and B, respectively). In
addition, the distribution of secretory peptides for proteins identified from WR-K MVs, and
proteins novel to WR-K MVs are shown (Fig. 3.6 C and D, respectively). Bioinformatic software
was also used to predict MV proteins with transmembrane domains from MAP cultured in WR
and WR-K medium (Fig. 3.6 E). Gene Ontology (GO) annotations for localization and metabolic
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Figure 3.6: Distribution of MAP MV proteins predicted to contain canonical signal peptides
and transmembrane domains (A-E). Bioinformatic analysis of secretory peptides from MV
proteins was performed using Signal P 4.1 (http://www.cbs.dtu.dk/services/SignalP/), PREDTAT (http://www.compgen.org/tools/PRED-TAT), and SecretomeP version 2.0
(http://www.cbs.dtu.dk/services/SecretomeP/). Distribution of signal peptides among total WR
MV proteins (A), and, proteins uniquely identified in WR MVs (B). Distribution of signal
peptides among total WR-K MV proteins (C), and proteins only in WR-K MVs (D). MAP MV
proteins predicted to consist of 1 or more transmembrane domains (E) were predicted by
TMHMM v 2.0 (http://www.cbs.dtu.dk/services/TMHMM).
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Figure 3.7: Summary of MAP MV protein predicted localization and function. Uniprot and
LocateP databases were used to predict cellular localization (A), and the Uniprot database was
used to predict biological function (B), of MAP MVs harvested from WR (n = 3) and WR-K (n =
1) medium.
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function of MV proteins from WR and WR-K were identified (Fig. 3.7 A and B, respectively).
The majority of WR MV proteins identified are involved in metabolic processes (24%),
translation (16%), oxidation-reduction process (13%), and metal ion binding (7%). In addition,
proteins in the WR-K MVs were found to be primarily involved in metabolic processes (26%),
translation (17%), oxidation-reduction process (7%), and metal ion binding (7%). MV proteins
were compared to the previously described MAP membrane and cytosolic proteomes
(Radosevich et al., 2007). Comparison of WR MV proteins revealed 22% of the WR MV
proteins were common to the membrane, 21% to the cytosol, 34% common between MVs,
membrane, and cytosol, and 23% unique to WR MVs (Fig. 3.8 A). Analysis of WR-K MV
proteins indicated that 27% of proteins were common to the membrane, 21% to the cytosol, 34%
common between MVs, membrane, and cytosol, and 18% unique to WR-K MVs (Fig. 3.8 B).
Out of the 100 proteins identified in WR-K MVs, 90 were also found in WR MVs (Fig. 3.8 C).
Preliminary data from WR-K MVs revealed a significant decrease in the number of proteins
being released by MAP (50.5%); however, additional replicates are required to make a robust
comparison. Comparison to MAP culture filtrate proteome (Facciuolo et al., 2013) revealed 42%
of WR-K MV proteins and 35% of WR MV proteins were common to culture filtrate proteins
(Fig. 3.8 C). Moreover, these results indicate that the MV proteins we identified represent a
unique subset of MAP proteins.

Immunogen screening of MAP MV proteins
LC-MS/MS analyses of MAP MVs revealed a unique subset of proteins in this fraction not
previously reported in the culture filtrate or membrane fractions. Bacterial MV proteins are
known to be virulence factors and to induce antibody and cellular-mediated immune responses
during infection (Kesty et al., 2004; Ziegenbalg et al., 2013; Athman et al., 2015). Previous
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Figure 3.8: MAP MV protein composition compared to previously reported membrane,
cytosol, and culture filtrate proteomes (A-C). MAP MV proteins identified were compared to
membrane and cytosol fractions (A) (Radosevich et al., 2007). WR-K MV proteins identified
were compared to MAP membrane and cytosol (B) (Radosevich et al., 2007). Comparison
between WR MV, WR-K MV and MAP culture filtrate proteins (C) (Facciuolo et al., 2013).
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proteomic studies of MVs isolated from planktonic M. tuberculosis and of culture filtrate
proteins of MAP are reported to contain proteins that trigger immune responses during infection
and immunization of animal hosts (Prados-Rosales et al., 2011; Facciuolo et al., 2013). The
MAP MVs (WR) were screened for immunogenic proteins using serum antibodies from cattle
infected with MAP and serum antibodies from rats immunized with MVs from MAP cultured in
WR medium and with culture filtrate proteins (Fig. 3.9 A-F). Pooled serum from 3 dairy cows
not infected with MAP was used as a negative control (Fig. 3.9 B). Serum from 6 MAP-infected
cows, shown to be Johne’s disease-positive by fecal and serum ELISA were pooled together (JD6). Antibodies reacting with shared mycobacterial antigenic epitopes were absorbed with M.
chelonae lysate and culture filtrate. Immunoblotting with the JD-6 sera, before and after
absorption with M. chelonae (Fig 3.9 C and D, respectively), with rat-polyclonal antibodies
against MVs (Fig. 3.9 E) and rat polyclonal antibodies against MAP pooled CF proteins (Fig. 3.9
F) revealed several immunogenic MV proteins. Sera absorbed with M. chelonae lysate or culture
filtrate, showed no reactivity to the M. chelonae proteins suggesting reactive spots detected by
absorbed serum is specific to MAP (Appendix Fig. S1). The proteins reacting with these sera
indicate detection of immunogenic proteins with MAP-specific epitopes. Immunoblotting with
JD sera revealed 9 reactive protein spots, of which 7/9 were not recognized by rat polyclonal
antibodies (indicated by *). Rat polyclonal antibodies against MVs and CF proteins identified 7
and 6 reactive spots, respectively. Spots (4 total) that were identified only by rat antibodies are
indicated (**) and 2 spots that only reacted with rat antibodies against MVs are indicated (***).
In-gel digestion was performed with protein spots reacting with serum antibodies from
infected cattle or immunized rats. Eight protein spots were chosen for LC-MS/MS analysis; 11
proteins were identified (Table 3.2). Immunogenic proteins that were shown to react with all the
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Figure 3.9: MAP MV proteins resolved by 2D SDS-PAGE and visualized by silver staining
(A) and immunoblotting (B-F). 2D blots were reacted with bovine antibodies from animals not
infected with MAP (B), and a pool of serum from 6 MAP infected cattle (C, D). Blot D was
reacted with serum absorbed with M. chelonae lysate and culture filtrate to absorb cross reactive
antibodies, blot C is unabsorbed. MAP MVs were also reacted with rat anti-MAP antibodies from
rats immunized with MAP MVs (E), and rats immunized with MAP culture filtrate proteins (F)
(Facciuolo et al., 2013).

61

Table 3.2: MAP MV proteins resolved by 2D SDS-PAGE and identified by LC-MS/MS.
Peptides1

Coverage

14

38%

44 kDa

5

16%

gi|41398581

44 kDa

46

75%

MAP0150c

gi|41394596

44 kDa

23

64%

MAP2121c

gi|41396574

34 kDa

16

67%

MAP2855c
MAP0494

gi|41397312
gi|41394941

29 kDa
33 kDa

52
2

91%
16%

MAP3968

gi|41398899

21 kDa

3

16%

MAP0187c

gi|41394633

23 kDa

7

28%

MAP1138c

gi|41395587

25 kDa

4

21%

MAP1595

gi|41396046

18 kDa

20

74%

Spot #

Protein name

Gene #

1

Molecular
chaperone
GroEL2,3
Elongation Factor
Tu2
FadE3_22

2
3

FadE25_2
4
5
6
7

2

Major membrane
protein-12,3
35kd_ag3
hypothetical
protein2
Heparin-binding
hemagglutinin

MAP4265

Accession
Number
gi|41399197

Molecular
Weight
56 kDa

MAP4143

gi|41399075

MAP3651c

3

Superoxide
dismutase3
8

LprG2
Bacterioferritin

2

1

Number of unique peptides
JD6 serum
3
Rat polyclonal anti-MAP MV antibodies

2
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serum antibody preparations included a 56 kDa protein identified as molecular chaperone GroEL
(MAP4265), a surface exposed MAP protein (He and De Buck 2010); and, the 34 kDa antigen
major membrane protein-1 (MAP2121c) (Bannantine et al., 2003; Bannantine et al., 2007).
Immunogenic proteins that reacted with only the JD-6 serum included elongation factor Tu (44
kDa, MAP4143), the co-migrating proteins (both 44 kDa, MAP3651c/MAP0150c), which are
putative acyl-CoA dehydrogenases, and the co-migrating proteins LprG (25 kDa, MAP1138c)
and bacterioferritin (18 kDa, MAP1595). MAP0494, a 33 kDa protein annotated as hypothetical
was also identified. Immunogenic proteins that only reacted with polyclonal rat anti-MAP
antibodies against MVs included the 35 kDa antigen (29 kDa, MAP2855c). Finally, the comigratory proteins heparin-binding hemagglutinin (21 kDa, MAP3968) and superoxide
dismutase (23 kDa, MAP0187c) were recognized specifically by rat anti-MAP antibodies against
MVs and CF.
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Chapter 4: Discussion
To our knowledge, the work presented in this study is the first report of MV production by MAP.
Therefore, this work recognizes a new aspect of MAP biology and provides further insight into
targets for investigation in the study of MAP-host interactions. Membrane vesicles have been
previously reported for other pathogenic mycobacteria, including M. tuberculosis, opportunistic
pathogenic species such as M. avium, and the non-pathogenic M. smegmatis (Prados-Rosales et
al., 2011). In that study, MVs from pathogenic mycobacteria elicited a robust pro-inflammatory
response in mice, while non-pathogenic mycobacterial MVs did not cause such a response.
Therefore, MAP MVs can be used in studies to investigate the role of these vehicles in
interaction with host cells and in modulation of the host immune response. Based on live/dead
staining of MAP cultures at the time of MV harvest, our results indicate that the purified MVs
were the product of physiologically and metabolically active/live cells. To further support this,
we conducted our MV isolation protocol on supernatant collected from heat-killed MAP cells
cultured in WR medium. Observations by TEM showed no membrane bound structures
resembling the MVs collected from supernatants of live MAP cell cultures. While we cannot
unequivocally eliminate the possibility that some vesicles originate from the small proportion of
dead MAP cells, we can conclude that on the whole, the MAP MVs observed by TEM were the
product of live cells. Furthermore, based on the proteins detected by LC-MS/MS, MAP MVs
may facilitate the transport of potential virulence factors involved in binding host cells and
modulating the host immune response.
MAP is a fastidious bacterium, has a generation time in excess of 24 hours, and has a
strong tendency to form clumps (Elguezabal et al., 2011). These growth characteristics provided
a significant challenge for collecting MVs, requiring 4 weeks of culturing in WR media and
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concentration of 1.5 L of supernatant to pellet the MVs. Even then, the material collected was
minimal and limited what experiments were conducted. Imaging by TEM identified MVs
consistent in size with what has been previously reported in the literature (Lee et al., 2009;
Prados-Rosales et al., 2011). Significant clumping of MVs was observed by TEM; this may be a
result of concentrating and/or ultracentrifugation of the preparations, or may be due to the lipid
components of the MAP cell envelope, which are well known to cause the cells to clump and
form aggregates. To examine the structure of MAP MVs, thin sections of WR MVs were
prepared and visualized by TEM. The structures observed were consistent with MV structures
reported for other bacteria and staining of the membrane and MV contents was similar to what
has been observed in thin MV sections from other species of mycobacteria (Prados-Rosales et
al., 2011). Due to the steps taken to prepare the MVs for sectioning, the material was
significantly diluted and therefore it was not possible to image a large number of MVs in a single
field. However, the membrane-bound structures imaged provides strong supporting evidence for
MV production by MAP.
Pathogenic bacteria are subject to host defence mechanisms including immune responses
and sequestration of nutrients to eliminate or control growth of the pathogen (Botella et al.,
2012; Nairz et al., 2014). Following uptake by macrophages, live pathogenic MAP bacteria
reside and replicate in a modified phagosome (Via et al., 1997; Kuehnel et al., 2001; Fratti et al.,
2003). Intracellular bacteria adapt to changes in pH, nutrient sequestration and exposure to
reactive oxygen and nitrogen intermediates (Bermudez and Young, 1989; Wu et al., 2007;
Weigoldt et al., 2013). Nutrient limiting conditions are characteristic of the macrophage
phagosome; studies have shown the up-regulation of macrophage NRAMP1, a divalent cation
transporter that depletes the phagosome of essential divalent cations such as Mn2+, Fe2+, Zn2+ and
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other divalent metals (Gruenheid and Gros, 2000). Iron is also limited in the phagosome,
stimulation of macrophages with IFN-γ down-regulates cell surface transferrin receptors as a
mechanism to decrease the iron concentration in the late endosome (Olakanmi et al., 2002).
Furthermore, ferroportin has been shown to localize to M. tuberculosis infected phagolysosomes,
inducing the efflux of iron (Van Zandt et al., 2008). However, M. tuberculosis has been shown to
counter this response through expression of siderophores known as mycobactins. Mycobactins
acquire iron from transferrin or from cytoplasmic iron stores; these iron-loaded mycobactins then
reassociate with the phagosome through lipid droplets, delivering iron to the intracellular
bacterium (Olakanmi et al., 2000; Luo et al., 2005).
In this study, we sought to identify changes in the protein composition of MAP MVs
under potassium (K+) limitation. Mycobacteria have to rapidly adapt to changes in ion
concentration in intracellular environments, as intracellular pathogens require metal cations for
synthesis and the function of anti-oxidative enzymes including superoxide dismutase (Agranoff
et al., 2004). K+ is known to be essential in regulating osmotic pressure, intracellular pH, stress
response, gene expression and the proton-motive force (Epstein, 2003; Castaneda-Garcia et al.,
2011). As such, low concentrations of K+ may restrict the ability of mycobacterial cells to
maintain pH, which has been shown to have a significant impact on M. tuberculosis viability
(Rao et al., 2008). Increased ion concentration including K+ has been reported in vacuoles
containing pathogenic mycobacteria, compared to vacuoles containing non-pathogenic
mycobacteria, highlighting the importance of adaptation to the ionic environment in intracellular
survival (Wagner et al., 2005). Two K+ uptake systems exist in M. tuberculosis and MAP (Trk
and Kdp), both of which have been shown to have increased expression under low pH growth
conditions (Cholo et al., 2015). Induction of these systems is thought to promote survival in
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acidic conditions to compensate for loss in membrane potential driven uptake of K+ (Cholo et al.,
2015). Furthermore, Trk in M. tuberculosis has been suggested to promote intracellular survival,
functioning as K+/H+ symporter that may antagonize acidification of M. tuberculosis infected
macrophage vacuoles (Cholo et al., 2008). This is thought to delay the maturation of the
phagosome and therefore, prevent phagosome/lysosome fusion, favouring the survival of
intracellular bacteria. In addition, M. tuberculosis Trk has been demonstrated to be sensitive to
the anti-mycobacterial agent clofazimine. Clofazimine has an inhibitory action on Trk resulting
in dose-related decreases in intracellular K+ concentration and, consequently the growth rate of
M. tuberculosis (Cholo et al., 2006). Based on these reports, it is clear K+ has an important link
to the survival and gene regulation of intracellular pathogens. Our attempts to collect MAP MVs
under reduced potassium (WR-K) conditions were met with significant challenges, including a
reduction in growth rate resulting in low yield of MVs. Despite this, we were able to collect MVs
from MAP cells with a live/dead ratio comparable to that of MAP cells cultured in WR.
Observation by TEM revealed MVs comparable in size to those observed from WR medium.
Interestingly, MVs from WR-K were found to have two differently staining populations (light
and dark electron density). It is not known if this is a product of the staining procedure or a result
of changes in MV composition. Previous reports in fungi and bacteria (Bacillus subtilis) have
identified distinct populations of MVs with varying electron density, which these authors
suggested might be the result of distinct packaging of MVs (Albuquerque et al., 2008; Brown et
al., 2014). While the results for WR-K MVs are interesting, we are presenting the results as
preliminary (n = 1), as additional replicates are required to make a robust comparison with MVs
from WR (n = 3).
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MAP MV proteins separated by 1D SDS-PAGE revealed similarity to the SF-1 fraction
of culture filtrate proteins. MAP SF1 fraction was previously found to contain proteins derived
from the cell envelope (Facciuolo et al., 2013), suggesting the MVs contain components of the
cell wall. The MAP MVs also contained proteins not shared with the previously identified SF1
and SF2 fractions suggesting the presence of proteins unique to the MV fraction, and that MAP
MVs represent a distinct subproteome. Proteins of >100 kDa did not migrate into the 1D SDSPAGE gel and future studies should explore, using gradient gels (e.g. 5-17% gels) to resolve the
protein profile, and identify these proteins. LC-MS/MS analysis identified 198 proteins, 23% of
which were novel to MAP MVs compared to previously reported MAP membrane, cytosol and
secretome proteomes (Facciuolo et al., 2013; Radosevich et al., 2007; He and De Buck, 2010).
Mechanisms that target proteins to mycobacterial MVs are not identified, but it could be
speculated that proteins found only in MVs are actively selected for release in MVs using as yet
unidentified secretion sequences, or it may be the result of variations in gene expression
depending on the MAP strain, or differences in culture conditions. In M. tuberculosis, 67.6% of
vesicular proteins were classified as cytoplasmic, 16.7% as cell membrane, 8.7% cell wall, and
12.5% extracellular (Lee et al., 2015). In MAP MVs 79% of proteins identified were predicted as
cytoplasmic, 13% as part of the cell membrane, 3% as cell wall, and 5% were extracellular. The
majority of cytoplasmic proteins had metabolic functions or were ribosomal proteins. Ribosomal
proteins are well known to localize at the plasma membrane and are therefore likely to be
released as the plasma membrane pinches off to release the MV. Identification of ribosomal
proteins is consistent with proteomic studies of MVs from other Gram-positive bacteria and
fungi (Albuquerque et al., 2008; Lee et al., 2009; Prados-Rosales et al., 2011). Ribosomal
proteins have also been detected in recently described outer-inner membrane vesicles, which
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transport components directly from the cytoplasm of pathogenic Gram-negative bacteria,
including P. aeruginosa (Perez-Cruz et al., 2015). Bioinformatic analysis of MV proteins
revealed that 26% of MV proteins contained a secretory peptide, which is comparable to MAP
culture filtrate proteins of which 28% were predicted to have a secretory peptide (Facciuolo et
al., 2013). Mycobacterial MVs are released from the plasma membrane and therefore can
enclose proteins directly from the cytoplasm, which generally do not have secretory peptides.
Furthermore, analysis of the MAP cell wall proteome revealed that only 6% of proteins that
localized to the cell wall had an identifiable secretory peptide (He and De Buck, 2010). MAP
MVs consist of a significant proportion of secreted proteins, with 35% of the proteins identified
in MAP MVs reported in the secretome (Facciuolo et al., 2013). Based on this, we conclude that
MAP MVs contain a distinct subset of secreted proteins, releasing proteins not identified
previously in the MAP secretome (Leroy et al., 2007; Facciuolo et al., 2013). This is of
significant interest as secreted proteins are among the first bacterial components to interact with
host immune response cells, and as such are positioned to play a significant role in the success of
an intracellular pathogen. Furthermore, MVs can fuse with membranes directly or via interaction
to host membrane receptors or extracellular matrix (e.g. fibronectin) to deliver vesicle membrane
and cargo proteins directly to host cells (Bielig et al., 2011).
Our proteomic approach identified numerous proteins that are implicated in the binding
of host immune response cells and epithelial cells. We identified two fibronectin binding proteins
(FbpA, FbpB), which belong to the mycolyl transferase family and are known to localize in the
bacterial cell wall and cytoplasmic membrane (Radosevich et al., 2007), and facilitate
fibronectin-integrin-receptor mediated endocytosis (Secott et al., 2004). These proteins have
been identified as immunodominant T-cell antigens that initiate proliferation of T cells, a potent
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IFN-γ response, and are recognized early in experimentally and naturally infected cattle
(Rosseels et al., 2006). Prados-Rosales et al. (2011) found M. tuberculosis and M. bovis MVs to
be enriched in lipoproteins (10% of proteins identified by LC-MS/MS), compared to nonpathogenic mycobacterial MVs which were devoid of lipoproteins. MAP MV proteins were
found consist of numerous lipoproteins, with 9% and 11% of proteins identified in WR and WRK MVs predicted to be lipoproteins, respectively (Appendix Table S1; Appendix Table S2).
Furthermore, to complement our proteomic analysis, MV proteins were resolved by 2D SDSPAGE and in-gel digestion of reactive spots was performed (Fig. 3.9). From 8 reactive spots
revealed by 2D immunoblotting, 11 proteins were identified, all of which were also identified by
in-solution digestion. The 56 kDa MAP heat shock protein GroEL was detected by rat and bovine
antibodies, this protein is surface exposed and shares high similarity with M. tuberculosis GroEL
(Rv3417c). In M. tuberculosis, GroEL has been shown to be up-regulated during stress and heat
shock (Stewart et al., 2002) and exposure to reactive oxygen radicals and oxidative damage,
demonstrated in vitro using a human leukemic macrophage cell line (Monahan et al., 2001). Also
detected by rat and bovine antibodies was the 34 kDa antigen known as major membrane
protein-1. This protein has also been shown to be surface exposed, is reported to be involved in
invasion of epithelial cells, and has been previously reported to be recognized by sera from MAP
infected animals (Bannantine et al., 2003; Bannantine et al., 2007). Furthermore, rat antibodies
were found to react strongly with heparin-binding hemagglutinin, a major mycobacterial adhesin
that has been extensively studied in M. tuberculosis (Menozzi et al., 1996). This protein is ironregulated and has been shown to mediate the binding of M. tuberculosis via interactions with
sulfated glycoconjugates present on the surface of host cell types, including epithelial cells and
fibroblasts (Menozzi et al., 1996; Lebrun et al., 2012). Interestingly, heparin-binding
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hemagglutinin has also been implicated in dissemination of M. tuberculosis from the lungs into
deep tissues (lymph nodes) and has promise for use in the detection of latent tuberculosis in
humans (Pethe et al., 2001; Masungi et al., 2002). The presence of adhesins in MAP MVs is
significant, as presentation of these proteins on the MV surface could facilitate interaction of
MAP MVs with host cells. This may aid in the dissemination of MVs into host tissues,
transporting MAP virulence factors to locations away from the infected cell. Superoxide
dismutase (SOD), a secreted protein involved in protecting MAP from reactive oxygen radicals
was detected by rat antibodies to MVs. SOD is involved in circumventing the antimicrobial
oxidative burst response of macrophages and has been shown to be significantly up-regulated in
response to the bovine gut environment (Piddington et al., 2001; Weigoldt et al., 2013). SOD is a
“moonlighting” protein, reflective of its dual role depending on localization, and has been
demonstrated to function as an adhesin when presented on the cell surface of M. tuberculosis
(Reddy and Suleman, 2004). In addition, we detected other ligands for host immune response
receptors; this includes lipoproteins that are well characterized for their ability to modulate the
host immune response (Gehring et al., 2004; Ng et al., 2004). Using 2D immunoblotting, bovine
antibodies detected LprG, a conserved lipoprotein in mycobacterial species, identified as
Rv1411c in M. tuberculosis. LprG has been previously shown to be associated with the surface
of M. tuberculosis MVs and was identified in vesicles secreted from M. tuberculosis-infected
macrophages (Prados-Rosales et al., 2011; Athman et al., 2015). Furthermore, LprG has been
shown to counter the oxidative burst experienced by intracellular mycobacteria and is a TLR2
ligand reported to inhibit class II MHC antigen processing by macrophages (Gehring et al., 2004;
Ng et al., 2004). In conclusion, based on the protein composition of MAP MVs the results from
this study support our hypothesis that MAP MVs play significant roles in host-pathogen
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interactions and may be involved in polarizing the host immune response to enhance MAP
survival.
To summarize, this study presents the first report of a vesicular secretion system in MAP.
Proteomic analysis indicates that MAP MVs consist of numerous proteins known to be involved
in infection and pathogenesis. Immunoblotting of MAP MVs revealed a number of antigenic,
surface-exposed proteins, which raises many questions as to how presentation of these proteins
to host immune response cells could influence the intracellular survival of MAP. Moreover, the
presence of a vesicular transport system in MAP highlights a new area of research in the MAP
biology, and may have aid in the development of or packaging and targeting of vaccine
candidates.

Future directions
Future studies of MAP MVs should focus on identification of the lipid composition. Studies of
M. tuberculosis MV lipids revealed a composition similar to that of the plasma membrane
(Prados-Rosales et al., 2011). Therefore, analysis of the MAP MV lipid composition would
provide evidence that MVs are being released from the plasma membrane or have components of
the cell envelope mycomembrane. Identification of glycolipids such as LAM, as was reported for
M. tuberculosis MVs, would have interesting implications for the role of MAP MVs in infection
as LAM is known to initiate a significant pro-inflammatory response. To study MAP MV lipids,
a large-scale experiment would be required to collect enough material for analysis. Previous
lipidomic studies that experienced low MV yields have used silica gel columns to fractionate the
various classes of lipids for analysis (Albuquerque et al., 2008). Future work should also focus
on identifying changes in MV lipid and protein composition depending on growth conditions.
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Previous studies of M. tuberculosis cultured in media devoid of iron caused a substantial change
in the lipid composition of MVs, the authors also found the MVs to be enriched in ironscavenging siderophores (Prados-Rosales et al., 2014). Therefore, regulation of MV composition
would highlight potential functions of MAP MVs in an intracellular environment. Finally, the
release of mycobacterial lipoproteins from macrophages infected with M. tuberculosis indicates
that MVs have the capacity to modulate distant host cells, while the cell remains in its
intracellular niche (Athman et al., 2015). Future studies should look at vesicles released from
MAP-infected macrophages; such a study could highlight lipid or proteins components that
would be seen by host immune response cells responding to the pathogen during early infection.
Furthermore, this may provide clues as to how MAP is able to polarize the host immune response
to favour survival of the cell. To conclude, the study of mycobacterial MVs is a new area of
research, and little is known about mechanisms involved in MV packaging and release. As
demonstrated in studies of Gram-positive and Gram-negative vesicles, MVs can play an
important role interacting with host cells and transporting virulence factors. Therefore, it is
important that additional studies are conducted as they will reveal how MAP MVs can influence
the course of the disease, and may highlight target epitopes for subclinical detection of MAP
infection, or aid in the development of a protective vaccine.
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Appendices
Table S1: MAP MV proteins identified by LC-MS/MS from triplicate experiments (WR).
Protein localization predicted by LocateP and Uniprot databases. Protein localization based on
previous proteomic studies in MAP is indicated by superscript.
#Peptides 1
7
2
9
3
2
4
9

Coverage
23%
6%
41%
17%
18%
38%
64%

Gene ontology (GO)
Transport
Transport
Transport
Metal ion binding
None
None
None

MAP3641c gi|41398571
MAP0872 gi|41395320

102 kDa
37 kDa

2
12

3%
58%

None
Transport

10
0

MAP1050c gi|41395499
MAP1830c gi|41396282

33 kDa
10 kDa

7
2

37%
33%

Protein modification process
Transport

1
1

MAP2971c gi|41397428
MAP2213c gi|41396667
MAP0143 gi|41394589

32 kDa
36 kDa
11 kDa

4
6
5

23%
30%
69%

Proteolysis
Transport
None

1
0
1

MAP1775 gi|41396227
MAP1826c gi|41396278

37 kDa
29 kDa

5
3

13%
14%

None
None

0
1

MAP3666c
MAP3831c
MAP3972c
MAP3005c
MAP0218
MAP0261c

gi|41398596
gi|41398762
gi|41398903
gi|41397923
gi|41394664
gi|41394707

45 kDa
103 kDa
37 kDa
27 kDa
35 kDa
15 kDa

6
3
10
9
3
2

22%
5%
53%
49%
26%
12%

None
Iron ion transport
None
None
Metabolic process
Integral component of membrane

2
5
1
1
1
0

MAP0403
MAP1079
MAP1511
MAP1807c
MAP0216
MAP3968
MAP1565
MAP0064
MAP0187c
MAP1609c
MAP3481
MAP3837c
MAP0436
MAP2131c
MAP1473c
MAP1717
MAP4272c
MAP1194c
MAP3835c
MAP4137c
MAP2892c
MAP2956c
MAP4167
MAP4232
MAP4141
MAP2855c
MAP4245
MAP4177
MAP4186
MAP4168
MAP4234
MAP4183
MAP2972c
MAP4164
MAP1354
MAP2266c
MAP4166

gi|41394850
gi|41395528
gi|41395962
gi|41396259
gi|41394662
gi|41398899
gi|41396016
gi|41394510
gi|41394633
gi|41396060
gi|41398410
gi|41398768
gi|41394883
gi|41396584
gi|41395924
gi|41396169
gi|41399204
gi|41395644
gi|41398766
gi|41399069
gi|41397349
gi|41397413
gi|41399099
gi|41399164
gi|41399073
gi|41397312
gi|41399177
gi|41399109
gi|41399118
gi|41399100
gi|41399166
gi|41399115
gi|41397429
gi|41399096
gi|41395804
gi|41396720
gi|41399098

41 kDa
45 kDa
62 kDa
35 kDa
36 kDa
21 kDa
26 kDa
92 kDa
23 kDa
35 kDa
25 kDa
20 kDa
47 kDa
20 kDa
20 kDa
22 kDa
25 kDa
25 kDa
29 kDa
16 kDa
10 kDa
30 kDa
31 kDa
23 kDa
18 kDa
29 kDa
16 kDa
13 kDa
16 kDa
16 kDa
20 kDa
15 kDa
13 kDa
30 kDa
15 kDa
11 kDa
19 kDa

6
3
2
3
7
3
3
3
4
7
2
2
8
2
9
4
3
4
3
7
3
4
10
6
10
15
10
4
3
6
7
7
3
15
5
8
5

25%
7%
4%
16%
29%
15%
28%
5%
39%
37%
11%
12%
30%
20%
69%
41%
16%
24%
21%
43%
38%
23%
48%
36%
62%
80%
72%
39%
55%
61%
65%
61%
27%
55%
45%
59%
35%

Proteolysis
None
Proteolysis
Transport
None
Cell adhesion
Transport
Integral component of membrane
Oxidation-reduction process
None
None
None
Proteolysis
Metal ion binding
None
None
Metal ion binding
None
None
None
Translation
Translation
Translation
Translation
Translation
None
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation

4
1
2
0
1
0
0
1
0
0
1
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

3

MAP4163
MAP4178
MAP0979c
MAP2265c

gi|41399095
gi|41399110
gi|41395428
gi|41396719

11 kDa
11 kDa
23 kDa
9 kDa

3
5
4
6

40%
60%
24%
47%

Translation
Translation
Translation
Translation

0
0
0
0

3

MAP4169
MAP4161
MAP4185
MAP4162
MAP4179
MAP4182

gi|41399101
gi|41399093
gi|41399117
gi|41399094
gi|41399111
gi|41399114

9 kDa
23 kDa
8 kDa
23 kDa
21 kDa
19 kDa

5
12
2
10
10
10

64%
47%
21%
64%
72%
67%

Translation
Translation
Translation
Translation
Translation
Translation

0
0
0
0
0
0

Gene #
MAP2453c
MAP2454c
MAP2451c
MAP4005
MAP2048
MAP0474c
MAP1138c

7

3

MmpL3
Phosphate-binding protein (PstS) 3
3

PpiB
Sec-independent protein translocase protein TatA
3

Signal peptidase I
SubI3
Uncharacterized protein

3

Uncharacterized protein
Uncharacterized protein

3

Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein

3

3

3
3
3,6
7
7
7

Cell Wall

Extracellular

Cytoplasmic

TMD 2 Lipoprotein 8
0
1
0
0
0
Y
0
Y
0
Y

Molecular Mass
60 kDa
49 kDa
53 kDa
35 kDa
18 kDa
19 kDa
25 kDa

Predicted Localization Protein name
Cell Membrane
ATP synthase subunit alpha 3,4,6
ATP synthase subunit b-delta 3,4
ATP synthase subunit beta 3,4
Delta-aminolevulinic acid dehydratase
LppO7
LpqE 3,4,5
LprG 3,4

Uncharacterized protein
7
Uncharacterized protein
7
Uncharacterized protein
Uncharacterized protein 7
3
FbpA/Antigen85-A
3,6
Heparin-binding hemagglutinin
7
ModA
3
PonA_1
3,4,5
Superoxide dismutase [Mn]
3,4,5
FbpB/Antigen 85-A
LpqD7
LpqJ7
Uncharacterized protein 3
Uncharacterized protein 3,5
Uncharacterized protein 5
Uncharacterized protein 5
Uncharacterized protein 7
Uncharacterized protein 7
Uncharacterized protein 7
Uncharacterized protein 7
30S ribosomal protein S15 7
30S ribosomal protein S2 3,4
30S ribosomal protein S3 4,6
30S ribosomal protein S4 3
30S ribosomal protein S7 7
35kd_ag 3,4
50S ribosomal protein L13 3
50S ribosomal protein L14 3
50S ribosomal protein L15 3
50S ribosomal protein L16 3
50S ribosomal protein L17 3
50S ribosomal protein L18 3
50S ribosomal protein L19 3
50S ribosomal protein L2 3,4
50S ribosomal protein L20 3
50S ribosomal protein L21 3
50S ribosomal protein L22 7
50S ribosomal protein L23
7
50S ribosomal protein L24
7
50S ribosomal protein L25
50S ribosomal protein L27 7
50S ribosomal protein L29
3
50S ribosomal protein L3
3
50S ribosomal protein L30
3
50S ribosomal protein L4
3
50S ribosomal protein L5
3
50S ribosomal protein L6

3

Accession Number
gi|41396909
gi|41396910
gi|41396907
gi|41398936
gi|41396501
gi|41394921
gi|41395587

Y

Y

Y

Y

Y

Y
Y
Y
Y
Y

Y
Y

93

3

MAP4182 gi|41399114

19 kDa

10

67%

Translation

0

7

MAP0070 gi|41394516
MAP4265 gi|41399197

16 kDa
56 kDa

4
5

33%
13%

Translation
Protein modification process

0
0

MAP3936 gi|41398867
MAP3404 gi|41398333
MAP0221 gi|41394667

57 kDa
64 kDa
57 kDa

15
3
13

42%
11%
40%

Protein modification process
Metabolic process
Metabolic process

0
0
0

3,4,5

MAP3399 gi|41398328

59 kDa

16

50%

Metabolic process

0

AceA
3,4,5
AceAb
3,4,5
Acn

MAP3961 gi|41398892
MAP1643 gi|41396094
MAP1201c gi|41395651

47 kDa
85 kDa
104 kDa

2
4
29

8%
71%
49%

Metabolic process
Metabolic process
Metabolic process

0
0
0

MAP1997 gi|41396450
MAP3362c gi|41398291

12 kDa
54 kDa

6
25

43%
64%

Lipid metabolic process
Metabolic process

0
0

MAP0611 gi|41395059
MAP3093 gi|41398011
MAP1589c gi|41396040

51 kDa
37 kDa
22 kDa

6
5
12

23%
23%
77%

Metabolic process
Oxidation-reduction process
Oxidation-reduction process

0
0
0

MAP3413 gi|41398342

53 kDa

16

42%

Metabolic process

0

MAP2432c gi|41396886
MAP2433 gi|41396889

96 kDa
79 kDa

9
11

20%
31%

Carbohydrate metabolic process
Carbohydrate metabolic process

0
0

MAP1368 gi|41395818
MAP1595 gi|41396046
MAP0903 gi|41395352

50 kDa
18 kDa
56 kDa

5
8
2

16%
69%
10%

Amino acid biosynthetic process
Iron ion transport
Metabolic process

0
0
0

MAP3236 gi|41398154

78 kDa

13

29%

Metal ion binding

0

MAP3840 gi|41398771
MAP2069c gi|41396522
MAP1091 gi|41395540

67 kDa
73 kDa
42 kDa

14
2
5

34%
3%
30%

Protein modification process
Response to stress
Amino acid biosynthetic process

0
0
0

MAP0827c gi|41395275
MAP0829 gi|41395277

42 kDa
48 kDa

12
10

47%
37%

Metabolic process
Metabolic process

0
0

MAP4098 gi|41399030
MAP2123 gi|41396576

17 kDa
32 kDa

2
2

19%
11%

Metabolic process
Amino acid biosynthetic process

0
0

MAP0658c gi|41395106
MAP2698c gi|41397155

39 kDa
31 kDa

3
3

19%
16%

Oxidation-reduction process
Oxidation-reduction process

0
0

MAP4044c gi|41398975
MAP3956 gi|41398887

33 kDa
46 kDa

6
7

26%
29%

Metabolic process
Oxidation-reduction process

0
0

MAP0006 gi|41394452
MAP0425 gi|41394872

92 kDa
102 kDa

15
16

27%
28%

DNA replication
Metal ion binding

0
0

DNA-directed RNA polymerase subunit alpha
3,4
DNA-directed RNA polymerase subunit beta

MAP4233 gi|41399165
MAP4130 gi|41399062

38 kDa
130 kDa

7
4

32%
6%

Translation
Transcription

0
0

3,4

MAP4131 gi|41399063
MAP2800 gi|41397257
MAP2904 gi|41397361

147 kDa
29 kDa
26 kDa

9
2
3

11%
14%
22%

Transcription
Metabolic process
Metabolic process

0
0
0

MAP1017c gi|41395466
MAP4142 gi|41399074

28 kDa
77 kDa

12
4

43%
12%

Metabolic process
Translation

0
0

MAP4143 gi|41399075
MAP1210 gi|41395660

44 kDa
29 kDa

11
3

39%
31%

Translation
Oxidation-reduction process

0
0

MAP3884 gi|41398815
MAP3692c gi|41398622

37 kDa
47 kDa

10
5

37%
19%

Carbohydrate metabolic process
Oxidation-reduction process

0
0

MAP3693 gi|41398623
MAP2436c gi|41396892

47 kDa
40 kDa

11
3

34%
20%

Metabolic process
Metabolic process

0
0

MAP0790 gi|41395238
MAP3962 gi|41398893

76 kDa
31 kDa

8
4

19%
24%

Metabolic process
Oxidation-reduction process

0
0

MAP3570c gi|41398500
MAP3115c gi|41398033

45 kDa
76 kDa

4
5

18%
14%

Oxidation-reduction process
Metabolic process

0
0

MAP0150c gi|41394596
MAP3651c gi|41398581
MAP2332c gi|41396786

44 kDa
44 kDa
328 kDa

21
14
19

63%
52%
10%

Metabolic process
Oxidation-reduction process
Metabolic process

0
0
0

MAP3060c gi|41397978
MAP2693 gi|41397149

32 kDa
50 kDa

8
12

51%
29%

Metabolic process
Metabolic process

0
0

MAP1966c gi|41396419
MAP0172 gi|41394618

50 kDa
166 kDa

4
13

16%
11%

Amino acid biosynthetic process
Metabolic process

0
0

MAP1962 gi|41396415
MAP1164 gi|41395614

54 kDa
36 kDa

25
14

57%
59%

Amino acid biosynthetic process
Oxidation-reduction process

0
1

MAP2670c gi|41397126
MAP2057 gi|41396510

36 kDa
34 kDa

5
3

25%
10%

Oxidation-reduction process
Metabolic process

0
0

MAP3024c gi|41397942
MAP3456c gi|41398385

22 kDa
83 kDa

4
16

30%
35%

DNA replication
Metal ion binding

0
0

MAP1295 gi|41395745
MAP0435c gi|41394882

23 kDa
19 kDa

3
2

17%
19%

Amino acid biosynthetic process
Metal ion binding

0
0

MAP1999 gi|41396452
MAP3424c gi|41398353
MAP2121c gi|41396574

46 kDa
52 kDa
34 kDa

3
11
46

12%
41%
92%

Metabolic process
Oxidation-reduction process
None

0
0
0

50S ribosomal protein L6
Cytoplasmic

50S ribosomal protein L9
60 kDa chaperonin 1 (GroEL protein 1) 3,4
60 kDa chaperonin 2 (65 kDa antigen)
3,4
AccA3
AccD4_13
AccD5

3,6

7

3,4,6

Acyl carrier protein
Adenosylhomocysteinase 3,4,6
4,5

Adenylosuccinate lyase (ASL)
AdhC7
AhpC 3,4,6
AldB

4,5
4,6

Alpha-1,4 glucan phosphorylase
Alpha-1,4-glucan:maltose-1-phosphate maltosyltransferase
5

Argininosuccinate lyase (ASAL)
4,5
Bacterioferritin (BFR)
Bifunctional purine biosynthesis protein (PurH) 4,5
Catalase

5

Chaperone protein DnaK (70 kDa antigen)
3,4,5
Chaperone protein HtpG
4
Chorismate synthase (CS)

3,4,6

4,5

CitA
Citrate synthase

3,4,5

Cyanate hydratase (Cyanase)
Cysteine synthase 5

7

3,4,5

DesA1
3,4,6
DesA2
7

DHNA-CoA synthase
4,5
Dihydrolipoyl dehydrogenase
3,4

DNA gyrase subunit A
4
DNA topoisomerase 1

3,4

DNA-directed RNA polymerase subunit beta
4
EchA15
EchA16_2 5
4,5

EchA8_1
Elongation factor G (EF-G)3,4,5
3,4,6

Elongation factor Tu (EF-Tu)
Enoyl-[acyl-carrier-protein] reductase [NADH]3,4
F420-dependent glucose-6-phosphate dehydrogenase
3,4
FabG4
3,4,6

FadA2
4
FadA4

3,4,5

FadB_1
3
FadB2
4

FadE2
4
FadE22
3,4,5

FadE25_2
3,4,6
FadE3_2
Fas 3,4
3,4

FixB
Fumarate hydratase class II (Fumarase C) 4,5
4,5

GlnA2
GltB 3,4

3,4,5

Glutamine synthetase
Glyceraldehyde-3-phosphate dehydrogenase

4,6

4,5

Gnd2
Haloalkane dehalogenase

3,4

3,4,6

HupB
3,4,5
Icd2

Imidazoleglycerol-phosphate dehydratase (IGPD)
4
Inorganic pyrophosphatase
3,4

KasB_1
7
LpdA
Major membrane protein-1 (MMP-1)
Malate synthase G
MetC 4,5

4,5

3

7

7

3

MAP1549c gi|41396000
MAP3457 gi|41398386

80 kDa
48 kDa

10
11

21%
49%

Metal ion binding
Amino acid metabolism process

0
0

3,4,6

MAP1122 gi|41395571
MAP4215c gi|41399147

12 kDa
54 kDa

3
8

31%
47%

nucleic acid binding
Translation

1
0

3,4

MAP1205 gi|41395655
MAP1225 gi|41395675

41 kDa
66 kDa

6
4

32%
12%

Metabolic process
Metal ion binding

0
0

MIHF
4,5
MmsA
MoxR
MutA 4,5

94

Cytoplasmic

MutA 4,5

MAP1225 gi|41395675

66 kDa

4

12%

Metal ion binding

0

N-acetyl-gamma-glutamyl-phosphate reductase (AGPR) 5

MAP1361 gi|41395811

35 kDa

8

44%

Amino acid biosynthetic process

0

Phenylalanine--tRNA ligase beta subunit 4

MAP1360 gi|41395810

88 kDa

3

6%

Metal ion binding

0

MAP3646 gi|41398576
MAP0220 gi|41394666

68 kDa
191 kDa

14
27

30%
24%

Metal ion binding
Metabolic process

0
0

MAP2891c gi|41397348
MAP2120c gi|41396573

81 kDa
72 kDa

13
49

29%
92%

Metal ion binding
Metabolic process

0
0

MAP1953 gi|41396406

53 kDa

17

53%

Metabolic process

0

MAP1573c gi|41396024
MAP1834c gi|41396286

89 kDa
28 kDa

6
3

15%
26%

Carbohydrate metabolic process
Proteolysis

0
0

MAP1982c gi|41396435
MAP0823c gi|41395271

39 kDa
40 kDa

4
4

17%
23%

Metabolic process
Metabolic process

0
0

MAP2710c gi|41397167

32 kDa

11

63%

Metabolic process

0

MAP3991 gi|41398922
MAP1994 gi|41396447

30 kDa
103 kDa

5
20

22%
36%

Oxidation-reduction process
Metabolic process

0
0

MAP0983c gi|41395432

35 kDa

12

57%

Metal ion binding

0

MAP1126 gi|41395575

43 kDa

3

12%

Metal ion binding

0

MAP3033c gi|41397951

55 kDa

10

35%

Metabolic process

0

MAP0068 gi|41394514

18 kDa

6

55%

DNA replication

0

MAP1956 gi|41396409
MAP3673c gi|41398603

61 kDa
50 kDa

4
4

11%
16%

Metabolic process
Oxidation-reduction process

0
0

MAP2709c gi|41397166

31 kDa

3

14%

Metabolic process

0

MAP1178c gi|41395628

75 kDa

35

70%

Metal ion binding

0

3,4,5

Phosphoenolpyruvate carboxykinase (PEPCK)
Pks13 3,4,5
3,4,5

Polyribonucleotide nucleotidyltransferase
Probable cysteine desulfurase 3
Probable cytosol aminopeptidase

3,4,5

7

Probable phosphoketolase
Proteasome subunit alpha 7

7

Putative GTP cyclohydrolase 1 type 2
Putative phosphoserine aminotransferase 3,4,5
Pyridoxal 5'-phosphate synthase subunit PdxS
Pyrroline-5-carboxylate reductase (P5CR)
Pyruvate dehydrogenase E1 component 4,5

4

5

Ribose-phosphate pyrophosphokinase (RPPK)

3,4,5

S-adenosylmethionine synthase 4
3,4,6

SerA

Single-stranded DNA-binding protein (SSB)
3,4,5

4,5

SucB
Succinate-semialdehyde dehydrogenase (SSDH) 4,5
TesB2

4,5

Transketolase 4,5
Uncharacterized oxidoreductase

6

MAP3007 gi|41397925

30 kDa

2

9%

Oxidation-reduction process

0

3

Uncharacterized protein
Uncharacterized protein 3

MAP0073c gi|41394519
MAP0631c gi|41395079

29 kDa
38 kDa

4
12

37%
57%

None
Oxidation-reduction process

0
0

3

MAP1420 gi|41395871

683 kDa

6

1%

Metabolic process

0

Uncharacterized protein 3

MAP2560 gi|41397016

28 kDa

2

11%

Metabolic process

0

Uncharacterized protein

3

MAP2637c gi|41397093

26 kDa

3

22%

Oxidation-reduction process

0

Uncharacterized protein

3

MAP3383 gi|41398312

10 kDa

7

72%

None

0

3

MAP3697c gi|41398627
MAP4018c gi|41398949

29 kDa
15 kDa

5
4

17%
47%

Iron ion transport
Oxidation-reduction process

0
0

3,4

MAP0072c gi|41394518

33 kDa

2

7%

Metabolic process

0

Uncharacterized protein 3,4

MAP0494 gi|41394941

33 kDa

10

68%

Metabolic process

0

Uncharacterized protein
Uncharacterized protein 3,5

3,4

MAP2997c gi|41397454
MAP0630c gi|41395078

27 kDa
29 kDa

5
23

27%
74%

None
Proteolysis

0
0

Uncharacterized protein 3,5

MAP0904 gi|41395353

25 kDa

11

32%

None

0

Uncharacterized protein 3,5

MAP3698c gi|41398628

71 kDa

12

26%

Oxidation-reduction process

0

Uncharacterized protein 3,6

MAP0398c gi|41394845

25 kDa

3

39%

Transcription

0

Uncharacterized protein
Uncharacterized protein 5

4

MAP3475c gi|41398404
MAP0023c gi|41394469

24 kDa
59 kDa

4
5

26%
22%

Oxidation-reduction process
None

0
0

Uncharacterized protein 5

MAP0907 gi|41395356

31 kDa

3

25%

Oxidation-reduction process

0

Uncharacterized protein 5

MAP3152c gi|41398070

33 kDa

11

53%

Metabolic process

0

Uncharacterized protein 7

MAP0134c gi|41394580

21 kDa

8

76%

None

0

7

MAP0445c gi|41394892

44 kDa

4

20%

Oxidation-reduction process

0

Uncharacterized protein
Uncharacterized protein 7

7

MAP0934 gi|41395383
MAP1617 gi|41396068

40 kDa
8 kDa

9
2

38%
8%

None
None

0
0

Uncharacterized protein 7

MAP1689 gi|41396141

44 kDa

10

36%

Metabolic process

0

Uncharacterized protein

7

MAP2258c gi|41396712

76 kDa

12

31%

Metabolic process

0

Uncharacterized protein

7

MAP2914c gi|41397371

46 kDa

15

54%

None

0

7

MAP2959c gi|41397416
MAP3492 gi|41398421

41 kDa
88 kDa

9
30

36%
54%

Oxidation-reduction process
Carbohydrate metabolic process

0
0

3,6

Uncharacterized protein

MAP3567 gi|41398497

30 kDa

6

36%

Oxidation-reduction process

0

4,5

MAP2271c gi|41396725

99 kDa

4

6%

Translation

0

MAP1889c gi|41396341

28 kDa

9

39%

Cell division

0

Uncharacterized protein

Uncharacterized protein
Uncharacterized protein 3
Uncharacterized protein

Uncharacterized protein

Uncharacterized protein
Uncharacterized protein 7
Valine--tRNA ligase
Wag31

3,4,6

1

Number of unique peptides

2

Prediction of transmembrane domains with TMHMM v 2.0 (http://www.cbs.dtu.dk/services/TMHMM)

3

Proteins identified in MAP plasma membrane (Radosevich et al., 2007)

4

Proteins identified in MAP cytoplasm (Radosevich et al., 2007)

5

Proteins identified in MAP culture filtrate (Facciuolo et al., 2013)

6

Proteins identified as surface exposed (He and De Buck, 2010)

7

MV proteins not identified in membrane, cytosol, or culture filtrate

8

Predicted lipoproteins (PRED-LIPO)

95

Table S2: Preliminary data of proteins identified from MAP MVs cultured in WR-K
medium (n=1). Protein localization predicted by LocateP and Uniprot databases. Italicized
proteins were not identified in WR MVs.
Predicted Localization Protein name
3,4,6
Cell Membrane
ATP synthase subunit alpha
3,6

Uncharacterized protein
Uncharacterized protein

3

3

PpiB

Sec-independent protein translocase protein TatA
UPF0182 protein

3

3
3

Uncharacterized protein
3,4

LprG
ATP synthase subunit beta 3,4
Uncharacterized protein

7

Uncharacterized protein

7

Uncharacterized protein

7

LppO
3,6
Heparin-binding hemagglutinin
ModA

Extracellular

7

Phosphate-binding protein PstS
7
Uncharacterized protein

Cytoplasmic

3

5

Uncharacterized protein
LppI

3,4,5

7
3,5

Uncharacterized protein
MIHF 3,4,5,6

Glyceraldehyde-3-phosphate dehydrogenase
AhpC

MAP1050c gi|41395499
MAP1830c gi|41396282
MAP3291c gi|41398220
MAP3972c gi|41398903
MAP1138c gi|41395587

4,5,6

3,4,5,6

Acyl carrier protein

3,4,5,6

3,4,5,6

DesA2

3,4,5,6

Adenosylhomocysteinase
3,4,5,6
FadE3_2
3,4,6

1

Coverage Gene ontology (GO)

TMD

24%

Transport

0

27 kDa
11 kDa

2
3

38%
14%

Unknown
Unknown

1
1

33 kDa

2

12%

Protein modification process

1

10 kDa

3

51%

Transport

1

108 kDa

2

4%

Integral component of membrane

0

37 kDa

3

31%

Unknown

1

25 kDa
53 kDa

6
8

46%
30%

Unknown
Transport

0
0

Y

15 kDa

3

20%

Integral component of membrane

0

Y

41 kDa

2

31%

Proteolysis

4

gi|41395032

19 kDa

2

10%

Unknown

0

Y

gi|41396501
gi|41398899

18 kDa
21 kDa

2
2

18%
20%

Unknown
Cell adhesion

0
0

Y

gi|41396016
MAP0474c gi|41394921
MAP0872 gi|41395320
MAP1194c gi|41395644

26 kDa

3

26%

Transport

0

Y

19 kDa

3

22%

Unknown

0

Y

37 kDa
25 kDa

11
2

45%
20%

Transport
Unknown

0
0

Y

MAP1473c gi|41395924
MAP1609c gi|41396060
MAP1781 gi|41396233

20 kDa

6

19%

Unknown

0

Y

35 kDa

10

30%

Unknown

1

22 kDa

3

26%

Unknown

0

Y

MAP2131c gi|41396584
MAP1122 gi|41395571
MAP1164 gi|41395614
MAP1589c gi|41396040

20 kDa
12 kDa

2
2

10%
31%

Metal ion binding
Nucleic acid binding

0
0

Y

36 kDa

5

29%

Oxidation-reduction process

0

22 kDa

5

41%

Oxidation-reduction process

0

MAP1997

gi|41396450
MAP2698c gi|41397155
MAP3362c gi|41398291
MAP3651c gi|41398581

12 kDa

4

33%

Lipid metabolic process

0

31 kDa

2

11%

Oxidation-reduction process

0

54 kDa
44 kDa

12
7

33%
39%

Metabolic process
Oxidation-reduction process

0
0

MAP3693

gi|41398623

47 kDa

6

18%

Metabolic process

0

3,5,6

MAP3936

gi|41398867

57 kDa

5

16%

Protein modification process

0

Elongation factor Tu

MAP4143

gi|41399075

44 kDa

2

7%

Translation

0

gi|41394667
MAP0630c gi|41395078
MAP0631c gi|41395079

57 kDa
29 kDa

4
2

13%
9%

Metabolic process
Proteolysis

0
0

38 kDa

2

5%

Oxidation-reduction process

0

MAP1354

gi|41395804

15 kDa

2

25%

Translation

0

MAP2120c gi|41396573
MAP2121c gi|41396574

72 kDa

58

73%

Metabolic process

0

34 kDa
11 kDa

4
3

54%
35%

Unknown
Translation

0
0

79 kDa

2

7%

Carbohydrate metabolic process

0

10 kDa

2

20%

Unknown

0

MAP3697c gi|41398627
MAP3698c gi|41398628
MAP4113 gi|41399045

29 kDa

2

6%

Iron ion transport

0

71 kDa
25 kDa

2
2

35%
17%

Oxidation-reduction process
Translation

0
0

MAP4161

gi|41399093

23 kDa

3

25%

Translation

0

MAP4162

gi|41399094

23 kDa

6

42%

Translation

0

MAP4163
MAP4168

gi|41399095
gi|41399100

11 kDa
16 kDa

2
4

39%
40%

Translation
Translation

0
0

50S ribosomal protein L6
3
50S ribosomal protein L15

MAP4182
MAP4186

gi|41399114
gi|41399118

19 kDa
16 kDa

2
3

15%
31%

Translation
Translation

0
0

3

MAP4245

gi|41399177

16 kDa

2

23%

Translation

0

MAP0068

gi|41394514

18 kDa

2

18%

DNA replication

0

MAP0262

gi|41394708
gi|41394872

68 kDa
102 kDa

4
3

10%
5%

Protein modification process
Metal ion binding

0
0

gi|41394969
MAP0827c gi|41395275
MAP1017c gi|41395466

46 kDa

4

29%

Metal ion binding

0

42 kDa

4

16%

Metabolic process

0

28 kDa

3

13%

Metabolic process

0

MAP1178c gi|41395628
MAP1595 gi|41396046
MAP1966c gi|41396419

75 kDa
18 kDa

17
5

39%
36%

Metal ion binding
Iron ion transport

0
0

50 kDa

3

12%

Amino acid biosynthetic process

0

MAP1994

gi|41396447

103 kDa

4

9%

Metabolic process

0

MAP2693

gi|41397149

50 kDa

5

18%

Metabolic process

0

MAP2710c gi|41397167
MAP3413 gi|41398342
MAP3457 gi|41398386

32 kDa
53 kDa

8
4

44%
12%

Metabolic process
Metabolic process

0
0

48 kDa

5

18%

Amino acid metabolism process

0

MAP4215c gi|41399147
MAP0150c gi|41394596

54 kDa

3

15%

Translation

0

44 kDa

22

59%

Metabolic process

0

MAP0220

191 kDa
33 kDa

4
2

7%
11%

Metabolic process
Metabolic process

0
0

gi|41395277
MAP1201c gi|41395651
MAP1246 gi|41395696

48 kDa

5

18%

Metabolic process

0

104 kDa

10

15%

Metabolic process

0

118 kDa

2

3%

Translation

0

MAP1643

85 kDa
53 kDa

20
5

41%
15%

Metabolic process
Metabolic process

0
0

MAP0221

AccD4_1
Uncharacterized protein

3,5
3

Uncharacterized protein

50S ribosomal protein L20

3

Probable cysteine desulfurase
Major membrane protein-1
3
50S ribosomal protein L21

3

3

Alpha-1,4-glucan:maltose-1-phosphate maltosyltransferase
Uncharacterized protein

3

Uncharacterized protein

3
3,5

Uncharacterized protein
3
50S ribosomal protein L1
50S ribosomal protein L3

3

50S ribosomal protein L4

3
3

50S ribosomal protein L23
50S ribosomal protein L16 3
3

50S ribosomal protein L13

Single-stranded DNA-binding protein
Uncharacterized protein
4
DNA topoisomerase 1

4,5

Uncharacterized protein

4

4,5

4,5
4,5

EchA8_1

4,5

Transketolase
Bacterioferritin 4,5
4,5

Pyruvate dehydrogenase E1 component
Fumarate hydratase class II

4,5

MmsA

4,5

FadE25_2

3,4,5

3,4,5

Pks13
Uncharacterized protein
Citrate synthase
Acn

3,4

3,4,5

3,4,5

3,4,5

AceAb
Probable cytosol aminopeptidase

4

MAP0494
MAP0829

3,4,5

Isoleucine--tRNA ligase

4,5

4,5

Pyridoxal 5'-phosphate synthase subunit
4,5
AldB
MetC

MAP2266c gi|41396720
MAP2433 gi|41396889
MAP3383 gi|41398312

MAP0425
MAP0522

CitA

GlnA2

3

3,4,5

MAP1953

gi|41394666
gi|41394941

gi|41396094
gi|41396406

8

Y

MAP2048
MAP3968

3,4,5,6

3

Lipoprotein

7

60 kDa chaperonin 2

FadA2

2

60 kDa

MAP0584

MAP1565

3,4,5

LpqE

FbpB

Molecular Mass # Peptides

MAP2451c gi|41396907
MAP0261c gi|41394707
MAP0403 gi|41394850

7

Cell Wall

Gene #
Accession Number
MAP2453c gi|41396909
MAP3005c gi|41397923
MAP0143 gi|41394589
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Probable cytosol aminopeptidase
Cytoplasmic

3,4,5

SucB3,4,5
Glutamine synthetase 3,4,5
Fas 3,4
35kd_ag 3,4
Polyribonucleotide nucleotidyltransferase
FixB3,4

MAP1953
MAP1956
MAP1962
MAP2332c
MAP2855c

gi|41396409
gi|41396415
gi|41396786
gi|41397312
MAP2891c gi|41397348
MAP3060c gi|41397978
MAP3399 gi|41398328
MAP3646 gi|41398576
MAP4131 gi|41399063
MAP4164 gi|41399096
MAP3152c gi|41398070

3,4,5

3,4,5

AccD5
Phosphoenolpyruvate carboxykinase 3,4,5
DNA-directed RNA polymerase subunit beta3,4
50S ribosomal protein L2 3,4
Uncharacterized protein 5
Catalase 5
Uncharacterized protein 7
FadA_1 7
50S ribosomal protein L25 7
Uncharacterized protein 7
Uncharacterized protein 7
MbtF 7
Uncharacterized protein 7
Uncharacterized protein 7
Uncharacterized protein 7
Uncharacterized protein 7
F420-dependent glucose-6-phosphate dehydrogenase
AceA7
30S ribosomal protein S7 7
50S ribosomal protein L22 7

gi|41396406

MAP3236
MAP0134c
MAP0789
MAP0979c
MAP1452c
MAP1689
MAP2171c

7

gi|41398154
gi|41394580
gi|41395696
gi|41395428

gi|41396233
gi|41396141
gi|41396624
MAP2258c gi|41396712
MAP2914c gi|41397371
MAP2959c gi|41397416
MAP3492 gi|41398421
MAP3884 gi|41398815
MAP3961 gi|41398892
MAP4141 gi|41399073
MAP4166

gi|41399098

53 kDa

5

15%

Metabolic process

0

61 kDa
54 kDa
328 kDa
29 kDa
81 kDa
32 kDa

2
22
2
5
2
3

12%
53%
1%
42%
5%
15%

Metabolic process
Amino acid biosynthetic process
Metabolic process
Unknown
Metal ion binding
Metabolic process

0
0
0
0
0
0

59 kDa
68 kDa
147 kDa
30 kDa
33 kDa
78 kDa
21 kDa
118 kDa
23 kDa

6
5
2
7
2
3
8
2
2

22%
14%
3%
40%
6%
7%
18%
10%
17%

Metabolic process
Metal ion binding
Transcription
Translation
Metabolic process
Metal ion binding
Unknown
Unknown
Translation

0
0
0
0
0
0
0
0
0

22 kDa
44 kDa
151 kDa
76 kDa
46 kDa
41 kDa
88 kDa
37 kDa

75
5
2
3
9
26
2
3

80%
60%
1%
26%
35%
71%
9%
16%

Unknown
Metabolic process
Metabolic process
Metabolic process
Unknown
Oxidation-reduction process
Carbohydrate metabolic process
Carbohydrate metabolic process

0
0
0
0
0
0
0
0

47 kDa
18 kDa
19 kDa

2
4
2

11%
39%
7%

Metabolic process
Translation
Translation

0
0
0

1

Number of unique peptides

2

Prediction of transmembrane domains with TMHMM v 2.0 (http://www.cbs.dtu.dk/services/TMHMM)

3

Proteins identified in MAP plasma membrane (Radosevich et al., 2007)

4

Proteins identified in MAP cytoplasm (Radosevich et al., 2007)

5

Proteins identified in MAP culture filtrate (Facciuolo et al., 2013)

6

Proteins identified as surface exposed (He and De Buck, 2010)

7

MV proteins not identified in membrane, cytosol, or culture filtrate

8

Predicted lipoproteins (PRED-LIPO)
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Table S3: Bovine serum pooled together for 1D/2D immunoblotting: IDEXX ELISA S/P
ratio (>0.5 = positive) and fecal culture (Facciuolo et al., 2013).

p-ELISA/high fecal

Sample Name

Serum IDEXX
ELISA (S/P ratio)

MAP Fecal culture
(CFU/tube)

04-137

2.172

200

04-96

3.235

200

29-44

3.627

77

23-144

1.034

200

09-21

1.234

200

15-78

1.305

200

98

Figure S1: 1D SDS-PAGE blot of JD-6 serum pre-absorption (left) and after absorption
(right). Lanes were loaded (from left to right) with MAP lysate, M. chelonae lysate, and MAP
MVs for both blots.
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