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ABSTRACT

Legionella pneumophila, the causative agent of Legionnaires’ disease (LD), is an
intracellular pathogen of freshwater protozoa that can also persist in the environment as a
free-living bacterium. L. pneumophila has many morphological forms that fit within a
developmental cycle. In water, L. pneumophila enters into a viable but non-culturable
(VBNC) state that is largely uncharacterized. VBNC cells were produced from two
developmental L. pneumophila forms, stationary phase forms (SPFs) and mature infectious
forms (MIFs) by suspension in double deionized (dd) or tap-water at 45°C. Electron
microscopy results showed that VBNC cells have a unique morphology and that in tap water
they lose their poly 3-hydroxybutyrate inclusion bodies. Both SPFs and MIFs lost
culturability faster in dd- than in tap water, and addition of salts to dd-water prolonged L.
pneumophila culturability and enhanced viability. However, MIFs retained higher viability in
dd- and tap water (85% and 51%, respectively) than SPFs (5% and 20%, respectively) as
determined by the BacLight vital stain. Only ~1 VBNC cell out of 10’ of those produced
from SPFs in tap water regained culturability via infection of Acanthamoeba. All VBNC
cells, except for those produced from SPFs in dd-water, resisted both digestion inside
Tetrahymena spp. and detergent-mediated lysis. SDS-PAGE analysis and shotgun proteomics
revealed a number of VBNC cell specific proteins; one of these was 3-hydroxybutyrate
dehydrogenase (BdhA), which is involved in the metabolism of poly 3-hydroxybutyrate
inclusion bodies. A bdhA mutant showed an early loss of culturability and a dramatic
decrease in viability as compared to the parent strain, and complementing the mutant with a
functional bdhA gene restored the parent's strain phenotypes. In conclusion, VBNC L.
pneumophila has a distinct morphology and physiology that varies according to the
developmental stage and the environmental conditions used to produce such VBNC cells.
VBNC cells have a different protein profile and morphology than the culturable cells,
suggesting that this state constitutes a distinct differentiated form within the developmental
cycle of L. pneumophila. BdhA seems to influence L. pneumophila survival and hence
VBNC cell formation. Collectively, the results from this study provide a better understanding

of L. pneumophila VBNC form and the factors influencing its formation.
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CHAPTER 1. INTRODUCTION

1.1. Biology of L. pneumophila

Legionella species (spp.) are Gram-negative bacteria that are ubiquitous in natural
and artificial aquatic habitats and moist soil environments (Costa et al., 2005; Declerck et al.,
2007a; Wallis and Robinson, 2005), where they parasitize and replicate intracellularly in
various protozoa (Fields, 1996). Legionella can also survive as a free organism for a long
period of time (Steinert et al., 1997). L. pneumophila was first identified as the causative
agent of an atypical pneumonia affecting 182 people who were attending a Legionnaires’
conference in Philadelphia in 1976; 29 of these cases were fatal (Fraser et al., 1977).
Currently, there are 53 species and 70 serogroups in the genus Legionella (Guyard and Low,
2011) and, of these species, 25 are known to cause human disease (Gobin et al., 2009). The
majority of disease outbrearks (91.5%) are caused by Legionella pneumophila, and serogroup
1 is the predominant causative agent (84.2%) (Yu et al., 2002). Other species (e.g., L.
longbeachae and L. micdadei), together with L. pneumophila, account for most human

infections (Lam ef al., 2011).

1.1.1. Microbial Ecology

1.1.1.1. Factors Influencing L. pneumophila Survival in Aquatic
Environments

Various factors affect the presence of L. pneumophila in water. These include
temperature, corrosion, scale, flow regimes (Lasheras et al., 2006; Liu et al., 2006), biofilms
(Murga et al., 2001), inorganic and organic contents of the water, and the presence of host
protozoa (Fliermans ef al., 1981).

L. pneumophila survives as a free organism for a long period of time in low-nutrient
environments under appropriate conditions (Paszko-Kolva 1992). In fact, studies have shown
that L. pneumophila is capable of surviving for up to 14 months in tap water with only a
modest loss of viability over the first few months (Schofield, 1985; Skaliy and McEachern,
1979). Temperature is one of the factors that affect L. pneumophila survival in water (Ohno
et al., 2003). Generally, the optimal temperature for L. pneumophila growth is around 37°C

(Yee and Wadowsky, 1982); the temperature for multiplication for some environmental



isolates has been found to range from 20 to 45°C (Kusnetsov et al., 1996; Wadowsky ef al.,
1985; Yee and Wadowsky, 1982). However, some Legionella spp. have been isolated from
Antarctic freshwater lakes at 0°C (Carvalho et al., 2008). Moreover, the bacteria can persist
in association with thermotolerant amoebae such as Acanthamoeba, Naegleria, Hartmanella
and Vahlkampfia spp. at temperatures above 60°C (Taylor et al., 2009). This suggests that at
least short-term survival is possible in waters of widely varying temperature (Fliermans et al.,
1981b).

Survival of L. pneumophila at low temperatures relies on the Lsp Type II secretion
system (T2SS) (Soderberg et al., 2008). L. pneumophila T2SS mutants are impaired for
growth in medium, survival in tap water, and growth in Acanthamoeba castellanii or
Hartmanella vermiformis at 25°C (but not at 37°C). RNA-modifying and catabolic enzymes,
as well as a lipid A acyltransferase, are also implicated in survival at low temperatures
(Albers et al., 2007; Soderberg and Cianciotto, 2010). L. pneumophila was able to survive in
hot spring water at a temperature up to 45°C (Ohno et al., 2003). At 50°C, the survival rate of
L. pneumophila strains was 25% after a 60 min incubation (Groothuis and Veenendaal 1983),
but it was greatly reduced after 40 min of incubation above that temperature (Fliermans et al.,
1981).

In addition to temperature, pH also influences L. pneumophila survival. The optimal
pH value for L. pneumophila survival is between 6 and 8 (Ohno et al., 2003). In keeping with
this, environmental isolates have been isolated from water with pH values ranging from 5 to
8.1, with the greatest frequency of isolation at pH 5-6.75 (Fliermans et al., 1981b). In hot
spring water microcosms adjusted artificially to pH ranging from 2.0 to 10.0, the lowest pH
killed L. pneumophila within 1 day of incubation at 42°C; however, L. pneumophila survival
was maintained at pH 5.0 (Ohno et al., 2003).

L. pneumophila is growth-defective at low salt concentrations (100 mM NaCl), but
can survive high salt concentrations (500 mM NacCl) at temperatures below 20°C (Heller et
al., 1998). Moreover, L. pneumophila was able to survive for a long time in tap water as long
as certain minerals involved in starvation survival (e.g. iron, zinc, and potassium) were
present (States et al., 1985). Similarly, the addition of trace elements such as Fe, Mn, Mg,
Ca, Zn, and Cu, as well as phosphate, stimulates growth of Legionella spp. in laboratory

culture (Reeves et al., 1981).



1.1.1.2. Association of L. pneumophila with Biofilms

Biofilms are aggregations of microorganisms that secrete extracellular polymeric
substances such as polysaccharides to form a protective matrix that adheres to surfaces
(Donlan, 2002). The microbiological makeup of these films differs depending on system
conditions such as water flow rate, temperature, exposure to light, and nutrient content. This
mix of factors results in a wide range of diverse microbial ecosystems containing bacteria,
fungi, protozoa, and algae (Costerton and Wilson, 2004). Legionella spp., in their natural
environments, present as planktonic cells, and also as monospecies or multispecies biofilms
(Declerck et al., 2009; Declerck, 2010; Murga et al., 2001), which can be adherent at solid-
water interfaces and floating at water-air interfaces. Biofilms might provide the amino acids
and organic carbon that are essential for L. pneumophila growth (Declerck, 2010), and they
might also constitute a protective niche against stressful environmental conditions and
biocides (Borella ef al., 2005). Although it remains unexplored for Legionella, the production
and development of biofilms in vivo promote persistence, colonization of the airways, and
increase resistance to antibiotics among other pathogenic bacteria (Hall-Stoodley and
Stoodley, 2009).

Some authors argue that other microbial species are indispensable in order for L.
pneumophila to multiply in a biofilm under such conditions, and that Legionella is capable of
growing on the excreted nutrients from other microorganisms (Declerck et al., 2007b; Kuiper
et al., 2004). Research by Temmerman et al. (2006) suggested that L. pneumophila, within
biofilms, was able to feed (via necrotrophy) on dead bacteria and possibly other organic
constituents, since heat-killed Gram-negative bacteria supported the growth of L.
pneumophila in filter-sterilized tap water. Moreover, in oligotrophic conditions, L.
pneumophila was able to form microcolonies within laboratory-derived multi-organism
biofilms devoid of amoebic life (Rogers and Keevil, 1992) and on growth media deficient in
L-cysteine and ferric pyro-phosphate when in association with Flavobacterium breve
(Wadowsky and Yee, 1983). In addition, L. pneumophila was able to replicate in association
with photosynthetic cyanobacteria in algal mats, implying the use of algal products as
nutrients. Legionella’s capacity to grow in association with cyanobacteria might be expected
to be found in heated water systems that are exposed to light, since both organisms multiply

over an elevated temperature range (Taylor et al., 2009).



Within a biofilm, Legionella can become filamentous and multinucleated to facilitate
rapid division into planktonic form when advantageous (e.g., when parasitic hosts are
present) (Taylor et al., 2009). The morphology of L. pneumophila biofilms depends on the
temperature: at 25°C, rod-shaped bacteria produce a loose biofilm, whereas at 37- 42°C
filamentous bacteria form a thick and dense mycelial biofilm mat (Piao et al., 2006). A
comparison of the transcriptomes of sessile and planktonic L. pneumophila indicates the
upregulation of genes implicated in the protection from oxidative stress and the acquisition of
iron in the biofilm (Hindre et al., 2008). Accordingly, iron regulates biofilm formation of L.
pneumophila as well as the expression of siderophore biosynthesis genes (Hilbi et al., 2011).

Unlike other bacterial species, L. pneumophila does not produce common classes of
autoinducers, such as N-acyl-L-homoserine lactones (AHLs) or the furanosyl borate diester
Al-2. However, L. pneumophila possesses the lgs gene cluster containing homologues of the
cqs (Vibrio cholerae quorum sensing) genes (Tiaden et al., 2007). The /gs gene cluster
encodes the autoinducer synthase LgsA, the putative cognate sensor kinase LgsS, a protein of
unknown function (HdeD), and the response regulator LqsR. The L.gs components produce
and likely respond to the signalling molecule LAI-1 (Legionella autoinducer-1), which was
identified by mass spectrometry as the a-hydroxyketone (AHK) compound 3-
hydroxypentadecan-4-one (Spirig et al., 2008) and is therefore distinct from the V. cholerae
AHK CAI-1 (Cholera autoinducer-1; 3-hydroxytridecan-4-one) (Higgins et al., 2007).

Interestingly, the Pseudomonas aeruginosa homoserine lactone autoinducer (30C12-
HSL) was recently shown to exert bacteriostatic activity and decrease biofilm formation of L.
pneumophila (Kimura et al., 2009). These effects are correlated to the transcriptional down-
regulation of /gsR gene in L. pneumophila. This finding suggests a connection between
30C12-HSL and the uniquely identified quorum sensing system in L. pneumophila (Kimura
et al., 2009). Recently, a glycosaminoglycan (GAG)-binding adhesin of L. pneumophila, Lcl,
was found to be involved in the early steps of surface attachment and intercellular
interactions. Furthermore, Lcl was differentially regulated during growth phases and biofilm
formation, and its transcriptional regulation was mediated by 30C12-HSL (Mallegol ef al.,
2012). Therefore, other bacterial species that could be found together with Legionella within
a biofilm might be able to control L. pneumophila growth and biofilm formation through

quorum sensing.



1.1.1.3. Association of L. pneumophila with Protozoa

Amoebae are recognized as being both reservoirs and vehicles of pathogenic
microorganisms in the environment. Free-living amoebae generally have 2 stages of
development: the trophozoite and the cyst. The trophozoite is the active metabolic stage,
feeding on bacteria and multiplying by binary fission; encystement can occur as a
consequence of hostile pH conditions, osmotic pressure, temperature, or even unfulfilled
nutritional needs of the amoeba (reviewed by Greub and Raoult, 2004).

Legionella spp. replicate in various protozoa, including amoebae (4canthamoeba,
Hartmanella, Dictyostelium, Naegleria, Echinamoeba or Vahlkampfia spp.) and ciliates
(Tetrahymena spp.) (Fields, 1996; Solomon and Isberg 2000; Steinert and Heuner, 2005).
However, intracellular growth of L. pneumophila in Tetrahymena spp. is inconsistent. Unlike
Tetrahymena pyriformis, T. tropicalis (Berk et al., 2008) and T. thermophila do not support
Legionella replication inside their food vacuoles (Steinert et al., 2002). Survival and
transmission of L. pneumophila to humans is strongly linked to the presence of amoebae in
water (Greub and Raoult, 2004). Acanthamoeba, Hartmannella, and Naegleria are most
commonly isolated from Legionella-contaminated plumbing systems (Steinert et al., 2002).
Recently, 48% of amoeba cultures, isolated from sediments from estuarine systems in the
USA, were positive for the presence of Legionella spp., and four percent of these cultures
contained L. pneumophila (Gast et al., 2011).

Domestic water supply is a relatively nutrient-free environment, and parasitization of
protozoa provides Legionella with the nutrients necessary for its growth (Wadowsky et al.,
1988). Protozoa show a greater resistance than bacteria to treatment with various
thiocarbamates, isothiazolones, and quaternary ammonium compounds (Sutherland and Berk,
1996). Similarly, disinfection with chlorine, chlorine dioxide, ozone, monochloramine, and
copper-silver ionization is less effective on protozoa than bacteria (Thomas et al., 2004). In
addition, once parasitized protozoa become encysted, cysts provide a protective niche for
Legionella cells against environmental stresses, high temperature, desiccation, radiation,
detergents, antibiotics, osmotic stress and biocidal chemicals (Storey et al., 2004; Taylor et
al., 2009).

For example, encysted amoeba-bound Legionella survives exposure to 100 ppm free

chlorine and up to 80°C for 10 min, conditions which would normally kill most if not all



Legionella within a system (Storey ef al., 2004). Similarly, in the absence of 4. polyphaga, L.
pneumophila became non-culturable after exposure to 256 ppm of sodium hypochlorite
(NaOCl), wheras intracellular L. pneumophila within A. polyphaga was resistant to 1024
ppm of NaOCl (Garcia et al., 2007). L. pneumophila in the planktonic phase that were
exposed to Ag®" and Cu®” were completely inactivated (more than 7 log reduction) within 30
min, while intracellular bacteria showed much higher resistance against the exposure to the
same concentrations of Ag®” and Cu®" (Hwang et al., 2006).

Rowbotham (1983) found that at a certain stage after the ingestion of bacteria,
amoebae lyse and release numerous free bacteria or a few vesicles (a single vesicle can
contain up to 10* bacteria). On the other hand, protozoa may empty their digestive vacuoles,
which contain bacterial cells, often prior to encystment (Berk ef al., 1998). The expelled
bacteria are in the form of bacterial clusters surrounded by bacterial debris and are called
pellets (Berk et al., 2008). When A. polyphaga and A. castellanii expelled pellets containing
viable L. pneumophila cells, it was found that more than 90% of these pellets were small
enough to be inhaled (i.e., less than 5 mm in diameter) (Berk et al., 1998), supporting the
hypothesis that humans infected with Legionella would possibly have inhaled a pellet that
was filled with the bacteria rather than having inhaled free bacteria (Greub and Raoult,
2004).

In addition, these pellets contained viable bacteria despite a 24 h exposure to biocides
used in cooling towers. Moreover, the bacteria aggregated together within these pellets and
did not disperse despite freezing and thawing treatments (-70 °C and 35 °C) and ultrasound
(Berk et al., 1998). Considering that amoebae, in the trophozoite or cyst stages, usually
adhere strongly to a physical substrate, this observation suggests that these pellets would

further facilitate the bacterial dissemination as aerosols rather than the amoebae themselves

(Berk et al., 1998).

1.1.2. Legionellosis

Legionella infections take two distinct forms: Pontiac fever (PF) and Legionnaires’
disease (LD) (Fraser et al., 1977; Glick et al., 1978). PF is a mild self-limiting illness that
mimics influenza with a short incubation period (typically 30-90 h) and a high infection rate

that can exceed 90% of exposed people (Remen et al., 2011). However, it has been estimated



that water containing >10° cfu Legionella per litre was associated with an increased risk of
PF (Hautemaniere ef al., 2011). Because Legionella is not isolated from PF patients (in spite
of these patients being seropositive for Legionella) (reviewed in Steinert ef al., 2002), it has
been speculated that PF is caused by viable but non-culturable (VBNC) forms of Legionella.

LD, on the other hand, is a severe pneumonic disease that develops within 2 to 10
days after the initial exposure. It has an attack rate in the general population of 0.1-5%
(Remen et al., 2011) and accounts for 2-9% of cases of community-acquired pneumonia (von
Baum et al., 2008). Its symptoms begin with a mild cough, malaise, muscle aches, low fever
and gastrointestinal symptoms, and later manifestations include high fever, alveolitis and
bronchiolitis. Considerable lung damage, with patchy infiltrated regions, can be observed by
X-ray radiography (Winn, 1988). Histological reports describe intra- and extracellular
bacteria in phagocytes, fibroblasts and alveolar epithelial cells (Fields, 1996).

Host-related risk factors for LD include increasing age, smoking, male gender,
chronic lung disease, diabetes, lung cancer, and immunosuppressive treatment (Marston,
1994). On the other hand, polymorphisms of the Toll-like receptors 4 and 5 were shown to be
associated with resistance to LD (Hawn ef al., 2003; Hawn et al., 2005). Environmental
factors such as high humidity and increased rainfall also increase the risk for legionellosis
(Fisman et al., 2005). Disease occurrence was found to display a late summer to early
autumn seasonality, presumably due to enhanced proliferation of the bacteria in warmer
aquatic environments (Fisman ef al., 2005; Marston et al., 1994).

Legionellosis is a major health concern for public health professionals. It has been
estimated that between 10,000 to more than 100,000 cases of LD occur per year in the United
States, resulting in 8000-18,000 hospitalizions each year with a case-fatality rate of
approximately 8% (Hicks et al., 2007; Shelton et al, 2000). In Europe, the most recent report
estimated the LD rate in 2008 to be 11.8 cases per million (Joseph and Ricketts, 2010). The
largest outbreak of the disease (449 confirmed cases) was attributed to cooling towers in a
city hospital in Murcia, Spain, in July 2001 (Garcia-Fulgueiras et al., 2003).

LD emerged in the second half of the twentieth century partly as a result of the
development of artificial water systems, which have allowed Legionella to gain direct contact
with susceptible human populations (Lam ef al., 2011). Indeed, with the exception of natural

hot springs where temperature ranges from 35°C to 40°C, the sources of legionellosis are



exclusively man-made water systems (Guyard and Low, 2011). Several outbreaks have been
linked to a variety of aerosol-producing devices, such as cooling towers (Garcia-Fulgueiras et
al., 2003), whirlpool spas (Den Boer, 2002), decorative fountains (O'Loughlin, 2007),
industrial air scrubbers (Nygard et al., 2008), showers, hospital ventilation systems (Fields et
al., 2002), and dental-unit water lines (Atlas et al., 1995).

Contaminated aerosols inhaled by patients reach the alveoli of the lung, where
bacteria are engulfed by macrophages. Instead of being killed by macrophages, L.
pneumophila survives and replicates in a protected niche within these phagocytes, leading to
the tissue damage and inflammation that produce the symptoms of LD. Since person-to-
person transmission of L. pneumophila infection has not yet been observed, the protozoan
hosts are believed to have provided the primary evolutionary pressure from which the
bacterium acquired and maintained its ability to overcome the defense mechanisms of
phagocytes (reviewed in Fields ef al., 2002).

Legionellosis can be diagnosed by isolation of L. pneumophila on specialized media,
serologic diagnosis by antigen-specific immune response, or nucleic acid amplification
technique that is not routinely performed on individuals suffering from pneumonia.
Erythromycin was the most effective treatment against LD during the first outbreak in 1976
and remained the drug of choice until it was replaced by azithromycin and fluoroquinolones

(reviewed in Fields et al., 2002).

1.1.3. The Developmental Cycle and Morphological Features of L.
pneumophila Forms

To tolerate environmental fluctuations, many bacteria alter their cellular physiology
and morphology, a process known as differentiation. The alternation between differentiated
forms in bacteria within a cycle is called a developmental cycle. By employing cellular
differentiation, bacterial pathogens can evade host defense mechanisms and promote self-
preservation. For example, the sexually transmitted bacterium Chlamydia trachomatis has a
dimorphic developmental cycle, alternating between an extracellular, metabolically inert
elementary body (required for transmission) and an intracellular, metabolically active
reticulate body that undergoes repeated cycles of cell division (Abdelrahman and Belland,

2005). Likewise, the aetiologic agent of human Q fever, Coxiella burnetii, differentiates



between a replicative large cell variant and a resilient small cell variant (Heinzen ef al.,
1999).

Similarly, L. pneumophila possesses a developmental cycle in which the bacteria
alternate between differentiated forms (Fig.1.1) (Byrne and Swanson, 1998; Faulkner and
Garduno, 2002; Garduno et al., 2002a). In pioneering studies performed by Rowbotham
(1986), the bacteria were found to alternate between two morphologically distinct forms in
amoebae, changing motility, shape, surface and stores of energy-rich polymers.

In broth cultures, L. pneumophila alternates between a replicative form (RF) and a
stationary-phase form (SPF). SPF is sodium-sensitive, cytotoxic, osmotically resistant,
competent to evade macrophage lysosomes, infectious, and motile (Byrne and Swanson,
1998). Ultrastructural analysis using a HeLa cell model (Faulkner and Garduno, 2002;
Garduno et al., 2002a; Garduno ef al. 1998a) revealed that L. pneumophila alternates
intracellulary between a vegetative, metabolically active RF and a metabolically dormant,
highly infectious cyst-like form termed the mature infectious form (MIF) (Garduno ef al.,
2002a), with various intermediate (RF-to-MIF or MIF-to-RF) morphological forms also
reported (Faulkner and Garduno, 2002). MIFs give rise to morphologically distinct
intermediates in nutrient-rich laboratory media as well, which in turn give rise to RFs
(Garduno et al., 2002b).

While in transit through 7. tropicalis, SPFs can rapidly and directly (in the absence of
bacterial replication) differentiate into MIFs, indicating that SPFs and MIFs constitute a
differentiation continuum (Faulkner et al., 2008). MIFs are formed in natural amoebic hosts
and, to a lesser extent, in macrophages, but they do not develop in vitro (Faulkner and
Garduno, 2002; Garduno et al., 2002a; Greub and Raoult, 2003).

Compared with SPF bacteria, MIFs produced from infection of HeLa cells were 10-
fold more infectious (by plaque assay), displayed increased resistance to rifampin (3- to 5-
fold) and gentamicin (10- to 1,000-fold), resisted detergent-mediated lysis, tolerated high pH,
and had a very low respiration rate that is consistent with decreased metabolic activity
(Garduno et al., 2002a). MIFs released from 7. tropicalis were also more resistant to various
stresses than SPFs. MIFs were more resistant to gentamicin, survived better in a nutrient-
poor environment, and were more infectious to human pneumocyte cells compared with SPFs

(Koubar et al., 2011).



In a murine lung infection model, co-infection with L. pneumophila and H.
vermiformis potentiated the replication of L. pneumophila, resulting in a more severe
pneumonia and a higher mortality rate compared to infection with L. pneumophila alone
(Brieland et al., 1996). Moreover, Legionella cells that have replicated within amoebic hosts
tend to infect other macrophages at a rate ten times higher than extracellularly replicating
Legionella (Cirillo et al., 1994). These traits, displayed by MIFs and SPFs, promote the
dissemination of L. pneumophila from one host to another and are referred to as
‘transmissive’ traits (Byrne and Swanson, 1998; Molofsky and Swanson, 2004).
Ultrastructurally, both SPF and RF bacteria appear as slender rods and display wavy outer
membranes, well-defined inner membranes and electronlucent periplasmic spaces. Both SPF
and RF cytoplasmic regions are uniform in electron density. However, SPFs display
cytoplasmic inclusions (Faulkner and Garduno, 2002; Garduno et al. 2002) (Fig.1.1A and C).
In contrast, MIFs appear as stubby rods with a pleomorphic envelope that is irregular in
shape and a dense cytoplasm containing cytoplasmic inclusions of poly-p-hydroxybutyrate
(Garduno et al., 2002), which can be utilized by L. pneumophila as an energy source during
starvation (James et al, 1999). Moreover, MIFs display a thickening of the inner leaflet of the
outer membrane and long invaginations of the inner membrane that run along the
cytoplasmic inclusions (Fig.1.1B) (Faulkner and Garduno, 2002; Garduno ef al., 2002).

Giménez stain has been used to discriminate among the differentiated forms of L.
pneumophila (Garduno et al., 2002). RFs typically display a green staining while SPF forms
display a homogeneous dull red staining. On the other hand, MIFs exhibit a bright shade of
red that is often bipolar (Fig.1.2) (Garduno et al., 2002).

A less studied morphotype of L. pneumophila is its filamentous form. L. pneumophila
filaments are multinucleate and can easily reach lengths of more than 50 um (Piao et al.,
2006). Filamentous growth occurs in some bacterial species to increase fitness against
adverse environmental conditions and, in the case of pathogens, against host immune
responses (Justice et al., 2008). Consequently, bacterial filamentation could be an important
contributor to virulence (Justice et al., 2008; Declerck, 2010). Filamentous L. pneumophila
occurs in the environment and has been found in lung tissue from autopsies, sputum and
bronchoalveolar lavage from infected patients and inside cultured epithelial cells,

macrophages and amoeba (cited in Prashar et al., 2012).
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Fig.1.1. Schematic representation of the developmental cycle of L. pneumophila. The mature
infectious forms (MIFs) or the stationary phase forms (SPFs) may attach to and enter a host
cell (protozoan, macrophage, or cell line). After entry, they inhibit phagosome-lysosome
fusion and recruit vesicles from the endoplasmic reticulum to form the replicative
compartment, which is called the Legionella containing vacuole (LCV). Expression of the
Dot/Icm proteins and other factors is required to abolish phagosome-lysosome fusion and
provide further conditioning of the phagosome. Active replication takes place inside the
LCVs. Replicative forms (RFs) appear as slender rods and display wavy outer membranes,
well-defined inner membranes and electronlucent periplasmic spaces (panel A) (Bar 0.5 pm).
Intermediate forms with a distinct morphology arise, while replication continues.
Termination of intracellular replication leads to full differentiation of MIFs, which acquire a
full-virulence phenotype. MIFs appear as stubby rods with a pleomorphic envelope that is
irregular in shape and have a dense cytoplasm containing cytoplasmic inclusions. MIFs also
display a thickening of the inner leaflet of the outer membrane and long invaginations of the
inner membrane (panel B) (Bar 0.1 um). Flagellum expression and cytotoxicity are
upregulated. MIFs are released to the extracellular medium, either free, inside vesicles, or
within pellets. MIFs may initiate another intracellular cycle. The loop formed from infection
of the host cell by MIFs to the release of MIFs from the host cell and begining of new round
of host cell infection is indicated with solid lines arrows and represent the "host cell" loop
(panel D). Free MIFs released into water may become part of a biofilm, thus, entering the
"water or biofilm" loop of the differentiation network (indicated by the circular-dot line
arrows), or get ingested by ciliates, which act as packagers of L. pneumophila into pellets
(ciliate loop indicated by the broken line arrows). Ciliate- produced pellets are infectious and
able to initiate intracellular infections, as well as grow in vitro (D panel). When placed in a
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suitable artificial growth medium, free or pelleted MIFs enter the "in vitro" loop (indicated
by the squared-dot line arrows) of the differentiation network, where L. pneumophila
alternates between the RF and the SPF (D panel). SPFs display a morphology similar to RFs
in addition to the presence of cytoplasmic inclusions (panel C) (Bar 0.1 pum). SPFs may
undergo filamentation or initiate biofilms. L. pneumophila may differentiate into the
filamentous form, or enter the VBNC state, which may in turn, effeciently persist in the
environment or initiate intracellular infection in amoeba (re-enetring the host cell loop)
(panel D).Entry into the transmissive phase (SPFs and MIFs) is linked to enhanced virulence
and improved resistance to environmental challenges, through a complex regulatory network
(see text for details) (panel A, B, and C are reproduced from Garduno et al., 2002a; Faulkner
and Garduno, 2002) (Apendix IV); (panel D is adapted with modifications from Garduno et
al., 2008)
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Fig.1.2. Giménez phenotypes observed in HeLa cell monolayers infected with L.
pneumophila. MIFs display a bright shade of red [Gim(+) reaction] whereas the RFs display
a green stain [Gim(-) reaction] (reproduced with modification from Garduno et al., 2002a)
(Apendix 1V).
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Recently, filamentous L. pneumophila was demonstrated to invade lung epithelial
cells by a mechanism not shared by non-filamentous L. pneumophila that involves the
engagement of host cell B1 integrin and E-cadherin receptors. The internalized
filamentous L. pneumophila occupy an intracellular compartment decorated with
endoplasmic reticulum markers, where they differentiate into short rods and replicate to
produce infective progeny. However, the molecular mechanisms that control the
differentiation of Legionella from filaments to short rods is unknown; one possibility is that
this phenomenon is triggered by the availability of intracellular nutrients (Prashar ef al.,

2012).

1.1.3.1. Evidence Supporting The Developmental Cycle of L. pneumophila

Further evidence supporting the developmental cycle of L. pneumophila was provided
by Bruggemann et al. (2006), who used a DNA microarray chip comprised of all genes found
in the L. pneumophila genome to monitor the L. pneumophila transcriptome during infection
of A. castellanii. Expression of several hundred L. pneumophila genes was up- or down-
regulated following the intracellular life cycle in protozoa (Bruggemann et al., 2006). Genes
associated with the replicative phase included those encoding factors that promote replication
(e.g., putative amino acid transporters), enzymes of the tricarboxylic acid (TCA) cycle,
components of the electron transport chain, and some virulence-associated factors like CsrA
(Bruggemann et al., 2006). Eventually, as nutrients and oxygen became limited, genes
involved in the replicative phase were down-regulated and those involved in the transmissive
phase were up-regulated, including genes encoding Dot/Icm-secreted effector proteins,
EnhABC, LetE, FliA, integration host factor (IHF), several uncharacterized transcriptional
regulators, and two-component systems (Bruggemann et al., 2006).

A family of regulators possessing a GGDEF/EAL motif was also up-regulated
exclusively during the transmissive phase in vivo (Bruggemann ef al., 2006). Members of this
family are known to regulate the transition between motile and sessile bacteria found in
biofilms when nutrients are scarce. This process is regulated through the diguanylate cyclase
and phosphodiesterase activities of GGDEF/EAL proteins, which control intracellular
concentrations of bis-(3”,5”)-cyclic dimeric guanosine monophosphate (c-di-GMP) (Romling

and Amikam, 2006).
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The ability of the c-di-GMP signaling network to control different levels of gene
expression and function (transcriptional activity, post-transcriptional activity, enzymatic
activity, and protein-protein interactions) is partially explained by the diversity of c-di-GMP
binding modules. For example, c-di-GMP controls the production of P.aeruginosa
extracellular polysaccharide (EPS) by altering DNA binding of the FleQ transcriptional
regulator (Hickman and Harwood, 2008). Cyclic di-GMP also regulates gene expression
post-transcriptionally by binding to riboswitches and affecting mRNA translation (Sudarsan
et al.,2008).

In addition to its role in transcriptional and post-transcriptional gene regulation, c-di-
GMP allosterically controls enzyme activity: binding of c-di-GMP to the PilZ domain of
cellulose synthase, BesA, is required for optimal activity of this enzyme (Benach ef al.,
2007). In E. coli, binding of c-di-GMP to the YcgR receptor protein results in altered
flagellar motor output (Boehm et al., 2010). In S. typhimurium, mutation in an EAL-domain
protein, influencing c-di-GMP levels, has been linked to the ability of the organism to kill
macrophages and resist peroxides (Hisert ef al., 2005). Recently, the L. pneumophila genome
was found to encode 22 predicted proteins containing domains related to cyclic diguanylate
synthesis, hydrolysis, and recognition; over-expression of several of these proteins strongly
decreased the ability of L. pneumophila to grow inside host cells (Levi et al., 2011).

By comparing the two-dimensional patterns of protein spots obtained from MIFs and
SPF bacteria, as well as using pulse-chase radiolabeling experiments, numerous proteins with
an altered level of expression were identified. In particular, a dramatic increase in the levels
of a 20-kDa protein associated with MIFs purified from HeLa cells was noted (Garduno et
al., 2002a; Garduno et al., 2002b). MIFs were enriched for a 20-kDa protein named MagA
(for MIF-associated gene); while MagA has no known function, its deletion resulted in MIFs
exhibiting differences in Giménez staining, as well as an apparent increase in cytopathology
to HeLa cells (Hiltz et al., 2004).

Proteomic analysis revealed a difference in protein expression between RF and SPF
grown in vitro as well (Hayashi ef al, 2010). Sixty-eight proteins differed significantly in
their expression, with 64 of them upregulated in SPF. The up-regulated proteins included
enzymes related to glycolysis, ketone body biogenesis and PHB biogenesis, suggesting that

L. pneumophila may utilize sugars and lipids as energy sources when amino acids become
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scarce. Proteins related to motility (flagella components and twitching motility associated
proteins) were also up-regulated, suggesting that they enhance infectivity of the bacteria in
host cells under certain conditions. Furthermore, nine up-regulated proteins of unknown
function were found. Two of them were identified as novel bacterial factors associated with
hemolysis of sheep red blood cells. Another two proteins were translocated into macrophages
via the Iem/Dot type IV secretion apparatus as effector candidates in a reporter assay with

Bordetella pertussis adenylate cyclase (Hayashi et a/, 2010).

1.1.4. Regulation of L. pneumophila Differentiation

Byrne and Swanson (1998) proposed a model in which L. pneumophila expresses
transmission traits when nutrients are limiting and replication traits when growth conditions
are favourable. When nutrients are limiting within the host, L. pneumophila expresses factors
to lyse the spent host, to survive and disperse into the environment, and to re-establish
infection by avoiding lysosome degradation (Byrne and Swanson, 1998). Sauer et al. (2005a)
linked nutrient acquisition to L. pneumophila differentiation by demonstrating that
acquisition of an essential amino acid (threonine) by phagosomal transporter A (PhtA) is
required for transmissive forms of L. pneumophila to differentiate to replicative forms in
broth and in murine macrophages. Thus, L. pneumophila utilizes its Pht transporter to gauge
amino acid availability before entering the replicative phase (Sauer et al., 2005).

The global change in gene expression of Legionella is mediated by the alarmone
ppGpp (guanosine 3', 5'- bispyrophsophate). When nutrients are abundant, transmissive
bacteria hydrolyze ppGpp, resulting in initiation of cell division and repression of
transmission factors. As the replicating bacteria consume nutrients, vacuolar conditions
presumably deteriorate and stimulate ppGpp production, prompting the progeny to re-enter
the transmissive state (Sauer et al., 2005; Molofsky and Swanson, 2003). Cellular pools
of ppGpp are generated by the ppGpp synthase RelA and by the
bifunctional synthase/hydrolase SpoT. RelA associates with bacterial ribosomes and
responds to amino acid starvation by sensing uncharged tRNA (Potrykus and Cashel, 2008).
Then, by using ATP as a phosphate donor, RelA phosphorylates GDP and GTP, to synthesize
ppGpp and its precursor, pppGpp (guanosine 3'-diphosphate, 5'-triphosphate), respectively
(Srivatsan and Wang, 2008).
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In a similar fashion, SpoT, the bifunctional ppGpp synthase/hydrolase, responds
to fatty acid starvation by associating with acyl-carrier protein, which is critical for fatty acid
biosynthesis (Battesti and Bouveret, 2006). SpoT can also generate ppGpp in response to a
variety of stresses, including carbon source deprivation, phosphate starvation, and iron
starvation (Srivatsan and Wang, 2008). The ppGpp eftector molecule then binds directly to
the B and B' subunits of the RNA polymerase (RNAP) core enzyme. As a result, the
transcription of transmissive phase genes in L. pneumophila such as flagellar genes,

Dot/Icm Type IV secretion system components, and regulatory RNAs is up-regulated, while
the expression of replication-related genes, such as ribosomal genes and others involved

in ATP synthesis, is inhibited (Fig.1.3) (Dalebroux et al., 2010; Magnusson et al., 2005;
Srivatsan and Wang, 2008).

In L. pneumophila, interaction of ppGpp with RNAP is cooperative with the

protein DksA, which binds to the secondary channel of RNAP (Haugen et al., 2008).

By binding to RNAP, DksA modifies kinetic properties of specific promoters by

sensitizing them to changes in ppGpp concentration (Paul ef al., 2004). DksA and ppGpp can
cooperate to up or down-regulate a gene based on its promoter sequence. In broth, DksA
promotes differentiation when ppGpp levels increase as judged by the flagellin subunit, fla4,
expression and evasion of degradation by macrophages (Dalebroux et al., 2010).

DksA and ppGpp can also perform certain functions in the complete absence of the other. For
macrophage transmission, ppGpp is essential, whereas DksA is dispensable, indicating that
ppGpp can act autonomously (Dalebroux et al., 2010). Over-expressed dksA in L.
pneumophila partially rescued motility and cytotoxicity of ppGpp® mutant (rel4 and spoT
double mutant). However, unlike ppGpp’ mutant L. pneumophila, which is degraded
following the primary replication period in macrophages, dksA mutants survive in
macrophages and replicate to wild-type levels (Dalebroux et al., 2010).

DksA and ppGpp can also regulate gene expression indirectly through their
interactions with RNAP. In the vegetative state of E. coli growth, the housekeeping sigma
factor, 6'°, is associated with RNAP and is frequently bound to ribosomal RNA promoters
(Bremer and Dennis, 1996). However, upon activation of the stringent response, ppGpp and
DksA bind RNAP and dissociate it from ¢°, freeing the core polymerase to access alternate

sigma factors such as 6°* (Bernardo et al., 2006). Subsequently, RNAP is directed to stress
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response-related genes by these alternative sigma factors. Thus, many genes under the
control of an alternate sigma factor may be regulated by ppGpp and /or DksA by an indirect
mechanism (Szalewska-Palasz ef al., 2007).

Since L. pneumophila persists in a variety of aquatic and soil environments, it is
conceivable that metabolic cues other than amino acids and fatty acids also induce its
differentiation (Edwards ef al., 2013). One common way that microbes respond to external
stimuli is via two-component signal transduction systems. For many two-component systems,
the cues that initiate autophosphorylation and the subsequent phosphorelay are unknown.
However, it is believed that a variety of environmental stimuli or conditions can activate
these systems (reviewed in Calva and Oropeza, 2006).

At the core of L. pneumophila’s differentiation circuitry is the Legionella
transmission activator and sensor (LetA/LetS), a two-component system that regulates all
known transmission traits and is required by L. pneumophila in order to respond to elevated
ppGpp (Hammer et al., 2002; Lynch et al., 2003; Shi et al., 2006). A let4 mutation led to
dramatically decreased transcriptional levels of dotA4 (encoding for a component of the type
IVB secretion system) and ralF (encoding for a type IVB secretion system substrate). In
addition, the let4 mutation dramatically decreased the secretion of macrophage infectivity
protein (Mip) (Shi et al., 2006).

LetA/LetS belongs to a family of signal-transducing proteins that employ a four-step
His-Asp-His-Asp phosphorelay to regulate gene expression. However, rather than acting as
on/off switches, the LetA/S system exhibits rheostat activity, which likely confers versatility
as microbes adapt to fluctuating environments. This was found when a threonine substitution
at position 311 of /etS resulted in a mutant resembling the wild type for some traits, and /etS
null mutants for others, while displaying intermediate levels of infectivity, cytotoxicity, and
lysosome evasion (Edwards et al., 2010).

The mechanism by which ppGpp activates the LetA/S system remains unknown.
Nicotinic acid, a precursor of the central metabolite nictotinamide adenine dinucleotide
(NAD+), was postulated to modulate the LetA/S system (Edwards et al., 2013) since
nicotinic acid modulates the activity of microbial two-component systems such as
BvgA/BvgS (Miller et al., 1989) and EvgA/EvgS (Utsumi ef al., 1994). Indeed, L.

pneumophila differentiation was triggered by nicotinic acid (Edwards, et al., 2013).
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The LetA transcriptional activator positively regulates the transcription of two non-
coding regulatory RNAs, RsmY and RsmZ (Rasis and Segal, 2009). These sSRNAs have
repeated GGA motifs in their sequences (Valverde et al., 2003) that are essential for their
binding to the RNA binding protein, CsrA (Heeb et al, 2006). CsrA acts as a translational
repressor by binding to mRNAs that contain a CsrA binding site at or near the ribosomal
binding site (Wang et al., 2005; Baker et al., 2002).

In L. pneumophila, CsrA is expressed during the exponential growth phase and was
shown to repress a panel of transmission traits such as stress resistance, flagellation, contact-
dependent cytotoxicity, coccoid morphology, lysosome evasion, intracellular growth, and
expression of rpoS, letE, and fliA (Fettes et al., 2001; Forsbach-Birk et al., 2004; Hammer et
al., 2002; Heuner et al., 2002; Molofsky and Swanson, 2003). Interaction of RsmY and
RsmZ with CsrA is thought to relieve its ability to bind transcripts critical for the
transmissive phenotype (Molofsky and Swanson, 2003; Rasis and Segal, 2009).

During intracellular replication, CsrA negatively regulates specific flagellar gene
regulators. Conditional csr4 null mutant L. pneumophila is unable to replicate in host cells
and exhibits motility when nutrients are replete (Molofsky and Swanson, 2003). In
accordance with these findings, reduced expression of csr4 leads to accumulation of fla4 and
fli4 transcripts, the latter encodes the alternative sigma factor FliA, which in turn regulates
expression of flagellar genes and other transmissive traits (see below) (Forsbach et al., 2004).
Conversely, over-expression of csrA4 in stationary phase bacteria represses motility and leads
to reduced levels of fli4 and flaA4 transcripts (Molofsky and Swanson, 2003; Fettes ef al.,
2001).

The small activator protein, LetE, enhances the expression of various LetA/S-
dependent stationary growth phase traits and promotes contact-dependent cytotoxicity and
macrophage infectivity (Hammer ef al., 2002; Bachman and Swanson, 2004). LetE induces
the characteristic shape, pigment, and heat resistance of stationary phase L. pneumophila
(Bachman and Swanson, 2004b).

Another factor purportedly downstream of ppGpp in the L. pneumophila virulence
cascade is the stationary phase sigma factor RpoS, which is essential for intracellular
replication of L. pneumophila in A. castellani and is partially required for growth in

macrophages (Hovel-Miner ef al., 2009; Bachman and Swanson, 2001). Although RpoS
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translation efficiency and protein levels have not been monitored in L. pneumophila, the rpoS
transcript is more abundant in exponential than in stationary phase (Bachman and Swanson,
2004a). Mutant RFs lacking either 7poS or the response regulator gene /et4 were unable to
produce normal SPFs in vitro and did not fully differentiate into MIFs in vivo, further
supporting the existence of a common mechanism of differentiation shared by SPFs and
MIFs (Faulkner ef al., 2008).

As with E. coli, rpoS expression by L. pneumophila is sensitive to ppGpp pools, since
transcript levels increase following artificial induction of ppGpp (Brown et al., 2002). Thus,
it appears that ppGpp controls RpoS expression to affect transmission and replication in L.
pneumophila; however, details regarding the interplay within this complex regulatory
mechanism remain to be clarified. RpoS is also integrated into the L. pneumophila CsrA
regulatory system. In particular, this sigma factor is required for maximal rsmY and rsmZ
gene expression (Rasis and Segal, 2009; Hovel-Miner et al., 2009). Therefore LetA/S and
RpoS cooperate, by mechanisms yet to be defined, to relieve CsrA-mediated repression of
transmissive transcripts.

Consistent with this model, LetA/S and RpoS are required for robust accumulation of
fliA mRNA in stationary phase L. pneumophila (Bachman and Swanson, 2004b). However,
the basal level of fli4 transcripts in rpoS mutant L. pneumophila is still sufficient to induce
activation of flaA, leading to a modest accumulation of fla4 mRNA and partial motility of
mutant bacteria (Bachman and Swanson, 2004b; Bachman and Swanson, 2001). Contrary to
this, basal levels of fli4 are not sufficient for fla4 expression in /et4/S mutant bacteria,
suggesting that LetA/S affects FliA activity independent of RpoS. This incomplete overlap
between LetA/S and RpoS implies that dual pathways likely contribute to optimal flagellar
expression of L. pneumophila. Thus, regulatory interactions between ppGpp, LetA/S, RpoS
and CsrA are critical for flagellar assembly and enable L. pneumophila to rapidly transition
between replicative and transmissive virulence programs in host cells (Bachman and
Swanson, 2004b).

In addition to the Csr regulatory system, prokaryotes can employ other noncoding
RNAs to modulate gene expression. These SRNAs require the Hfq chaperone protein and,
through complementary base pairing with mRNAs, can modify either the translation or

stability of their mRNA targets (reviewed in Gottesman, 2004). A gene in L. pneumophila
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that has significant homology to published /fg genes demonstrated regulation by RpoS and
the transcriptional regulator LetA (McNealy et al., 2005). Hfq appears to play a major role in
exponential phase regulatory cascades of L. pneumophila. Mutants lacking 4fg demonstrate
defects in growth and slight defects in virulence in both amoeba and macrophage infection
models (McNealy et al., 2005).

Data indicates that Hfq contributes to virulence in a number of bacterial pathogens,
presumably by altering the interaction of SRNAs with rpoS, thereby affecting rpoS
translation. In the replicative phase, RpoS induces the expression of 4fg, exponential phase
transcripts, such as csr4 and fur (ferric uptake regulator), are then stabilized by Hfq and most
likely by sSRNAs (McNealy et al., 2005). Upon entering stationary phase, ppGpp accumulates
and the LetA/S two-component system is induced (Hammer ef al., 2002; Hammer and
Swanson, 1999). As a result, LetA activates transmissive phase traits, while directly or
indirectly repressing /fg transcription (McNealy ef al., 2005).

The small DNA binding regulatory proteins integration host factor (IHF), which acts
as an accessory factor that influences regulatory processes such as replication and
transcription by bending the DNA (Goosen and van de Putte, 1995), and HU, a heat-stable
nucleoid protein paralogue of IHF (Dame and Goosen, 2002), are reciprocally expressed over
the developmental cycle: HU is expressed during exponential phase and IHF is expressed
postexponentially. IHF mutants failed to grow in A. castellanii but were infectious for HeLa
cells, though electron microscopic examination revealed defects in late-stage differentiation
(thickened cell wall, intracytoplasmic membranes, and inclusions of PHB), and were
depressed for the developmental marker MagA (Morash et al., 2009).

L. pneumophila flagellar gene transcription occurs in a hierarchy of four classes
(Albert-Weissenberger et al., 2010; Bruggemann ef al., 2006). The master regulator FleQ and
the alternative sigma factors RpoN (¢°*) and FliA (6*) control expression of particular gene
classes. Albert-Weissenberger ef al. (2010) found that the Class I factors FleQ and RpoN
control transcription of 14 out of 31 Class II genes encoding elements of the flagellar basal
body, rod, hook, and regulatory proteins.

FleQ also contributes to activation of some Class III genes, including FliA (Albert-
Weissenberger et al., 2010), which is critical for final assembly of the organelle. It targets

additional Class III elements, including motor components, and all Class IV elements,
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including the filament FlaA and the capping protein FliD (Heuner et a/., 2002; Bruggemann
et al., 2006; Albert-Weissenberger ef al., 2010). The role of FliA is not limited to flagellar
regulation; it is critical for L. pneumophila to resist degradation in macrophage lysosomes
(Molofsky et al., 2005; Bruggemann et al., 2006). Moreover, FliA is essential for
intracellular replication in particular protozoan hosts. Thus, FliA provides an additional link

between the flagellar cascade and virulence of L. pneumophila (Heuner et al., 2002).

1.1.5. Pathogenesis of L. pneumophila

Phagocytes eliminate engulfed microorganisms by delivering them into the lysosomal
system. Bacteria not adapted for an intracellular life cycle are effectively digested within the
phagolysosome, an acidic environment that contains various activated hydrolytic enzymes
(reviewed in Scott ef al., 2003). L. pneumophila possesses many of the traditional bacterial
determinants that are important for pathogenicity in other bacteria, including
lipopolysaccharide (LPS), flagella, pili, a type Il secretion system (T2SS), and outer
membrane proteins. However, the ability to manipulate host cell processes from within an
intracellular vacuole requires a unique arsenal. In the case of L.
pneumophila, this arsenal includes a type IV secretion system (T4SS) that translocates
effector proteins, including many proteins with eukaryotic similarity, into the host cell, where
they act on diverse host cell pathways (reviewed in Newton et al., 2010).

The intracellular infection of L. pneumophila in the human macrophage model is
remarkably similar to the protozoan model. In fact, most of the genes required for
intracellular replication in the human host are also required for replication in the protozoan
host (Gao et al., 1997). Indeed, the current perspective is that the ability of L. pneumophila to
infect and replicate in mammalian cells is a consequence of its evolutionary capacity to infect
and replicate in protozoan hosts (Abu Kwaik ef al., 1998). Within minutes of internalization,
the bacterial phagosome, also called the Legionella-containing vacuole (LCV), is covered by
small smooth vesicles that likely originate from the endoplasmic reticulum (ER). The
phagosomal membranes come to resemble those of the ER in thickness and protein
composition, and later become decorated with ribosomes. Other host organelles, such as
mitochondria, are also recruited to the area of the LCV (Tilney et al., 2001). This change in

membrane structure occurs concomitantly with the successful evasion of the endocytic
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pathway (Horwitz, 1983). The LCV compartment not only protects L. pneumophila from
being recognized by the cellular immune system but also provides the bacterium with

nutrients for its replication (Price et al., 2011).

1.1.5.1. Attachment and Entry/Uptake of L. pneumophila by Host Cells

Attachment to and invasion of the protozoa H. vermiformis and A. polyphaga by L.
pneumophila is mediated by a protozoan 170-kDa lectin that is inhibited by galactose/N-
acetylgalactosamine (Harb ef al., 1998; Venkataraman et al., 1997). Upon attachment, very
fast dephosphorylation of tyrosine-phosphorylated proteins, including the 170-kDa receptor
itself and cytoskeletal-associated proteins, occurs (Venkataraman ef al., 1998). It is
interesting that Entamoeba histolytica also encodes a 170-kDa lectin that mediates its
attachment to mammalian epithelial cells (Ravdin et al., 1986). Inhibition studies
demonstrated the functional similarity of these lectins. L. pneumophila attachment to and
invasion of H. vermiformis was decreased in a dose-dependent manner by soluble galactose,
N-acetyl-D-galactosamine, or two monoclonal antibodies specific to the 170-kDa protein of
E. histolytica (Venkataraman et al., 1997). The bacterial ligand(s) responsible for lectin
binding have yet to be identified.

The recognition and initial events in Acanthamoeba spp. phagocytosis are similar to
those in mammalian macrophages, notably the presence of a D(+)-mannose inhibitable
receptor (Allen and Dawidowicz, 1990a; Allen and Dawidowicz, 1990b; Lock et al., 1987).
Interestingly, the importance of this receptor in Legionella uptake may not be specific for the
entire Acanthamoeba genus. The addition of the same concentration of D-mannose to the
culture medium blocks A4. castellanii uptake of L. pneumophila, but does not block uptake of
A. polyphaga. Furthermore, addition of cyclohexamide, an inhibitor of protein synthesis, and
cytochalasin D, a microfilament disrupter, will inhibit A. castellanii but not A. polyphaga
uptake of L. pneumophila (Harb et al., 1998; Declerck et al., 2007¢). On the other hand,
uptake of L. pneumophila by H. vermiformis is reduced by methylamine, an inhibitor of
adsorptive pinocytosis, and by cyclohexamide, but not by cytochalasin D. These findings
suggest considerable heterogeneity in uptake mechanisms by different protozoan hosts (King
etal., 1991).

Recently, E-cadherin and B1 integrin receptors have been found to mediate
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attachment of the filamentous forms of L. pneumophila to lung epithelial cells. The activation
of these receptors induced the formation of actin-enriched membrane surface structures that
were designated hooks and membrane wraps. While hooks are filopodia-like protrusions that
trap bacteria at the host cell surface, membrane wraps are rearrangements of opposing
lamellar protuberances that engulf filamentous bacteria. L. pneumophila entrapped by these
structures are gradually internalized through a zipper mechanism of phagocytosis (Prashar et
al.,2012).

Some of the bacterial factors implicated in L. pneumophila host cell invasion include
EnhC, LpnE, RtxA, LvhB2, and HtpB (reviewed in Newton et al., 2010), although few of
these have been shown definitively to play a direct role in bacterial uptake. For example,
EnhC is a periplasmic protein that is required for the maintenance of cell wall integrity, so its
contribution to bacterial invasion is likely to be indirect (Liu ef al., 2008). The best-
characterized of the entry proteins is the surface-located chaperonin HtpB or Hsp60 (the 60-
kDa heat shock protein), which interacts with undetermined host cell receptor(s), triggering
cell signaling and secretion of IL-1 (Retzlaff ef al., 1996).

HtpB is upregulated in the presence of eukaryotic cells and, in vitro, in response to
H,0,, heat, and osmotic shock (reviewed in Swanson and Hammer, 2000). HtpB-specific
antibody inhibits entry of L. pneumophila and purified HtpB protein stimulates uptake of
latex beads by HeLa cells (Garduno et al., 1998b). HtpB accumulates in the LCV after
bacterial uptake, and it has been suggested that HtpB contributes to the recruitment of
mitochondria to the nascent LCV, as inert beads coated with HtpB are associated with
mitochondria following invasion (Chong et al., 2009). Thus, HtpB may play a dual role in
bacterial entry and the early development of the LCV, suggesting that these two events are
closely linked. LadC, is another L. pneumophila protein that may be involved in initial
interactions with host cells: mutations in LadC caused a defect in host cell adherence. This
protein localizes to the bacterial inner membrane, and its role in adherence is not yet known
(Newton et al., 2008).

It has been found that the Dot/Icm system enhances the efficiency of L. pneumophila
uptake into phagocytic host cells. A role for translocated Dot/Icm effectors during uptake is
supported by reduced internalization by macrophage-like HL-60 cells of nonfunctional

Dot/Icm mutants compared with the wild type (Hilbi ef al., 2001). Only a few described
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effectors have been suggested to function during uptake. For example, LaiA/SdeA may play
a role in adherence and uptake (Chang et al., 2005). L. pneumophila laiA/sdeA mutants have
defects in adhesion and invasion in epithelial cells as well as reduced mortality in permissive
A/J mice. However, the mechanism by which this protein may influence adherence and
uptake remains to be determined (Chang et al., 2005).

Type IV pili, which mediate host cell attachment by pathogenic Neisseria spp., P.
aeruginosa, and other bacterial spp., may also function as L. pneumophila adhesins
(reviewed in Swanson and Hammer, 2000). An insertional mutation in the putative L.
pneumophila pilin structural gene, pilEL, reduced the bacterial adherence to A. polyphaga
and the mammalian monocytic U937 and epithelial HeLa cell lines by ~50%, although
intracellular replication was not affected (Stone and Abu Kwaik, 1998). Thus L. pneumophila
pili may contribute to binding to mammalian macrophages and alveolar epithelial cells, and
may serve as the ligand for the protozoan lectin. However, the role of the type IV pilus in

Legionnaires’ disease remains to be confirmed (Swanson and Hammer, 2000).

1.1.5.2. The Dot/Icm Secretion System

A region of the L. pneumophila genome, termed icm (intracellular multiplication),
was identified based on the ability of this region to restore normal trafficking and replication
in the avirulent strain 25D (Marra ef al., 1992). Additionally, genetic screens aimed at
isolating L. pneumophila mutants that were defective for inhibition of phagosome/lysosome
fusion and association of host cell organelles led to the identification of a second genetic
locus that was termed dot (defect in organelle trafficking) (Berger and Isberg, 1993).
Computational analysis of the proteins predicted to be encoded by the dot and icm genes
revealed that these products would likely function as a type IV secretion system (T4SS)
(reviewed in Hubber and Roy, 2010).

T4SSs are often found in bacteria that interact with eukaryotic hosts. Many of these
systems are now recognized as transport machines that have a dedicated role in the transport
of virulence proteins, known as effectors, across the outer membrane of the bacterial cell and
usually directly into eukaryotic host cells. Because mutations disabling the Dot/Icm system
resulted in bacteria unable to replicate intracellularly and avoid fusion with lysosomes, this

system was proposed to play a critical role in infection by translocating effectors that alter the
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dynamics of membrane transport in the host cell (reviewed in Hubber and Roy, 2010). To
date, there are at least 275 experimentally confirmed Dot/Icm substrates (Zhu et al., 2011).
Many Dot/icm effectors have eukaryotic-like functions. Phylogenetic analyses
demonstrated that lateral gene transfer from eukaryotic hosts, as well as bacterial genes that
became eukaryotic-like by gradual adaptation to the intracellular milieu or gene fragment
acquisition, contributed to the existing repertoire of eukaryotic-like proteins (ELPs), which
comprise over 3% of the putative proteome of L. pneumophila strains (Lurie-Weinberger et

al., 2010).

1.1.5.3. Biogenesis of Legionella Containing Vacuole and Acquisition of
Nutrients

The unusual biogenesis of the LCV arises from the simultaneous delay of endosome
fusion and the recruitment of vesicles and membrane from the host cell secretory pathway
(reviewed in Newton et al., 2010). Professional phagocytes such as fresh water amoebae and
human macrophages destroy invading microorganisms or foreign particles by engulfing them
into phagosomes. Phagosomes traditionally mature into digestive vacuoles via the endocytic
pathway, which involves a progressive interaction with the endosomal network that leads to
acidification of the vacuole and degradation of most of the microbes (Garin et al., 2001).

The majority of LCVs containing wild type bacteria do not acquire early endosome
markers such as Rab5 or the lysosome marker LAMP-1 during the early phase of infection (<
1 h). However, phagosomes containing Dot/Icm-deficient mutants do ultimately fuse with
lysosomes (Berger and Isberg, 1993), indicating that interactions with the endocytic pathway
are blocked immediately by effectors introduced by the bacterium. Bacterial factors beyond
Dot/Icm effectors have been implicated in the evasion of the endocytic pathway, including
the LPS-rich outer membrane vesicles released by L. pneumophila (Fernandez-Moreira et al.,
2006), the multifunctional chaperone HtpB exposed on the bacterial surface (Garduno et al.,
1998b), and L. pneumophila proteins containing Sel-1 repeats, such as LpnE, EnhC and LidL
(Newton et al., 2007). Because the mechanisms of action of these proteins remain enigmatic,
it is unclear whether they directly contribute to the arrest of LCV maturation.

L. pneumophila hijacks the host secretory pathway, which transports proteins

synthesized in the ER to the Golgi complex and finally to downstream cellular destinations or
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the extracellular environment (Mellman and Warren, 2000). Interception of vesicles
originating from the ER facilitates the conversion of the plasma membrane of the LCV into
membranes with ER characteristics (Kagan and Roy, 2002).

Members of the Arf (ADP-ribosylation factor), Rab and Sar families of small
GTPases are primary regulators of vesicle trafficking. Arfl regulates COPI-coated retrograde
trafficking from the cis-Golgi compartment to the ER (reviewed in D'Souza-Schorey and
Chvrier, 2006). This small GTPase is recruited and enriched on the LCV membrane in a
Dot/Icm-dependent manner. A Sec7 domain is conserved in all guanine nucleotide exchange
factors (GEFs), which activate membrane-associated GTPases by inducing the exchange of
GDP with GTP, of Arf small GTPases. L. pneumophila codes for a protein with Sec7 domain
called RalF. RalF is required for the recruitment of Arfl by the LCV and is a GEF for Arfl
(Nagai et al., 2002).

Rab1 GTPase also plays important roles in vesicle trafficking between the ER and the
Golgi apparatus (Stenmark, 2009). Like Arfl, Rabl is recruited to the LCV in a process that
requires the Dot/Icm transporter (Kagan ef al., 2004). SidM/DrrA is a GEF factor for Rabl
and is required for the recruitment of this small GTPase by the LCV. The SidM/DrrA-
mediated Rabl recruitment is enhanced by LidA, another Dot/Icm substrate, which interacts
with Rab1, irrespective of its nucleotide binding status (Machner and Isberg, 2006). The
recruitment of Rab1l by SidM/DrrA directly contributes to the fusion of ER-derived vesicles
to the LCVs (Arasaki et al., 2012).

In addition to the endocytic and secretory pathways, L. pneumophila also exploits the
host ubiquitination pathway. Ubiquitination is a post-translational modification that regulates
the activity, half-life, and cellular localization of a wide variety of proteins. Ubiquitination
involves an enzymatic cascade resulting in the formation of an isopeptide bond between
ubiquitin and internal lysine (K) residues of a substrate protein. This process involves a
ubiquitin-activating enzyme (E1), which forms a thioester bond between a catalytic cysteine
and the carboxy terminal glycine (G) residue of ubiquitin. The ubiquitin is then transferred to
a ubiquitin-conjugating enzyme (E2). Finally, a ubiquitin ligase (E3) promotes the covalent
conjugation between G of ubiquitin to one or more K residues in a specific substrate.
Polyubiquitination occurs when additional ubiquitin molecules are attached to a lysine

residue of the previous ubiquitin and form a ubiquitin chain. (reviewed in Xu and Luo, 2013).
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The importance of the ubiquitination machinery in L. pneumophila infection is clearly
demonstrated by the enrichment of ubiquitinated proteins on its phagosome, as well as the
fact that pharmaceutical inhibition of proteasomal degradation causes arrest in intracellular
bacterial growth (Dorer et al., 2006). At least 6 Dot/Icm substrates bear features associated
with typical eukaryotic E3 ubiquitin ligases (reviewed in Xu and Luo, 2013). Among these
proteins is AnkB, which is composed of eukaryotic domains and motifs that include an F-box
domain, two ankyrin repeats (ANKSs) and a C-terminal CAAX farnesylation motif, where C
represents a cysteine residue, A denotes an aliphatic amino acid, and X any amino acid (Al-
Quadan and Abu-Kwaik, 2011).

The F-box domain of AnkB interacts with the host Skpl component of the SCF
(Skp1-Cullin-F-box) ubiquitin ligase complex and functions as a platform for docking of
polyubiquitinated proteins to the LCV membrane within evolutionarily distant hosts,
macrophages and amoeba (Price et al., 2009).

The two ANK protein-protein interaction domains of AnkB are also essential for the
biological functions of AnkB: deletion of these domains in U937 macrophage-like cells and
A. polyphaga resulted in defects in intracellular proliferation and decoration of the LCV with
polyubiquitinated proteins. Price et al. (2010) suggested that the two ANK domains might be
involved in binding the substrates and linking them to the SCF complex bound to the F-box
domain to trigger their polyubiquitination.

Interestingly, a recent report suggests that AnkB is involved in the production of
amino acids to provide nutrients for L. pneumophila inside the LCV (Price et al., 2011).
AnkB promotes proteasome-mediated generation of free amino acids that are essential energy
and carbon sources. Polyubiquitinated proteins assembled by AnkB on the LCV are
preferentially enriched for Lys48-linked polyubiquitinated proteins (a hallmark for
proteasomal degradation) that generate 2-24 amino acid peptides. Substitution of Lys48 to
Arg abolishes the decoration of the LCV with polyubiquitinated proteins and blocks
intracellular proliferation (Price ef al., 2011). However, this inhibition is bypassed by excess
amino acid supplementation to the infected amoeba or macrophage cells.

Cells infected by the wild type strain have high levels of free amino acids compared
to the ankB mutant-infected cells, which are similar to uninfected cells (Price ef al., 2011).

Cysteine or serine supplementation rescues the ankB mutant as efficiently as the mixture of
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amino acids. Cysteine and serine are converted by Legionella into pyruvate that feeds the
TCA cycle, and L. pneumophila relies on amino acids as the major sources of carbon and
energy production through the TCA cycle.

Interestingly, supplementation of amoeba or macrophages with pyruvate or citrate
rescues the ankB mutant for intracellular proliferation within amoeba and macrophages and
for its starvation response, similar to the supplementation by the mixture of amino acids.
Remarkably, injection of mice with the mixture of amino acids or with cysteine specifically
rescues the ankB mutant for intrapulmonary proliferation, similar to genetic complementation
(Price et al., 2011). These findings indicate that the ultimate goal of exploitation of multiple
evolutionarily conserved eukaryotic processes by AnkB is to generate amino acids required
as sources of carbon and energy for intracellular growth of Legionella.

This indicates a tremendous patho-adaptation of Legionella to the intracellular life
within human cells and amoeba. Remarkably, the amino acids essential for Legionella, due to
deficiency of de novo synthesis, are also essential for the two evolutionarily distant hosts
(with the exception of cysteine, which is scarce in human cells) (reviewed in Al-Quadan et

al., 2012).

1.2. The Viable But Non-Culturable State in Bacteria

The environmental conditions in which prokaryotes live generally undergo great
seasonal and circadian changes, such as temperature variations and changes in levels of solar
radiation and in the availability of nutrients, the latter alternating between situations of feast
and famine. These changes are particularly pronounced in aquatic environments. When
environmental conditions become adverse, bacteria must be able to withstand stress and to
adopt strategies that enable survival until suitable conditions for growth and development are
re-established. Some bacterial genera deal with adverse conditions by developing resistant
structures (e.g., endospores, myxospores, cysts, chlamidospores and achinetes) from
vegetative cells by transformation processes. However, some other bacteria enter into a
viable but non-culturable (VBNC) state (reviewed in Barcina and Arana, 2009).

VBNC bacteria are defined as bacteria that are living but unable to grow or divide
when inoculated into routinely used bacteriological culture media (Xu et al.,1982). However,

they maintain a number of cellular functions such as respiration (Oliver, 1995), transcription
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(Lleo et al., 2000), and protein synthesis (Rahman ez al., 1994). Some VBNC cells can
resuscitate (i.e. regain culturability) when suitable conditions becomes available. If it is
possible to pass from the VBNC state to the culturable state, then the VBNC phenotype could
be considered as part of the life-cycle of non-differentiating bacteria (Barcina and Arana,
2009).

A regular decline in colony forming units occurs following exposure to one or more
environmental stresses, although total cell counts generally remain fairly constant during this
period of decline. The key test that determines whether such cells are dead or alive but in a
VBNC state is the viability count (Oliver, 2005). Viability can be monitored using a variety
of criteria, including cellular membrane integrity, uptake and incorporation of radiolabeled
amino acids, protection of genomic DNA from DNase I digestion (Pawlowski et al., 2011),
production of ATP (Lindback et al., 2010), phage susceptibility (Ben Said et al., 2010), and
detection of mMRNA, which has a very short half-life) (Coutard et al., 2005). For example,
Rahman ef al. (1994), studying S. dysenteriae cells that had been in the VBNC state for 4-8
weeks, found that such cells were capable of active uptake of methionine and its
incorporation into proteins (Rahman et al., 1994).

Xu et al. (1982) were the first to find experimental evidence of the existence of the
VBNC state in pathogenic bacteria. They showed that E. coli and Vibrio cholerae cells that
were suspended in artificial seawater quickly lost their ability to grow on the culture media
normally used for their detection. Subsequently, many investigators have reported on VBNC
bacteria, with more than 60 species of bacteria shown to demonstrate the phenomenon (Table
1.1). The list includes Gram positive and Gram negative bacteria, non-pathogens and a large
number of human pathogens, including Campylobacter spp., Klebsiella spp., L. pneumophila,
Micrococcus spp., Mycobacterium tuberculosis, Pseudomonas spp., Salmonella spp., Vibrio
spp., Escherichia coli and Enterococcus faecalis (reviewed in Oliver, 2010 and Oliver,
2005).

The time required for cells to enter the VBNC state varies markedly based on type of
bacteria, initial inoculum, phase of growth, and the inducing conditions. Reports of the
process taking months are not uncommon, while others have reported days for the same
bacteria (reviewed in Oliver, 2000). For example, at 4°C the time taken to enter the VBNC

state was 5 months for the V. cholerae non-O1/non-0O139, 6 months for Enterohemorrhagic
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Table 1.1. Pathogens known to enter the VBNC state

Aeromonas hydrophila Helicobacter pylori Serratia marcescens
A. salmonicida Klebsiella aerogenes Shigella dysenteriae
Agrobacterium tumefaciens | K. pneumoniae S. flexneri
Burkholderia cepacia K. planticola S. sonnei

B. pseudomallei

Legionella pneumophila

Streptococcus faecalis

Campylobacter coli Listeria monocytogenes Vibrio alginolyticus

C. jejuni Mycobacterium tuberculosis | V. anguillarum

C. lari M. smegmatis V. campbellii

Cytophaga allerginae Pasteurella piscicida V. cholerae

Enterobacter aerogenes Pseudomonas aeruginosa V. harveyi

E. cloacae P. syringae V. mimicus

Enterococcus faecalis Ralstonia solanacearum V. parahaemolyticus

E. hirae Rhizobium leguminosarum V. shiloi

E. faecium R. meliloti V. vulnificus (types 1 & 2)

Erwinia amylovora

Salmonella enterica

Xanthomonas campestris

Escherichia coli

S. typhi

X. axonopodis pv. citri

Francisella tularensis

S. typhimurium
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E. coli (EHEC), 7 months for Enterotoxigenic E. coli (ETEC), 11 months for
Enteropathogenic E. coli (EPEC), 12 months for S. flexneri, and 18 months for S. enterica
(Senoh et al., 2012).

In another experiment, Yersinia pestis entered the VBNC state within 21 days in tap
water microcosm at 4°C, while Y. pestis incubated in artificial sea water or sterilized river
water at 4°C, exhibited a lesser extent of decline in culturability after a 28 day period
(Pawlowski et al., 2011). Moreover, when water was held at 25°C, Brucella suis and B.
melitensis were culturable only for 2 days, while Y. pestis strains were culturable for 21 days.
When the water was held at 5°C, B. suis and B. melitensis were culturable up to 2 weeks, yet
Y. pestis were culturable for only 1 or 2 days (Gilbert and Rose, 2012).

The age of the cells has been shown to have a dramatic effect on the time required for lab-
grown cells to become nonculturable. For example, whereas V. vulnificus cells from the
logarithmic phase of growth generally require less than ten days to become completely
nonculturable at 5°C, those taken from the stationary phase require over a month (Oliver et
al., 1991).

The percentage of the viable cells at the time of losing culturability also varies with
the inducing conditions. For example 90% of E. coli O157:H7 cells entered into a VBNC
state in chloraminated tap water within 15 min, while 14% of them entered into a VBNC
state in river water within 14 weeks (Liu et al., 2009).

Three different models have been proposed to explain the VBNC phenomenon. The
first model suggests that starving cells become nonculturable due to cellular stochastic
deterioration and that they show some signs of senescence, as with any other aging
organisms. Proponents of the stochastic deterioration model argue that loss of culturability is
intimately linked to oxidative damage. The accumulated data suggest that there is an
increased demand for oxidation management in cells subjected to nutrient starvation, and a
significant number of the genes and regulons induced by stasis are indeed part of such an
induced defence machinery. However, this machinery obviously fails to fully combat
starvation-induced oxidation since oxidative modifications of proteins, such as carbonylation
and illegitimate disulfide bond formation, increase during stasis in wild-type E. coli cells
(reviewed in Nystrom, 2003).

Non-culturability state may be reversible depending on the magnitude of the cellular
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damage. Nevertheless, if starvation and oxidative damage are allowed to proceed for an
extended period of time, the non-culturable cells are destined to irreversibly lose their life-
supporting activities (Ericsson et al., 2000). In Salmonella, both RpoS and RpoE are required
for protection against oxidative damage in stationary phase: nearly all cells of a Sa/monella
population lacking both RpoE and RpoS became non-culturable after 24 hours in stationary
phase, but the plating efficiency of these mutants was completely preserved under anaerobic
stationary phase conditions (Testerman et al., 2002).

The second model suggests that non-culturability is the culmination of an adaptive
pathway generating dormant survival forms, similar to spore formation in differentiating
bacteria (reviewed in Nystrom, 2003). In a study conducted by Ravel et a/ (1994), a Vibrio
cholerae transposon mutant with an accelerated loss of culturability was isolated during a
screen involving prolonged incubation in stationary phase. These mutant cells remained
intact and were metabolically active. However, no information is available on where the
mutation mapped on the chromosome. Nevertheless, this mutant is the first bacterial isolate
exhibiting an altered VBNC response, and suggests that entry into the VBNC state is under
genetic control. Perhaps an equally informative approach would be to isolate mutants with a
retarded rather than accelerated loss of culturability in stationary phase. If VBNC formation
is a physiological adaptation similar to spore formation, then such mutants could be selected
(Nystrom, 2003).

The third model states that starved cells lose viability due to activation of genetic
modules mediating programmed cell death (reviewed in Nystrom, 2003). Bacteria harbor
toxin-antitoxin (TA) loci on the chromosome, and it has been suggested that these loci
mediate programmed cell death upon nutritional stress and growth arrest (Aizenman ef al.,
1996). The origin of this proposition stems from work on the TA locus consisting of mazE
(antitoxin) and mazF (toxin) genes in E. coli, which form an operon with the upstream gene,
relA, of the stringent response. Ectopic overproduction of MazF effectively reduced the
viable counts of the population, suggesting that MazF is a bona fide toxin.

Moreover, it was demonstrated that artificial elevation of ppGpp levels reduced
transcription of the mazEF operon. Based on these results, it was argued that programmed
cell death is triggered whenever conditions, such as nutrient starvation and growth arrest,

elicit ppGpp accumulation, which in turn will block further production of MazEF and allow
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the more stable toxin, MazF, to express its killing function. Aizenman et al. (1996) proposed
that the mazEF operon provides the cells with a system for altruistic cell death during
starvation conditions in that programmed deterioration of part of the population may enable
the rest to survive or even grow on constituents leaking out of dead siblings.

Pedersen et al. (2002) demonstrated that the MazF and the RelE toxins do not, in fact,
kill the cell. Overproduction of the toxins rather elicits a bacteriostatic condition that can be
fully reversed by ectopic production of the cognate antitoxins. In other words, elevated levels
of the toxins lock the cells in a growth-arrested, G0O-like state, which is incompatible with
colony formation on nutrient agar plates unless the cognate antitoxin is similarly elevated to
counteract this state. The RelE toxin was shown to primarily inhibit translation, and it was
suggested that the function of this toxin is to modulate the global rates of protein synthesis
during nutritional stress conditions. As such, the TA modules may serve as a back-up system
to the stringent response and check superfluous macromolecular synthesis in a ppGpp-
independent fashion during stasis (reviewed in Nystrom, 2003).

Several authors have proposed that in the case of serious damage by stressful factors,
some cells may excrete organic molecules that provide for other members of the population,
thereby assuring species survival until better times come (Arana ef al., 2004; Aertsen and
Michiels, 2004; Cuny et al., 2005). For example, Arana ef al. (2004) simultaneously studied
the changes in an E. coli population in adverse conditions as well as the chemical variations
in the surrounding medium. They detected that throughout the survival process, which
included entrance into the VBNC state, E. coli released into its surroundings organic
molecules (amino acids, proteins and carbohydrates). The variations in the concentrations of
amino acids and carbohydrates in the medium throughout the survival process indicated the
coexistence of a double process of excretion and uptake (Arana ef al., 2004).

Accordingly, Barcina and Arana (2009) proposed that the VBNC phenotype may
represent an intermediate stage in an altruistic death process, which forms part of a survival
strategy of species. As part of the response to environmental stress, a percentage of the
population releases organic molecules into the surrounding medium. The excretion of these
molecules may, among other things, cause a loss of culturability and the consequent
appearance of a VBNC subpopulation. At the same time, the organic material excreted may

be used by other members of the population to repair cell damage and alleviate stress
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(Barcina and Arana, 2009).

1.2.1. Factors Influencing Differentiation into The VBNC State

A variety of factors, both chemical and environmental, have been reported to induce
the VBNC state. These typically are stressors that might be lethal without entry into this
dormant state. These factors include nutrient starvation (Cook and Bolster, 2007), incubation
outside the normal temperature range of growth (Wong and Wang, 2004), elevated or
lowered osmotic concentrations (Asakura et al., 2008; Wong and Liu, 2008), oxygen
concentrations (Kana et al., 2008), commonly used food preservatives (Cunningham et al.,
2009), heavy metals (Ghezzi and Steck, 1999), exposure to white light (Gourmelon et al.,
1994), pasteurization (Gunasekera et al., 2002) and chlorination (Oliver et al., 2005).

Moreover, association with eukaryotic host cells has also been linked to VBNC state
formation. For example, A. castellanii was found to induce the VBNC state in Aeromonas
hydrophila (Rahman et al., 2008). In a different system, Sussman et al. (2003) reported the
association of VBNC cells of the coral pathogen, Vibrio shiloi, with a marine fireworm.
Induction of the VBNC state under these stressful environments has important implications
for public health. For example, induction of the VBNC state in E. coli, often associated with
foodborne illness, was already reported under low pH (Zhao and Mathews, 2000), high
salinity (Roth et al., 1988), UV radiation in combination with high salinity (Pommepuy et al.,
1996), starvation conditions (Smith et al., 1994), low water availability (Artz et al., 2006),
and high copper concentrations (Grey and Steck, 2001a).

Simultaneous exposure to starvation and a temperature outside the normal range for
bacterial growth is commonly encountered by bacteria in the environment. E. coli O157:H7
entered the VBNC state in response to exposure to starvation and low temperature (at 4 °C).
However, starvation alone did not induce entry into the VBNC state within 1.5 years (Liu et
al., 2009). Vibrio spp. also entered the VBNC state by starvation in artificial sea water at 5°C
(Baffone et al., 2003). Steinert et al (1997) found that 1% of the L. pneumophila cells placed
in tap water at 20°C entered the VBNC state after 125 days of incubation, whereas the
remaining 99% of the cells died.

In another study, Ohno et al. (2003) induced the VBNC state in L. pneumophila in hot

spring and tap water at high temperature. The decreased ratio of cultivable cells and viable
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cells in microcosms of hot spring water depended on the rise in temperature. Viability was
maintained at temperture up to 45°C but not at 50°C (Ohno ef al., 2003). Heat shock
treatment at 70°C for 30 min caused 10 to 25% of cells to enter the VBNC state (Allegra et
al., 2008). At 4 °C, the decimal rate of decline of colony forming cells was approximately 29
days; at 37°C, it was 13 days (Hussong et al., 1987).

After short term starvation at 30°C, L. pneumophila entered the VBNC state on day
35 while keeping viability up to 10%. During extended starvation, only 1% of the L.
pneumophila cells still showed activity on day 200 (Yamamoto et al., 1996). Within 30 days
of incubation in synthetic drinking water at 25 °C, culturability of L. pneumophila was
rapidly reduced to below the detection limit, while the viability varied in only 0.1 log
reduction during the same period, and these levels were sustained constantly for 190 days
(Hwang et al., 20006).

In addition to the effect of temperature and starvation, Ohno et al. (2003) found that
L. pneumophila survival in a microcosm at 42°C was also influenced by pH. At pH 2.0,
bacteria were rapidly killed. Culturability at pH 5.0 and 10.0 were not detected at days 14 and
21 after incubation, respectively; however, viability at pH 5.0 was maintained over the entire
study period of 61 days.

Water salt contents and concentrations affect L. pneumophila culturability as well.
Dilution of hot spring water, and thus reduction of its salt contents, by distilled water was
reported to hasten the loss of L. pneumophila culturability, with a decline in metabolic
activity—particularly at high dilution—while bacteria maintained in a microcosm of distilled
water lost both culturability and metabolic activity within 5 days of incubation at 42°C (Ohno
et al., 2003). Moreover, L. pneumophila was able to maintain its viability for a long time in
tap water by reducing its metabolic activities and losing its culturability as long as certain
minerals that are involved in starvation survival (e.g., iron, zinc, and potassium) were present
(States et al., 1985). The effect of salt on the survival of L. pneumophila was studied by
Heller et al. (1998), who found that L. pneumophila could survive in salt solutions up to 3%
NacCl at low but not high temperatures.

Bacterial growth phase also has an effect on induction of the VBNC state. In water
microcosms with an inoculum size of 10° cfu/mL of RF cells, no colony was detected by 63

days after incubation at 42°C. However, in SPF cells, the decrease in culturable cells was
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more rapid. In contrast, with an inoculum size of 10® cfu/mL, the SPF cells culturability
lasted longer than the RF cells (Ohno ef al., 2003). In another study, Hambleton ef al. (1983)
reported that L. pneumophila cell populations in the exponential phase survived poorly in
aerosols with a humidity of 65% compared to post-exponential phase cells.

Another factor influencing survival of L. pneumophila was subculturing. Compared to
freshly isolated strains, a strain subcultured 20 times was found to be significantly more
susceptible to 2 ppm monochloramine after 24 h and not capable of entering to VBNC state

(Turetgen, 2008).

1.2.2. Factors Inducing Resuscitation from The VBNC State

Entry of bacteria into the VBNC state can be of significance only if the VBNC
cells are capable of regaining culturability. Indeed an important characteristic of the VBNC
cells that distinguishes them from dead cells is the ability to resuscitate in natural
environments as a consequence of environmental changes (Whitesides and Oliver, 1997). In
fact, many factors have been found to induce recovery from the VBNC state.

Removal of environmental stress (e.g., temperature up-shift in cold-stressed cells)
resulted in resuscitation of diverse species of Vibrio (Whiteside and Oliver, 1997; Wong et
al., 2004a), Helicobacter (Kurokawa et al., 1999), Salmonella (Gupte et al., 2003),
Enterococcus (Lleo et al., 2001), and Aeromonas (Maalej et al, 2004). In addition, nutrient
supplementation to VBNC Pasteurella pisticida (Magarifios et al., 1997), Enterococcus spp.
(Lleo et al., 2001), V. harveyi, V. fischeri (Ramaiah et al., 2002), and Micrococcus produced
by starvation (Mukamolova et al., 1998), and removal of salinity stress in the case of VBNC
E. coli (Ohtomo and Saito, 2001) resulted in their resuscitation. Moreover, VBNC of E. coli
0O104:H4 (Aurass et al., 2011) and the plant-pathogenic bacteria Erwinia amylovora,
produced under toxic concentrations of copper ions, was resuscitated by copper-ion chelation
(Ordax et al., 2006).

Mukamolova et al. (2003) suggested that VBNC results form an imbalance between
anabolism and catabolism, leading to the intracellular production of free radicals, and that
cells can be recovered in presence of HO, degrading agents. Supplementation of the media
with catalase or sodium pyruvate resulted in resuscitation of V. parahaemolyticus,

Aeromonas hydrophila (Wai et al., 2000; Mizunoe et al., 2000) and E. coli O157:H7
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(Asakura et al., 2005); similarly, the antioxidant oxyrase was used to resuscitate E. coli
(Reissbrodt ef al., 2002). The use of diluted culture medium has been recommended to
stimulate resuscitation (Whitesides and Oliver, 1997), thereby avoiding an increase in
cellular stress derived from the oxidative metabolism (Wong ef al., 2004a).

The importance of removing free radicals in resuscitation of VBNC cells was further
studied in Staphylococcus aureus. VBNC S. aureus produced in natural seawater at 4°C
showed a significant decrease in viability after 22 days of entry into the VBNC state.
Masmoudi et al. (2010) showed that mutational inactivation of catalase (katA4) or superoxide
dismutase (sodA4) rendered the bacteria hypersensitive to seawater stress; thus, part of the
seawater lethality on S. aureus at low temperature was mediated by reactive oxygen species
during microcosm-survival process. Shifting the temperature of VBNC wild type cells from 4
to 22°C induced a partial recovery of the population. However, deficiencies in kat4 or sodA
prevented this resuscitation ability.

Association with eukaryotic cells has been reported to induce resuscitaion in a
number of VBNC bacteria. VBNC V. cholerae non-O1/non-O139, V. parahaemolyticus,
enterohemorrhagic E. coli, enterotoxigenic E. coli, enteropathogenic E. coli, Shigella
flexneri, and Salmonella enterica were converted to the culturable state by co-culture with
selected eukaryotic cells (e.g., HT-29, Caco-2, T84, HeLa, Intestine 407, and CHO cells)
(Senoh et al., 2012). Moreover, animal models of infection have also been reported to induce
resuscitaion of VBNC cells in many bacterial spp, as with the recovery of C. jejuni in
fertilized eggs via amniotic and yolk sac injection (Chaveerach et al., 2003), as well as after
feeding suckling mice (Baffone ef al., 2006; Jones et al., 1991) or inoculating 1-day-old
chicks (Cappelier et al., 1999a).

Culturable cells V. parahaemolyticus were recovered on selective agar medium from
the VBNC cultures injected into suckling mice, probably as a result of in vivo resuscitation
(Wong et al., 2004b). Resuscitation has also been approached by the inoculation of natural
hosts. VBNC Ralstonia solanacearum, the tropical agent that causes bacterial wilt disease
(brown rot) in potato (van Elsas et al., 2000), could be resuscitated to culturable state
following injection into tomato plants (Grey and Steck, 2001Db).

Resuscitation promoting factors (Rpfs), a family of secreted proteins widely

distributed among actinobacteria, are known to be involved in resuscitation of dormant cells.
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M. luteus Rpf protein consists of an N-terminal domain conserved between the Rpf proteins
as well as a C-terminal LysM domain thath is dispensable for resuscitation activity but is
thought to cause binding to peptidoglycan, thus localizing Rpf to the cell wall (Mukamolova
et al., 2002a). In M. luteus, there appears to be only one rpf, which is absolutely required for
growth, as its deletion could only be achieved in the presence of a plasmid copy of this gene
(Mukamolova et al., 2002a).

However, in M. tuberculosis there are five genes containing an pf domain
(Mukamolova et al., 2002b), which are collectively dispensable for in vitro growth (Kana et
al., 2008; Mukamolova et al. 2002b). Mutations in any single one of these genes did not
prevent resuscitation or growth, although such mutations did influence colony morphology
(Downing ef al., 2004). Mutating RpfA/C/D or RpfB/D/E simultaneously led to cells unable
to resuscitate and with reduced virulence in a mouse infection model. Therefore, there is
some but not complete redundancy between the M. tuberculosis rpfs (Downing et al., 2005).

A crystal structure of the domain conserved among the Rpf family revealed a c-type
lysozyme-like fold (Ruggiero et al., 2009), and enzymatic activity has been predicted to
cleave the glycosidic bond between N-acetylglucosamine and N-glycolyl-muramic acid in
the cell wall peptidoglycan (Cohen-Gonsaud et al., 2005). Micrococcus luteus Rpf has been
found to be active against mycobacteria (Mukamolova et al., 1999) and recombinant
mycobacterial Rpf proteins were active against M. [uteus as well as mycobacteria
(Mukamolova ef al., 2002b). Recently, a recombinant truncated form of M. luteus Rpf
hydrolyzed isolated peptidoglycan of M. smegmatis and M. tuberculosis, liberating
peptidoglycan fragments of different size, which showed a stimulatory activity toward
dormant mycobacterial cells that is similar to the activity of recombinant Rpf.

Large peptidoglycan fragments obtained either by Rpf digestion or by peptidoglycan
ultrasonication also revealed resuscitation activities, suggesting that peptidoglycan fragments
could either directly activate the resuscitation pathway or serve as a substrate for endogenous
Rpf, resulting in low molecular weight products with resuscitation activity. While both
suggestions are plausible, the observation that peptidoglycan-dependent resuscitation activity
1s suppressed by a specific Rpf inhibitor (4-benzoyl-2-nitrophenylthiocyanate) provides
additional support for the second of these possibilities (Nikitushkin et al., 2013).

An evidence of a resuscitation factor in Sa/monella, YeaZ has been described. Unlike
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the Gram-positive Rpfs, YeaZ does not have cross-species activity (Panutdaporn et al.,
2006). YeaZ is a paralogue of Gcep, a protein found in all genomes sequenced so far,
including eukaryotes (Nichols et al., 2006). The best-characterised Gep is from Mannheima
haemolytica, where it has been shown to be a secreted sialoglycoprotease cleaving
glycosylated host cell surface proteins (Sutherland ez al., 1992). The amino acid sequence
encoded by the Salmonella Typhimurium rpf gene shares 24.2% homology with M. [luteus
Rpf. Recombinant Rpf proteins of Salmonella Typhimurium after expression in E. coli not
only promoted proliferation but also induced resuscitation of VBNC S. oranienburg cells to
the culturable state in a dose-dependent manner (Panutdaporn et al., 2006).

Another class of resuscitation factors was reported by Reissbrodt ez al. (2002). This
novel factor was described as a heat-stable autoinducer of growth, which was secreted by a
variety of Gram-positive and Gram-negative bacterial species when incubated in media
containing the human catecholamine hormone norepinephrine (Freestone et al., 1999).
Norepinephrine is produced in large amounts in humans following severe tissue injury and is
considered to be a stress-related hormone. The bacterial growth stimulation observed in the
presence of this hormone appeared to be due to non-nutritional factors (Lyte ef al.,1996).
These showed a high degree of cross-species activity, and appeared to be a family of
signaling molecules (Freestone ef al., 1999).

Subsequently, Sperandio et al. (2003) identified the factors to represent a novel
quorum-sensing system, which they termed AI-3. Because both epinephrine and
norepinephrine could substitute for AI-3 in activating enterohemorrhagic E. coli virulence
gene expression—and becausethe effects of AI-3 and epinephrine/ norepinephrine could be
blocked by adrenergic receptor antagonists—they suggested that these compounds have a
similar structure.

Reissbrodt et al. (2002) found that the autoinducers present in the spent media of Y.
ruckeri resulted in resuscitation from the VBNC state of several strains of Sa/monella
enterica serovar Typhimurium and of two E. coli O157:H7 strains. These findings would
appear to have major implications for the resuscitation of enteropathogens from the VBNC
state, especially those occurring in the human intestinal tract, at a time (e.g. tissue damage)
when the host may be under significant physiological stress (Oliver, 2010).

The number of resuscitated VBNC cells from different bacteria (V. cholerae non-

41



O1/non-0139, V. parahaemolyticus, enterohemorrhagic E. coli, enterotoxigenic E. coli,
enteropathogenic E. coli, S. flexneri, and S. enterica) was determined by serially diluting an
aliquot of each microcosm two-fold and inoculating 0.1 mL of each dilution onto a confluent
culture of different eukaryotic cells. The turbidity of media in each well was observed
visually and the highest dilution showing turbidity was recorded. The number of resuscitated
bacteria differed with the bacterial species and cell line used (Senoh et al., 2012). However,
the real number of VBNC cells that are able to resuscitate is very few. For example, in E.
faecalis, E. hirae (Lleo et al., 2001), and S. meliloti, the resuscitation ratio was 1 recovered
VBNC cell in every 10° viable cells (Basaglia et al., 2007).

The time spent in the VBNC state seems to influence the ability of bacteria to
resuscitate. Resuscitation of VBNC V. cholerae 0139, V. cholerae non-O1/non-0139, V.
parahaemolyticus, EHEC, and ETEC occurred for about 2 weeks after entry into the VBNC
state compared to 3 weeks in EPEC and 4 weeks in S. flexneri and S. enteritica. VBNC
bacteria that required more time to become VBNC required a long time to resuscitate (Senoh
etal.,2012). C. jejuni VBNC cells regain their culturability depending on how long they
have been in the VBNC state, which affects the number of respiring bacteria (Baffone ef al.,
2006). VBNC E. faecalis and E. hirae were resuscitable as soon as the cells entered the
VBNC state and decreased gradually to undetectable levels over the following 3 months.
However, E. faecium were resuscitable over a 2 week interval (Lleo et al., 2001).

Colwell et al. (1996) studies showed that human volunteers develop clinical
symptoms of cholera after ingestion of VBNC V. cholerae. However, after repeating the
experiments with microcosm-containing cells that were non-culturable for 1 month, no V.
cholerae could be isolated from the stools of volunteers, suggesting that the ability to recover
from the intestinal tract may depend on the age of the VBNC cells.

It has been shown that resuscitaion is the result of true recovery of VBNC cells rather
than multiplication of few culturable cells in the sample. Exposure of E. coli cells to high
salinity stress decreased the number of CFUs significantly. When the culture was relieved
from the stressful condition, the number of CFUs returned within 2 hr to the same level as
before the stress. This recovery in the number of CFUs seemed to be independent of DNA
synthesis and cell division, as the same phenomenon was also observed in the presence of

nalidixic acid. Moreover, the total number of cells was the same before and after relief from
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saline stress (Ohtomo and Saito, 2001).

In addition, a study by Whitesides and Oliver (1997), which employed extensively
diluted populations of VBNC V. vulnificus cells, showed that it was extremely unlikely for
any culturable cells to be present. Resuscitation of these populations occurred at such a rapid
rate that, if it were due to regrowth of culturable cells, they would have had a doubling time
of approximately six minutes. This is clearly an impossible generation time for cells
incubated at a suboptimal temperature without nutrient or aeration.

Continuous gene expression was found to be required for resuscitation of VBNC
bacteria. For example, chloramphenicol inhibition experiments of VBNC V.
parahaemolyticus revealed that protein synthesis in the first 24 h of temperature upshift was
critical in determining the success of the three-day resuscitation period (Wong et al., 2004a).

Resuscitation of the L. pneumophila serogroup 1 VBNC was first reported when heat
treatment (10-30 mins at 45°C) had led to culture of L. pneumophila from underground water
collected post-chlorination (Colbourne and Dennis, 1989). This is in contrast to James et a/
(1999) that reported L. pneumophila could not be resuscitated by heat shock. Resuscitation of
VBNC L. pneumophila produced by starvation in environmental water at 4°C and 37°C was
also documented to occur following infection of chick embryos resulting in chick embryo
mortality (Hussong et al., 1987).

Steinert ef al (1997) were the first to demonstrate that VBNC L. pneumophila could
be resuscitated in the presence of 4. castellani, and this was subsequently confirmed by other
studies using VBNC cells obtained after starvation, heat, chlorine and other biocide
treatments (Ohno ef al., 2003; Dusserre ef al., 2008). Other species of amoeba, such as 4.
polyphaga, have also been reported to induce resuscitaion of VBNC L. pneumophila
(Dusserre et al., 2008; Garcia et al., 2007). However, VBNC L. pneumophila did not regain
culturability after co-culturing with the ciliate 7. pyriformis (Yamamoto ef al., 1996). Such
observations suggest that VBNC L. pneumophila can resuscitate only in amoebae. Moreover,
these bacteria infect amoeba and macrophages in a similar way, so it could be speculated that
VBNC cells can recover their culturability and pathogenicity in macrophages, thus posing a
public health concern (Alleron et al., 2008). However, no resuscitation of L. pneumophila has

been observed in mammalian cells.
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1.2.3. Virulence, Gene Expression and Environmental Fitness of Bacteria in
The VBNC State

1.2.3.1. Bacterial Virulence in The VBNC State

VBNC microorganisms could pose a public health threat, as many assays that test for
food and drinking water safety are culture-based. VBNC cells in water and food could be
transported to humans where, in the case of VBNC pathogens, they may cause infections
(reviewed in Oliver, 2010). Bacterial populations in the VBNC state have importance
regardless of whether or not they have the capacity to resuscitate, as pathogenic bacteria in
this state are still able to produce toxins, thus having a negative effect on their hosts.
Moreover, despite the fact that bacteria in this state drastically reduce their activity, the
global result of their activity if they are present in high density can be of quantitative
importance (reviewed in Barcina and Arana, 2009).

The medical implications of the existence of pathogenic bacteria in the VBNC state
are numerous. For example, it appears that the ‘latent’ or the ‘dormant’ phase of M.
tuberculosis infections (Young et al., 2009) represents the VBNC state in this pathogen, and
that the recurrence of tuberculosis years after a person was thought to be tuberculosis-free is
due to resuscitation of this pathogen from the VBNC state (Pai et al., 2000). The presence of
VBNC bacteria has also been utilized to explain a number of chronic bacterial infections in
humans, such as gastritis or urinary tract infections (UTIs). In the case of gastritis, H. pylori
has been detected in the gastric mucosa in a VBNC state (Catrenich and Makin, 1991).

With regard to chronic UTIs, round non-culturable E. coli have been detected in the
wall of the bladder and have been implicated in the maintenance of the infection focus during
recurrences in humans and in mouse models (Anderson et al., 2004; Rivers and Steck, 2001).
Moreover, VBNC S. epidermidis and S. aureus have been detected within biofilms from
central venous catheters (CVCs). Viable cells were associated with CVCs from febrile
patients, some of whom showed S. epidermidis-positive blood cultures, suggesting that CVC-
associated biofilms can be reservoirs for staphylococci in the VBNC state (Zandri ef al.,
2012).

Studies performed in vifro and in animal models also confirmed the pathogenicity of
VBNC and resuscitated VBNC bacteria. Colwell et al. (1985) inoculated VBNC cells of V.

cholerae into ligated rabbit ileal loops and observed enteropathogenicity in all samples.
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Intestinal fluid was also reported to contain culturable V. cholerae cells. In subsequent
studies, human volunteers developed clinical symptoms of cholera and had culturable V.
cholerae cells in their stool after ingesting VBNC V. cholerae cells (Colwell et al., 1996).

Oliver and Bockian (1995) found that mice inoculated with V. vulnificus VBNC cells
died, and culturable cells were recovered from both blood and the peritoneal cavity. VBNC
V. vulnificus retain the capsule, an acidic polysaccharide capsule with antiphagocytic activity
that is essential for the virulence of this bacterium (Simpson et al., 1987; Linder and Oliver,
1989). This supports the observation that VBNC V. vulnificus can cause mortality in mice.
Moreover, RT-PCR showed that VBNC V. vulnificus continued to express the
cytolysin/hemolysin gene (vwhA) (Fischer-Le Saux et al., 2002).

In another study, resuscitated VBNC V. harveyi cells injected intraperitoneally into
zebra fish resulted in their death with a lethal dose 50% (LDsp) similar to that for groups
inoculated with culturable cells (Sun ef al., 2008). Moreover, a continued expression of
virulence determinants such as ctx4 (the cholera toxin gene) and #cpA, encoding the
structural subunit of the toxin-coregulated pilus, was demonstrated in VBNC cells belonging
to different Vibrio species (V. cholerae, V. parahaemolyticus, V. vulnificus and V. mimicus)
(Vora et al., 2005; Mishra et al., 2012).

VBNC C. jejuni resuscitated in embryonated eggs regained their adhesion properties
to HeLa cells (Cappelier ef al., 1999) and, in another study, caused death in suckling mice
(Jones et al., 1991). The ability of E. faecalis cells in the VBNC state to adhere to cultured
heart and urinary tract epithelial cells was shown by Pruzzo ef al. (2002). While they
observed a 50-70% decrease in the adherence ability of VBNC cells compared to actively
growing cells, adherence values were similar to those of growing cells following
resuscitation. In addition, Rahman et al. (1994) found that VBNC S. dysenteriae retained
cytopathogenicity for cultured HeLa cells, as well as the ability to produce active shiga toxin
and to adhere to intestinal epithelial cells (Rahman et al., 1996).

Copper-induced VBNC E. amylovora cells were virulent for the first 5 days, and
resuscitated cells regained their pathogenicity on immature fruits over 9 months (Ordax et al.,
2006). Resuscitated E. coli O104:H4 VBNC cells, produced by copper ion stress, preserved
their fitness, major virulence gene markers (stx2, aggR, aggA genes), and specific phenotypes

(ESBL resistance, autoaggregation typical for EAEC strains) (Aurass et al., 2011). VBNC E.
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coli O157:H7 strains produced at 8°C on lettuce plants (Dinu and Bach, 2011), in river water,
buffer, deionized water, or chloraminated treated water retained expression of the s&x/ and
stx2 (Shiga-like toxins) genes (reviewed in Trevors, 2011). In VBNC ETEC cells, genes
encoding ETEC toxins (STh and LT), which are colonization factors (CS7 and CS17), were
expressed during 3 months in VBNC state (Lothigius et al., 2010).

Peptidoglycan synthesis and expression of the virulence factors CagA, VacA and
UreA was also observed by H. pylori for at least 32 h while in VBNC state (reviewed in
Oliver, 2010). Resuscitated A. hydrophila cells also regained their ability to lyse human
erythrocytes and to attach to and kill McCoy cells (Maalej et al., 2004). Finally, resuscitated
L. pneumophila JR32 in A. castellanii regained the capacity to survive inside human
monocytes and to intraperitoneally infect guinea pigs, which is considered a parameter for
virulence (Steinert et al., 1997).

As was noted by del Mar Lleo et al. (2007), antibiotics, which are highly active on
growing cells, do not necessarily act on VBNC cells. It seems likely that, because VBNC
cells demonstrate such low metabolic activity, they effectively become resistant to
antibiotics, and yet are able to resuscitate and reinitiate infections. Ehrlich et al. (2002)
reported that antibiotic resistant VBNC cells of Haemophilus influenzae present in biofilms
are able to initiate chronic ear infections. In some reports, antibiotic resistance is exceptional.
Vancomycin was reported to be effective against VBNC cells of E. faecalis only when at 500
times the MIC (Lleo ef al., 2007). Anuchin et al. (2009) observed drastic increases in
resistance to hydromycin and doxycyclin in dormant cells of M. smegmatis compared with
48-h cultures.

Subsequently, VBNC H. pylori cells were reported to exhibit antibiotic resistance,
which likely accounts for the frequent reinfections suffered by persons who undergo
remission despite antibiotic treatment (reviewed in Oliver 2010). Similarly, uropathogenic .
coli cells, typically not detected by standard methods, were not eliminated by antibiotic
treatment (Rivers and Steck, 2001). Therefore, recurrent urinary tract infections are most

likely a result of cells in this temporarily dormant state.

1.2.3.2. Gene Expression in The VBNC Bacteria

Despite their dormant state, VBNC cell populations still express some genes. For
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example, in 10-month-old E. coli O157:H7 VBNC cells induced by river water, mRNA of
the lipopolysaccharide gene (rfDE) and the flagellin gene (fliC) were still detected (Liu et al.,
2009). In VBNC V. cholerae O1, RT-PCR revealed that the DNA pol II (27.43-fold), fliG
(12.44-fold), ABC transporter (27.11-fold), rel4 (60.76-fold) and flaC (15.29-fold) were
significantly up-regulated in VBNC cells. The expression of DNA pol II, fliG, ABC
transporter, rel4 and flaC was 3.3, 1.1, 5.9, 5.8 and 1.2-fold, respectively, for resuscitated
cells (Mishra et al., 2012). Both the rel4 and rpoS stress response genes had a significantly
higher expression in the case of V. cholerae VBNC cells (4°C) compared to starving cells
(15°C) (Gonzalez-Escalona et al., 2006).

Regardless of whether the cells remained culturable or entered the VBNC state,
continued expression of the major stress factor, RpoS, was observed for as long as 14 days
(cited in Oliver, 2010). This is consistent with the findings of Boaretti ez al. (2003), who
reported RpoS to be involved in the persistence of E. coli in the VBNC state. Moreover, in V.
cholerae strain El Tor 3083 VBNC cells, rel4 mRNA was selectively increased 3.2-folds
(Gonzalez-Escalona et al., 2006). The relatively high expression of rel4 in the VBNC state
compared with the starved cells suggests that the VBNC bacteria may be capable of adapting
to environmental signals via such stringent responses (Asakura et al., 2007).

In the research by Del Mar Lleo et al. (2000), non-culturable E. faecalis cells were
capable of expressing the pbp5 gene for at least 3 months in the water microcosm. Moreover,
VBNC H. pylori cells in a freshwater stream maintained the expression of murG, a
glycosyltransferase (reviewed in Oliver, 2010). This enzyme has been shown by Signoretto et
al. (2002) to be required during the late stages of peptidoglycan assembly in E. faecalis cells
entering the VBNC state, which may explain continued production of this enzyme in non-
culturable cells.

In another study, the global transcription pattern of the VBNC V. cholerae O1 cells
was compared with that of stationary-phase cells grown in rich medium. A total of 100 genes
exhibited greater than five fold expression in the VBNC state; and these genes were mostly
those responsible for cellular processes—49% encoded proteins for transport and binding,
cellular processes, DNA metabolism, cell envelope, energy metabolism and regulatory
functions. Furthermore, QRT-PCR analysis verified the changes in the expression levels,

showing that the iron (III) ABC transporter, polB, fliG and flaC mRNAs were increased in
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the non-culturable state. Upregulation of genes responsible for the transport of iron,
magnesium, potassium and cobalamin, may account for the protective function of the
dormant pathogen (Asakura et al., 2007).

Proteomics has revealed that new proteins are synthesized when the environmental
conditions become inadequate for growth. Some proteins are expressed in response to factors
such as thermal stress, oxidative stress, starvation and pH changes. Some of these proteins
are specific to the stressor in question, while others provide cross protection against various
types of stress (Barcina and Arana, 2009). The protein expression patterns between culturable
and VBNC populations have been compared by Kong et al. (2004), who demonstrated that
low temperature incubation of V. vulnificus prevents both catalase (KatG) activity and its de
novo synthesis, making the cells hydrogen peroxide-sensitive and paralleling the entry into
the VBNC state. This appears, to date, to be the only bacterium for which a molecular basis
of the VBNC state has been described.

In another study, deletion of ompW in the oxidative stress-sensitive
enterohemorrhagic E. coli O157:H7 strain increased recovery from dormancy, while
overexpression of OmpW in the stress-resistant strain decreased recovery when exposed to
oxidative stress, suggesting that high levels of OmpW sensitize the bacteria to stress
(Asakura et al., 2008).

Protein profiles of V. parahaemolyticus VBNC and starved cells were determined by
two-dimensional polyacrylamide gel electrophoresis, with the proteins enhanced in the
VBNC state or strongly down-regulated in the starved cells identified by mass
spectrophotometry (Lai ef al., 2009). The 13 up-regulated proteins are known to be
associated with transcription (two homologues of alpha subunit RNA polymerase),
translation (ribosomal protein S1, two homologues of elongation factor TU, elongation factor
EF-G), ATP synthase (F1 alpha subunit), gluconeogenesis-related metabolism
(dihydrolipoamide acetyltransferase, glyceraldehyde 3-phosphate dehydrogenase), and
antioxidants (2 homologues of peroxiredoxins, AhpC/Tsa family); in addition, there was a
conserved hypothetical protein with unknown function. Expressions of the genes encoding
four of these proteins (EF-TU, GAPD, AhpC and conserved hypothetical protein) were at
high levels in the second week of VBNC induction. These proteins may play important roles

in the induction or maintenance of VBNC V. parahaemolyticus (Lai et al., 2009). Also using
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proteomics, Muela et al. (2008) studied modifications in the outer membrane of E. coli cells
during entry into the VBNC state. They observed a drastic rearrangement of the outer
membrane subproteome with the appearance of over 106 new spots including outer
membrane proteins: TolC and two isoforms of OmpT, OmpA and NIpA (lipoprotein 28).
The genetic pathways underlying the VBNC response in E. faecalis are in part the
same as those leading to the starvation response, as indicated by the presence of similar
expression profiles for certain proteins (e.g., enoyl-ACP reductase). However, major
differences in the expression patterns of other proteins (e.g., EF-Ts, fructose-bisphosphate
aldolase, and mannose-specific PTS system) were observed. This suggests that the
underlying pathways in the starvation and VBNC states are not overlapping but rather share

some crossing points (Heim et al., 2002).

1.2.3.3. Environmental Fitness of Bacteria in The VBNC State

Regarding environmental fitness, VBNC V. parahaemolyticus were highly resistant to
thermal (42°C, 27°C), low-salinity (0% NaCl), or acid (pH 4.0) inactivation (Wong and
Wang, 2004), and H,O; (Su et al., 2013). Moreover, VBNC V. parahaemolyticus resistance
to lethal heat challenge (50°C for 12 min) and lethal low salinity (0.2% NaCl) was found to
increase significantly with incubation time under VBNC induction conditions (Su ef al.,
2013). Weichart & Kjelleberg (1996) reported that VBNC V. vulnificus cells exhibited initial
sonication sensitivity similar to that of growing cells but that resistance increased with
increased cold incubation, with final resistance equaling that of starved cells.

In addition, Rowe et al. (1998) reported that VBNC cells of C. jejuni were more
resistant to chlorine than were culturable cells, and Anuchin ef al. (2009) reported that
dormant forms of M. smegmatis show elevated resistance to heat (up to 80°C) compared to
the culturable bacteria. Finally, VBNC L. pneumophila produced by starvation in sterile
ultrapure water at 37°C for 33-40 days became more resistant to the disinfection effects of

both heating and chlorination than the culturable cells (Chang et al., 2007).
1.2.4. Morphological and Structural Changes in The VBNC State

Bacterial cell morphology is not static: under certain conditions, such as nutrient

deficiency, high or low temperature, and other stress factors, the cell shape may undergo
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dramatic changes. During physiological nutrient starvation in bacteria, carbohydrate
molecules are depleted first, followed by proteins and some RNA. The chromosomal DNA
can be compressed and surrounded by dense cytoplasm.

Recovery from starvation occurs when the stress conditions are removed and
conditions become more optimal for growth. RNA synthesis occurs first, followed by protein
synthesis, increased cell size, DNA replication and finally cell division (reviewed in Trevors
et al.,2012). In the VBNC state, bacterial cells become smaller and change from a rod to a
spherical shape (Clements and Foster, 1998), the nuclear region in the cytoplasm becomes
dense, and the total cellular lipid, carbohydrate and PHB (poly B-hydroxybutrate) decreases,
suggesting these molecules are being consumed to prolong the survival. In addition, RNA,
DNA and protein content each decreases. The decline in DNA content is a puzzle, as the
genetic instructions are necessary and required for subsequent cell growth and division. It is
plausible that once the DNA content passes a declining threshold amount, recovery of the
cells is not possible and death is the outcome (reviewed in Trevors et al., 2012).

Alterations to the cell walls of both Gram-positive and Gram-negative bacteria have
been described in connection with the VBNC state, likely with the function of rendering the
cells more resistant to stress (Signoretto et al., 2000; Signoretto et al., 2002; Costa et al.,
1999). Cells entering the VBNC state typically exhibit significant dwarfing; for example,
cells of V. vulnificus are 2 um long in the log phase but only 0.6 um in diameter in the VBNC
state (reviewed in Oliver, 2010).

In E. coli O104:H4, a statistically significant decrease in length and diameter of the
VBNC cells (length ~ 1.2 mm, diameter ~ 0.8) was observed compared with both the parental
cells and resuscitated cells (length ~ 1.4 mm, diameter ~ 0.9) (Aurass ef al., 2011). The
periplasmic space was greatly increased in the nonculturable Y. pestis cells compared to the
laboratory grown bacteria. Additionally, the cytoplasm of the nonculturable cells had
condensed into a small rounded cytosol with a volume of approximately half that of the
laboratory grown cells. The most apparent morphological change in the non-culturable cells
was a shift from rod-shaped to a more cocci-like cell shape (Pawlowski et al., 2011).

VBNC Edwardsiella tarda cells gradually changed in shape from short rods to
coccoid and decreased in size, but the resuscitative cells did not show any obvious

differences from the normal cells (Du et al., 2007). VBNC Salmonella pullorum transformed
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to the spherical-rods or spherical shape and aggregated (L1 et al., 2012). The rod-shaped V.
parahaemolyticus cells in the exponential phase became coccoid cells in the VBNC state,
with aberrantly shaped cells formed in the initial stage. The rod-shaped exponential phase
cells had a uniformly distributed and densely stained cytoplasm with some densely stained
granules. In contrast, the coccoid VBNC state had a loosely bound cell envelope, and the
cytoplasm of most of these cells was lightly stained. The cells that were almost empty of
cytoplasm contained densely stained granules that were probably bound to the cytoplasmic
membrane region. In the aberrantly shaped cells, the cell wall was loosened and flexible,
allowing the cells to bulge; also, and the formation of a new and thin cell wall—or the
expansion of the existing cell wall—was also discerned, primarily at the polar position and
enclosing an empty cellular space. Moreover, cell buds with empty cytoplasm were also
noticed. The thickness of the cell wall increased with the VBNC induction time (Su et al.,
2013).

In addition to the cell rounding observed in the VBNC state, changes in colony
morphology were also observed in cells while diffrentiating to the VBNC state. For example,
colonies of V. cholerae O1 cells inoculated in freshwater microcosm and incubated at 4°C
progressively decreased in size, lost their sheen, and became rugose from day 7 onwards on
tryptic soy agar (Mishra ef al., 2012).

The composition of membrane fatty acids changes in the VBNC cells (Day and
Oliver, 2004). The role of changes in the membrane fatty acid (FA) composition of V.
vulnificus as a contributing factor to the ability of this organism to enter into and survive in
the VBNC state was tested by analyzing the cells’ FAs during the initial hours of temperature
and nutrient downshift. Prior to downshift, the predominant FAs were 16:0, 16:1 and 18:0.
During the first four hours of downshift, statistically significant changes occurred in the 15:0,
16:1, 16:0, 17:0, and 18:0 FAs. These results indicate that changes in FA composition occur
prior to entry into the VBNC state, suggesting that the ability to maintain membrane fluidity
may be a factor in this physiological response. Moreover, cells in which fatty acid synthesis
was inhibited did not survive, indicating that active fatty acid metabolism is essential for
entry of cells into the VBNC state (Day and Oliver, 2004). V. parahaemolyticus also
underwent major changes in fatty acid composition when entering the VBNC state, with a

rapid increase in 15:0 fatty acid and saturated/unsaturated ratio coupled with a rapid decrease
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in 16:1 (Wong et al., 2004b).

Signoretto ef al. (2002), in studying the cell wall peptidoglycan of E. coli entering the
VBNC state, reported a threefold increase in unusual DAP-DAP cross-linking, an increase in
mucopeptides bearing a covalently bound lipoprotein, and a shortening of the average length
of glycan strands in comparison with exponentially growing cells. Del Mar Lleo et al. (2007)
examined the effects of several antibiotics acting on peptidoglycan or protein synthesis in E.
faecalis and found several -lactams that block resuscitation of VBNC cells. Surprisingly,
vancomycin, even when used at 100 times its minimum inhibitory concentration (MIC), was
totally ineffective in this regard. The authors suggested that this insensitivity is due to the
lack of synthesis of D-ala-D-ala, the specific target of this antibiotic, by the metabolically
relatively inactive VBNC cells (Lleo ef al., 2007). In that peptidoglycan, rearrangements
have been observed in both Gram-positive and -negative cells as they enter the VBNC state;

such events may be hallmarks of the VBNC state (Oliver, 2010).

1.3. Poly 3-Hydroxybutyrate

L. pneumophila cells accumulate poly 3-hydroxybutyrate (PHB) in their cytoplasm in
the form of inclusions (Mauchline ef al., 1992; James et al., 1999), and PHB has been found
to be important for L. pneumophila survival in starvation (James ef al., 1999). In the current

study, the role of PHB in L. pneumophila entry into the VBNC state was evaluated.

1.3.1. Metabolism and Regulation of Poly 3-Hydroxybutyrate in Bacteria

Polyhydroxyalkanoates (PHAs) form a class of important industrial biopolymers. A
wide variety of microorganisms, including numerous Gram-positive and Gram-negative
bacteria, accumulate PHAs in their cytoplasm as hydrophobic granules that function as
intracellular carbon/energy storage compounds or reducing power for coping with changing
and often oligotrophic environments (reviewed in Khanna and Srivastava, 2005). More than
100 different monomer units have been identified as constituents of PHA. One of the most
abundant PHAs is PHB, a homopolymer of 3-hydroxybutyrate (3HB) (Fig.1.4) (reviewed in
Reddy et al., 2003).

PHB is often studied as an archetype of natural biodegradable plastic with similar

physical and chemical properties as that of petrochemical-based plastics (Anderson and
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R=methyl Poly(3-hydroxybutyrate)
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n=2 R=hydrogen Poly(4-hydroxybutyrate)
n=3 R=hydrogen Poly(5-hydroxyvalerate)

Fig. 1.4. General chemical structure of polyhydroxyalkanoates (Reproduced with permission
from Lee, 1996) (Apendix 1V).
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Dawes, 1990). The biosynthesis and degradation of PHAs is a cyclic mechanism that has
already been described in many bacteria, including Ralstonia eutropha and Azotobacter
beijerinckii (Slater et al., 1988; Senior and Dawes, 1973; Oeding and Schlegel, 1973).

By now, more than 100 bacterial species have been found to synthesize PHA as reserve
polymers in response to nutritional imbalance caused by a deficiency of nitrogen,
phosphorus, potassium, magnesium and oxygen sources, as well as an excess of carbon
sources, in the medium (reviewed in Trotsenko and Belova, 2000). While facing different
stresses, such as low nutrient availability and detrimental physical, chemical, or biological
factors, these bacteria begin to degrade PHASs in order to overcome the unfavorable
conditions (Wang et al., 2009).

The PHB biosynthesis pathway requires the successive action of three enzymes, as
shown in Fig.1.5. B-ketoacyl-CoA thiolase (PhbA) promotes the condensation of two
molecules of acetyl CoA in a reversible manner to form acetoacetyl-CoA. This is followed by
reduction of acetoacetyl-CoA to 3-hydroxybutyryl-CoA by an NADPH- or NADH-dependent
acetoacetyl-CoA reductase (PhbB) and then polymerization of the 3-hydroxybutyryl-CoA by
PHB polymerase or synthase (PhbC) in order to form PHB, with concomitant release of
coenzyme A. The formation of PHB requires large quantities of acetyl-CoA and reducing
equivalents, either as NADH or NADPH (Anderson and Dawes, 1990).

PHB degradation is divided into intracellular and extracellular degradation. Intracellular PHB
degradation is initiated by the intracellular PHB depolymerase (PhaZ), which catalyzes the
breakdown of PHB granules into 3HB (Uchino et al., 2008). In addition to PHB
depolymerase, 3HB-oligomer hydrolase is also involved in this reaction. The enzyme
hydrolyses 3HB oligomers to monomers (Kobayashi ef al., 2005). In general, researchers
believe that the product of PHB degradation is 3HB (Kobayashi ef al., 2005; York et al.,
2003). However, Uchino and coworkers (2007) suggested that instead of the free acid, PHB
degradation released 3-hydroxybutyryl-CoA as primary products, which could be converted
back to PHB when necessary without wasting any energy.

3HB can either be oxidized to acetoacetate by 3-hydroxybutyric acid
dehydrogenase (EC 1.1.1.30; BdhA) in a process requiring nicotinamide adenine dinucleotide
(NAD+) (Aneja, et al., 2005) or activated into a CoA derivative by enzymes such as acyl-
CoA synthetases (Ruth et al., 2008). Subsequently, acetoacetate is converted to acetoacetyl-
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CoA with the presence of acetoacetyl-CoA synthase, ATP and CoA (Cai et al., 2000). A
ketothiolase cleaves the acetoacetyl-CoA to yield two molecules of acetyl-CoA, which are
metabolized via the glyoxylate shunt and tricarboxylic acid cycle (Senior and Dawes, 1973)
in order to synthesize ATP, which would enhance the survival and resistance of bacteria in
stressful environments (Ruiz et al., 2001).

Extracellular degradation, on the other hand, is the utilization of PHA granules that
are released from other bacteria after cell lysis. Several bacteria express and secrete
extracellular depolymerases in different environments (Tanio et al., 1982; Jendrossek et al.,
1996). The product of extracellular digestion, 3HB or 3HB-dimers, are further hydrolyzed by
a constitutive intracellular esterase to yield a monomer, which is taken into the cells and
oxidized to acetoacetic acid by a constitutive BdhA (cited in Delafield et al., 1965).

PHAs are stored in the bacterial cytoplasm as discrete, water-insoluble granules that
can contribute up to 75% (w/w) of the bacterial dry cell weight. They represent ideal storage
materials because these polymers exert negligible osmotic pressure in the bacterial cells
(reviewed in Anderson and Dawes, 1990). The occurrence of PHB as intracellular inclusions
was first reported for Bacillus megaterium by Maurice Lemoigne in 1925, who reported the
presence of 3HB in the autolysate of B. megaterium (cited in Potter and Steinbiichel, 2005).
The physical properties of PHB granules are very different, and two physical states—
intracellular native PHB granules and partially crystalline PHB granules—can be
distinguished. Intracellular native PHB granules are in an amorphous rubbery state, and the
surface is surrounded with a layer consisting of phospholipids and granule-associated
proteins (Steinbiichel ef al., 1995; Mayer et al., 1996). The granule-associated proteins play a
major role in the synthesis and degradation of PHAs and in the formation of PHA granules.
However, during extraction of PHB granules from the cell, the phospholipid and protein layer
i1s damaged or lost (Griebel and Merrick, 1971).

Under phase-contrast microscope and transmission electron microscope, the granules appear
transparent with round/oval shape (Loo and Sudesh, 2007) and a size that varies from 100 to
800 nm (Loo and Sudesh, 2007; Shively, 1974). Electron microscopic studies revealed a
dense membrane of a thickness of 15-20 nm at the surface of PHB granules (Lundgren et al.,
1964). Chemical analyses have shown that inclusion bodies contain approximately 97.5%

PHA, 2% protein, and 0.5% lipid (Griebel et al., 1968), although some estimates of the lipid
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contents are considerably higher (Steinbuchel ef al., 1995).

Four types of granule-associated proteins are found within bacterial genera producing
PHAs: (1) PHA synthase; (i1)) PHA depolymerases and 3HB-oligomer hydroxylase; (iii)
phasins (PhaPs), which are thought to be the major structural proteins of the membrane
surrounding the inclusion; and (iv) the transcriptional repressor of phasin expresssion, PhaR
(reviewed in Poétter and Steinbiichel, 2005). Phasins represent a class of noncatalytic proteins
consisting of a hydrophobic domain, which associates with the surface of the PHB granules,
and of a predominantly hydrophilic/amphiphilic domain exposed to the cytoplasm of the cell.
This layer of phasins stabilizes PHA granules and prevents coalescence of separated granules
(Steinbuchel et al., 1995; Mayer et al., 1996).

Based on data from studies on R. eutropha, the regulation of PHB
biosynthesis by PhaR was proposed to proceed as follows. If the cells are cultured under
conditions not permissive for PHB biosynthesis, PhaR (which has no PHB granules to bind
to) will exist free in the cytoplasm. Therefore, the cytoplasmic concentration of PhaR
becomes sufficiently high to repress transcription of PhaP. If conditions permissive for PHB
biosynthesis start, the constitutively expressed PHA synthase (PhaC) starts to synthesize
PHB molecules that remain covalently linked to the enzyme.

Small micelles are formed and become larger constituting the nascent PHB granules.
PhaC no longer covers the PHB granule surface entirely, and proteins with a binding capacity
to the hydrophobic surface, such as PhaR, bind to the granules. This lowers the cytoplasmic
concentration of free PhaR so that it can no longer repress transcription of PhaP. PhaP is then
synthesized and subsequently binds to the PHB granules. When the PHB granules reach the
maximum possible size according to the physiological conditions, almost the entire surface
will be covered by PhaP protein, which is displacing PhaR protein from the PHB granules.
Consequently, the cytoplasmic concentration of PhaR increases, ultimately exceeding the
threshold concentration required to repress transcription of PhaP. As a result, PhaP protein is
no longer synthesized. This mode of regulation ensures that PhaP is not produced in higher
amounts than required to cover the surface of PHB granules. In addition, the binding capacity
of PhaR to the promoter region of its own gene prevents overexpression of this repressor
protein, which is under autocontrol (Potter and Steinbuchel, 2005).

In addition to PhaR, PhaF is another regulator of PHB biosynthesis. Prieto ef al.
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(1999) have proposed a model describing PhaF-mediated regulation of protein expression in
P. oleovorans that is similar to the R. eutropha PhaR/PhaP system. According to the model,
PhaF binds DNA, responds to PHA or factors present during PHA synthesis, and regulates
the expression of a granule-associated protein. However, PhaF and PhaR are not homologs
and, unlike PhaR, PhaF also regulates expression of PHA synthase.

In Azotobacter vinelandii, PhbR, a transcriptional activator that is a member of the
AraC family of activators, and RpoS have been found to upregulate the phbBAC operon
through pB1 and pB2 promoters, respectively (Peralta-Gil et al., 2002). Moreover, CydR (an
Fnr-like regulatory protein) and GacA/GacS two-component regulatory system regulate the
PHB synthesis in negative and positive manners, respectively (Peralta-Gil ef al., 2002;
Castaneda et al., 2000; Wu et al., 2001).

PHB synthesis is not only controlled by protein regulators that affect the levels of
PHB operon enzymes, but it is also influenced by the availability of substrate, acetyl-CoA
(Peralta-Gil et al., 2002). Acetyl-CoA serves as an allosteric activator for -ketothiolase and
is also a precursor for PHB polymer. The PHB biosynthetic pathway competes for acetyl-
CoA with other metabolic pathways such as the TCA cycle, the acetate formation pathway,
and the fatty acid biosynthesis pathway that consume acetyl-CoA, thereby leading to the
reduced availability of acetyl-CoA for PHB biosynthesis.

A diminished carbon flux through the TCA cycle or other pathways would result in
higher production of PHB polymers by increasing the level of acetyl-CoA (Segura and Espin,
2004; Aldor and Keasling, 2003). PHB can also be synthesized through de novo fatty acid
synthesis and B-oxidation pathways (Aldor and Keasling, 2003). Another regulator for PHB
biosynthesis identified in Azotobacter vinelandii is arrF, which encodes an iron-responsive
small RNA that is under negative control by the ferric uptake regulator protein. AarrF mutant
was found to overproduce PHB. Protein expression changes in the mutant included
upregulation of 6-phosphogluconolactonase and the E1 component of pyruvate
dehydrogenase complex, leading to the production of NADPH and acetyl-CoA, and
downregulation of proteins in the TCA cycle that consume acetyl-CoA. Among genes
upregulated in the mutant is phbF, which encodes the PHB synthesis regulator PhbF. The
deletion of arrF, therefore, would increase PhbF levels, favoring PHB synthesis in the

mutant (Pyla et al., 2010).
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L. pneumophila is also one of the microorganisms that accumulate PHB, and, in L.
pneumophila serogroup 1, PHB yields of up to 16% of cell dry weight could be extracted
from culture samples. The PHB was located in electron-dense intracellular inclusions, which
fluoresce bright yellow when stained with the lipophilic dye Nile red. PHB accumulation
increased three fold during iron-limited culture and was inversely related to the concentration
of iron metabolized (James ef al., 1999).

This is consistent with the physiology of PHB formation, which is promoted during
unbalanced growth when an essential nutrient other than the carbon and energy source is
limiting (Steinbuchel and Schlegel, 1991; Dawes and Senior, 1973). Moreover, several
studies have noted the formation of inclusions resembling PHB granules by L. pneumophila
during intracellular growth in aquatic amoebae (Vandenesch et al., 1990; Fields et al., 1986).
Restricted availability of essential nutrients, such as iron, is likely to promote PHB formation
by L. pneumophila inside the amoebal host. Therefore, besides providing protection and
supporting proliferation in hostile environments, amoeba may contribute to the
environmental persistence of Legionella by inducing a PHB-rich phenotype that is
physiologically more prepared for extracellular survival in low-nutrient environments (James

etal., 1999).

1.3.2. Role of PHB in Bacterial Survival

In PHA-producing bacteria, PHA is a major determinant for overcoming periods of
carbon and energy starvation. The accumulation and degradation of PHA can improve the
establishment, proliferation, and survival of PHA-producing bacteria under environmental
stress conditions imposed in water and soil (reviewed in Kadouri ef al., 2005). Several
studies, in which different PHA-producing bacteria (e.g., P. oleovorans (Ruiz et al., 2001;
Ruiz et al., 1999), C. necator (Ralstonia eutropha) (Lopez et al., 1995), Rhizobium tropici
(Povolo and Casella, 2004), Rhizobium leguminosarum (Lodwig et al., 2005), and A.
brasilense (Tal and Okon, 1985)) were incubated either under starvation conditions in natural
oligotrophic environments or under conditions mimicking natural settings showed that wild-
type strains containing PHAs survived starvation better than either PHA-polymerase or PHA
depolymerase mutants (Lopez et al., 1995; Ruiz et al., 1999).

Even when the PHB biosynthesis and degradation genes were expressed in the non-
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PHB producing E. coli, a starvation experiment demonstrated that the complete PHB
mobilization system in E. coli served as an intracellular energy and carbon storage system,
which increased the survival rate of the host when carbon resources were limited. Moreover,
a stress tolerance experiment indicated that E. coli strains with a PHB production and
mobilization system exhibited an enhanced stress resistance capability (Wang et al., 2009).

Studies on Spirillum spp. indicated that starvation survival had a direct relationship
with PHB content. An increase in the polymer content from 10 to 18 wt% resulted in as much
as a 50% increase in starvation survival (Matin et al., 1979). Furthermore, Anderson and
Dawes (1990) observed that the presence of PHB in a cell delayed the degradation of cellular
components such as RNA and proteins during nutrient starvation. In addition, accumulated
PHA in A. brasilense (Kadouri ef al., 2002) and C. necator (Handrick et al., 2000) supported
cell multiplication in the absence of an exogenous carbon source.

PHA compounds appear to endow cells that produce it with increased resistance to
other types of environmental stresses, as was shown when P. oleovorans and a PHA
depolymerization-minus mutant strain were used to assess the effect of PHA on survival and
resistance to various stress agents. When exposed to 20% ethanol, the wild-type strain
survived better than the PHA depolymerase-minus strain, with survival rates of 23% and 9%,
respectively. Also, a 47°C heat shock was less damaging to the wild type than to the mutant
strain (Ruiz et al., 2001).

Similar observations were made for psychrotrophic strains of Rhizobium under cold
stress (Sardesai and Babu, 2001). After exposure of 4. brasilense to stress and adverse
conditions such as UV irradiation, desiccation, and osmotic pressure, the survival of PHA-
rich bacteria was higher than that of PHA-poor ones (Tal and Okon, 1985). Similar results
were obtained working with phaC (Kadouri et al., 2002) and phaZ mutants of A. brasilense
(Kadouri ef al., 2003a; Kadouri ef al., 2003b). The ability of these mutants to tolerate such
stresses and to grow in the presence of hydrogen peroxide was significantly affected. As the
two PHA mutants are similarly altered, with one blocked in the anabolic route (phaC mutant)
and the other in the catabolic route (phaZ mutant), increased resistance to the described
stresses can be traced to normal functioning of the PHA cycle and not exclusively to the
presence of the polymer (Kadouri et al., 2005).

There is increasing evidence that mobilization of previously accumulated PHAs
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enables the PHAs-accumulated bacteria to enhance their resistance towards some
bactericides and other challenges (Ruiz et al., 2001; Ruiz et al., 2004). Pseudomonas spp. 14-
3, a strain that accumulates large quantities of PHB when grown on octanoate, was isolated
from antarctic environments, a habitat normally exposed to extreme conditions. Compared
with P. oleovorans, P. veronii, and P. fluorescens, other Pseudomonas spp. 14-3 showed
increased tolerance to both thermal and oxidative stress (H,O, exposure) (Ayub et al., 2004).

E. coli strains engineered with elevated PHB production or degradation exhibit
altered stress survival capability. When strains were incubated at 65°C, the PHB production
strain and PHB degradation strain exhibited an increased heat resistance compared with the
parent strain. After 60 min of heating, about 30% of the cells remained alive compared to
only 1.8% for the control strain. Likewise, a PHB production strain and a PHB mobilization
strain showed an increased tolerance to UV irradiation compared to wild type E. coli.

Acid resistance of the three strains was also studied: E. coli DH5a with PHB
mobilization exhibited the highest survival rate among the three strains. By 20 min of acid
treatment, cell viability in E. coli DH5a with PHB mobilization, E. coli DH5a with PHB
production and E. coli DH5a control was reduced to 34.5%, 25.6% and 11.6% of the initial
number of inoculated cells, respectively. E. coli DH5a with PHB mobilization also exhibited
the highest survival rate when treated by a glucose-induced osmotic pressure (Wang et al.,
2009).

The mechanisms by which the PHA cycle favours stress alleviation are not yet fully
understood. Early work on R. eutropha suggested an association of PHA utilization with
respiration and oxidative phosphorylation (cited in Kadouri ef al., 2005). It was found that
rises in ATP and guanosine tetraphosphate (ppGpp) levels were concomitant with PHA
degradation. This phenomenon was only observed in wild type P. oleovorans and not in a
PHA depolymerase-deficient strain unable to degrade the polymer (Ruiz et al., 2001).

The effector ppGpp was shown to increase mRNA translation of the central stationary
phase regulator rpoS (Brown et al., 2002). The RpoS of RNA polymerase is the master
regulator of general stress responses in E. coli and related bacteria. RpoS activates the
expression of genes involved in cell survival and provides cross-protection to various
environmental insults such as ethanol, H,O,, high temperature, and high salt concentration

(Lange and Hengge-Aronis, 1991; Sarniguet et al., 1995; Ramos-Gonzalez and Molen, 1998;
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Ruiz et al., 2001). RT-PCR studies showed an increase in rpoS expression in wild type A.
hydrophila cells compared to a phbC mutant when exposed to high temperature (48°C) and
changing NaCl concentrations (Zhao et al., 2007).

In addition, Peralta-Gil et al. (2002) showed that one of the promoters that controls
PHA synthesis (phbBAC operon) in A. vinelandii is regulated by RpoS. It seems that to
respond properly to diverse stresses, PHA-producing bacteria require the rpoS gene product,
which induces expression of many genes, including the ones responsible for PHA
depolymerization, and allows the organism to mediate changes in cellular physiology and
structure and to adapt, resist, and survive under stress conditions. While stress response
players such as rpoS and ppGpp are central in determining the type and strength of the
response by redirecting cell resources to the synthesis of the appropriate effectors, the PHA
cycle could be responsible for providing the fuel necessary for this response and therefore
could also determine its intensity (Kadouri et al., 2005).

Some bacteria produce spores and cysts as a survival strategy, and some evidence
suggests that spore formation and germination may be linked with PHA biosynthesis and
utilization. In Bacillus cereus cells that had accumulated PHA, the polymer disappeared after
sporulation while the degradation products were incorporated into the spore. In that case
PHA may serve as a carbon and energy reserve for sporulation (Nakata, 1966). Moreover,
Lopez et al. (1995) observed that in a PHA-negative mutant of Bacillus megaterium,
sporulation occurred immediately after exposure to river water, while survival of vegetative
cells was clearly decreased as compared to wild type. This result suggests that in an
oligotrophic environment, cells depleted of intracellular carbon sources may be committed to
earlier sporulation than normal cells.

PHB also plays an important role in encystment of the genus Azotobacter.
Encystment is the process of cysts forming under nutrient-limiting conditions. PHAs serve as
a carbon and energy source which encourages the extensive formation of cysts in Azotobacter
(Stevenson and Socolofsky, 1966).

In a very special case, PHB serves as an oxidizable substrate that provides respiratory
protection to nitrogenase of Azotobacteriaceae. The nitrogenase system of Azotobacter is
very sensitive to oxygen. High concentration of oxygen is inhibitory to this strain.

Mobilization of PHB may increase the respiratory activity while reducing the concentration
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of oxygen, thus protecting the nitrogenase system (Senior ef al., 1972).

It has been shown that PHA accumulation plays a major role in some bacteria that
live in close association with eukaryotes. In rhizobia, bacteria that are characterized by a
free-living and a symbiotic stage with a eukaryotic host, the impact of the bacteria-host
relationship on PHA accumulation varies considerably (Kadouri et al., 2005). Rhizobia with
disrupted PHB synthesis genes have been shown to be less competitive for nodulation and
reproduce less under starvation than wild-type cells (Aneja et al., 2005).

Cai et al. (2000) found that R. meliloti mutants unable to synthesize or degrade PHB
reproduced to 5.1-fold their inoculum population size when starved, while wild-type
reproduced to 9.7-fold their inoculum population size. The increased reproduction of the
wild-type Rhizobia reflects the reproductive benefit of PHB accumulation. The competitive
abilities of S. meliloti mutant strains containing lesions in the PHB synthesis (phbC) and
degradation (bdhA) pathways were compared. While the bdhA mutant showed no noticeable
symbiotic defects on alfalfa host plants when inoculated alone, mixed inoculation
experiments revealed the mutant to be less competitive than the wild type in terms of nodule
occupancy. Long-term survival of the bdhA mutant on a carbon-limiting medium was not
affected. However, when subjected to competition with the wild-type strain in periodic
subculturing through alternating carbon-limiting and carbon-excess conditions, the bdhA
mutant performed poorly. A more severe defect in competition for growth and nodule
occupancy was observed with a mutant unable to synthesize PHB (p/hbC). These results
indicate that the ability to efficiently deposit cellular PHB stores is a key factor influencing
competitive survival under conditions of fluctuating nutrient carbon availability, whereas the
ability to use these stores is less important (Aneja et al., 2005).

PHA accumulation was also involved in promoting long-term survival of Legionella
pneumophila under starvation conditions. Interestingly, PHA accumulation was promoted
during bacterial growth under iron limitation in the amoeba host, which therefore may induce
a PHA-rich phenotype, rendering the bacteria more fit for extracellular survival in low-
nutrient environments. Chemostat-grown L. pneumophila cells survived in a culturable state
for at least 600 days when incubated at 24°C in a low-nutrient tap water environment. Nile
red spectrofluorometry and flow cytometry demonstrated that PHB reserves were utilized

during starvation (James et al., 1999).
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1.3.3. The 3-Hydroxybutyrate Dehydrogenase Enzyme

The enzyme 3-hydroxybutyrate dehydrogenase (EC 1.1.1.1.30, HBDH) belongs to the
family of short-chain dehydrogenases/reductases (SDRs). It catalyses the oxidation-reduction
reaction between B-hydroxybutyrate and acetoacetate in the PHB cycle and has a key role in
the synthesis and degradation of PHB. HBDH enzyme has been found in mammals to be
bound to membranes in the mitochondrion where it catalyses the degradation of -

hydroxybutyrate to acetate during starvation periods or diabetes (Kaminsky, 1985).

In contrast to the mammalian enzymes (Mclntyre ef al., 1978), HBDHs from bacteria
are cytosolic enzymes (Tal et al., 1990), are not preceded by a leader peptide, and lack the C-
terminal 28 residues which harbor the phospholipid binding site essential for mammalian
enzyme function (Kruger et al., 1999). Enzymes of the SDR family span several enzyme
classes, with NAD+- and NADP+-dependent oxidoreductases representing the majority
(Kallberg et al., 2002). All of these dehydrogenases function without metal ions, their

coenzymes binding to a Rossmann fold dinucleotide-binding motif (Rossmann et al., 1974).

Highly conserved amino acid sequence regions include the N-terminal Gln-X;3-Gln-
X-GIn motif of the Rossmann fold and the active site, with a catalytic tetrad consisting of the
residues asparagine, serine, tyrosine, and lysine (Oppermann et al., 2003). SDR enzymes are
one-domain enzymes, so the coenzyme and the substrate bind in the same deep and mainly

hydrophobic cleft, with the NAD+ at the bottom (Feller et al., 2006).

Sequence comparison of 44 bacterial HBDHs shows the residues GIn91, His141,
Lys149, Lys192, and GIn193 to be strictly conserved. Site-directed mutagenesis of these
amino acids to alanine and subsequent kinetic characterization of the mutated enzymes
provided insight into the importance of these residues for substrate recognition and catalysis.
Simulations based on a three-dimensional structure model of a complex between P. putida
Bdh and its coenzyme provided deeper insight into the binding of the ligands at the molecular
level. They showed the residues GIn91, His141, GIn193, and especially Lys149 to be
involved in a hydrogen-bonding network with the carboxylate group of the substrate (Feller

et al.,20006).
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Both the bacterial and mammalian HBDH proteins are homotetramers (Mclntyre et
al., 1983; Nakada et al., 1981; Tal et al., 1990). For example, HBDH purified from
A.brasilense Cd is a tetramer with identical subunits and a total molecular mass of 100 kDa
(Tal et al., 1990). HBDH is inhibited by NADH, NADPH, a-oxoglutarate, adenosine
phosphates, pyruvate, oxaloacetate, 2-oxoglutarate (Tal ez al., 1990), Acetyl CoA, D-lactate,
2-hydroxybutyrate, sulfhydryl reagents such as p-chloromercuribenzoic acid, 5,5'-dithiobis
(2-nitrobenzoic acid), and HgCl, (Nakada ef al., 1981). HBDH from Rhodopseudomonas
spheroides is extremely sensitive to mercurials, but can be protected by NADH, or Ca>" ions

(Bergmeyer et al., 1967).

Although the organization of the HBDH-encoding gene (bdhA) has been found to
vary in different bacteria, it is mostly found in operons with other genes. In Rhizobium
(Sinorhizobium) meliloti, bdhA has an open reading frame of 777 bp that encodes a
polypeptide of 258 amino acid residues (molecular weight 27,177). bdhA is the first gene
transcribed in an operon that also includes xdh4 and xdhB, encoding xanthine oxidase/
dehydrogenase. Transcriptional start site analysis by primer extension identified two
transcription starts: S1, a minor start site, was located 46 to 47 nucleotides upstream of the
predicted ATG start codon, while S2, the major start site, was mapped to a location 148
nucleotides from the start codon. Analysis of the sequences immediately upstream of S1 and
S2 failed to reveal the presence of any known consensus promoter sequences. Although an
RpoN consensus sequence was identified in the region between S1 and S2, a corresponding
transcript was not detected, and an rpoN mutant of R. meliloti was able to utilize 3HB as a
sole carbon source. Studies with a strain carrying a /acZ transcriptional fusion to bdhA
demonstrated that gene expression is growth phase-associated (Aneja and Charles, 1999).
The expression of the bdhA-xdhA2-xdhB2 mixed-function operon in R. meliloti is biotin-
inducible. R. meliloti responds to external biotin signals from alfalfa plants through the bioS
regulatory locus. Immunogold labeling and electron microscopy revealed that the BioS
protein is located within the R. meliloti cytoplasm. Under biotin-limiting conditions the R.
meliloti cell lumen was filled with PHB granules. A bdhA-lacZ fusion revealed an overall
3.6-5.2-fold increase in bdhA transcription in the presence of added biotin, and comparison of
the bdhA and the bioS promoter regions identified several common motifs (Hofmann et al.,

2000).
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In B. subtilis the bdhA homologue yxjF is positioned beside two loci designated yxjE
and yxjD, arranged in the order yxjDEF (Kunst et al., 1997). On the basis of sequence
similarity analyses, yxjE and yxjD have been proposed to encode the two subunits of 3-
oxoadipate CoA transferase, an enzyme that is able to catalyze the activation of acetoacetate
to acetoacetyl-CoA. yxjF and yxjE are interrupted by a mere 16 nucleotides, making the
existence of an independent promoter in this region highly unlikely (Aneja and Charles,
1999).

L. pneumophila bdhA (Ipg2316) encodes a 260-amino-acid (28-kDa) protein with
full-length protein homology to BdhA of Sinorhizobium spp. strain NGR234. Sinorhizobium
spp. strain NGR234 hdhA mutants are unable to utilize PHB and, interestingly, show
symbiosis defects with Leucaena host plants (Aneja and Charles, 2005). L. pneumophila
BdhA contains the amino acids S142, Y155, and K159, usually conserved in 3HB
dehydrogenases and likely required for catalysis. Furthermore, it is characterized by
cytoplasmic localization and the lack of signal peptide (Aurass et al., 2009).

Expression of bdhA was upregulated in a PmrA/PmrB-dependent manner, mainly at
the exponential phase of growth, suggesting that L. pneumophila may be using this TCS to
couple its differentiation to metabolic state (Al-Khodor et al., 2009). Examination of the L.
pneumophila Philadelphia-1 bdhA locus revealed that the surrounding open reading frames
are organized in the same orientation. Operon prediction analyses suggested a transcriptional
unit of bdhA together with the next downstream open reading frame, [pg2317 (Aurass et al.,
2009). RT-PCR revealed that bdhA and I[pg2317 are indeed cotranscribed and therefore form
an operon. I[pg2317, which was designated patD (patatin-like protein D), encodes a 386-
amino-acid (44-kDa) putative phospholipase A.

Aurass et al (2009) found that the L. pneumophila bdhA-patD mutant possessed an
increased number of PHB granules. Double amounts of PHB granules per bacterial cell at
each time point were detected compared to the wild type. The bdhA-patD mutant possessed
about 1 granule per cell, while wild-type bacteria contained ~ 0.5 granules per cell,
suggesting that the operon is involved in PHB utilization. Furthermore, the L. pneumophila
bdhA-patD mutant showed a severe replication defect in amoebae and U937 macrophages,
indicating that the bdhA-patD operon is a virulence determinant of L. pneumophila.

The infection defect observed in the bdhA-patD mutant is very comparable with a
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Dot/Icm secretion system mutant, suggesting that PHB metabolism is essential for the life
style of L. pneumophila and intracellular propagation, and that provision of energy by PHB
cleavage is an essential determinant to efficiently energize the Dot/Icm secretion system or
another essential component. However, it is currently not known whether the mutant is
defective in the export of effector proteins.

PHB depolymerases characteristically contain a catalytic triad of serine (embedded in
a G-XS-X-G motif)/aspartate (or glutamate)/histidine, which is typical for esterase-lipase
superfamily enzymes, and are alpha/beta folded (Papageorgiou et al., 2008). Most of those
structural features, such as a serine/aspartate catalytic dyad and the alpha/beta folding, have
been found for patatin, which is a nonspecific lipid acyl hydrolase found in potato and some
other plants (Rydel et al., 2003). Thus, PatD is structurally closely related to PHB
depolymerases and may fulfill a similar function under PHB-mobilizing conditions.
Interestingly, within the four sequenced L. pneumophila (Philadelphia-1, Paris, Lens, and
Corby) (Cazalet et al., 2004; Chien et al., 2004; Glockner et al., 2008) genomes, no genes
coding for homologs of known PHB depolymerases were found.

Another scenario of concerted bdhA-patD action is possible. Bacterial and eukaryotic
lipid inclusions are surrounded by a phospholipid monolayer with embedded amphiphatic
proteins, the phasines. Phasines support the solubilization of granules in hydrophilic
environments, as the cytoplasm, and they also avoid an aggregation of granules (Griebel et
al., 1968). Phospholipase A partially destructs the granule phospholipid layer, making lipids
accessible for degrading enzymes such as depolymerases and consequently allowing PHB
metabolization (Noll et al., 2000). Accordingly, May et al. (1998) previously demonstrated
that a plant patatin-like protein of Cucumis sativus specifically localized to lipid granules for
support of lipid mobilization during seed germination. Whether PatD directly facilitates PHB

utilization in L. pneumophila requires further work (Aurass et al., 2009).

1.4. Hypothesis and Objectives

Since Legionnaires’ disease is transmitted by contaminated water aerosols and there is
no human-to-human transmission, there was a strong motive to study VBNC L. pneumophila
in water, particularly because L. pneumophila in man-made water systems is often monitored

by growth and enumeration on agar medium (England ef al., 1982; Hussong et al., 1987).
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The VBNC L. pneumophila remains largely uncharacterized. Therefore, I postulate 3
hypotheses:

Hypothesis 1. VBNC L. pneumophila displays ultrastructural characteristics that are distinct
from those of culturable L. pneumophila.

Hypothesis 2. VBNC L. pneumophila cells represent an important differentiated form within
the developmental cycle of L. pneumophila.

Hypothesis 3. Specific gene products play a role in the differentiation of L. pneumophila into
VBNC forms.

Therefore, the objectives of the present study are (i) to study the morphology,
physiology, and biochemical characteristics of VBNC forms produced in water (to test
hypotheses 1 and 2); (ii) to compare the effect of dd- and tap-water on the production and
ultrastructural traits of VBNC L. pneumophila (to test hypothesis 1), (iii) to identify the
protein profile that characterizes VBNC forms produced in water (to test hypotheses 2 and
3); (iv) to study the role of hdhA gene (encoding the enzyme 3-hydroxybutyrate
dehydrogenase) in L. pneumophila VBNC cells formation in water (to test hypothesis 3).

1.5. Overview of My Results
In the present study, I determined that L. pneumophila produces VBNC forms with

different characteristics, depending on the developmental form used to produce them and that
VBNC forms are morphologically and (or) physiologically different from culturable L.
pneumophila, supporting my Hypothesis 1. I also provided the first quantitative method to
determine the number of resuscitated VBNC cells in the amoeba A. castellanii. In addition, I
showed that the VBNC cells are environmentally fit forms, as evident from their resistance to
digestion inside the ciliate food vacuoles and detergent-mediated lysis. These data suggest a
new pathway in the Legionella life cycle wherein VBNC cells can be ingested and expelled
by the ciliate Tetrahymena, supporting that VBNC are not only part of the L. pneumophila
life cycle, but also a part of the L. pneumophila developmental cycle (Hypothesis 2).

Protein analysis by SDS-PAGE and shotgun proteomics revealed VBNC cell-specific
proteins, including 3-hydroxybutyrate dehydrogenase (BdhA), which catalyses the oxidation
of B-hydroxybutyrate to acetoacetate. A bdhA mutant showed an early loss of culturability

and a dramatic decrease in viability. Thus my results obtained with the bhdhA mutant show
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that BdhA plays a role in the production of VBNC forms and support my Hypothesis 3.
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CHAPTER 2. MATERIALS AND METHODS

2.1. Bacterial Strains and Growth Conditions

The bacterial strains used in this study are listed in Table 2.1.

2.1.1. Growth of L. pneumophila

All L. pneumophila strains were grown at 37°C on buffered charcoal yeast extract
(BCYE) agar or in buffered yeast extract (BYE) broth (Pasculle et al., 1980). BCYE
contained 10 g/L yeast extract, 6 g/L (2-[2-amino-2-oxoethyl]-amino) ethanesulfonic acid
(ACES), 1 g/L a-ketoglutaric acid, 15 g/L agar, and 1.5 g/L activated charcoal, with the pH
adjusted to 6.6 using 6 N KOH. After autoclaving, 0.4 g/ L-cysteine (filter sterilized, pH
adjusted to 6.6 with 1 N KOH) and 0.25 g/L ferric pyrophosphate (filter sterilized) were
added to the media. BYE broth contained the same components as BCYE agar except that no
charcoal and agar were added. When needed, media was supplemented with sucrose and
antibiotics at the following concentrations: 50 g/L sucrose, 100 pg/ml streptomycin, 25 or 75
pg/ml kanamycin, 3 or 5 pg/ml chloramphenicol, and 100 pg/ml erythromycin.

L. pneumophila strain JR32 was routinely grown from frozen stocks kept at -80°C on
BCYE agar plates containing 100 pg/ml streptomycin, and the plates were incubated for 3
days at 37°C in 5% CO,. To obtain a homogeneous population of Stationary Phase Forms
(SPFs), single colonies from BCYE agar plates were inoculated into 30 ml BYE broth and
incubated at 37°C with shaking (200 rpm) until an ODgy¢ of 3.5 was reached, which usually
required an overnight (O/N) incubation. L. pneumophila stocks were frozen at -80°C in 10%
dimethylsulphoxide (DMSO) for long term storage.

Measurement of L. pneumophila growth was performed by monitoring the change in

ODsg; at regular intervals for up to 77 h.

2.1.2. Growth of Escherichia coli

E. coli strains DH5a and XL1-Blue were used for plasmid propagation and long-term
plasmid storage. E. coli cells were propagated at 37°C in LB (Luria-Bertani) broth (5 g/L
yeast extract, 10 g/L tryptone, and 10 g/L NaCl) or on solid LB medium-containing 1.5%
agar (Bertani, 1951). When needed, ampicillin (100 pg/ml), tetracycline (10 pg/ml),
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Table 2.1. Bacterial and protozoan strains used in this study

Bacterial or Protozoal strain Relevant properties Reference or
Source
E. coli
DH5a F®80lacZAMI15A(lacZYA-argF) Clontech
U169 supE44 hsdR17 recAl endAl
gyrA96 thi-1 relAl
DHS5a pCDPO5 DH5a contains pCDPO5 This study
(Mini-Tn/0, Km', Cm", Suc®)
DH5a pMMB207C DH5a containing plasmid Dr. Audrey Chong
pMMB207C (Cm") (Chong, 2007)
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 | Stratagene
supE44 relAl lac [F" proAB
laclgZAM15 Tnl0 (Tet")]
XL1-Blue pBluescript XL1-Blue contains pBluescript This study
bdhA::aphA3 bdhA::aphA3
(Amp", Tet®, Km®)
XL1-Blue pBluescript XL1-Blue contains pBluescript This study
bdhA::ermAM bdhA::ermAM (Amp", Tet®, Erm®)
XL1-Blue pMMB207C XL1-Blue contains pMMB207C This study
(Cm®)
XL1-Blue pBdhA1l XL1-Blue contains pBdhA1 (Cm®) | This study
XL1-Blue pBdhA2 XL1-Blue contains pBdhA2 (Cm") | This study
XL1-Blue pBdhA3 XL1-Blue contains pBdhA3 (Cm") | This study
L. pneumophila
JR32 Salt sensitive isolate of AMS5011 Dr. Howard

(AM5011:Philadelphia 1,
serogroupl, Sm", restriction

deficient, modification positive)

Shuman (Columbia
University),
(Sadosky et al.,
1993)
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Table 2.1. Continuation

Bacterial or Protozoal strain Relevant properties Reference or
Source

JR32N JR32 mini-Tn /0 mutant (Sm", This study
Km®)

JR32 bdhA mutant JR32 bdhA:: aphA3 (Sm", Km") This study

parent207C JR32 contains pMMB207C (Sm", This study
Cm")

bdhA207C JR32 bdhA mutant contains This study
pMMB207C (Sm®,Km®, Cm®)

Comp 1P JR32 bdhA mutant contains This study
pBdhA1 (Sm® Km®, Cm®)

Comp 3P JR32 bdhA mutant contains This study
pBdhA3 (Sm® Km®, Cm®)

Comp 4P JR32 bdhA mutant contains This study
pBdhA4 (Sm® Km®, Cm®)

Protozoal Strains

A. castellanii strain Neff Dr. David Spencer,
Dalhousie
University,
(Anderson et al.,

2005)

Tetrahymena tropicalis Dr. Sharon Berk

(Berk et al., 2008)

Tetrahymena thermophila Dr. David Spencer,

Dalhousie University

Amp®, Km", Cm", Erm", Sm" indicate resistance markers to ampicillin, kanamycin,
chloramphenicol, erythromycin, and streptomycin, respectively. Suc® indicate sensitivity to
sucrose due to sacB (encoding levansucrase).
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kanamycin (50 pg/ml), chloramphenicol (25 pg/ml), or erythromycin (300 pg/ml) were added
to LB medium. Also, sucrose was added at a concentration of 50 g/L. when necessary. LB
medium was stored at 4°C and antibiotics were added prior to use. E. coli strains generated in

this study were stored at —80°C in 25% (v/v) glycerol.

2.2. Protozoal Strains and Growth Conditions

Protozoal strains used in this study are listed in Table 2.1.

2.2.1. Growth of Acanthamoeba castellanii

Axenic cultures of A. castellanii strain Neff (Anderson et al., 2005), a gift from D.
Spencer and M. Gray (Dalhousie University), were grown as trophozoites in Neff’s medium
(15 g/L glucose, 7.5 g/L yeast extract, 7.5 g/L proteose peptone, 2 mM KH,PO4, 1 mM
MgS0Oy4, 0.05 mM CaCl,, 0.1 mM ferric pyrophosphate, 100 ul/L of 10000 x stock Neft’
vitamin mix; pH 7) (Cursons ef al., 1980; Neff, 1957) in 75 cm” tissue culture flasks at 37°C.
For infection with L. pneumophila, trophozoites were allowed to grow in 75 cm? tissue
culture flasks at 37°C until they formed a monolayer, which was examined under a light
microscope. The monolayers were gently washed with, and kept in, modified Neff’s medium

(Neff’s medium without proteose peptone, yeast extract, and multi-vitamin mix).

2.2.2. Growth of Tetrahymena Species

Tetrahymena tropicalis and T. thermophila were routinely grown in Plate Count
Broth (PCB) (5 g/L yeast extract, 10 g/L tryptone, 2 g/L glucose; pH 7) at 25°C, as
previously described (Berk et al., 2008). Briefly, 1 ml of Tetrahymena culture was
subcultured into 40 ml of fresh PCB broth every two weeks. Before use in feeding
experiments, Tetrahymena cells were gradually transferred from PCB to Tris-buffered
Osterhout’s solution (NaCl (420 mg/liter), KCl (9.2 mg/liter), CaCl, (4 mg/liter),
MgSO4-7H,0 (16 mg/liter), MgCl,-6H,0 (34 mg/liter), and Tris base (121 mg/liter) pH 7)
(Osterhout, 1906; Provasoli, 1958). Tetrahymena cells were pelleted by centrifugation at 500
x g for 10 min at 25°C. Half of the supernatant fluid was carefully removed and Osterhout’s
solution was added to the remaining culture to obtain 50% PCB media and 50% Osterhout’s

solution. The cell suspensions were allowed to stand for 10 minutes. The process was
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repeated two more times and the Tetrahymena cells were then resuspended to 10* cell/ml in
Osterhout’s solution (determined by direct count of Lugol’s iodine-fixed samples by using

0.2 mm gap hemacytometer).

2.3. Production of L. pneumophila MIFs from A. castellanii

BCYE agar-grown L. pneumophila were resuspended in Modified Neff’s medium to
an ODgyo of 1 and used to infect amoeba trophozoites at a ratio of one bacterium per
trophozoite. The culture was incubated at 37°C for 5 days. After incubation, when all
infected trophozoites had been lysed, MIFs were harvested by centrifugation for 6 min at

4500 x g at 25°C.

2.4. Production of VBNC Bacterial Cells

VBNC cells were first produced by incubating SPF bacteria in sterile distilled
deionized water (dd-water) at different cell densities and temperatures. Once the effect of
bacterial concentration and temperature was determined, VBNCs were subsequently
produced by incubating SPFs or MIFs at a cell density of 1 x 10° cfu/ml in glass bottles
containing 500 ml of dd-water or tap water at 45°C. Absence of chlorine in the autoclaved
tap water was confirmed using the Chlorine Color Disc Test Kit (Hach, Model CN-66). The
bacterial inoculum was routinely prepared as follows: SPFs or MIFs were pelleted by
centrifugation at 4500 x g for 6 min, washed 3 times in the corresponding water type, and
resuspended to an ODgy of 1. Next, 50 ml of each bacterial suspension was mixed with 450
ml of the corresponding sterile dd- or tap water in 500 ml bottles (VWR Laboratory
Glassware), followed by incubation at 45°C in a water bath (HAAKE SWB20). Bacterial
culturability in 0.1 ml samples was monitored by dilution plating on BCYE agar plates, using
the corresponding water type as a diluent. For time points with low culturability, 10 ml
samples were centrifuged at 4500 x g for 6 min at 25°C and resuspended in 1 ml of dd-water
before plating on BCYE. Experiments were routinely conducted in sets of three
independently prepared bottles.

Viability was monitored using the LIVE/DEAD BacLight vital stain (Invitrogen),
which utilizes a mixture of the stains SYTO 9 and propidium iodide to evaluate cell

membrane integrity, as per the manufacturer’s instructions (Chang et al., 2009; Ohno et al.,
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2003; Alleron et al., 2008). Briefly, 330 ul samples were mixed with 1 pl of the prepared
BacLight dye, incubated at room temperature in the dark for 15 min, and mounted on glass
microscope slides covered with 22 x 22 mm coverslips for observation in a BX61 Olympus
fluorescence microscope. Controls were prepared using 72 h old Legionella cells. Total
numbers of live (green fluorescent) and dead (red fluorescent) bacterial cells were estimated
from a count of ~ 4000 cells from at least 10 randomly chosen microscopic fields according
to the internal standard method described by Mallette (Mallette, 1969), using a calibrated
suspension of 1 pm diameter microbeads as reference (Carboxylate- modified 1 um

polystyrene fluorescent beads, Molecular Probes, Invitrogen).

2.5. Effect of pH on L. pneumophila Viability

Glass bottles containing 100 ml tap water at pH 6.6, dd-water at pH 4.4, tap water at
pH 4.4, and dd-water buffered to pH 6.6 with 10 mM ACES were inoculated with SPF
bacteria at a final concentration of 1 x 10® cfu/ml. The suspensions were incubated at 45°C.
Viability and cfu/ml were monitored as above until loss of culturability was reached. These

experiments were done in duplicate.

2.6. Addition of Salts to Buffered dd-Water

Salts at concentrations shown in Table 2.2 were individually dissolved in 100 ml of
dd-water buffered to pH 6.6 with 10 mM ACES. Salts were chosen to provide one or more of
the 1ons known to be present in our local tap water, according to an analysis provided by the
Halifax Regional Water Commission (Halifax Regional Water Comission, 2005/06). After
inoculation of the buffered salt solutions with SPF bacteria (at a final concentration of 10®
cfu/ml), duplicate bottles were incubated at 45°C and culturability and viability were

monitored as described above until complete loss of culturability was reached.

2.7. Giménez Staining

Giménez staining, which uses carbol fuchsin as the primary stain and malachite green
as the secondary stain, was performed exactly as reported by McDade (McDade, 1979).
Bacteria that are stained red are referred to as Giménez-positive and those stained green, blue

green, or gray are referred to as Giménez-negative.
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Table 2.2. Concentrations of ions added to dd-water samples in which SPF L. pneumophila

was inoculated.

Ions final concentration (mg/L) salts used
Aluminum 0.064 KAI(SOq),
Chloride 7.3 NaCl

Fluoride 0.70 NaF

Iron 0.025 FeCls
Manganese 0.020 MnCl,.4H,0O
Nitrate 0.05 Ca(NOs3),.4H,0
Sodium 10.0 NaySOy4
Sulphate 12.0 FeSO4
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2.8. Electron Microscopy (EM)

EM was performed using the standard protocols reported previously (Garduno ef al.,
1998a; Garduno et al., 1998c). Briefly, for transmission EM of ultrathin sections, samples
were fixed in glutaraldehyde, postfixed in OsQOs, in-bloc stained with aqueous uranyl acetate,
dehydrated in acetone, and embedded in epoxy resin. Ultrathin sections were poststained
with uranyl acetate-lead citrate before observation. Sample processing was performed by
Mary Ann Trevors at the Electron Microscopy Unit at Dalhousie University.

For transmission EM of negatively-stained bacteria, a grid was floated over a drop of
bacterial cell suspension in water (usually a direct sample from VBNC bacteria) for 20
minutes, after which the grid was stained for 30 sec on a drop of saturated unbuffered
ammonium molybdate. Stained specimens (ultrathin sections or negatively stained bacteria)
were observed in a JEOL JEM-1230 transmission electron microscope and images were
captured with an ORCA-HR (2K by 2K, Hamamatsu) and saved as TIFF files with a

resolution of 525 pixels/in.

2.9. Susceptibility to Lysis by Detergent

Susceptibility of L. pneumophila to lysis by detergent was tested by making
suspensions of 10° bacteria/mlin SDS (10 mg/ml in 10 mM Tris, pH 7.5) and measuring the
ODsgp at regular intervals. A graph of OD versus time was made, and the time in minutes

required to reach half of the initial ODg, was reported as the detergent lysis index.

2.10. VBNC Bacteria Resuscitation Attempts

VBNC cells were used to infect A. castellanii, U937-derived macrophages, or HeLa
cells (at a VBNC bacteria to cell ratio of 1) to determine whether they could initiate infection
and recover culturability.

Monolayers of A. castellanii trophozoites were grown in 25 cm? cell culture flasks
(Falcon) and inoculated with VBNC cells prepared in either sterile tap water or dd-water
(according to the microcosm used to produce VBNC cells). The inoculum was centrifuged
onto the amoeba (500 x g at 25°C for 10 min) to enhance contact. Flasks were then
incubated at 37°C for 12 days. HeLa cells were routinely grown in 25 cm? cell culture flasks

(Falcon) in Dulbecco modified Eagle’s medium (DMEM; high-glucose formulation)
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supplemented with 10 % (v/v) newborn calf serum and an antibiotic-antimycotic mixture (all
from GIBCO). The VBNC inoculum was prepared in DMEM, centrifuged as above onto the
HelLa cells, and flasks were then incubated at 37°C in 5% CO; for at least 5 days. U937 cells
were grown in suspension in RPMI 1640 medium, supplemented with 5% (v/v) fetal bovine
serum and the antibiotic-antimycotic mixture (GIBCO Laboratories). To obtain adherent
macrophage-like cells, U937 cells were treated with 20 ng/ml phorbol myristoyl acetate
(Sigma) and transferred to 25 cm? flasks at cell density of 5 x 10%flask. Following
differentiation, adherent cells were infected with a VBNC inoculum prepared in RPMI-1640.
The inoculum was centrifuged as above, and the flasks were incubated at 37°C in 5% CO,
for at least 5 days. Aliquots (100 pul) of the infected cultures were taken at different time
points post-infection, serially diluted and spotted on BCYE agar plates for colony formation
at 37°C.

In addition to the infection assay, the effect of conditioned media on the resuscitation
of VBNC cells was also assessed. Attempts were made to resuscitate an inoculum of 5 x 10°
VBNC cells in 30 ml of shaken (200 rpm) fresh BYE, spent BYE of an overnight L.
pneumophila culture, or in cell-free spent modified Neff’s medium in which A. castellanii
had been infected with L. pneumophila. The latter was produced as the supernatant of an
infected culture by centrifugation (4500 x g at 25°C for 6 min), after which the supernatant
was sterilized by filtration through a 0.2pm filter. Culturability was monitored by plating 100

ul on BCYE at regular intervals for up to one year.

2.11. Quantification of Resuscitated VBNC Cells in Amoeba

To determine the number of VBNC cells that were able to resuscitate in amoeba, 1
ml of Neff’s medium was placed onto a BCYE agar plate and 100 pl of a suspension of 4.
castellanii cysts was added, followed by the addition of 1 ml of VBNC cells. The VBNC
samples were prepared by either diluting or concentrating the suspension of the VBNC
bacteria (originally inoculated with 10® cfu/ml). The 1 ml sample added to the BCYE agar
plates contained a range of bacterial cell equivalents from 10* to 10°. After mixing the
components (Neff’s medium, cyst inoculum, and sample) by gentle rotation, plates were
incubated in the upright position at 37°C in 5% CO, for 24 h. After that, the samples were

dried and the plates were inverted and incubated for four additional days, and colonies were
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counted.

2.12. Feeding Experiments with Tetrahymena Species

VBNC cells were washed and resuspended in Osterhout’s solution. Tetrahymena
were prepared in 5 ml of Tris-buffered Osterhout’s solution in 25 cm? cell culture flasks and
fed the VBNC cells at a bacteria to ciliate ratio of 10000:1. After a 24 h incubation at 25°C,
pellets obtained by centrifugation (500 x g, 10 min, 25°C) were prepared for culturability,

transmission EM, Giménez staining and BacLight viability staining, as described above.

2.13. Molecular Techniques

2.13.1. Agarose Gel Electrophoresis

Electrophoresis of DNA was carried out at 120 V in 200 ml of Tris-acetate-
ethylenediamine tetraacetic acid (TAE) buffer (40 mM Tris base, 20 mM acetic acid, 1 mM
EDTA; pH 8.0) containing10 pl ethidium bromide (10 mg/ml). DNA samples were analyzed
on 0.8% or 2% (w/v) agarose gels. One kilobase (kb) or 100 basepair (bp) DNA ladders
(NEB) were used as standards. Gel images were captured using a Bio Doc-It imaging system

(UVP, USA).

2.13.2. Isolation of DNA Fragments from Agarose Gels

Agarose gels were viewed at 302 nm UV (Spectroline transilluminator, Westbury,
NY) and gel slices containing the desired DNA fragments were cut from the gel with a clean
scalpel. The gel slices were placed in a dialysis bag (Fisher Scientific, Nepean, ON) with 0.5
ml of TE buffer (10 mM Tris-HCI, pH 7.6; 1 mM EDTA, pH 8), which was placed in TAE
buffer and electrophoresed at 100 V for 1 hour. An Elutip-D minicolumn (Whatman Inc.
Florham Park, NJ) was washed with 1 ml of high salt buffer (1 M NaCl, 20 mM Tris, and 1
mM EDTA; pH 7.4), followed by 3 ml of low salt buffer (20 mM NaCl, 20 mM Tris, and 1
mM EDTA; pH 7.4) to equilibrate the column. The electro-eluted DNA (0.5 ml) was
transferred from the dialysis bag to a 1.5 ml microcentrifuge tube (Eppendorf). The dialysis
bag was washed with an additional 0.5 ml of low salt buffer, which was pooled with the
eluted DNA and applied to the column. The bound DNA was washed with 3 ml of low salt
buffer and eluted with 0.5 ml of high salt buffer into a 1.5 ml microcentrifuge tube. The DNA
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was precipitated with 1 ml of 95% (v/v) ethanol containing 2.5% (w/v) potassium acetate
(KAc), washed with 1 ml of 70% (v/v) ethanol, vacuum dried and dissolved in TE or dd-

water.

2.13.3. Plasmid Isolation from E. coli

Plasmids used in this study are listed in Table 2.3. Plasmid pCDPO5 (a gift from Dr.
Nicholas P. Cianciotto), used for creating the transposon library of L. pneumophila, was
electroporated into E. coli DH5a and subsequently isolated using a QIAprep Spin Miniprep
kit (QIAGEN). Briefly, 5 ml of E. coli cultures were grown in LB media containing 30 ug/ml
chloramphenicol and 50 pg/ml kanamycin and harvested by centrifugation (4500 x g, 10 min,
25°C). Plasmid purification was carried out according to the manufacturer’s instructions, and
the plasmid was confirmed by restriction analysis using EcoRI and NotlI.

Other plasmids were isolated from E. coli transformants by a standard alkaline lysis
method as described by Birnboim and Doly (1979). Briefly, E. coli cultures were grown in
1.5 ml LB broth and the cells were harvested by centrifugation for 2 min at 11000 x g. The
culture supernatant was discarded and the pellet was resuspended in 100 pl GTE (50 mM
glucose, 25 mM Tris pH 8, 10 mM EDTA), 186 ul dd-water, and 1 pul RNase A (10 mg/ml)
(Sigma). Subsequently, 10 ul of 20 % (w/v) sodium dodecyl sulphate (SDS) was added to the
cell suspension, while 4 ul of 10 M NaOH was added to the lid of the microcentrifuge tube.
The tube was inverted gently to mix and then incubated at 25°C for 5 min. One hundred fifty
ul of KAc (3 M K" and 5 M Ac’) solution was added to the cell suspension and the tube was
inverted to mix, followed by a 10 min incubation on ice. The mixture was centrifuged at
14000 x g for 5 min at 4°C and the supernatant was vortexed with 500 pl chloroform for 1
min. The mixture was centrifuged for 5 min at 14000 x g at 4°C, and the aqueous layer was
transferred to a new tube with two volumes of 95% (v/v) ethanol containing 2.5% (w/v) KAc.
The mixture was incubated at -80°C for a minimum of 30 min before centrifugation for 10
min at 14000 x g at 4°C to pellet the DNA. The DNA pellet was washed with 70% (v/v)
ethanol, vacuum dried and dissolved in 10-20 pl TE buffer containing 0.1 pl RNase. The

alkaline lysis method was also adopted for the isolation of plasmids from Legionella.
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Table 2.3. Plasmids used in this study

Plasmids Relevant properties Reference or Source

pCDPO5 Plasmid containing mini-Tn/0 Dr. Nicholas P.
and conferring sucrose sensitivity, | Cianciotto
resistance to kanamycin and
chloramphenicol

pBluescript II KS (-) High-copy cloning vector Stratagene
conferring resistance to ampicillin

pBluescript bdhA::aphA3 | pBluescript I KS (-) containing This study
bdhA::aphA3

pBluescript bdhA::ermAM | pBluescript II KS (-) containing This study

bdhA::ermAM

pMMB207C

pMMB207 with AmobA
(pPMMB207:RSF1010 derivative,
IncQ, CmR, Ptac, oriT)

(Chen, 2004)

pBdhA 1

pMMB207C harboring parent
copy of bdhA and 1 upstream
hypothetical promoter

This study

pBdhA3

pMMB207C harboring parent
copy of bdhA and 3 upstream
hypothetical promoter

This study

pBdhA4

pMMB207C harboring parent
copy of bdhA and 4 upstream
hypothetical promoter

This study

Cm" indicate resistance marker to chloramphenicol.
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2.13.4. Isolation of Genomic DNA from L. pneumophila

Genomic DNA was prepared from 10 ml L. pneumophila cultures. Cell pellets were
resuspended in 350 pl of the supernatant fluid and a 100 pl aliquot of the resulting cell
suspension was mixed with 600 pl of TE bufter, followed by the addition of 6 pul of pre-
warmed 10% (w/v) SDS. The samples were mixed by inverting the tube several times, and
then 4 ul of RNase A was added prior to incubation at 37°C for 30 min. Next, 8 ul of
Proteinase K stock (20 mg/ml, Fermentas) was added and the tubes were incubated for an
additional 45 min at 50-55°C. The DNA was then cleaned by phenol chloroform extraction
by mixing with 350 pl of phenol and 350 pl of chloroform, followed by centrifugation for 3
min at 13000 x g. The resulting aqueous layer was transferred to a new tube, and the process
was repeated 2 -3 times to ensure removal of proteins. This was followed by the addition of
350 pl of chloroform, mixing, centrifugation for 3 min at 13000 x g, and removal of the top
aqueous layer into a new tube. One-tenth volume of 5 M NaCl and two volumes of cold 95%
(v/v) ethanol were added. The DNA was precipitated at -20°C for 30 min, and centrifuged for
10 min at 13000 x g. The DNA pellet was rinsed with 100 ul 70% (v/v) ethanol, air dried for
5-10 min, and resuspended in 100 ul sterile dd-water and incubated at 4°C overnight to allow

solubilization.

2.13.5. Quantification of DNA of Plasmids and PCR Products

The quantity of DNA was estimated by comparison to DNA ladder standards (NEB)
with known molecular weights for each band in the ladder. Briefly, 1 ul of 1:20, 1:50, and
1:100 dilutions of the genomic DNA and 10 pl of a standard 1 kb DNA ladder were
electrophoresed on a 0.8% agarose gel. The intensity of the DNA bands was analysed using
Image J software (NIH, http://rsb.info.nih.gov/ij).

2.13.6. Polymerase Chain Reaction (PCR)

Typical cycling conditions used for PCR with Tag DNA polymerase (NEB) were:
Step 1- 95°C for 5 min, Step 2- 94°C for 30 s, Step 3- the appropriate annealing temperature
of the primers for 30 s, Step 4- 72°C for 1 min per 1 kb of amplicon, Step 5- repeat steps 2 to
4 for a total of 30 cycles, Step 6- 72°C for 5 min.
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PCR using Tag DNA polymerase was carried out with the buffer provided by the
supplier (NEB), according to the manufacturer’s directions. Each PCR reaction contained 10
pl 1 X PCR ThermoPol buffer (NEB) plus 1.5 pl of 10 mM dNTP (Invitrogen), 5 ul of each
primer (15 pmoles/ul), 2.5 U of Tag DNA polymerase (NEB), 1 pul of template DNA and the
appropriate volume of dd-water required to bring the reaction volume to 100 pl.

PCR using Phusion DNA polymerase (Finnzymes) was used to amplify the
kanamycin resistant cassette from pDL276 using the buffer and conditions recommended by
the supplier. Each reaction contained 10 pl of 5 X Phusion HF buffer, 1 pl of 10 mM dNTP
(Invitrogen), 2.5 pl of each primer (100 ng/ul), 0.6 U of Phusion DNA polymerase, 1 pl of
template DNA and the appropriate volume of dd-water required to bring the reaction volume
to 50 ul. Phusion DNA polymerase was used to produce PCR products with blunt ends.

Typical conditions used for PCR amplification using Phusion DNA polymerase were:
Step 1- 98°C for 30 s, Step 2- 98°C for 5-10 s, Step 3- the appropriate annealing temperature
for 10-30 s, Step 4- 72°C for 20 s per 1 kb of amplicon, Step 5- repeat steps 2 to 4 for a total
of 35 cycles, Sep 6- 72°C for 5-10 min.

Colony PCR screening of L. pneumophila transformants was performed using Tag
DNA polymerase. Briefly, individual colonies were picked using sterile glass rods into 50 ul
volumes of TE buffer. One pl of the cell suspension was used as template for PCR.
Alternatively, DNA was prepared from a single bacterial colony by putting the colony into an
1.5 ml tube containing 100 pl of TE buffer, 100 pl chloroform, and 100 pg glass beads
(VWR beads silica molbio 400M, Radnor, PA), vortexed for 1 min then centrifuged at 14000
x g at 4°C for 5 min. The DNA was precipitated with 95% (v/v) ethanol containing 2.5%
KAc, washed with 70% (v/v) ethanol, vacuum dried, and resuspended in 15 pl of TE buffer.
One pl of the DNA was used as the template for PCR.

The PCR primers used throughout this study are listed in Table 2.4. Oligonucleotides
used as ‘primers’ in PCR were purchased from either Integrated DNA Technologies, Inc.
(IDT) (Coralville, IA) or Alpha DNA (Montreal, QC). The melting temperatures (Tm) of
primers were designed to be between 50-60°C. When the amplified DNA fragment was to be
cloned, restriction enzyme sites were added to the 5’ ends of the primers and were
themselves preceded at their 5° end by 4 Cs or TAC. This was done to maximize the

efficiency of restriction enzyme digestion.
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Table 2.4. Primers used in this study

Primer Sequence (5° to 3°) Target
SL609 TGAgatatcCCGGGCCCAAAACCCGTT | Forward primer for erythromycin
TGA (EcoRV) cassette
SL729 TACggatccAGCGACTCATAGAATTA | Reverse primer for erythromycin
TTT (BamHI) cassette
SL801 TACggatccGCAAGGAACAGTGAATT | Forward primer for kanamycin
GGA (BamHI) cassette
SL823 TACGGTACCCAGTTGCGGATGTAC | Reverse primer for kanamycin
TTCAG cassette
SL867 CTCTGGCTTCAAGTTTTGTT Forward primer to amplify
sgol171::ermAM fragment
SL870 ACAACTATCAAGCTATGTACT Reverse primer to amplify
sgoll171::ermAM fragment
SL960 CCCCgcggccgcCAAGTTGGAACAGC | Forward primer for bdhA
AGTTGG (Notl) upstream region
SLI61 CCCCgatatcACATCAACCCCTCCAAA | Reverse primer for bdhA upstream
GTG (EcoRV) region
SL962 CCCCggatccTGAATCGAATGCGCTT | Forward primer for bdhA
ACAG (BamHI) downstream region
SL963 CCCCctcgagTGATATGCCACCATCCC | Reverse primer for bdhA
AGT (Xhol) downstream region
3hbd-Q F | TGTCCGTACTCCTCTCGTTG Forward primer for hdhA
3hbd-Q R | ACATCGTCTGTGGTGGTGAA Reverse primer for bdhA
3hbdF AAAGAAGGGGCAAAGGTAGC Forward primer for bdhA used to
study its expression in the VBNC
state
3hbdR GAATACCGGCATTGCTGACT Reverse primer for bdhA used to

study its expression in the VBNC

state
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Table 2.4. Continuation

Primer Sequence (5’ to 3°) Target
HspC2F CCTGGTATGGGTGAAGAAGA Forward primer for 4spC2 used to
study its expression in the VBNC
state
HspC2R | AGGCAGTCGCTTTATCCAC Reverse primer for 2spC2 used to
study its expression in the VBNC
state
Lpg0634F | TTCCTGCAAGTCCTTTCGTT Forward primer for [pg0634 used
to study its expression in the
VBNC state
Lpg0634R | TCCCAGGATTTGAATTGCTC Reverse primer for [pg0634 used
to study its expression in the
VBNC state
SL956 CCCCgcggccgcACTGATTATAGGCGG | Forward primer for rpoS upstream
CTTGC (NotI) portion
SL957 CCCCgatatcTGGCTCAGACCATTCCT | Reverse primer for rpoS upstream
CTT (EcoRV) portion
SL959 CCCCctcgagTGGCAGCGAGCATACT | Reverse primer for rpoS
ATAA (Xhol) downstream portion
RpoS-QF | TTTATCTCAGAGCGGCAAGG Forward primer for rpoS
RpoS-QR | CTCCAAAGGCTTATCCACCA Reverse primer for rpoS
SLI971 GTTCCCACCTCAATGGATGA Forward primer for
Transmembrane gene
SL972 AATTCCGTTTCATCGTGCTC Reverse primer for
Transmembrane gene
SL982 TGCTTGCCATTCATTTGG Forward primer for bdhA internal

region (280 bp)
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Table 2.4. Continuation

Primer Sequence (5° to 3°) Target
SL983 TTCTTTTGCTTGCTCTGGAA Reverse primer for bdhA internal
region (280 bp)
SL1004 TACggatccTTCCTTAATCATTTTAGC | Forward primer for bdhA::aphA3
GATCA (BamHI) complementation including 3
candidate promoters upstream of
start codon
SL1018 TACggatccACAAAAGGAAGTTTACT | Forward primer for bdhA::aphA3
ATGAAAAAGA (BamHI) complementation including 4
candidate promoters upstream of
start codon
SL1019 ATTACCTCCCTTggatccAACTCTCT Forward primer for bdhA::aphA3
(BamHI) complementation including 1
candidate promoters upstream of
start codon
SL1005 TACctgcagTCGAGTCATGGTTGTTTA | Reverse primer for
CTCC (Pstl) bdhA::aphA3 complementation
Tnl0up CAGGAATCGAATGCAACCGGC Forward primer for mini-Tn/0
Tnl0 CAAAGCCGCCGTCCCGTCAAG Reverse primer for mini-Tn/0
down

Lower case sequences indicate the restriction site named in parentheses.
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For cloning, the PCR products were extracted with chloroform prior to restriction
endonuclease digestion.

When the PCR product was to be used for electroporating competent L. pneumophila
cells, the PCR product was precipitated with 95 % (v/v) ethanol containing 2.5 % (w/v) KAc.

The pellet was washed 3 times with 70 % (v/v) ethanol and dissolved in dd-water.

2.13.7. Preparation of Competent E. coli Cells

LB medium (2 ml) containing 10 pg/ml tetracycline was inoculated with 10 ul frozen
E. coli XL1-Blue stock and incubated overnight at 37°C with shaking at 200 rpm. After that,
LB (45 ml) containing 10 pg/ml tetracycline was inoculated with 1 ml of overnight culture
and incubated until an ODgoo ~ 0.35 was reached. The culture was centrifuged at 10000 x g
for 10 min at 4°C and the supernatant was removed. The cell pellet was washed with 50 ml
cold transformation buffer 1 (Tfm1: 10 mM Tris and 150 mM NaCl; pH 7.5) and centrifuged
at 10000 x g for 10 min. The supernatant fluid was removed and the cells were resuspended
in 50 ml of transformation buffer 2 (Tfm 2: 50 mM CacCl,), followed by a 45 min incubation
on ice. The cell suspension was centrifuged again and resuspended in 3 ml of Tfm2 and 2 ml
of glycerol. Aliquots were stored at -80°C.

For the preparation of electro-competent E. coli DH5a cells, 50 ml of LB broth was
inoculated with 500 pl of an overnight culture and incubated for 2-3 h. The culture was
centrifuged at 4500 x g for 10 min at 4°C and the pellet was washed with 40 ml of 10 % cold
glycerol. This was followed by centrifugation and the glycerol was discarded. Twenty
millilitres of 10 % cold glycerol was then added and centrifuged. The pellet was then washed
in 1.5 ml of 10 % cold glycerol and centrifuged at 6000 x g for 1 min at 4°C. Finally, 120 pl
of 10 % cold glycerol was added to the pellet, divided into aliquots of 40 pul and stored at -
80°C.

2.13.8. Transformation of E. coli

In an Eppendorf tube on ice, 200 pl of E. coli XL1-Blue competent cells were
mixed with 100 pl of transformation buffer 3 (tfm3: 10 mM Tris, 50 mM CaCl,, and 10 mM
MgSOy4, pH 7.5) and 10 pl of ligated DNA and incubated on ice for 45 min. The cells were
then heat shocked at 37°C for 2 min, followed by incubation at 25°C for 10 min. LB (500 pl)
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was added to the cell suspension and incubated at 37°C for 1 h. The cells (200 pul) were then
plated on selective LB agar containing the appropriate antibiotics.

For transformation of electro-competent £. coli DHS5a cells, 5 pl of plasmid DNA in
dd-water (at ~ 1 pg/ul) was added to 40 ul of thawed electro-competent E. coli DH5a cells
and incubated on ice for 10 min. The DNA/cell mixture was transferred to a pre-chilled 1 mm
gap electroporation cuvette (BioRad). The electroporation conditions were 2.4 kV, 25 pF and
400 OHMS (4.3 milliseconds (ms) was the typical time constant). The cells were then
transferred to 750 pl of pre-warmed LB broth and incubated at 37°C for 1 h with shaking at
200 rpm. Different volumes of the cells (100 pl, 200 pl, and 495 ul) were then plated onto LB

agar with the appropriate selection.

2.13.9. Preparation of Electrocompetent L. pneumophila Cells

One colony of L. pneumophila strain JR32 was suspended in 500 pl sterile dd-water,
spread on BCYE agar, and incubated overnight to form a lawn. The lawn of L. pneumophila
was harvested (by pipetting) into 20 ml of sterile dd-water and centrifuged at 4500 x g for 10
min at 4°C. The cells were resuspended in 50 ml of cold 10% glycerol, centrifuged at 4500 x
g for 10 min at 4°C and the pellets were washed again with 50 ml of cold 10% glycerol, and
finally resuspended in 500 ul of cold 10% glycerol. The cells were stored at -80°C in 40 pl

aliquots.

2.13.10. Electroporation of L. pneumophila

Electrocompetent L. pneumophila were thawed on ice. Five microliters of plasmid or
constructed linear DNA fragments (at ~ 1 pg/ul) were added to the thawed cells and
incubated on ice for 10 min. The DNA/cell mixture was transferred to a pre-chilled 1 mm gap
electroporation cuvette. The electroporation conditions were 2.4 kV, 25 uF and 400 OHMS
(4.3 ms was the time constant). The cells were then transferred to 750 pl of pre-warmed BYE
and incubated at 37°C for 2 h at 100 rpm. The cells were then plated onto BCYE agar with
the appropriate selection. The plates were incubated at 37°C and 5% CO, for 5-7 days. When

needed, colonies were replica-plated and screened by colony PCR, as described above.

2.13.11. Construction of Mini-Tn/0 Insertion Library in L. pneumophila
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A diagram illustrating the approach used in the construction of a mini-Tn/0 mutant
library is shown in Fig.2.1. After electroporation of competent L. pneumophila JR32 with
pCDPO05 and incubation in BYE, 100 pl of the culture was plated on BCYE agar containing
streptomycin, kanamycin, and sucrose. The plates were incubated for 5-7 days at 37°C and
5% CO», and individual transformants were transferred into 96-well plates containing BYE
with streptomycin and kanamycin and incubated overnight.

To identify transposon mutants that exhibited changes in culturability, and to confirm
the absence of the carrier plasmid, the transformants were replica-plated into three sets of
plates: (1) 96-well plates containing monolayers of 4. castellanii in sterile tap water (200
ul/well), (i1) BCYE plates containing streptomycin and chloramphenicol, and (iii)) BCYE
plates with streptomycin, kanamycin, and sucrose. The plates containing the infected A.
castellanii were incubated at 37°C for 5 days, and each well was subsequently replica-plated
onto BCYE agar containing streptomycin, kanamycin, and sucrose. This was considered as
time O for the assessment of the loss of culturability. In parallel, 50 pul from each well of the
plates containing the infected A. castellanii was transferred into new 96-well plates
containing 150 pl/well of sterilized dd-water. The plates were sealed with sterile adhesive
sealing films (Excel Scientific Inc.) and incubated in humidity at 45°C. The culturability was
checked regularly by replica-plating on BCYE plates containing streptomycin, kanamycin,
and sucrose. Transformants that exhibited a difference in the extent of culturability compared
to the parent strain were selected for analysis of the production of VBNC cells, as described
above.

The replica-plating on (i1) and (iii) was to confirm the absence of the carrier plasmid
pCDPO5 and the insertion of the mini-Tn/0 into L. pneumophila genome. Further
confirmation of the insertion of the mini-Tn/0 was performed by PCR amplification of the

mini-Tn/0 using (Tn/0 up/Tn/0 down) primers.

2.13.12. Construction of L. pneumophila bdhA::aphA3 Mutant (bdhA Mutant)
Strain

Two strategies were used in an attempt to mutate the bdhA gene of JR32. Initially, we
attempted to inactivate the bdhA gene by inserting the erythromycin resistance cassette,

ermAM, into the bdhA open reading frame. To do this, pBluescript bdhA::ermAM was
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Fig. 2.1. Diagram illustrating the method used to create a mini-Tn/0 insertion library
in L. pneumophila.
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constructed in two steps. The first step was to construct the bdhA4 upstream-ermAM fragment.
An upstream (F1) (~700 bp) fragment of bdhA was amplified by PCR from L. pneumophila
JR32 chromosomal DNA with the primer pair SL960/SL961. A 1.8 kb fragment of
sgol171::ermAM was PCR amplified from Streptococcus gordonii SGO-1171 (Lee,
unpublished) using the primer pair SL867/SL870. The bdhA upstream and sgol171::ermAM
PCR products were digested with ECORV (Fermentas). The digested DNA was
electrophoresed on a 0.8% agarose gel, and the 700 bp bdhA upstream and the 1.3 kb ermAM
fragments were excised from the gel and ligated using T4 DNA ligase (NEB). The ligation
mixture contained 8.5 ul DNA, 1 ul 10 X T4 DNA ligase buffer, and 0.5 pul T4 DNA ligase
(400 U, NEB). The ligation mixtures were incubated overnight at 25°C. One microlitre of the
ligation mixture was used as the template for PCR amplification of the ligated bdhA
upstream-ermAM fragment using the primers SL960/SL870, yielding a 2 kb fragment (Fig.
2.2A).

The second step was to construct bdhA downstream-pBluescript. The downstream
(F2) (~700 bp) fragment of bdhA was amplified by PCR from L. pneumophila JR32
chromosomal DNA with the primer pair SL962/SL963. The bdhA downstream fragment and
pBluescript were both digested with BamHI and Xhol (Invitrogen). The digested DNA was
electrophoresed on a 0.8% agarose gel, and the 700 bp bdhA downstream and 3 kb
pBluescript fragments were excised from the gel and ligated using T4 DNA ligase (Fig.
2.2B). E. coli XL1-Blue was transformed with the ligation mixture and plated on LB agar
containing tetracycline, ampicillin, X-gal (200 pl of 10 mg/ml), and IPTG (4 pul of 0.1 M),
and incubated overnight at 37°C. White colonies were picked up and grown on LB agar
containing ampicillin.

Finally, the resulting 3.7 kb plasmid was ligated to the bdhA upstream-ermAM
construct. The plasmid DNA and bdhA upstream-ermAM fragment were both digested with
BamHI (Invitrogen) and Notl (NEB). The digested DNA was electrophoresed on a 0.8%
agarose gel. The 1.5 kb bdhA upstream-ermAM fragment and 3.7 kb constructed plasmid
were excised from the gel and ligated using T4 DNA ligase (Fig. 2.2B). E. coli XL1-Blue
was transformed with the ligation mixture and plated on LB agar containing erythromycin
and incubated overnight. Transformants were grown on LB broth containing ampicillin. The

constructed plasmid (pBluescript bdhA::ermAM) was isolated by alkali lysis. Restriction
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analysis was performed to confirm the correct size (5.2 kb) of the plasmid. PCR
amplification of the bdhA upstream-ermAM-bdhA downstream fragment was performed
using the primer pair SL960/SL963 and 1 pl of pBluescript bdhA::ermAM plasmid as
template. The PCR product was precipitated with ethanol and resuspended in 50 pl dd-water
and confirmed by restriction analysis (2.2 kb).

The 2.2 kb bdhA upstream-ermAM-bdhA downstream fragment was used to
electroporate competent L. pneumophila JR32 cells, and the transformants were selected on
BCYE agar plates containing erythromycin incubated for up to 6 days at 37°C with 5% CO..
To confirm the insertion of the bdhA upstream-ermAM- bdhA downstream cassette in bdhA
gene, chromosomal DNA was isolated from bdhA transformants and analyzed by PCR using
the SL609/SL729 primer pair, and later SL960/SL729; SL609/SL.963; SLI960/SLI63;
SL609/SL972 primer pairs. This was followed by RT-PCR analysis using the primer pairs
SL971/SL972 and 3hbd-QF/3hbd-QR.

More transformants were screened by PCR using 3hbd-QF/3hbd-QR and results
revealed that bdhA gene was still intact. Thus, the method to mutate the hdhA gene by
inserting the ermAM cassette failed to produce a bdhA mutant. In light of this, a decision was
made to substitute the erythromycin resistance cassette, ermAM, with a kanamycin resistance
cassette, aphA3, in the mutant construction.

The 1 kb kanamycin resistance cassette aphA3 was amplitied from pDL276 plasmid
DNA (Dunny et al., 1991) using the primer pair SL801/SL823 and then chloroform-
extracted. To construct pBluescript bdhA.:aphA3, ermAM was excised from pBluescript
bdhA::ermAM by digestion with EcoRV and BamHI, while aphA43 was digested with BamHI.
The digested DNA was electrophoresed on a 0.8% agarose gel. The 1 kb aphA3 fragment and
4.4 kb digested plasmid were excised from the gel and ligated using T4 DNA ligase, yielding
pBluescript bdhA::aphA3 (Fig. 2.3). E. coli XL1-Blue was transformed with pBluescript
bdhA::aphA3, plated on LB agar containing kanamycin, and incubated overnight at 37°C.
Transformants were grown in LB broth containing kanamycin, and pBluescript bdhA::aphA3
was isolated by alkali lysis. Restriction analysis was performed to confirm the correct size
(5.4 kb) of the plasmid. PCR amplification of the bdhA upstream-aphA3-bdhA downstream
fragment was performed using the primer pair SL960/SL963 and 1 pl pBluescript
bdhA::aphA3 as a template.
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The 2.4 kb bdhA upstream-aphA3-bdhA downstream fragment was used to
electroporate competent L. pneumophila JR32 cells. The transformants were plated on BCYE
agar plates containing kanamycin and the plates were incubated for up to 6 days at 37°C with
5% CO,. Chromosomal DNA was isolated from the transformants and analyzed by PCR to
confirm the insertion of aphA3 in the bdhA gene using different primer pairs (3hbd-QF/3hbd-
QR, SL801/SL823, SL801/SL960, SLI960/3hbd-QR, 3hbd- QF/SL972, SL.823/SL972,
SL956/RpoS-QR, SL982/SLI983, RpoS-QF/RpoS-QR, SL960/SL963, SL823/SLI63,
SL960/SLI983, and SL982/SL.972). RNA was isolated from the mutant to confirm absence of
bdhA transcript by RT-PCR using the following primer pairs: SL965/SL959, SL965/SL.957,
SL972/SL972, and SL982/3hbd-QR.

2.13.13. Complementation of The L. pneumophila bdhA Mutant

The bdhA gene was analyzed for candidate promoter(s) using the Neural Network

Promoter Prediction software (http://www.fruitfly.org/seq tools/promoter.html). The

analysis showed four putative promoters. The bdhA gene with the closest candidate promoter
(34 bp upstream from start codon) was amplified using the primer pair SL1019/SL1005, with
its three candidate promoters (the farthest one was 168 bp upstream from start codon)
amplified using SL1004/SL1005 primers or with its four candidate promoters (the farthest
one was 461 bp upstream from start codon) amplified using SL1018/SL1005 primers. The
amplified products were digested with Pstl and BamHI and cloned into pMMB207C,
yielding pBdhA1, pBdhA3, and pBdhA4, respectively, and transformed into E.coli XL1-
Blue. Transformants were verified to carry the recombinant plasmids by alkali lysis and
restriction analysis. The transformants were further analyzed by PCR amplification of the
cloned fragment using SL1019/3hbd-Q R, SL1004/3hbd-Q R, and SL.1018/3hbd-Q R primer
pairs.

Competent L. pneumophila bdhA mutant cells were electroporated with the
recombinant plasmids and selected on BCYE containing kanamycin, streptomycin, and
chloramphenicol. Transformants were then grown in BYE plus with kanamycin,
streptomycin, and chloramphenicol, and verified to carry the recombinant plasmids by alkali
lysis and restriction analysis. The transformants were further analyzed by PCR amplification

of the cloned fragment using SL1019/3hbd-Q R, SL1004/3hbd-Q R, and SL1018/3hbd-Q R
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primer pairs. Hence, the Comp 1P strain represents a bdh4A mutant complemented with
pMMB207C harboring the parent copy of bdhA and one upstream hypothetical promoter
(pBdhA1), the Comp 3P strain was complemented with pMMB207C harboring the parent
copy of bdhA and 3 upstream hypothetical promoters (pBdhA3), and the Comp 4P was
complemented with pMMB207C harboring the parent copy of bdhA and 4 upstream
hypothetical promoters (pBdhA4). As a control for any potential effects of the presence of
pMMB207C, parent and bdhA mutant were electroporated with the empty plasmid
pMMB207C, yielding parent207C and bdhA207C strains respectively.

2.13.14. RNA

2.13.14.1. Isolation

Total RNA was obtained by the Trizol method described by Milohanic et al. (2003),
with modifications. Cells from 6 ml of stationary phase cultures were resuspended in 400 pl
suspension solution (1 part 20% glucose, 1 part 25 mM Tris) and 60 ul 0.5 M EDTA.
Aligouts of 500 pl of citrate-buffered phenol and 400 mg glass beads were added to a 2 ml
screw-cap tube containing the cell suspension. The cell suspension was shaken in a FastPrep
machine (FastPrep FP120, Thermo Scientfic, Milford, MA) at speed 6 for 30 s, followed by 1
min on ice. The suspension was then centrifuged for 5 min at 10000 x g at 4°C. The
supernatant was transferred to a sterile 1.5 ml tube and 1 ml Trizol (Invitrogen) was added
and mixed gently. The mixture was incubated for 5-10 min at 25°C with inversions at regular
intervals. Chloroform (100 ul) was then added, mixed gently, and incubated for 3 min at
25°C. The mixture was centrifuged and the aqueous phase was transferred into a sterile 1.5
ml tube. Chloroform (200 pl) was added, mixed, and incubated for 5 min at 25°C. The
mixture was centrifuged again and the aqueous phase was saved. The RNA was precipitated
with 500 pl of isopropanol and washed with 1 ml cold 70% (v/v) ethanol. The RNA was
dissolved in 50 pl of 0.1% DEPC (diethylpyrocarbonate)-treated dd-water.

2.13.14.2. RNA Quantification and DNase Treatment
The concentration of RNA in each sample was determined by spectrophotometry. The
sample (5 pl) was diluted in 1 ml of dd-water and absorbance was read at 260 nm and at 280

nm. RNA concentration (pg/ml) was calculated using the following formula: OD,¢ x dilution

97



factor x 40 ug/ml. To remove DNA, RNA (1 ug) was mixed with 1 pl of Amplification
Grade DNase I (1 U/ul, Fermentas), 1 pl of 10 X DNase I reaction buffer and DEPC treated
dd-water to 10 pl, followed by incubation at 25°C for 15 min. EDTA (1 pl of 25 mM; pH 8)
was added to each sample and incubated at 65°C for 10 min. To verify that the RNA was free
of DNA, aliquots of the DNase I treated RNA (1 pl) were tested by PCR using primers
specific for the control gene (7poS). The reaction mixture contained 1 pul RNA sample, 5 pl
10 X ThermoPol buffer, 2.5 ul of each SL956 and SL959 primers, 1 uM dNTP mixture, 2.5
U Tag DNA polymerase, and dd-water to 35.5 pl.

2.13.14.3. Complementary DNA Synthesis

Complementary DNA (cDNA) was synthesized from the purified DNA-free RNA
using Superscript II reverse transcriptase (200 U/ul, Invitrogen), following the
manufacturer’s instructions. Random primers 1 pl (3 pg/pl, Invitrogen) and 1 pl of 10 mM
dNTPs mixture were mixed with 9 pl of the RNA template and incubated at 65°C for 5 min.
The reaction mixture was incubated on ice for 2 min, followed by the addition of 4 pl of 5 X
first strand buffer and 2 pl dithiothreitol (0.1 M DTT). The reaction mixture was incubated at
25°C for 2 min. One microlitre of SuperScript II reverse transcriptase was added to the
reaction mixture and incubated at 25°C for 10 min, 42°C for 50 min, and 70°C for 15 min. To
confirm that cDNA had been synthesized, 1 pl of cDNA and primers specific for the control
gene (rpoS) were used in a PCR reaction. The PCR product (7 pl) was analyzed by agarose

gel electrophoresis.

2.13.14.4. Reverse Transcriptase PCR (RT-PCR)

Amplification of cDNA was performed by standard PCR techniques. To examine the
expression of bdhA, hspC2, and Ip0634 in the VBNC bacteria, PCR was performed using
primer pairs 3hbdF/3hbdR for bdhA, HspC2F/ HspC2R for AspC2, and Ipg0634F/ Ipg0634R
for Ipg0634.

To confirm that the bdhA gene was not expressed in the bdhA::aphA3 mutant, RT-
PCR was performed using the primers SL982/3hbd-QR to amplify the internal 366 bp
fragment of bdhA. To confirm the lack of any polar effect of the bdhA::aphA3 mutation on
the downstream gene, SL971/SL972 primers were used to amplify a 242 bp fragment of the
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transmembrane protein gene (second gene in the bdhA operon). The PCR product (7 pl) was

analyzed by agarose gel electrophoresis.

2.14. Proteomic Techniques Used with VBNC Cells

2.14.1. Extraction and Quantification of L. pneumophila Proteins

Culturable and VBNC L. pneumophila JR32 were suspended in 100 pl dd-water and
lysed by sonication (10 bursts of 20 s each at an amplitude of 60 with 4 min of cooling
between each burst) (Vibracell, Sonics and materials Inc. Danbury, CT, USA). The L.
pneumophila lysates were diluted 1:10 with dd-water for protein quantification using the
commercial Bradford reagents (Bio-Rad laboratories, Ltd., Messisauga, ON) (Bradford,
1976). A standard curve was generated using dilutions of BSA in dd-water ranging from 0.2
to 1.6 mg/ml. The concentrations of the proteins in the samples were calculated using the

equation from the BSA standard curve.

2.14.2. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

Polyacrylamide gels were prepared using a 5% stacking gel and a 9-17% gradient
resolving gel. The 5% stacking gel was prepared per 13.5 ml as follow: 7.76 ml dd-water,
2.26 ml 30% acrylamide:bisacrylamide (29:1), 3.36 ml stacking buffer (1.5 M Tris-HCI ph
6.8, 10% SDS), 62.4 ul of 15% ammonium persulfate (APS), and 26.4 pul of N, N, N’, N’-
tetramethylethylenediamine (TEMED). The 9% resolving gel contained (per 24 ml): 10.72
ml dd-water, 7.2 ml 30% acrylamide:bisacrylamide (29:1), 6 ml resolving buffer (1.5 M Tris-
HCl ph 8.8, 10% SDS), 80 ul of 15% ammonium persulfate (APS), and 12 pl of TEMED.
The 17% resolving gel was prepared as follows (per 24 ml): 4.32 ml dd-water, 13.6 ml 30%
acrylamide:bisacrylamide (29:1), 6 ml resolving buffer, 80 ul of 15% APS, and 12 pl of
TEMED.

Protein samples were prepared for SDS PAGE by mixing with 5 X sample buffer
(315 mM Tris-HCI pH 6.8, 50% glycerol, 10% SDS, 25% beta-mercaptoethanl, 0.01%
bromophenol blue) at one-fifth of their total volume; SDS was added to a final concentration
of 2% of the final volume. The samples were then boiled for 5 min and mixed by vortexing.

This was followed by the addition of B-mercaptoethanol to 10% of the total sample volume,
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followed by boiling for 5 min and vortexing. The samples were centrifuged at 10000 x g for
10 min and the supernatant was loaded onto the gel.

Ten micrograms of the protein samples and 25 pl of protein markers (NEB) (boiled
for 5 min) were loaded into the gel wells. Electrophoresis was performed in SDS
electrophoresis buffer (15 g/L Tris base, 72 g/L glycine, and 5 g/L SDS) at 15 mA until the

dye front passed the stacking gel, after which the current was increased to 30 mA.

2.14.3. Silver Staining of The SDS-PAGE Gels

Silver staining was carried out as follow: 1) overnight fixation in 50% (v/v) methanol
and 10% (v/v) acetic acid solution; i1) 15 min fixation in 50% (v/v) methanol; ii1) five
consecutive 5-min washes with sterile dd-water; iv) sensitization for 1 min with 0.02%
sodium thiosulfate; v) two washes for 1 min with sterile dd-water; vi) treatment with freshly
prepared 0.2% silver nitrate in cold water for 25 min; vii) washing twice with sterile dd-water
for 1 min; vii1) gel development using 3 % sodium carbonate containing 0.025% formalin
(this involved two steps: the developer was decanted when the solution turned yellow and
then the second step lasted until desired band intensity was achieved); ix) 1.4% EDTA was
used to stop the reaction for 10 min; and, x) the gel was rinsed twice with sterile dd-water for
1 min each. Finally, the gels were preserved in 1% acetic acid. Protein bands were excised in
a laminar flow hood using sterile scalpel blades. Protein bands from duplicate lanes were
combined and submitted for mass spectrometry (Proteomic core facility at Dalhousie

University, Halifax, NS).

2.14.4. Shotgun Proteomic Analysis

Samples containing 500 pg of proteins from culturable and VBNC bacteria were
dried by speed vacuuming at 35°C (SPD speed vac, Thermo). Denaturing buffer (200 ul) (8M
urea, 400 mM ammonium bicarbonate, 0.1% SDS) was added to each sample, vortexed, and
sonicated for 30 min at 25°C in a water bath sonicator (Brannsonic Ultra sonic Bath.). Next,
10 ul of 0.5 M DTT was added to each sample, mixed by pipetting and incubated at 60°C for
30 min. The samples were then left to stand for 5 min at 25°C. Twenty microlitres of 0.7 M
iodoacetamide was added, mixed by pipetting, and incubated at 25°C. After 30 min, 10 ul of
0.1 M CaCl, was added and the samples were diluted 5 fold with dd-water. After dilution, 5
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ug of trypsin was added to each sample, after which the sample was vortexed and incubated
in a shaker (200 rpm) at 37°C overnight to digest the proteins. The next day, the samples
were centrifuged for 15 min at 18000 xg at 4°C and the supernatant was transferred into a
new 1.5 ml tube. The pH of the samples was adjusted to < 3 using 99% (v/v) trifluoroacetic
acid (TFA).

Solid phase extraction was performed to remove salts from the samples. This was
done by passing the samples through a C18 column, which had been conditioned with 3 ml
of 100% acetonitrile followed by 3 ml of 50% (v/v) acetonitrile and 0.1% (v/v) TFA and
finally by 5 ml of 0.1% (v/v) TFA. Each sample was loaded into a separate column and
allowed to flow slowly. The column was then washed with 5 ml of 0.1% (v/v) TFA.
Finally, the samples were eluted with 1.2 ml of 50% (v/v) acetonitrile and 0.1% (v/v) TFA,
and dried by speed vacuuming overnight. Subsequently, 450 pl of 50 mM triethylammonium
bicarbonate buffer (TEAB) (Sigma) was added to each sample and the samples were
sonicated for 15 min in a water bath sonicator. Protein samples prepared from culturable L.
pneumophila were mixed with 8 pl of 37% (v/v) formaldehyde (Sigma), while protein
samples from VBNC bacteria were mixed with 14 pl of (20% w/w in D,0O) (v/v) D,
formaldehyde (Cambridge Isotope Laboratories Inc, USA). Each of the samples was then
mixed with 20 pl of 6 M sodium cyanogen borohydrate (Fluka) and vortexed. Four hundred
and sixty microliters from each sample was combined into one 1.5 ml tube and vortexed. The
pH was adjusted to < 3 with 99% (v/v) TFA. The samples were desalted by solid phase
extraction and speed vacuumed as described above. When ionic exchange chromatography
was used, 250 pl of 10 mM ammonium formate buffer (buffer A) (NH4s HCO,: ACN 10 mM
[75:25] pH 3) was added to resuspend the sample, followed by sonication in a water bath
sonicator for 20 min. Peptides were eluted from the ionic exchange column (Mono S™ 5/50
GL) with a gradient form from buffers A and B (ammonium formate buffer (NH4s HCO,:
ACN [75:25] 600 mM pH 3)) into 40 1.5 ml tubes (each containing 1 ml of the eluted
peptide). The eluted peptides were detected at 280 nm and dried by speed vacuuming.

Following drying by vacuuming, 40 pl of reconstitution solution (2% ACN and 0.1%
formic acid in HPLC H,0) was added to the samples, mixed by pipetting, and sonicated in a
water bath for 20 min. All samples were analyzed by LC-MS/MS (Thermo-Dionex Ultimate
3000 RSLCnano system coupled to a Thermo VelosPRO-Orbitrap tandem mass
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spectrometer). One microlitre of each sample was injected into a C18 column (Acclaim
PepMAP, RSLC, 75um x 15cm, PN#164534) running a gradient of 3% ACN in 0.1% formic
acid to 90% ACN in 0.1% formic acid in 45 minutes at a flow rate of 300 nL/min. Data
obtained from an information dependent acquisition (IDA) method was analyzed using
SEQUEST algorithm on Proteome Discoverer software package. An NCBI Legionella
database was used for protein identifications with the peptide confidence filter setting at high.
Multiple Reaction Monitoring (MRM) analysis was used as a method to quantify
the proteins of interest. This work was done on an ABSciex Qtrap5500 instrument coupled to
a nano chromatographic LC system as described before. MRM is a highly specific and
sensitive mass spectrometry technique that can selectively quantify compounds within
complex mixtures. This technique uses a triple quadrupole MS that first targets the ion
corresponding to the compound of interest with subsequent fragmentation of that target ion to
produce a range of daughter ions. One or more of these fragment daughter ions can be
selected for quantification purposes. Only compounds that meet both of these criteria (i.e.,
specific parent ion and specific daughter ions corresponding to the mass of the molecule of
interest) are isolated within the mass spectrometer. By ignoring all other ions that flow into
the mass spectrometer, the experiment gains sensitivity while maintaining exquisite accuracy.
Twelve proteins from the shotgun proteomic screen were chosen for further analysis
using the MRM method in order to accurately quantify their levels in the MIF-VBNCCs
compared to the culturable MIFs. Of these twelve proteins, seven (BdhA, acetyl CoA
synthetase, RelA, GGDEF/EAL motif protein, EnhA, two small Hspc2 proteins) were chosen
from the list of proteins with increased levels, three proteins (D-alanyl-D-alanyl
carboxypeptidase, D-alanyl-D-alanyl ligase, and acetyl CoA reductase) were chosen from the
list of proteins with decreased levels, and two proteins (pyruvate dehydrogenase and acyl
CoA) were chosen from the list of proteins with unchanged levels as controls. Protein
samples were processed as described for the shotgun proteomics screen method, but the ionic
exchange chromatography step was omitted. Skyline software (https://brendanx-
uw1.gs.washington.edu/labkey/wiki/home/software/Skyline/ page.view?name=default) was

used to analyze the data.

2.15. 3-Hydroxybutyrate Dehydrogenase Enzyme Assay
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The L. pneumophila parent, the bdhA mutant, and the complemented mutant were
grown in 120 ml of BYE broth to the stationary phase (ODgyo ~ 3). Bacterial cells were
centrifuged at 5000 x g for 15 min at 4°C and the pellets were washed twice with 15 ml of
washing buffer (20 mM Tris-HCI, 1 mM MgCl,; pH 7.8). One gram of cells (wet weight)
resuspended in 4 ml of sonication buffer (20 mM Tris-HCI, 1 mM MgCl,, 10% glycerol, 10
mM B-mercaptoethanol; pH 7.8) was disrupted by sonication (10 bursts of 20 s each at an
amplitute of 60 with 4 min of cooling between each burst). The sonicated cells were
centrifuged at 21000 x g for 20 min at 0°C. The supernatant was stored at -80°C.

The protein concentrations in the samples were determined as follows. A standard
curve was generated using dilutions of BSA in dd-water ranging from 5 to 100 pg/100 pl.
Twenty pl of BSA or protein sample was mixed with 1 ml of a laboratory-made Bradford
reagent (Bradford, 1976). The samples were then incubated for 5 min and the absorbance was
measured at 595 nm.

For the 3-hydroxybutyrate dehydrogenase enzyme assay, crude lysateswere mixed
with 93 mM Tris, 27 mM D-B-hydroxybutyrate, and 2 mM  —NAD (Sigma). The lysate was
added last to start the enzymatic reaction. The total volume of the reaction was 1.5 ml and the
reaction was incubated at 25°C. The amount of increase in A34onm, Which represented the
increase in the NADH level, was monitored for 40 min. The enzymatic activity (units/mg)
was calculated as follow: (A Azsonm /min test - A Az4onm /min blank) divided by 6.22 where
the 6.22 represent millimolar extension coefficient of f —NAD at 340nm. Bacterial lysates

boiled for 5 min was used as a negative control.

2.16. Statistical Analysis

The results from the culturability and viability experiments were analyzed by 2-way
ANOVA. The number of inclusion bodies between the parent and hdhA mutant were
analyzed by the Student’s 7 test. A P value of < 0-05 was considered to be significant.
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CHAPTER 3. RESULTS- CHARACTERIZATION OF VBNC L. PNEUMOPHILA
CELLS PRODUCED IN WATER

3.1. Production of VBNC Cells from SPFs and MIFs in dd- and Tap Water

The culturability and viability of SPFs and MIFs were monitored in dd-water and tap
water at a cell density of 10°® cfu/ml and a temperature of 45°C (Fig.3.1). Loss of culturability
in the entire bacterial population was regarded as the criterion for entrance into the VBNC
state. In tap water, both SPFs and MIFs reached the VBNC state in 45 days, albeit with
different final mean percentages of viable cells: 20.1 & 4.3% (n=3) viability for VBNC cells
derived from stationary phase forms (SPF-VBNCCs) and 69.3 + 4.2% (n=3) viability for
VBNC cells derived from mature infectious forms (MIF-VBNCCs). In dd-water, SPFs
reached the VBNC state in 18 days with a final mean viability of 5.0 £ 0.5% (n=3), whereas
MIFs did so in 30 days with a final mean viability of 87.2 + 10.8% (n=3). Over the sampling
period and before complete loss of culturability, a dramatic decrease in the colony forming
units for SPF bacteria in dd-water was observed, while the decrease in cfu was gradual for
those in tap water. It is noteworthy that once the VBNC state was reached, the viability
appeared to remain constant, with an asymptotic trendline (Fig.3.2). Therefore, L.
pneumophila loses culturability faster in dd-water than in tap water, and MIFs cope better
than SPFs with prolonged starvation and high temperature, particularly in the dd-water
microcosm.

In response to starvation in tap water at 45°C—and before completely losing their
culturability (between days 25 and 32 after inoculation)—SPFs exhibited a unique growth
pattern on BCYE plates after being spotted for culturability assessment. Instead of forming
isolated single colonies on BCYE that would decrease in number proportionally to the
dilution factor, SPFs from tap water produced lawns that covered the entire area of the
original inoculum spot. Moreover, the lawns often showed a double-ringed growth pattern,
reminiscent of the consolidation rings of swarming bacteria (Fig. 3.3A, arrows). This growth
pattern was hypothesized to be the result of surface motility. Using negative stain
transmission EM (TEM) of SPFs taken directly from the tap water bottles (Fig. 3.3B) and of
bacteria sampled from the BCYE lawns (Fig. 3.3C), bundles of flexible hair-like structures

were observed that are compatible with flexible pili and/or cellulose fibers (White ez al.,
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Fig. 3.1.The time taken to lose culturability in dd-water or tap water at 45°C, as well as the
viability of VBNC cells, depends on the developmental form used to produce VBNC cells.
Panel (A) Loss of culturability of SPFs and MIFs as a function of time in the two water
microcosms tested. SPFs and MIFs lose culturability faster in dd-water than in tap water.
Panel (B) Percent viability of SPFs and MIFs (as determined by the fluorescent vital stain
BacLight) as a function of time. MIFs always showed a much higher viability for MIF-
VBNCC:s in dd- and tap-water respectivly than SPFs for SPF-VBNCCs in dd- and tap-water,
respectively. Results are means = SD (n=3).
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Fig. 3.2. The viability trendline of VBNC bacteria reaches an asymptote. Viability of SPF-
VBNCC:s in tap water at 45°C was followed for up to 101 days (56 days after SPFs entered
the VBNC state) and graphed as % viability vs time. A trendline was drawn (broken gray

line) that becomes asymptotic at ~13% viability. Dots show the mean of three independent

measures, with error bars omitted for clarity.
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Fig. 3.3. Before entering the VBNC state, SPFs express pili and show surface motility on
BCYE agar. Panel (A) Photograph showing a representative lawn produced after spotting on
BCYE agar a dilution of SPFs. These lawns were produced by SPFs starved in tap water at
45°C at day 25-32. The lawn shown is about 1.7 cm in diameter. White arrows point at the
often seen concentric circular zones of higher cell density. Panel (B) Electron micrograph of
a SPF in negative stain, from a sample taken directly from a glass bottle containing the
suspension of SPFs in tap water at 45°C, at day 31. Arrow points at a bundle of pili. Panel
(C) Close-up of a bundle of flexible pili in negative stain TEM, from a sample taken from
theouter ring of a lawn produced by SPFs starved in tap water at 45°C for 31 days. Panel (D)
Electron micrograph of SPFs in negative stain, grown on BCYE agar. Arrows point at
threads of dried hyaline extruded material. Panel (E and F) Filamentous cells in TEM (E) and
negative stain TEM (F), from a sample taken from the outer ring of a lawn produced by SPFs
starved in tap water at 45°C for 31 days. Panel (G) Negatively stained TEM specimen,
showing a mixture of filaments and rods, prepared from a sample taken from the inner ring of
a lawn produced by SPFs starved in tap water at 45°C for 31 days. Arrow points at a bundle
of pili, and the arrowhead to a fragment of a flagellum.
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2003; White et al., 2006). Moreover, flagella were uncommon, suggesting that the acquired
surface motility was most likely mediated by pili, which have also been associated to the
survival of Salmonella in low-nutrient environments (White et al., 2006). However, the
possibility that surfactant-mediated sliding motility (Stewart et al., 2009; Stewart et al.,
2011) was induced in SPFs starved in tap water cannot be ruled out, particularly because
strings of an extruded clear material were observed around bacterial cells grown on BCYE
agar (Fig. 3.3D). The outer ring growth zone on the BCYE lawns was enriched in
filamentous L. pneumophila cells (Fig. 3.3E and F), the inner ring zone consisted of a
mixture of rods and filaments expressing pili (Fig. 3.3G), and the central lawn mostly
contained rods. Thus, it was concluded that before completely losing culturability, SPFs in
tap water at 45°C become motile and are prone to form filaments. This phenomenon was not

observed in starved MIFs.

3.2. Morphological Features of L. pneumophila VBNC Cells Determined by TEM
3.2.1. Morphology of SPF-VBNCCs from dd-Water

In agreement with the low viability values of SPF-VBNCCs in dd-water, the majority
(91.1%) of these cells looked empty, with a ghost-like appearance. The few cells that
appeared surrounded by a continuous cell membrane and still contained cytoplasmic material
(Fig. 3.4 A and B) were assumed to be the L. pneumophila VBNC cells. In fact, the
proportion of morphologically preserved cells in transmission EM specimens (8.9%)
correlated well with the proportion of viable cells (5 + 0.5%, n=3) determined by
fluorescence microscopy with the BacLight vital stain. These SPF-VBNCCs from dd-water
exhibited a rod-like shape, a typical Gram-negative envelope, an electron-translucent
cytoplasm poor in ribosomes, and cytoplasmic inclusions (some of which were large in size).
Unlike SPFs, SPF-VBNCCs showed obvious outer membrane vesiculation (Fig. 3.4B) and

the presence of intraperiplasmic vesicles (Fig. 3.4C).

3.2.2. Morphology of SPF-VBNCCs from Tap Water
The proportion of cells that appeared morphologically preserved (18.7%) by
transmission EM (assumed to be VBNCCs, as above) showed a good correlation with the

proportion of viable cells (20.1 + 4.3%, n=3) determined by the BacLight vital stain. These
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Fig.3.4. Analysis of TEM ultrathin sections of L. pneumophila SPF-VBNCCs from dd-water.
Panel (A) Low magnification electron micrograph showing a representative field of cells.
Two ghost-like cells are indicated by the black arrows. Panel (B) Close up of a VBNCC
showing a continuous, apparently intact envelope, an electron-translucent cytoplasmic
material, and an obvious inclusion (I). The outer membrane appears to be producing vesicles
(black arrows). Panel (C) Example of an SPF-VBNCC with a wavy outer membrane and
obvious intraperiplasmic vesicles (arrows).
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VBNCC:s displayed a typical Gram-negative envelope with clearly defined outer and inner
membranes, and a periplasmic space, but also appeared very thin (Fig.3.5A). The outer
membrane was rather straight and showed a thickened electron-dense inner leaflet, but no
vesiculation. Interestingly, these SPF-VBNCCs had a pear-like shape in cross section, as if
the cell envelope had collapsed on itself, producing a prominent pointed protrusion on one
side of the cell that appeared to be associated with a spacious periplasmic space (Fig.3.5B,
arrow). In sharp contrast with SPF-VBNCCs from dd-water, the cytoplasm of SPF-VBNCCs
from tap water was denser and was devoid of cytoplasmic inclusions. Finally, dark spots
were reproducibly evident in the cytoplasm of ~42.8% of the intact bacterial sections
(Fig.3.5B, arrowhead). The molecular nature of these structures remains undetermined, but
they were also prominently displayed by SPFs prior to the complete loss of culturability
(Fig.3.5C).

3.2.3. Morphology of MIF-VBNCCs from dd-Water and Tap Water
The unique ultrastructural features of MIFs, previously reported by Faulkner and Garduno
(2002), were well preserved in MIF-VBNCC:s. Briefly, these cells had a straight outer
membrane with a thickened electron-dense inner leaflet, a difficult-to-resolve inner
membrane, an electron-dense cytoplasmic material, and an inconspicuous periplasmic space.
However, as reported above for SPF-VBNCCs from tap water, MIF-VBNCCs also exhibited
a lateral pointed protrusion in cross section (Fig. 3.6A and 3.6B). MIF-VBNCCs from tap
water were very similar to MIF-VBNCCs from dd-water, with the only differences being that

many were thin and cytoplasmic inclusions were absent (Fig.3.6C).

3.3. Effect of pH and Salts on The Culturability and Viability of L. pneumophila

The pH of dd-water was consistently measured as 4.4, whereas our tap water had a
pH of 6.6. To determine whether the differences in VBNCCs’ culturability and viability
observed between dd- and tap water were solely due to pH, SPFs were suspended in dd-water
buffered to pH 6.6 or tap water adjusted to pH 4.4. No differences were observed between
untreated dd-water or dd-water buffered to pH 6.6 at 45°C with respect to the time required
by SPFs to lose culturability and the final viability of the SPF-VBNCCs. Similarly, no major
differences were observed in the viability of VBNCCs obtained from untreated tap water (pH
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Fig.3.5. Analysis of TEM ultrathin sections of L. pneumophila SPF-VBNCCs produced in
tap water. Panel (A) Low magnification electron micrograph of SPF-VBNCCs from tap
water in which ghost-like cells are indicated (white arrows), as well as examples of thin
bacterial cells (white arrowheads). Notice the lack of inclusions in these VBNC cells. Inset:
Close-up of a thin VBNC cell depicting a continuous outer membrane and an inconspicuous
periplasmic space and inner membrane. Panel (B) Close-up of a VBNC cell with a pointy
end, speculated to be the result of a collapsed, structurally weakened cell envelope. The
dotted line marks the hypothetical position of the outer membrane before the proposed
collapse. There is evidence of a periplasmic space (marked by the white arrowhead) under
the pointy end. The white arrow points at the electron-dense spot often seen in SPF-VBNCCs
from tap water, and in SPFs suspended in tap water before completely losing culturability
(panel C).
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Fig. 3.6. Analysis of TEM ultrathin sections of L. pneumophila MIF-VBNCCs produced in
dd-water and tap water. Panel (A) Electron micrograph of a MIF-VBNCC from dd-water
depicting prominent inclusions (I) and a pointy end (black arrow). Panel (B) Close-up of a
MIF-VBNCC from tap water also showing a pointy end (black arrow), but lacking
inclusions. Panel (C) The absence of inclusions is best appreciated in this electron

micrograph of MIF-VBNCCs from tap water, which also shows that several MIF-VBNCCs
are thin.
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6.6) versus tap water adjusted to pH 4.4 (data not shown) and incubated at 45°C. However,
culturability of SPFs was lost earlier in tap water adjusted to pH 4.4 (Fig. 3.7A). Together,
these data indicated that pH only played a minor role in the SPF-VBNCCs’ differences
observed between dd- and tap water.

States et al. (1985) previously reported that metal ions are important factors in the
survival and growth of L. pneumophila in tap water (States et al., 1985). Therefore, after
ruling out a major role for pH, the differences in SPF-VBNCCs’ culturability and viability
observed between dd- and tap water were hypothesized to be due to the presence or absence
of mineral ions and salts. In fact, the culturability and viability of SPFs improved in buffered
dd-water supplemented with individual salts (Fig.3.7B) added to a concentration that
matched that of the corresponding ions found in our tap water. The best results were achieved
by the addition of NaF, which extended the culturability and viability of SPFs to levels
comparable to those observed in tap water. The addition of FeSO4 helped in preserving
viability (with a final value of 22%), but culturability was lost earlier (at day 28) than in tap
water. A final viability of 39%(higher than that observed for SPF-VBNCCs in tap water),
was achieved by the addition of Ca(NOs),*4H,O. These data indicate that specific ions play

a role in enhancing the culturability and viability of L. pneumophila in water at 45°C.

3.4. Resistance of VBNC L. pneumophila to Digestion in Tetrahymena Spp. Food
Vacuoles

As a measure of environmental fitness, we examined whether VBNCCs were
vulnerable to digestion inside the ciliate Tetrahymena. SPF-VBNCCs produced in dd-water
were readily digested inside food vacuoles and expelled as membranous pellets that mostly
contained outer membrane whorls (Fig. 3.8A and B). Interestingly, the few SPF-VBNCCs
that appeared to have resisted digestion (observed both in food vacuoles and membranous
pellets) exhibited MIF-like characteristics such as an irregular shape, a dense cytoplasm, a
straight outer membrane, and a difficult-to-resolve inner membrane and periplasm (Fig.
3.8C). These traits were very different from those described above for SPF-VBNCCs
produced in dd-water, suggesting that ciliates did act as a biological pressure to select for
VBNC cells derived from SPFs that had differentiated into MIFs.

VBNC cells derived from SPF-VBNCCs produced in tap water or from MIFs in dd-

and tap water were resistant to digestion by the ciliates and appeared intact inside food
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Fig. 3.7. Water pH plays a minor role in the kinetics of SPF-VBNCCs formation, whereas the
addition of salts clearly enhances the preservation of culturability. Panel (A) Graph showing
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the loss of culturability of SPFs of L. pneumophila strain JR32 in dd-water and tap water at

two different pHs. These experiments were done in duplicate. Panel (B) Graph showing the
loss of culturability of SPFs of L. pneumophila strain JR32 suspended in dd-water buffered to
pH 6.6 and with added salts. The ions whose effect was studied by adding the corresponding
salts (as per Table 2.2) are indicated in the parentheses. The viability values observed at the
time of entrance into the VBNC state (as determined by the fluorescent vital stain BacLight)

are indicated as percent values. Results are means + SD. These experiments were done in
duplicate.
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Fig. 3.8. VBNC L. pneumophila resist digestion inside the ciliate Tetrahymena and are
packaged into pellets. Similar results were obtained in 7. tropicalis and T. thermophila. Left
column, panels A, D and G, shows micrographs of food vacuoles, and the central column,
panels B, E and H, shows micrographs of pellets expelled by the ciliates. Panel (A-C) Most
SPF-VBNCCs produced in dd-water and ingested by Tetrahymena are degraded into outer
membrane whorls. The few surviving VBNC cells keep their inclusions (“I”’). Panel (C) is a
close up of one of the surviving cells in the food vacuole shown in panel A. Panel (D-F)
Most SPF-VBNCCs produced in tap water are not degraded after ingestion by Tetrahymena.
A large number of apparently intact VBNC cells are observed tightly packed in food
vacuoles (D) and pellets (E). These bacterial cells had consumed their inclusions and
displayed the dark spots typical of SPF-VBNCCs (white arrowhead in panel F). Panel (G and
H) MIF-VBNCCs produced in dd-water and ingested by Tetrahymena showed a very robust
ultrastructural preservation in food vacuoles (G) and expelled pellets (H). These VBNC cells
kept some inclusions. (I) Micrograph of MIF-VBNCCs produced in tap water and ingested
by Tetrahymena into a food vacuole. These VBNC cells also maintained a robust
ultrastructure, but did not show inclusions. m = mitochondria.
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vacuoles and expelled pellets. In general, the morphology of these VBNC cells was similar to
that displayed before ingestion (Fig. 3.8D-F and 5G-I), except perhaps for MIF-VBNCCs
from dd-water, in which the cytoplasmic inclusions were less evident (Fig. 3.8G and SH),

suggesting that after internalization in Tetrahymena MIF-VBNCCs can degrade inclusions.

3.5. Resistance of VBNC L. pneumophila to Detergent-Mediated Lysis

Detergents are used in the maintenance of cooling towers, so it is reasonable to surmise
that L. pneumophila would be frequently exposed to them. In addition, biological surfactants
might be naturally encountered in the freshwater environment. In fact, L. pneumophila is
capable of secreting a surfactant that is inhibitory to other Legionella spp. (Stewart et al.,
2011). Therefore, resistance of VBNC cells to a strongly ionic detergent was used as a
second test for their environmental fitness. MIFs have been previously shown to be stable in
a number of detergents (Garduno et al., 2002a) and MIF-VBNCCs preserved this trait
showing limited lysis in 1% SDS. In contrast, SPFs and SPF-VBNCCs produced in dd-water
rapidly lysed in the presence of detergents (Garduno ef al., 2002a and Fig. 3.9A). However,
SPF-VBNCCs from tap water were resistant to lysis in 1% SDS (Fig. 3.9A). Obviously, a
change in cell envelope properties took place in SPFs as they entered the VBNC state in tap
water. Additional support for a change in the envelope properties of SPFs came from the
Giménez staining of SPF-VBNCC:s (free or inside Tetrahymena), which were strongly
Giménez positive with a bright red color (Fig. 3.9B). Since SPFs are typically stained with a
dull shade of red (Garduno ef al., 2002a), the bright red staining suggested changes in the

molecular composition and surface properties of the SPF-VBNCC'’s envelope.

3.6. Resuscitation in A. castellanii and Quantitative Assessment of Resuscitated
VBNC Cells

In agreement with previous reports (Steinert et al., 1997; Ohno et al., 2003), 1 was
able to resuscitate SPF-VBNCCs produced in tap water in A. castellanii. However, all the
other VBNCC:s did not regain culturability. Examination of the resuscitated bacteria by
negative stain TEM revealed the presence of flagella, as would be expected in MIFs (Fig.
3.10). Besides amoeba, I tried to resuscitate VBNC cells in ciliates and in different

mammalian cell lines and culture media in vitro. None of the VBNC cells tested could be
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Fig. 3.9. Experimental evidence to support structural-compositional changes in the cell
envelope of SPF-VBNCCs. Panel (A) SPF-VBNCCs become resistant to the strongly ionic
detergent SDS. The graph shows ODe20 nm (an indicator of cell lysis) as a function of time, for
SPFs, SPF-VBNCCs produced in dd-water and SPF-VBNCCs produced in tap water. The
lysis index is defined as the time taken to reduce the optical density to 50% of the initial
value. For culturable SPFs it is shown that the lysis index is 3.8 min. The estimated lysis
index for SPF-VBNCCs in dd-water is ~20 s, and for SPF-VBNCC:s in tap water is infinite.
Results are means + SD (n=3). Panel (B) Bright field light micrograph showing the bright red
Giménez staining of SPF-VBNCC:s inside Tefrahymena food vacuoles (arrows) and in
expelled pellets (arrowheads).
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Fig. 3.10. Negative stain TEM analysis of resuscitated SPF-VBNCC in A. castellanii
displaying flagella.
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resuscitated inside Tetrahymena tropicalis or T. thermophila, U937-derived human
macrophages, L929 murine fibroblasts, or human epithelial HeLa cells. Moreover, VBNC
cells suspended in fresh BYE, spent BYE in which L. pneumophila was cultured overnight,
or spent Modified Neff’s in which A. castellanii was infected with L.pneumophila, did not
resuscitate. Concentrated pellets expelled by ciliates that have fed on VBNC cells did not
grow on BCYE plates and were unable to initiate infections in amoeba. These results indicate
that the ability to regain culturability in amoeba depends on the form of Legionella and the
water microcosm used to produce VBNC cells. In addition, it is clear that the resuscitation of
L. pneumophila VBNC cells is not straightforward.

To quantify the number of SPF-VBNCCs from tap water that resuscitated in amoeba, |
developed a new approach that involved the plating directly on BCYE plates of mixtures of
amoeba cysts and serial dilutions of a suspension of VBNC cells. Table 3.1 shows that only
1-3 VBNC cells out of every 100,000 viable cells were able to resuscitate in amoeba. This is

the first quantitative study of L. pneumophila resuscitation.

Results in this chapter showed that VBNCCs produced from two developmental forms
of L. pneumophila (SPFs and MIFs) in two water microcosms (dd- and tap water) have
distinct morphology. Resuscitation in amoeba was possible for VBNCCs produced from
SPFs in tap water. Addition of salts to dd-water prolonged L. pneumophila viability to tap
water levels. VBNCCs are environmently fit, as was evident from their resistance to
detergent lysis as well as digestion in the ciliate Tetrahymena. L. pneumophila VBNCCs thus
show distinct traits according to its originating developmental form and the surrounding

water microcosm.
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Table 3.1. Quantitation of tap water SPF-VBNCC:s that resuscitated in Acanthamoeba castellani.
Values show the number of colonies formed after plating VBNCC samples (in the 10" — 10°
range) on BCYE, in the presence of amoeba cysts suspended in Neff’s medium.

Colony Forming Units®

Concentrated Undiluted Diluted

10" 10° 10" 102 10 10* 10° 10°
Sample (2x10%"  (2x107) (2x10°%) (2x10°%) (2x10%) (2000) (200) (20)
Controls® 0 0 0 0 0 0 0 0
S1 722 98 13 1 0 0 0 0
S2 TNTC? TNTC 51 3 0 0 0 0
S3 TNTC 353 44 1 0 0 0 0

a Plating was done with either 10 ml samples taken from the corresponding glass bottle and
concentrated 10 X to a final volume of 1 mL (10"), undiluted 1 ml samples straight from the
corresponding glass bottle (10°), or 1 ml samples diluted in a ten-fold series (10'1 to 10'6).

» The values provided in parentheses are VBNC cells equivalents calculated from the total direct
microscopy count of the undiluted sample, multiplied by the concentration or dilution factor, and
the average percent viability of SPF-VBNCCs in tap water (20%) determined by the viable
fluorescent stain BacLight.

¢ Controls (negative) consisted of plated amoeba cysts and Neff’s medium in the absence of any
VBNC cell sample.

d TNTC = colonies were too numerous to count.

S1, S2, and S3 = the experiment was run in triplicate.
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CHAPTER 4. RESULTS-IDENTIFICATION OF GENES AND GENE
PRODUCTS INVOLVED IN VBNC CELL FORMATION

After characterizing the morphology and physiology of VBNC L. pneumophila cells
produced in water and comparing the effect of dd- and tap-water on the production of
VBNCCs, the next step was to identify genes and gene products involved in VBNC

formation using transposon mutagenesis and proteomic analysis.

4.1. Screening of L. pneumophila Mini-Tn10 Insertion Library

The mini-Tn/0 insertion mutagenesis system in L. pneumophila (Pope et al., 1994)
offers an effective approach for isolating random mutants that can be screened for various
bacterial defects (Pope et al., 1994; Wagner et al., 2007; Viswanathan ef al., 2000). This
approach was adopted here in order to search for genes that might have a role in VBNC state
formation in L. pneumophila. Results obtained in Chapter 3 showed that VBNC cells derived
from MIFs gave the highest viability in both dd-water and tap water. Therefore, mini-Tn/0
insertion L. pneumophila mutants that were able to infect amoeba and produce MIFs were
monitored for their ability to enter the VBNC state in water.

A library of 1743 mini-Tn/0 insertion clones was obtained. The transposon mutants
were screened for the duration of culturability. Two mutant strains were selected from this
library for further analysis. One of the mutants (N-E10) lost culturability earlier (2 days after
incubation in water bath) than the parent strain (3 days after incubation), while the other
mutant (C-E10) showed longer culturability (7 days after incubation). The two mutants were
further analyzed using the method of producing VBNC cells from MIFs in 500 ml dd-water
bottles that was described for the parent strain. Unlike the results obtained in the initial
screening in 96-well plates, the time taken for both mutants to lose culturability in 500-ml
dd-water bottles was similar to that of the parent strain (30 days after incubation) (Fig.4.1A).
The viability of both mutants was also similar to that of the parent strain.

PCR using primers specific for mini-Tn/0 (Tn/0 up/Tnl0 down) was performed to
confirm the insertion of mini-Tn/0 into the L. pneumophila genome of these two mutants.
Transposon insertion was confirmed only in the N-E10 mutant (Fig.4.1B).

These results demonstrate the difficulty of screening transposon-insertion mutants for
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Fig. 4.1. Mini Tn/0 insertion library did not produce meaningful results. Panel (A) Graph
showing the loss of culturability (measured as log cfu/ml) against time for two transposon
mutants. The parent strain was used as reference. MIFs from two expected mini-Tn/0
insertion mutants (N-E10 and C-E10) in dd-water lost culturability at day 30 similar to parent
strain. Results are means = SD (n=3). Panel (B) Agarose gel electrophoresis of PCR analysis
of mini-Tn/0 insertion in N-E10 and C-E10 strains revealed that N-E10 strain only carries
the mini-Tn/0. Lane (1) 1 kb ladder, lanes (2 and 3) no bands appeared when DNA from
parent or C-E10 mini-Tn/0 insertion strains were used as the template, lanes (4) a band of
0.5 kb appeared when DNA from N-E10 strain was use as template, lane (5) no DNA
template as control, and lane (6) a band of 0.5 kb appeared when DNA from pCDPO05
plasmid was use as template.
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their ability to produce VBNC cells. One explanation could be that the genes responsible for
VBNC formation are not target for the mini-Tn/0. However, screening for more mutanys
could be needed to find a mutant for VBNC formation.

Thus, a different approach was adopted for identifying specific gene products that
may play a role in the production of VBNC cells: shotgun proteomics and mass spectrometric

analysis.

4.2. Shotgun Proteomic Analysis

Shotgun proteomic screening was performed to detect differences in proteins levels
between MIF-VBNCs and culturable MIFs. From the screening, a list of 1904 proteins was
obtained. This list was filtered to include only proteins with at least three matched peptides in
MS/MS. This filtering reduced the list to 485 proteins. At least a 2-fold change in protein
level in the VBNC state compared to the culturable state was used as a criterion for selecting
proteins with altered expression levels. Based on this criterion, 18.1% of the 485 proteins
showed increased levels in the VBNC state while, 46.6% showed decreased levels, and
35.3% had unchanged levels in the VBNC state. Putative uncharacterized proteins
represented 20.7% of the total proteins; among those, 7.4% showed an increased level, 8.8%
showed a decreased level, and 2.7% were unchanged in the VBNC state (Appendix I, II, and
I1).

The Gene Ontology (GO) database is one of the databases used by Proteome
Discoverer to annotate gene products. The GO database has three structured, controlled
vocabularies (ontologies) that describe gene products in a species-independent manner. These
ontologies help classify gene products into those involved in biological processes in general,
gene products that are cellular components, and gene products responsible for particular
molecular functions. Thus, proteins within each group (increased, decreased, and unchanged
protein levels) were further categorized according to these three ontologies (Fig.4.2). Among
proteins that showed increased levels, the most common molecular function was catalytic
activity (37.5%), followed by nucleotide binding and protein binding (each 9%), metal ion
binding (6.8%), and enzyme regulator activity (2.3%). Each of RNA binding, transporter
activity, signal transducer activity, and structural molecule activity represented 1.1%. The

remaining 42% did not have an annotated molecular function, suggesting that nearly half
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number of proteins identified.
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of the proteins with increased levels are hypothetical proteins.

Among proteins with decreased levels, the most common molecular function was also
catalytic activity (68.6%), followed by nucleotide binding (31.9%), metal ion binding (14%),
RNA binding (7.5%), protein binding (4.4%), DNA binding (4%), transporter activity
(2.7%), electron carrier activity (1.8%), structural molecule activity (1.3%), and signal
transducer activity and antioxidant activity (0.9% for each). The remaining proteins (19.5%)
were without known molecular function.

Categorization of proteins according to their cellular location revealed that the highest
percentage of the proteins with increased levels was in the membrane (10.2%), followed by
cytoplasmic and ribosomal proteins (3.4% and 1.1 %, respectively). However, the cellular
location of the majority of the proteins (84%) with increased levels was not given. On the
other hand, the highest percentage of the proteins with decreased levels was in the cytoplasm
(33.2%), followed by the membrane (11.5%), ribosome and the chromosome (0.9% for
each), and extracellular and periplasmic space (0.4% for each). As above, the location of the
majority of the proteins (58%) with decreased levels was not known.

Categorization based on biological processes revealed that, among the proteins with
an increased level, the percentage of proteins involved in metabolic processes was the highest
(34%), followed by response to stimulus (9%), regulation of biological process (5.7%),
cellular homeostasis (4.5%), cell-cell communication (3.4%), and transport (1.1%). The
remaining proteins (58%) were not annotated with any known biological processes. Among
those with decreased levels, proteins involved in metabolic processes also had the highest
percentage (70.4%), followed by regulation of biological process and cell organization and
biogenesis (6.6% for each), transport (5.8%), response to stimulus (4%), cell division (2.7%),
cell communication (1.8%), and cellular homeostasis (1.3%). The remaining proteins
(21.7%) were not annotated with any known biological processes.

Among the proteins with increased levels in the MIF-VBNCCs, 3-hydroxybutyrate
dehydrogenase (BdhA) showed 2.4 folds increase in its level. Since TEM examination of
MIF-VBNCCs produced in tap water showed the disappearance of PHB inclusions, therefore,
BdhA was chosen for further analysis.
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4.3. Validation of The Data from Shotgun Proteomic Analysis by Multiple Reaction
Monitoring (MRM) Analysis

To validate the results of shotgun proteomic analysis, 12 proteins were chosen for
further analysis using a quantitative MRM method. The 12 proteins consisted of seven from
the increased protein level group, three from the decreased protein level group, and two from
the unchanged protein level group. Table 4.1 compares the magnitude of change in the levels
of these 12 proteins between the shotgun proteomics screen and the MRM proteomics
methods.

Shotgun proteomic analysis and MRM analysis found comparable protein level
changes for each of BdhA, acetyl CoA synthetase, RelA, and pyruvate dehydrogenase (Table
4.1). However, other proteins showed large differences with respect to protein level fold
changes between the shotgun proteomics and MRM methods. For example, shotgun
proteomics analysis showed that the level of small HspC2 (GEUYH4) in MIF-VBNC
increased 87 fold over the culturable MIF; however, the MRM data showed that this increase
was only 30.7 fold. Other examples were EnhA (6.3 in shotgun proteomics analysis vs 1.8 in
MRM analysis), GGDEF/EAL (15.5 vs 2.4), and small HspC2 protein G8UX67 (11.2 vs 2).
The differences in protein level fold changes between shotgun proteomics and MRM
methods was also seen in protein with decreased level in the VBNC state. For example, the
D-alanyl-D-alanyl carboxypeptidase protein level in MIF-VBNC decreased 0.01 fold over
the culturable MIF; however, the MRM data showed this decrease as being 0.4 fold. Similar
differences were evident with D-alanyl-D-alanyl ligase (0.07 vs 0.5) and acetyl CoA
reductase (0.01 vs 0.35).

In spite of the discrepancies in the magnitude of fold changes, the results from the
two methods are in agreement in defining proteins in the increase, decrease, or unchanged

groups.

4.4. SDS-PAGE and Mass Spectrometry Analysis

To further investigate the changes in gene products, the protein profiles of L.
pneumophila VBNCCs (SPFs-VBNCC:s in tap water and MIFs-VBNCCs in dd- and tap
water) were examined by SDS-PAGE and mass spectrometry. The results showed that the
samples from SPF-VBNCCs from tap water contained a 21 kDa band at a much higher level
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than that from culturable SPF (Fig. 4.3). Mass spectrometric analysis of this 21 kDa band
revealed the presence of a number of proteins (Table 4.2). Among the proteins in the list,
hypothetical protein Ipg0634, OmpA-like transmembrane domain containing protein, and the
Trp repressor binding protein were only found in the VBNC samples, while the small heat
shock protein HspC2 was more abundant in VBNC cell samples compared to the culturable
SPF samples.

In the MIF samples, a protein band of ca. 24.5 kDa in MIF-VBNCCs from dd- water
was more apparent compared to the corresponding area of the lanes for the culturable MIFs
and MIF-VBNCCs from tap-water (Fig. 4.4). Mass spectrometry analysis of the gel slice
from MIF-VBNCCs in dd-water showed the presense of two proteins, 3-hydroxybutyrate
dehydrogenase (BdhA) and the hypothetical protein Lpg1960. These two proteins were
absent in the samples from culturable MIFs. The same area for MIF-VBNCCs from-tap water

samples did not show any stained band at this location.

4.4.1. RT-PCR Analysis of Genes Encoding Proteins Identified by SDS
PAGE and Mass Spectrometric Analysis

RT-PCR was performed to examine the transcription of some of the genes encoding
the upregulated proteins identified by SDS-PAGE analysis. These include 3-hydroxybutyrate
dehydrogenase (BdhA), small heat shock protein HspC2, and hypothetical protein Lpg0634.
Transcripts of bdhA (Fig. 4.5), hspC2, and I[pg0634 (data not shown) genes could not be
detected in the VBNC state suggesting that the transcripts were degraded whereas the
proteins persisted in the VBNC bacteria.

This chapter’s results showed that VBNCCs produced from two developmental
forms of L. pneumophila (SPFs and MIFs) have distinct protein profiles. A number of
proteins present at a higher level in VBNC were identified. Shotgun proteomics was a
successful technique to identify the VBNC proteins profile, and its findings were supported
by the SDS-PAGE and MRM.
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Fig. 4.3. A silver stained SDS-PAGE gradient (9-17%) gel of proteins from culturable SPFs
and of SPF-VBNCCs from tap water. Lane (1) protein markers, lane (2) proteins from
culturable SPFs, and lane (3) protein from SPF-VBNCCs in tap water. The green box
indicates the 21 kDa band. The text on the right of the gel shows the newly found and
upregulated proteins in the SPF-VBNCCs but not in culturable SPFs according to MS/MS
analysis.
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Table 4.2. Mass spectrometric analysis of the 21 kDa bands obtained from the SDS-PAGE
gel from the culturable SPF and SPF-VBNCC:s in tap water. The proteins are listed according

to their abundance.

Order Culturable SPF SPF-VBNCC:s in tap water
1 FOF1 ATP synthase subunit delta Small heat shock protein HspC2
2 Small heat shock protein HspC2 Major outer membrane protein

precursor
3 50S ribosomal protein L5 Major outer membrane protein
4 Hypothetical protein lpg1526 50S ribosomal protein L5
5 Peptide deformylase FOF1 ATP synthase subunit delta
6 NADPH-dependent FMN reductase | MompS
domain-containing protein
7 Short chain dehydrogenase NADPH-dependent FMN reductase
domain-containing protein
8 Major outer membrane protein Short chain dehydrogenase
precursor
9 Glutathione S-transferase Hypothetical protein Ipg0634
10 D-ribulose-5-phosphate-3- Small HspC2 heat shock protein
epimerase
11 Hypoxanthine-guanine Trp repressor binding protein
phosphoribosyltransferase
12 Deoxycytidine triphosphate Elongation factor Tu
deaminase
13 Glutathione S-transferase
14 OmpA-like transmembrane domain
containing protein
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Fig. 4.4. A silver stained SDS-PAGE gradient (9-17%) gel of proteins from culturable MIFs
and of MIF-VBNCCs from dd- and tap water. Lane (1) protein markers, lane (2) proteins
from MIF-VBNCCs in dd-water, lane (3) proteins from MIF-VBNCCs in tap water, and lane
(4) proteins from MIFs. The green box indicates the 24.5 kDa band. The text on the right of
the gel shows the newly found proteins in the MIF-VBNCCs from dd-water but not from
culturable MIFs and MIF-VBNCCs from tap-water according to MS/MS analysis
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Fig.4.5. Agarose gel electrophoresis showing the absence of bdhA transcript by RT-PCR.
Lane (1) 100 bp ladder, lanes (2-6) PCR amplification of a 200 bp internal piece in the bdhA
gene using 3hbdF/3hbdR primer pair. cDNA from the culturable MIF was used as template in
lane 2. cDNA from the MIF-VBNC from dd-water was used as template in lane 3. cDNA
from the MIF-VBNC from tap water was used as template in lane 4. Lane (5) no DNA
template as control. Genomic DNA from the culturable MIF was used as template in lane 6.
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CHAPTER 5. RESULTS- ROLE OF 3-HYDROXYBUTYRATE
DEHYDROGENASE ON VBNC CELLS FORMATION IN L.
PNEUMOPHILA

5.1. Construction of a bdhA Mutant

As described in Chapter 4, shotgun proteomics analysis of MIF-VBNCCs in dd-water
showed a 1.8 fold increase in the level of BdhA compared to culturable MIFs. BdhA was also
identified by SDS-PAGE and mass spectrometry analysis from the 24.5 kDa protein band of
MIF-VBNCCs from dd-water. Furthermore, TEM examination of both SPF-VBNCCs and
MIF-VBNCCs produced in tap water showed the disappearance of PHB inclusions. With
these results in mind, a mutant defective in BdhA was constructed in order to study the role
of BdhA in L. pneumophila VBNC formation in water.

Initially, I tried to mutate the bdhA gene using the erythromycin resistance cassette. A
pBluescript bdhA::ermAM plasmid was constructed, as described in the Materials and
Methods section. Restriction of pBluescript bdhA::ermAM using BamHI showed a single
band of 5.2 kb, the expected size of the plasmid (Fig. 5.1A). PCR analysis using the
pBluescript bdhA::ermAM fragment as a template yielded the expected size of 2.2 kb for the
bdhA:.ermAM construct (Fig. 5.1B). When the PCR-amplified bdhA::ermAM construct was
restricted with either ECORV or BamHI, two bands with the expected sizes 1.5 kb and 0.7 kb
appeared (Fig. 5.1C). The above results indicate that the bdhA::ermAM construct has been
successfully created.

L .pneumophila JR32 was electroporated with the bdhA::ermAM construct, and
transformants were selected on BCYE containing erythromycin. Fifty erythromycin resistant
colonies were screened by PCR amplification of ermAM using the SL609/SL729 primer pair.
An erythromycin resistant colony, which showed the 0.8 kb ermAM amplicon, was chosen
for RT-PCR analysis. RT-PCR results showed that bdhA was still expressed in this
erythromycin resistant colony (Figure 5.2). Furthermore, 80 erythromycin resistance colonies
were screened by PCR amplification of a 130 bp internal region in the bdhA gene using the
3hbd-Q F/3hbd-Q R primer pair. All of the colonies showed the bdhA amplicon (data not
shown). These results indicate that the parent copy of the bdhA gene still existed in the

transformants.
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Fig.5.1. Agarose gel electrophoresis of the bdhA::ermAM construct. Panel (A) Restriction
analysis of pBluescript bdhA::ermAM by BamHI showed the expected size of 5.2 kb. Lane
(1) 1 kb ladder, lane (2) undigested pBluescript bdhA::ermAM as control, and lane (3) BamHI
digested plasmid. Panel (B) PCR amplification of bdhA upstream-ermAM-bdhA downstream
fragment from pBluescript bdhA::ermAM plasmid using SL960/SLI63 primer pair. Lane (1)
1 kb ladder and lane (2) PCR product showed the expected size of 2.2 kb. Panel (C)
Restriction analysis of bdhA upstream-ermAM-bdhA downstream fragment resulted in 2
bands 1.5 kb and 0.7 kb which indicate the expected size of the fragment. Lane (1) 1 kb
ladder, lane (2) EcoRV digestion of the fragment, and lane (3) BamHI digestion of the
fragment.
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Fig.5.2. Agarose gel of RT-PCR revealed that bhdhA gene was still expressed in the
erythromycin resistant. Lane (1) 100 bp ladder. Lanes (2-5) PCR amplification of 240 bp
region in the second gene of the bdhA operon using SL9721/SL972 primer pair. Lanes (6-9)
PCR amplification of 130 bp internal region in bdhA using 3hbd-Q F/3hbd-Q R primer pair.
cDNA from the transformant was used as template in lane 2 and 6. Genomic DNA from the
suspected mutant was used as template in lane 4 and 8. DNA from the parent strain was used
as template in lane 3 and 7. Lane 5 and 9: no DNA template as control.
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Given the inability to obtain a bdh4 mutant using the erythromycin resistance
cassette, I decided to use the kanamycin resistance cassette to construct the bdh4 mutant. A
pBluescript bdhA::aphA3 plasmid was constructed. Restriction of pBluescript bdhA::aphA3
using BamHI showed a single band of 5.4 kb, the expected size of the plasmid (data not
shown). PCR analysis using the pBluescript bdhA::aphA3 as template and the SL960/SL963
primer pair yielded the expected 2.4 kb band for the bdhA::aphA3 construct (Fig. 5.3). The
above results indicate the successful construction of the bdhA::aphA3 construct.

L. pneumophila JR32 was electroporated with the bdhA::aphA3 fragment and
transformants were selected on BCYE containing kanamycin. Fifty-four kanamycin resistant
colonies were screened by colony PCR amplification of the 130 bp internal region in the
bdhA gene using the 3hbd-Q F/3hbd-Q R primer pair. Results revealed a colony lacking this
region (Fig 5.4). This colony was considered as a candidate bdhA mutant and was chosen for
further analysis. Amplification of the kanamycin cassette using the SL801/SL823 primer pair
yielded an expected 1 kb DNA band (Fig. 5.5A). When the bdhA mutant was further
analyzed for a larger (280 bp) bdhA internal region using the SL.982/SL983 primer pair, no
PCR product was obtained (Fig. 5.5B). This internal piece was easily amplified from the
parent.

To further analyze the hdhA mutant, additional PCR reactions were performed, as
shown in Figure 5.6A and B. When DNA from the mutant was used as template to PCR
amplify the bdhA upstream-aphA3-bdhA downstream fragment using the SL960/SL963
primer pair, a single band with the expected size of 2.4 kb resulted (Fig. 5.6A). Similarly, the
expected 1.7 kb aphA3-bdhA downstream fragment, 1.7 kb bdhA upstream-aphA3 fragment,
and 2 kb bdhA::aphA3-bdhA downstream fragment plus region in the downstream gene were
amplified from the mutant using the primer pairs SL801/SL963, SL960/SL.823, and
SL801/SL972, respectively (Fig. 5.6A).

When PCR was performed on the mutant using 3hbd-Q F/SL972 and SL960/ 3hbd-Q
R primer pairs, no product was obtained (Fig. 5.6B). The expected products, 1.2 kb and 1.1
kb respectively, were easily obtained from the parent.

To further confirm the inactivation of bdhA, RT-PCR was performed. First, efficient
DNase treatment of RNA from the bdh4 mutant was confirmed by PCR amplification of the
2.3 kb region in rpoS gene using the SL956/SL959 primer pair. As shown in Figure 5.7A, a
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Fig.5.3. Agarose gel electrophoresis of bdhA upstream-aphA3-bdhA downstream fragment
amplified from pBluescript bdhA::aphA3 plasmid using SL960/SLI63 primer pair. Lane (1)
1 kb ladder and lane (2) PCR product showed the expected size of 2.4 kb.
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Fig.5.4. PCR screening of kanamycin-resistant Legionalla transformants. Lane (1) 100 bp
ladder. Lane (3) no PCR band was shown for the candidate bdhA mutant. Lane (2 and 4-12)
other transformants showing a PCR product of 130 bp.
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Fig.5.5. PCR analysis of the Legionella bdhA mutant. Panel (A) PCR amplification of the
kanamycin resistance cassette. Lane (1) 100 bp ladder, lane (2) PCR product (1kb) of the
aphA3 gene appeared, and lane (3) internal region in rpoS gene (90 bp) was amplified as
control using DNA from bdhA mutant and RpoS-Q F/ RpoS-Q R primer pair. Panel (B) PCR
amplification of the internal region of hdhA gene (280 bp). Lane (1) 100 bp ladder, lane (2)
No PCR product amplified when bdh4 DNA from the mutant was used as the template, lane
(3) PCR using parent DNA as template showed band with the expected size (280 bp), lane (4)
no DNA template as control, and lane (5) the internal region in rpoS gene (90 bp) was
amplified from the bdhA mutant DNA using the RpoS-Q F/ RpoS-Q R primer pair.
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Fig.5.6. Further analysis of the Legionella bdhA mutant. Panel (A) PCR amplification of
different regions using DNA from the bhdhA mutant as template. Lane (1) 1 kb ladder, lane
(2) amplification of bdhA upstream-bdhA::aphA3-bdhA downstream fragment, lane (3)
amplification of bdhA::aphA3-bdhA downstream fragment, lane (4) amplification of bdhA
upstream- bdhA::aphA3 fragment, and lane (5) amplification of bdhA::aphA3-bdhA
downstream fragment with region in the second gene of the operon. Panel (B) PCR
amplification of different regions using DNA from the parent and hdhA mutant strains as the
templates. Lane (1) 1 kb ladder, lanes (2 and 4) no PCR products appeared when DNA from
the bhdhA mutant was used, lanes (3 and 5) PCR products appeared when DNA from the
parent was used, and lane (6) 1.3 kb region in rpoS gene was amplified as control using DNA
from the bdhA mutant as template and SL956/RpoS-Q R primer pair.
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single band of the expected size 2.3 kb was absent in the DNase-treated RNA from the bdhA
mutant. Second, cDNA synthesis from the bdh4 mutant RNA was confirmed by PCR
amplification of the 0.7 kb region in 7poS gene using the SL956/SL957 primer pair. As
shown in Figure 5.7B, a single band of the expected size (0.7 kb) appeared in the cDNA from
the bdhA mutant. Third, RT-PCR was run to amplify a 370 bp region in bdhA gene using the
SL982 /3hbd-Q R primer pair. Results showed a single band of the expected size (370 bp)
from the cDNA sample of the parent but not from the bdhA mutant (Fig. 5.7C). Moreover,
RT-PCR results also showed that bdhA deletion has no effect on the expression of the
downstream gene. When the SL971/972 primer pair was used to amplify 240 bp in the
downstream gene, a band with the expected size of 240 bp was detected from the bdhA
mutant and parent cDNA samples (Fig. 5.7C).

5.2. Complementation of The bdhA Mutant

Complementation of the bhdhA mutation was pursued by introducing the parent bdhA
gene into the mutant. First, the upstream region of the bdhA gene was analysed for the
existence of promoters by the Neural Network Promoter Prediction software. Results showed
four hypothetical promoters (Figure 5.8). As explained in the Materials and Methods, the
bdhA gene with one, three, and four upstream promoters was PCR amplified and cloned into
pMMB207C plasmid to yield pBdhA1l, pBdhA3, and pBdhA4 recombinant plasmids,
respectivly. L. pneumophila JR32 bdhA mutant was electroporated with the pBdhA1,
pBdhA3, and pBdhA4 plasmids. Thus, Comp 1P represents bdhA mutant complemented with
pBdhA1, Comp 3P represents bdhA mutant complemented with pBdhA3, and Comp 4P
represents bdhA mutant complemented with pBdhA4. Transformants were selected on BCYE
containing kanamycin, streptomycin, and chloramphenicol. Twenty transformants obtained
from each recombinant plasmid were analysed by restriction analysis and PCR. PCR
amplification of bdhA with one promoter from pBdhA1, using the SL1019/3hbd-Q R primer
pair, showed a single band with the expected size of 0.9 kb (Fig. 5.9A). Restriction of the
cloned fragment (bdhA with one promoter) by double digestion of pBdhA1 with BamHI and
Pstl showed a single band with the expected band size (0.9 kb) (Fig. 5.9B). Restriction
analysis of pPBdhA1l by EcoRYV resulted in two bands with the expected sizes of 6.4 kb and
3.6 kb (Fig. 5.9C). Similar analysis of pBdhA4 revealed that PCR amplification of bdhA with
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Fig.5.7. Agarose gel electrophoresis showing confirmation of the hdhA mutation by RT-PCR.
Panel (A) A 2.3 kb region of the rpoS gene was amplified to check for the efficiency of
DNase treatment of the bdh4 mutant RNA. Lane (1) 1 kb ladder. DNase treated RNA from
the bdhA mutant (lane 2), DNA from the parent (lane 3), DNA from the bdhA mutant (lane 4)
were used as template. Lane (5) no DNA template as control. Panel (B) A 0.7 kb region of
the rpoS gene was amplified to check for the efficiency of cDNA synthesis from the bdhA
mutant. Lane (1) 1 kb ladder. cDNA from the hdhA mutant (lane 2), DNA from the parent
(lane 3), DNA from the bdhA mutant (lane 4) were used as the templates. Lane (5) no DNA
template as control. Panel (C) RT-PCR analysis of the bdhA gene and the downstream gene
expressions in the bhdhA mutant. Lane (1) 100 bp ladder, lanes (2-6) PCR amplification of a
370 bp internal piece in the bdhA gene, lanes (7-11) PCR amplification of 240 bp internal
piece in the downstream gene. cDNA from the bdhA mutant was used as template in lane 2
and 7. Genomic DNA from the bdhA mutant was used as template in lane 5 and 10. cDNA
from the parent strain was used as template in lane 4 and 8. DNA from the parent strain was
used as template in lane 3 and 9. Lanes (6 and 11) no DNA template as control.
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Upstream gene: encode hypothetical protein
bdhA gene: encode 3-hydroxybutyrate dehydrogenase

Downstream gene: encode transmembrane protein
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ATGRAGACAACAACTTACAARA
GGAAGTTTACTATGAAAAAGATTATACCARCGTTGTTTTTCATAGGGATATCAACCACTACGATGGTACCIBENEIENTACTCAAGTTGGAACAGCAG
TTGGAGCAGCTGCAGECGCTGETATTGGC TATGGAGTTTCAGGAGGATCAGCACTGGGAACTGCARTTGGAGCAGGGGCTGETGCATTGGTAGGCGETGC

.EATTGCGCTTGT'I"I'ATGCTmGMGGGGChMGGTAGCMMCTGAJCTmTCTTGATCAGGCMGCCATGTRGCREEGGRMTCMTCATCAGGC
GGACARGCAATGGCCGTITGCCATGAATGTAACTGATGAAGCACAAGTCARTCAGGGCGTGGATAAAGTAGCCGATCACTTTGGAGGEGTTGATGTTTTAG
TCAGCRAATGCCGGTATTCAAATCATCGRAATCAGTGGATARATTAGCCTTTTCAGACTGGARRAGRATGCTTGCCATTCATTTGGATGGTGCCTTTTTAAC
TACTARAGCTTGCTTGAARTACATGTATGCCTCAGGCAATGGCGGCAGTATTATT TATATGGGCTCGETCCATTCCARAGARGC TTCTGTACTCARAGCA
CCTTATGTTACTGCCARACATGGTCTATTGGGTT TATGCAAAGTAGTTGCCAAGGAMGGTGGAACTCATAAGGTAAGAGCCAATGTCATTTGCCCGGGGET
TTGTCCGTACTCCTC TCGTTGACAARCARATTCCAGAGCAAGCARARGAATTAGGCATCAGTGAAGARGATGTCATCARGARAGTGATGC TARRAGARAC
AGTTGACGEEGAATTCACCACCACAGACGATGTAGCACARACCGCTTTATTTTTTGCATCAT TTGAATCGAATGCGCTTACAGGACAATCATTGGTAGTC
AGTCATGETTGGTTCATGGAGTARACARCCATGACTCGAAC TARAARATCTGCAAGACAGAT TGAGTATCGCCATATTGCATGCAGCTTTCAGGGAGGAG
GEGCTTTGGETGCCTATCAAGCTGGAGTAT TGCATGCTTTARATGAAGTGEEGATACCACCCTCATTGGTACGTGGGAACCTCAATTGGAGCAATTAATGC
GGCGATTGCTGCAGGTAACTCTGACAAAGAGCGGATAGARAAAATGTATCAATTTTGGGAGT CTATAGC TACTCCGTCCGCAGTCAATGAATCAACTCTC
CTCGATGATAAGATAAGTCGGARRATTCARCATTTARATTGC TGCTCATTCCGCTTTACTC TTGGGACAGCCAGGTTTTTTTGTACCTCGTTTCCCTTCCC
CTGATTT TGGTTGECATARCAGCCCTGATT TATTAAGT TACTATGATAC TIC TCCTITGCATAARAGTTTGGARARARTTTATTGATTTTGATCGTCTGAA
TAACAATARATTAACCCGRAATCAGTGTAGGAGCAGTTGARGTAAGTAGTGGAATGATGACTTATTTTGATTCCTATARACARAAAATAGGACCTGAACAC
ATTATGGCAAGCGETGCGCTTCCTCCCGGCTTCCOGGCAGT TARAGTTGATGGTAARTATTACTGGGATGGTGGCATATCAAGTAATTCACCAGTCAATT
ATATCCTGAATCATAATARATCARAAGCAARTGCTTTGTTTTATGATTCATT TGTTTGATTCTTT TGGGATGGTTCCCACCTCAATGGATGAGGTATTARA
ACGTAARARAGACATTGART TTTCCAGTCGGTTTATAARARTTAATTAACCTTCACARGGARATTCATGATTTAAGAARCACAATTCACATTTTATCAARC
CATATTTCTCCTGAGGAARAATCAARACCTGARATAAGEGGAATGTAT TARAAAGGEGACGTCCTTCOGCTATTICGCTGETTCGATTTTTATATGAGCACG
ATGAAACGGAATTGTCTTCAAAAGAT TATGAATTCTCCARAARATCTATTCATGAACGCATTCARAAAGGTTATGATGATGGTARAAAATGCGATCAAANA
ATCGCCTTGGAATCAATCAGTCCCAATGACTGAAGGTATAGCACTGTATGACATGTCTGCCARAGACACTATGARAALATATCARGACTAR

Fig.5.8. Analysis of upstream region of the bdhA gene by the Neural Network Promoter
Prediction software revealed 4 hypothetical promoters (green-highlighted sequences). The
upstream hypothetical gene is given in green. The bdhA gene is given in red. The
downstream gene in the bdhA operon, encoding transmembrane protein, is given in blue.

144



kb kb

led 1.5
1 1
0.5 0.5

Fig.5.9. Agarose gel electrophoresis of pBdhA1. Panel (A) PCR amplification of bhdhA gene
with one promoter from the pBdhAl. Lane (1) 1 kb ladder, and lane (2) PCR product showed
the expected size of the cloned fragment (0.9 kb). Panel (B) Double digestion of pBdhA1 by
BamHI and Pstl results in the excision of the cloned fragment. Lane (1) 1 kb ladder and lane
(2) the expected size (0.9 kb) of the cloned fragment (bdhA and one promoter). Panel (C)
Restriction analysis of pBdhA1 by EcoRYV yielded in two fragments. Lane (1) 1 kb ladder
and lane (2) two bands 6.4 kb and 3.6 kb were expected from EcoRV digestion.
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four promoters fragment, using the SL1018/3hbd-Q R primer pair, showed a single band of
the expected size (1.1 kb) (Fig. 5.10A). Restriction of the cloned fragment (bdhA with four
promoter) by double digestion of pBdhA4 with BamHI and Pstl showed a single band with
the expected band size of 1.1 kb (Fig. 5.10B). Restriction analysis of pBdhA4 by EcoRV
resulted in two bands with the expected sizes 6.6 kb and 3.6 kb (Fig. 5.10C). Data for
pBdhA3 analysis is not shown because Comp 3P did not restore the parent strain BdhA’s
enzyme activity.

To control for any effect that the empty pMMB207C plasmid might have had on the
complemented mutant, the parent and bdhA mutant were transformed with the empty
pMMB207C plasmid to yield parent207C and bdhA207C strains, respectively. To confirm
the expected size of the empty pMMB207C plasmid from the parent207C and bdhA207C,
restriction analysis of pMMB207C was conducted. EcoRV digestion resulted in two bands of
the expected size (5.5 kb and 3.6 kb) (Fig. 5.11A), while restriction analysis of pMMB207C
by Pstl, which has a single cut site in this plasmid, linearized the pMMB207C into a single
band of the expected size (9 kb) (Fig. 5.11B).

5.3. BdhA Enzyme Activity

BdhA enzyme activity was tested to further confirm the mutation in the bdhA gene, as
well as the regaining of activity in the complemented mutant. The results showed that the
parent strain exhibited enzyme activity reaching maximal (0.469 unit/mg) after 31 minutes.
The bdhA mutant showed no enzymatic activity and the heat-inactivated protein samples
showed a background value of 0.126 unit/mg (Fig. 5.12). The Comp 1P and Comp 4P strains
showed enzyme activity reaching maximal (0.489 unit/mg) after 6 minutes. Thus, these two
complemented mutants exhibited higher enzyme activity compared to the parent strain.
Interestingly, the Comp 3P strain showed no enzymatic activity, indicating that the sequence
upstream of the hdhA gene could play a role in its expression—probably by providing
binding sites for some of the regulatory DNA binding proteins which were predicted using

the Virtual Footprint Promoter Matches website (http://prodoric.tu-bs.de/vfp/index2.php).

Finally, the parent207C strain exhibited enzyme activity similar to the parent strain while the
bdhA207C strain showed no enzymatic activity, similar to the bdh4 mutant, indicating that
the enzyme activity observed in Comp 1P and Comp 4P was due to the cloned bdhA gene.
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Fig.5.10. Agarose gel electrophoresis of pBdhA4. Panel (A) PCR amplification of bdhA gene
with 4 promoters from the pBdhA4. Lanel (1) 1 kb ladder, and lane (2) PCR product showed
the expected size of the cloned fragment (1.1 kb). Panel (B) Double digestion of pBdhA4 by
BamHI and Pstl results in the excision of the cloned fragment. Lane (1) 1 kb ladder and lane
(2) the expected size (1.1 kb) of the cloned fragment (bdhA and 4 promoters). Panel (C)
Restriction analysis of pPBdhA4 by EcoRV yielded in two fragments. Lane (1) 1kb ladder and
lane (2) two bands 6.6 kb and 3.6 kb were expected from EcoRV digestion.
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Fig.5.11. Agarose gel electrophoresis of pMMB207C isolated from the parent207C and
bdhA207C strains. Panel (A) Restriction analysis of pMMB207C by EcoRV results in two
fragments of 5.5 kb and 3.6 kb. Lanel (1) 1 kb ladder. pMMB207C from the parent207C
(lane 2 digested and lane 3 undigested). pMMB207C from the bdhA207C (lane 4 digested
and lane 5 undigested). Panel (B) Restriction analysis of pMMB207C by Pstl (single cut)
showed 9 kb band. Lanel (1) 1 kb ladder, lane (2) digested pMMB207C from the bdhA207C,
lane (3) digested pMMB207C from the parent207C, and lane (4) undigested pMMB207C.
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Fig.5.12. BdhA enzyme activity of protein extracts from L. pneumophila strains. The graph
represents enzyme activity (units/mg BdhA) versus time, in which the amount of NADH
produced is monitored. All assays were performed with crude whole cell lysates with a total
content of 138 mg of protein per sample. BdhA enzyme activity was detected from protein
extracts from the parent, parent207C, Comp 1P, and Comp 4P but not that from the bdhA
mutant, bdhA207C, and Comp 3P. Protein extracts from heat inactivated L. pneumophila
samples showed a background value of 0.126 unit/mg. Results are means + SD (n=3).
Results were from independent experiments. The error bars were not shown for clearity.
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5.4. Growth Kinetics of Culturable L. pneumophila Strains

The L. pneumophila bdhA mutant, bdhA207C, parent207C, and the complemented
strains displayed similar growth kinetics to the parent strain JR32 in BYE broth. Thus,
knocking out bhdA has no effect on growth (Fig. 5.13).

5.5. Morphological Features of Culturable L. pneumophila bdhA Mutant

SPFs produced from the L. pneumophila bdhA mutant displayed a morphology
similar to that of the parent strain, as evident from TEM studies indicating that bdhA4
mutation has no effect on L. pneumophila differentiation into SPF (Fig.5.14). However, the
number of inclusions (I) in the hdhA mutant was significantly higher (0.5 I/cell, n=1000)
(P <0-0001) compared to the parent strain (0.35 I/cell, n=1000).

5.6. Differentiation of L. pneumophila bdhA Mutant SPF into MIF

Similar to the parent strain, L. pneumophila bdhA mutant SPFs successfully infected
the A. castellanii monolayer and efficiently produced MIFs, which displayed morphology
comparable to MIFs produced from the parent strain (Fig.5.15A). Also similar to the parent
strain, the bdhA mutant SPF could infect Tetrahymena spp., and the infection resulted in
differentiation of SPF into MIF (Fig.5.15B-E). Thus, bdh4A mutation does not seem to have a
role in L. pneumophila differentiation into MIFs. Giménez stain reaction of the culturable
bdhA mutant SPFs and MIFs bacteria were also comparable to the parent strain, with both

displaying a Gimenez+ reaction. (Fig.5.15F-H).

5.7. Production of VBNC Cells from L. pneumophila bdhA Mutant in dd- and Tap
Water

Next, I examined the ability of the hdhA mutant to form VBNC. When inoculated in
dd-water, the bdhA mutant SPF lost culturability in 15 days while the parent strain’s
culturability lasted 18 days (Fig. 5.16A). The difference was statistically significant
(P =0-05). In another experiment (after a long time from the first one) the bdhA mutant SPF
lost culturability in 9 days while the parent strain’s culturability lasted 15 days (Fig. 5.16B).
The complemented mutants Comp 1P and Comp 4P showed similar culturability to the

parent (Fig. 5.16B). The parent strain and the strain carrying the empty plasmid (parent207C)
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Fig.5.13. Growth kinetics of L. pneumophila parent, bdhA mutant, bdhA207C, parent207C,
Comp 1P and Comp 4P strains. Following inoculation of BYE broth with 0.1 ODg;¢ of L.
pneumophila cells, all the strains used entered stationary phase of growth at ~ 20 h.
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Fig.5.14. TEM micrographs of culturable SPF of L. pneumophila bdhA mutant (A) showing
morphology similar to the parent strain (B). Bacteria appear as rods displaying wavy outer
membranes, well-defined inner membranes, obvious periplasmic spaces, and a uniformly
dense cytoplasm with presence of inclusions (“I”).
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Fig.5.15. The bdhA mutant SPFs differentiate into MIFs. Panel (A-F) TEM of MIFs
produced from bdhA mutant SPFs. (A) MIFs produced from bdhA mutant SPFs after
infecting A. castellanii. (B) Magification of one of the bdhA mutant MIFs showen in (A).
Panel (C-F) MIFs produced from bdhA mutant SPFs after infecting Tetrahymena spp. MIFs
produced from bdhA mutant SPFs resist digestion inside Tetrahymena food vacuoles (C) and
are expelled in pellets (D). MIFs produced by infection of either amoeba or Tetrahymena
spp. by bdhA mutant SPFs displayed morphology similar to MIFs produced by parent strain.
Note the presence of inclusions “I”’ (B and F), straight outer membranes, thick inner leaflet of
outer membranes, absence of periplasmic space (arrow head) (F), and dense cytoplasm
(arrow) (B, E and F). Panel (G-I) Gimenez stain reaction of L. pneumophila bdhA mutant
SPFs and MIFs. L. pneumophila bdhA mutant SPFs (G) displayed dull red Giménez+
reaction comparable to parent strain (H). (I) L. preumophila bdhA mutant MIFs showed
bright red Giménez+ reaction inside Tetrahymena food vacuoles (arrow) as well as in the
expelled pellets (arrow head).
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Fig.5.16. BdhA is important for the culturability of L. pneumophila SPFs in dd-water. Panel
(A) bdhA mutant lost culturability earlier (15 days) than the parent strain (18 days). Panel (B)
bdhA and bdhA207C mutant lost culturability earlier (9 days) than the parent, parent207C,
Comp 1P and Comp 4P strains (15 days). The experiment was repeated once with similar
results. Results are means = SD (n=3).
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showed similar culturability. This is also the case for the bdhA mutant with and without the
empty plasmid. The difference in culturability between the parent, parent207C, Comp 1P,
and Comp 4P SPFs in dd-water compared to that of the bdhA mutant and bdhA207C SPFs in
dd-water was statistically significant (P = 0-05).

The bdhA mutant was not viable, for the same two sets of experiments mentioned
above, when bacteria in the dd-water samples lost culturability (Fig.5.17A and B). However,
the parent strain viability was 6.2 = 0.9% (n=3) in the first experiment (Fig.5.17A) and 5.9 +
0.7% (n=3) in the second experiment. The complemented mutants Comp 1P and Comp 4P
showed viability of 6.3 = 1.3% and 6.8 + 1.8%, respectively (Fig.5.17B). Similar to the bdhA
mutant, bdhA207C was not viable when bacteria in the dd-water samples lost culturability,
whereas parent207C was viable (4.5 + 1.6%).

The bdhA mutant MIF in dd-water entered the VBNC state at day 17 with a final
mean viability of 76.6 = 4.1% (n=2), whereas the parent strain MIF culturability lasted 30
days with a final viability of 87.4 + 5.7% (n=2). The difference in culturability between the
parent and the bdhA mutant MIFs in dd-water was statistically significant (P = 0-05).
Interestingly, a dramatic decrease in viability of the mutant was observed beyond the point of
complete loss of culturability. At day 90, the final mean percentage of VBNCCs was 11.45 +
0.35% (n=2) for the mutant strain; however, it was 73.2 = 1.69% (n=2) for the parent strain
(Fig.5.18). Collectively, the above results indicate that BdhA is important for the survival of
L. pneumophila in dd-water.

In tap-water, the bdhA4 mutant SPF entered the VBNC state at day 38 with a final
mean viability of 34.5 + 2.1% (n=3), which is similar to the parent strain’s viability 38.8 +
1% (n=3) (Fig. 5.19). Both the MIFs from the parent and bdh4 mutant strains in tap water
entered the VBNC state at day 45 with a mean viability of 74.3 £ 4.2% (n=2) and 79+2.1%
(n=2), respectively (Fig. 5.20).

Collectively, these results indicate that bdhA plays an important role in maintaining
the culturability and viability of both SPF and MIF of L. pneumophila in dd-water, but not in
tap water. Unfortunately, repeated attempts to generate MIFs from complemented mutants

were unsuccessful, as the complemented mutants failed to infect amoeba.
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Fig.5.17. BdhA is important for the survival of L. pneumophila SPFs in dd-water. Panel (A)
At day 18, bdhA mutant were not viabile while the parent strain still retained a viability of 6.2
+ 0.9%. Panel (B) At day 15, bdhA mutant and bdhA207C were not viable while the parent,
parent207C, Comp 1P, and Comp 4P strains retained a viability of (5.9 + 0.7%, 4.5 £ 1.6%,
6.3 = 1.3%, and 6.8 = 1.8%) respectively. Results are means £ SD (n=3).
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Fig.5.18. BdhA is important for the survival of L. pneumophila MIFs in dd-water. Panel (A)
L. pneumophila bdhA mutant MIF in dd-water lost culturability earlier (day 17) than the
parent strain (day 30)). Panel (B) A dramatic decrease in viability of the bdh4 mutant MIF-
VBNCCs (11.45 +0.35%) was observed at day 90 compared to the parent MIF-VBNCCs
(73.2 £ 1.69% (n=2)). Results are means + SD (n=2).

158



9
8 L‘\ A A Ak —a
7 \
= 6
;E% 5 —*~parent
Z 4 AN = bdhA
EP 3 A\ —+—total count
otal coun
2 \\
1
0 T T T T T
0 10 20 30 40 50 60
Days
B
100

o O
oo

Oy ]
el el

~*"parent
R —*=bdhA

% Viability
I~
=

— B W
3 i e

0 10 20 30 40 50 60
Days

Fig.5.19. The bdhA mutant and parent strain SPFs in tap water entered the VBNC state on the
same day. Panel (A) Both hdhA mutant and the parent strain loss culturability at day 38.
Panel (B) bdhA mutant SP-VBNC viability was 34.5 + 2.1% (n=3) similar to the parent strain
SPF-VBNC viability (38.8 = 1% (n=3)). Results are means + SD (n=3).
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Fig.5.20. The bdhA mutant and parent strain MIFs in tap water entered the VBNC state on
the same day. Panel (A) Both bdh4 mutant and the parent strain loss culturability at day 45.

Panel (B) bdhA mutant MIF-VBNC viability was 74.3 & 4.2% similar to the parent strain
MIF-VBNC viability 79+2.1%. Results are means + SD (n=2).
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5.8. Morphological Features of L. pneumophila bdhA Mutant VBNC Cells

5.8.1. Morphology of L. pneumophila bdhA Mutant SPFs in dd-Water after
Complete Loss of Culturability

After complete loss of culturability, the majority of hdhA mutant SPF bacteria in dd-
water showed cell lysis which makes it difficult to determine the proportion of
morphologically intact cells. Only a few cells appeared morphologically intact, similar to
what was observed in the parent cells (Fig. 3.4 B and C). These morphologically intact cells
appeared to be surrounded by a continuous cell membrane and still contained cytoplasmic
material. They exhibited a rod-like shape, a typical Gram-negative envelope, an electron-
translucent cytoplasm poor in ribosomes, cytoplasmic inclusions, and numerous outer

membrane vesicles (Fig. 5.21A and B).

5.8.2. Morphology of bdhA Mutant VBNCCs Produced from SPFs in Tap
Water

Morphology of the SPF bdhA mutant after reaching the VBNC state was similar to
that described for the parent SPF-VBNCCs (Fig.3.5 B and C). These VBNCCs showed a
pear-like appearance (Fig. 5.22A and B). SPF-VBNCC:s displayed a rather straight outer
membrane with a thickened electron-dense inner leaflet (Fig. 5.22B), a dense cytoplasm
(Fig.5.22A), but no vesiculation or inclusions. Finally, similar to the parent strain (Fig. 3.5B
and C), dark spots were repeatedly observed in the cytoplasm of the mutant (Fig. 5.22A).

These dark spots were also prominently observed before complete loss of culturability.

5.8.3. Morphological Features of bdhA Mutant MIF-VBNC Cells in dd- and
Tap Water

In dd-water, MIF-VBNC bdhA mutant cells showed similar morphological characteristics to
those described for the parent VBNC cells in dd-water (Fig. 3.6A) in terms of membrane
features, cytoplasm density and the presence of inclusions. These VBNCCs displayed a
straight outer membrane, a thickened electron-dense inner leaflet, and a dense cytoplasm
with inclusions (Fig. 5.23).

Morphology of the MIF-VBNC bdhA mutant cells from tap-water was similar to that
described for the parent MIF-VBNCCs (Fig. 3.6B). These MIF-VBNC bdhA mutant
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Fig.5.21. TEM of bhdhA mutant SPFs in dd-water after complete loss of culturability. Panel
(A) Numerous outer membrane vesicles (white arrow). Panel (B) Cell exhibiting low density
cytoplasm and inclusions “I". See Fig. 3.4B and C TEM of the parent SPFs in dd-water
showing low density cytoplasm, inclusions, and outer membrane vesicles.
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Fig.5.22. TEM of SPF-VBNCCs produced from bdhA mutant in tap water. Panel (A) SPF-
VBNCC:s of the bhdhA mutant look intact cells with no inclusions. Dark spots were evident
(arrow head). These VBNCCs showed electron-dense cytoplasmic material (arrow). Panel
(B) SPF-VBNCC:s of the bdhA mutant exhibited pear-like shape with a lateral pointed
protrusion (arrow). These VBNCs displayed a straight outer membrane with a thickened
electron-dense inner leaflet and a difficult-to-resolve inner membrane (arrow head). See Fig.
3.5A and B TEM of the parent SPFs in tap water showing pear-like shape cells, electron-
dense cytoplasm containing dark spots, no inclusions, straight outer membrane, thickened
electron-dense inner leaflet, and a difficult-to-resolve inner membrane.
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displayed a straight outer membrane, a thickened electron-dense inner leaflet, and a dense

cytoplasm with no inclusions (Fig. 5.24).

5.9. Resistance of VBNC Cells Produced from L. pneumophila bdhA Mutant to
Detergent-Mediated Lysis

Resistance to SDS-mediated lysis in culturable and VBNC cells obtained from bdhA
mutant SPFs and MIFs in dd- and tap water was comparable to those obtained from parent
strains (Fig. 3.9A). As shown in Figure 5.25, SPF-VBNC bdhA mutant cells in tap water and
MIF-VBNC bdhA mutant cells in dd- and tap water were resistant to SDS-mediated lysis,
while SPF hdhA mutant cells in dd-water after complete loss of culturability were susceptible
to lysis. These results indicate that BdhA has no role in mediating resistance to detergent-

mediated lysis in VBNC cells.

5.10. Resistance of L. pneumophila bdhA Mutant VBNC Cells to Digestion Inside
Tetrahymena Food Vacuoles

Deletion of the hdhA gene had no effect on the ability of L. pneumophila to resist
digestion inside Tetrahymena food vacuoles since both culturable and VBNC bdh4 mutant
bacteria behaved similarly to the parent strain (Fig. 3.8). Except for bdh4 mutant SPFs in dd-
water, all VBNC cells tested were resistant to digestion inside Tetrahymena (Fig.5.26).
Moreover, bdhA mutant VBNC cells showed Giménez stain reactions similar to those of
parent VBNC cells (previously shown, see Figure 3.9). As shown in Figure 5.27, both bdhA
mutant VBNC cells fed to Tetrahymena and bdhA mutant VBNC cells in the expelled pellets
were Giménez +, displaying a bright red shade (Fig.5.27).

To conclude results from this chapter, BdhA seems to influence L. pneumophila
survival and VBNC formation. However, the effect on survival was only demonstrated in dd-
water, not in tap-water. The bdhA mutant showed similar morphological features to the
parent. BdhA has no role in resistance of Legionella to digestion in Tetrahymena food

vacuole or to SDS lysis.
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Fig.5.23. TEM of bdhA mutant MIF-VBNC cells in dd-water. Panel (A) bdhA mutant MIF-
VBNCCs appeared as intact cells with inclusions (arrow). These MIF-VBNCCs exhibted
pear-like shape with a lateral pointed protrusion (arrow head). Panel (B) bdh4 mutant MIF-
VBNC:s displayed a straight outer membrane with a thickened electron-dense inner leaflet
and a difficult-to-resolve inner membrane as well as an inconspicuous periplasmic space
(arrow head). These MIF-VBNCCs showed electron-dense cytoplasmic material (arrow). See
Fig.3.6A TEM of the parent MIF-VBNCs in dd-water exhibiting pear-like shape with a
lateral pointed protrusion, electron-dense cytoplasm, inclusions, straight outer membrane,
thickened electron-dense inner leaflet, and a difficult-to-resolve inner membrane.
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Fig.5.24. TEM of bdhA mutant MIF-VBNC cells in tap water. Panel (A) bdhA mutant MIF-
VBNCCs appeared as intact cells with no inclusions. These MIF-VBNCCs exhibited pear-
like shape with a lateral pointed protrusion (arrow head). Panel (B) bdhA mutant MIF-
VBNC:s displayed a straight outer membrane with a thickened electron-dense inner leaflet
and a difficult-to-resolve inner membrane as well as an inconspicuous periplasmic space
(arrow head). These MIF-VBNCCs showed electron-dense cytoplasmic material (arrow). See
Fig.3.6B and C TEM of the parent MIF-VBNCs in tap water exhibiting pear-like shape with
a lateral pointed protrusion, electron-dense cytoplasm, straight outer membrane, thickened
electron-dense inner leaflet, and a difficult-to-resolve inner membrane.
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Fig.5.25. BdhA plays no role in detergent-mediated lysis of Legionella. The SPF-VBNCCs
of the hdhA mutant was resistant to detergent SDS. The graph shows ODs20 nm (an indicator
of cell lysis) as a function of time, for SPFs, SPF-VBNCCs produced in dd-water and SPF-
VBNCCs produced in tap water. The lysis index is defined as the time taken to reduce the
optical density to 50% of the initial value. For culturable SPFs, the lysis index was 3.5 min.
The estimated lysis index for SPF-VBNCCs in dd-water was 3 s, and for SPF-VBNCCs in
tap water was infinite. Results are means + SD (n=3). See detergent-mediated lysis of the
parent strain in Fig.3.9A in which the lysis index was 3.8 min, 20 s, and infinite for the
culturable SPFs, SPF-VBNCCs in dd-water, and SPF-VBNCCs in tap water respectively.
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Continuation

Fig.5.26. Resistance of L. pneumophila bdhA mutant VBNC cells to digestion inside
Tetrahymena food vacuole. Panel (A and B) L. pneumophila bdhA mutant SPFs in dd-water
after complete loss of culturability were digested inside Tetrahymena food vacuole (7.
thermophila ) (A) and in the expelled pellets (7. tropicalis) (B) and were manifested as
membrane whorls; only very few bacteria inside the vacuoles and the pellets appeared intact
and exhibited irregular shapes (arrow). Panel (C and D) bdhA mutant SPF-VBNCCs in tap
water were resistant to digestion inside Tetrahymena as they could be seen inside 7.
thermophila food vacuole (C) and appeared intact in the expelled pellets (D). Panel (E and F)
bdhA mutant MIF-VBNC produced in dd-water were resistant to digestion inside
Tetrahymena as they could be seen inside 7. tropicalis food vacuole (E) and appeared intact
in the expelled pellets (F). Panel (G and H) bdhA mutant MIF-VBNC produced in tap water
were resistant to digestion inside food vacuoles (7. thermophila) (G) and appeared intact in
the expelled pellets (7. tropicalis) (H).
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Fig.5.27. Gimenez staining of bdhA mutant MIF-VBNCCs from tap (panel A and B) and dd-
water (panel C and D) fed to 7. theromphila (panel A and C) and T. tropicalis (panel B and
D). All showed Gimenez+ reaction inside food vacuoles (white arrows) and expelled pellets
(white arrow heads).
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CHAPTER 6. DISCUSSION

6.1. L. pneumophila SPFs and MIFs Produce Distinct VBNC Cells in dd- and Tap
Water

As a survival strategy, many bacteria, including L. pneumophila, respond to various
environmental stresses by entering into a different physiological state in which the cells
remain viable but are no longer culturable on standard laboratory media. Upon resuscitation,
these viable but non-culturable cells regain culturability and the ability to cause infection
(reviewed in Oliver, 2010). The ability of L. pneumophila to enter into the VBNC state, and
the implications of this ability for water disinfection efficiency and L. pneumophila detection,
have been previously reported and discussed (England et al., 1982; Hussong et al., 1987,
Paszko-Kolva et al., 1992; Steinert et al., 1997; Ohno ef al., 2003; Hwang et al., 2006;
Alleron et al., 2008). Entry into the VBNC state may account for that L. pneumophila cannot
be cultured from cooling towers and other water systems suspected to be the source of
infectious bacteria (England et al.,1982; Hussong et al., 1987). However, L. pneumophila
VBNC cells remain poorly understood.

In this study, L. pneumophila VBNC cells were produced using two different
developmental forms, SPFs and MIFs. For the first time, these forms were shown to produce
VBNC cells that display very different characteristics in terms of morphology, survival, and
environmental fitness, which in turn depend on the surrounding water microcosm. These new
findings clearly indicate that we cannot assume that all L. pneumophila VBNC cells are
equal.

If the characteristics of VBNC cells depend on the developmental L. pneumophila form
used to produce them, replicative forms should also produce unique (and perhaps fragile)
VBNC cells. In support of this idea, Ohno ef al. (2003) found that L. pneumophila cells
harvested during the exponential growth phase in BYE broth and resuspended at a
concentration of 10° cells/mL in distilled water at 42°C rapidly lost both culturability (at day
4) and viability (at day 10). In similar conditions in my current study, SPFs resuspended to
10° cells /mL in dd-water at 45°C were more resilient and lost culturability at day 9 while
retaining 30-50% viability. When directly compared in tap water at 42°C and at a cell density
of 10%/ml, exponential phase L. pneumophila lost culturability at day 85, whereas SPFs did so
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at day 145 (Ohno ef al., 2003). These results suggest that VBNC cells produced by
replicative forms of L. pneumophila are indeed different from those produced by SPFs, and
indicate that the characteristics of L. pneumophila VBNC cells depend on the developmental
form used to produce them.

The type of water in which the VBNC cells are produced also seems to influence L.
pneumophila entry into this state. In dd-water, L. pneumophila SPF lost its culturability after
18 days and retained a low percentage of viable cells (5%). These viable cells can not be
resuscitated in Acanthamoeba. In tap water, however, SPF culturability lasted longer (45
days) and retained a high viability (20%). These viable cells could be resuscitated in
Acanthamoeba. L. pneumophila culturability in the experiments reported by Ohno et al.
(2003) lasted longer (>140 days at 42°C) than in my work, probably because of the slightly
lower temperature and/or the source of tap water used in their study. In my work, there was a
difference in the time to losing culturability between experiments of SPF in dd-water. The
difference in time frame is likely due to the quality of dd-water obtained at different times
over the course of my study.

The percentage of metabolically active cells in the Ohno ef al. (2003) study with
initial inoculum of 10° cells /mL was within -1 log of the initial value in all microcosm
samples throughout the study period. It is noteworthy that once the VBNC state was reached,
the viability appeared to remain constant, with an asymptotic trendline. This indicates that in
tap water, L. pneumophila seems to enter a stable VBNC state and can survive for a long time
in water systems that may impose health risks if the cells regain culturability after
encountering amoeba.

L. pneumophila has the capacity to grow as a free bacterium in nutrient-rich media,
either artificially prepared or naturally provided in association with microalgal and (or)
bacterial communities (Tison ef al., 1980; Pope et al., 1982; Wadowsky and Yee, 1983).
However, it is generally accepted that in nature, extracellular growth is a minor contributor
compared to intracellular growth in amoeba with respect to the total numbers of planktonic
and biofilm-associated L. pneumophila (Fields, 1993; Murga et al., 2001; Kuiper et al.,
2004). Therefore, it seems reasonable to surmise that the developmental form that emerges
from wasted amoeba (i.e., MIFs) constitutes the predominant form of L. pneumophila that

would be available in the freshwater environment to enter the VBNC state. This implies that
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L. pneumophila VBNC cells produced naturally would be mostly derived from MIFs and,
like the MIF-VBNCCs produced in this study, would be able to maintain an ultrastructural

integrity and high levels of viability.

6.2. Resuscitation of The VBNC L. pneumophila

Resuscitation of SPF-VBNCCs produced in tap water was successful in amoeba but
not in macrophages, suggesting that amoeba might be providing molecules essential to the
resuscitation process. L. pneumophila relies on amino acids as the major sources of carbon
and energy production through the TCA cycle. Cysteine and serine are converted by
Legionella into pyruvate that feeds the TCA cycle. The amino acids essential for Legionella
are also essential for the two evolutionarily distant hosts amoeba and macrophages, with the
exception of cysteine, which is scarce in human cells (reviewed in Al-Quadan,T. et al.,
2012). Thus, cysteine might be one of the factors found in amoeba that contributes to
resuscitation of L. pneumophila.

Resuscitation of L. pneumophila in amoeba emphasizes the importance of
eradication of amoeba from drinking water. In fact, in a 2008 study of domestic water in
South Florida in USA, 19.4% of all tap water samples were positive for Acanthamoeba,
Hartmannella and Vahlkampfia spp. (Shoff et al., 2008), all of which have been shown to
harbor intracellular Legionella spp. (reviewed in Lau and Ashbolt, 2009). In this study, only
a small percentage of the VBNCs could be resuscitated and regained culturability. This is
consistent with statements by Ohno ef al. (2003) that VBNC cells from both RF and SPF in
tap water that underwent resuscitation represented only a minor portion of the VBNC
population.

In my current study, resuscitation was not successful in media. When others were
investigating resuscitation of V. vulnificus, it was observed that nutrients may be inhibitory to
the resuscitation of VBNC cells (Whitesides and Oliver, 1997). The presence of nutrients
would, in fact, be bacteriostatic or bacteriocidal to VBNC cells, and would explain their
inability to develop into colonies on routine media. Koch (1996) proposed that, upon
exposure to high nutrients, dormant cells might transport the nutrients so rapidly that they
would experience a cell damaging internal nutrient concentration. Such an event, which

might occur within seconds, would likely be due to inadequate feedback inhibition or
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overflow metabolism occurring as the dormant cells transported the nutrient. Koch (1996)
speculated that death could arise simply from the osmotic effects of the large internal nutrient
concentration, or to the specific effects of one or more components of the nutrient. Others
speculated that, upon exposure to high nutrient levels, growth-arrested cells would likely
undergo an imbalance in metabolism leading to a near instantaneous production of super-
oxide and other free radicals (Bloomfield ef al., 1998).

Wong et al. (2004) found that the V. parahaemolyticus VBNC state induction period
and the age at which the VBNC cells could be successfully resuscitated by temperature
upshift were strain dependent (Wong et al., 2004). Thus, it is possible that other strains of L.
pneumophila might have the ability to recover from the VBNC state in amoeba more
efficiently.

The resuscitation of L. pneumophila VBNC cells in amoeba has never been
quantified. For instance, in the studies by Steinert ef al. (1997) and Ohno et al. (2003), the
originally resuscitated VBNC cells were not distinguished from their progeny and,
consequently, the number of cells that actually resuscitated could not be determined. The
quantitative method that I used in this study indicated that only 1-3 cells in every 10° VBNC
cells regained culturability in the presence of A. castellanii. This result could mean that the
vast majority of VBNC cells were damaged beyond repair, or that exposure to A. castellanii
1s not an efficient way to resuscitate L. pneumophila VBNC cells. The second explanation is
more likely, mainly because it is difficult to argue that MIF-VBNCCs, which maintained
their ultrastructural integrity and high viability but could not regain culturability in amoeba
because they were all irreversibly damaged. Moreover, others have reported that a number of
VBNC L. pneumophila samples were actually non-resuscitable in amoeba (Ohno et al.,
2003).

It seems that L. pneumophila VBNC cells might require a complex set of signals—
perhaps a combination of environmental cues in addition to the presence of amoeba—to exit
the VBNC state and regain culturability. That is, the fact that MIF-VBNCCs didn't
resuscitate does not necessarily mean that they cannot be resuscitated; but that further
investigation is needed to better understand their physiology. It’s possible that using different

species of amoeba or Tetrahymena might result in more efficient resuscitation.
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6.3. The Role of Salts or Ions in Extending L. pneumophila Survival in Water

In the present study, I found that the viability of L. pneumophila SPF-VBNCCs in dd-
water was particularly dependent on the presence or absence of salt ions. These results are in
agreement with previous reports suggesting that minerals and salt ions are needed for the
extended survival of L. pneumophila in water (States et al., 1985; Heller et al., 1998; Ohno et
al.,2003; Hwang et al., 2006). Ohno et al. (2003) demonstrated that a lack of salts could
result in the simultaneous loss of culturability and viability of L. pneumophila under extreme
starvation conditions, such as in distilled water. Dilution of two hot spring water samples
with sterilized distilled water decreased the survival ability of L. pneumophila depending on
the dilution rate (Ohno et al., 2003).

States et al. (1985), on the other hand, showed that lower levels of certain ions, such
as iron, zinc, and potassium, are important factors in the survival and growth of L.
pneumophila in tap water. Hwang et al. (2006) suggested that L. pneumophila could maintain
its viability for a long time by reducing metabolic activities and losing culturability as long as
those salts or minerals that are involved in starvation survival were present. Heller ef al.
(1998) found that addition of small amounts of NaCl (0.1%-0.5%) enhanced survival of
Legionella.

The specific role played by sodium and chloride ions in metabolism of L.
pneumophila has not been examined, but sodium is well known to be involved in metabolic
carrier systems and is also an important co-factor in enzymes (Heller et al., 1998). For
chloride ions, a mild enhancement of L. pneumophila growth has been described (States et
al., 1985). In my work, NaF, FeSO, and Ca(NOs), were found to be the most beneficial salts
in extending the culturability of SPFs and improving the yield of SPF-VBNC cells. However,
a comprehensive analysis of several metal fluorides, sulfates and nitrates would be required
in order to identify the specific ions responsible. The role of ions in extending L.
pneumophila survival in tap water is unknown; however, they might act as co-factors for
some enzymes that participate in catalyzing important processes (e.g., utilization of energy

sources).

6.4. Morphological Changes in The VBNC State

Morphological changes have been previously observed in bacteria entering the VBNC
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state (Catrenich and Makin, 1991; Jiang and Chai, 1996; Chaiyanan ef al., 2001; Signoretto
et al., 2002). Rod-shaped Gram-negative bacteria, when in the VBNC state, become cocci-
like and smaller than vegetatively growing cells (Catrenich and Makin, 1991; Jiang and Chai,
1996). Similar to Y. pestis (Pawlowsk et al., 2011), Edwardsiella (Du et al., 2007), and
Vibrio (Su et al., 2013) VBNC cells, Legionella VBNC cells also demonstrated a
morphological change. The Legionella VBNC cells became pear-like in shape, as shown by
TEM sections.

EM of Gram-negative VBNC bacteria revealed alterations in envelope
structure. In particular, micrographs of V. cholerae and V. parahaemolyticus showed that the
coccoid VBNC state had a loosely bound cell envelope and a gap between the inner and outer
membrane with the formation of blebs (Chaiyanan ef al., 2001; Jiang and Chai, 1996). The
periplasmic space of nonculturable Y. pestis cells was also greatly increased compared to
laboratory grown cells and their cytoplasm was electron-translucent (Pawlowski et al., 2011).
The formation of a spacious periplasmic space and the production of outer membrane blebs
were also observed in Legionella SPFs-VBNCCs, which also displayed an electron-
translucent cytoplasm.

The spacious periplasmic space may be formed during EM processing (e.g.,
dehydration and or embedment) of L. pneumophila, during which materials may be extracted
from the spacious periplasm causing the collapse of a weakened cell envelope and the
formation of pointy protrusions (e.g. Fig. 3E). Jiang and Chai (1996) hypothesized that outer
membrane blebs could be formed by pieces of cell envelope. Because of cell size reduction,
the excess cell envelope material may be formed and allow cell volume adjustment via bleb
formation (Jiang and Chai, 1996). The formation of similar outer membrane vesicles during
starvation has also been observed in V. cholerae (Marden et al., 1985).

Outer membrane vesicles (OMV) are shed from the outer membrane by L.
pneumophila and most other Gram-negative bacteria. They are between 100 and 250 nm in
diameter and consist of components from both the outer membrane, including LPS, and the
periplasm. L. pneumophila OMVs contain a disproportionately high number of virulence-
associated proteins and display lipolytic and proteolytic activities (Galka et al., 2008). In
general, OMVs from other bacteria can mediate interbacterial contact and also contact with

eukaryotic cells. Membrane vesicles are also thought to serve as a source of nutrients
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(reviewed in Shevchuk et al., 2011). Quorum sensing functions have also been assigned to
OMVs (Mashburn and Whiteley, 2005). In this way, OMVs might contribute to the
communication of the Lp VBNC cells or to transporting nutrient from one VBNC cell to
another. Thus, those VBNC cells that are producing OMV's might be showing an altruistic
behavior to improve the survival of other VBNC cells.

The fact that SPF-VBNCCs showed MIF-like characteristics, becoming resistant to
detergent-mediated lysis, displaying morphological changes, and changing their Giménez
staining properties, suggests structural and/or chemical changes in the bacterial cell envelope.
However, more work is needed to elucidate the nature of such changes.

An important change observed in VBNC L. preumophila cells produced in tap water
was the lack of PHB inclusions. It seems that L. pneumophila degrades PHB in order to
maintain an active metabolism and extend its culturability during starvation. In fact, James et
al. (1999) previously monitored the utilization of PHB in L. pneumophila and found that
PHB reserves were utilized during starvation and that PHB depletion correlated with loss of
culturability. Fluorescence microscopy provided visual evidence of PHB utilization, with a
marked reduction in the number of Nile red-stained granules during starvation.

The presence of PHB in bacteria correlates with reduced degradation of RNA and
proteins during nutrient starvation, and PHB is known to serve as a carbon and energy source
during the encystment of Azotobacter (reviewed in Anderson and Dawes 1990). In my
current study, utilization of PHB happens only in tap water since the inclusions were still
seen in both SPF- and MIF-VBNCCs in dd-water. The difference might be related to ions or
other tap water components playing a role in the utilization of PHB, but this remains
uncertain. The utilization of PHB might enhance the ability of the VBNC cells to resuscitate,
as was observed in SPF-VBNCCs from tap water. Further study is required to investigate this
notion.

The changes in shape of VBNC cells in some bacteria were attributed to changes in
peptidoglycan structures. Signoretto et al. (2002) reported that in E. coli VBNC cells, in
comparison to the exponential phase, there was a high degree of cross-linking, a threefold
increase in unusual DL-2,6-diaminopimelic acid interpeptide bonds (DAP-DAP) cross-
linking, an increase in muropeptides bearing covalently bonded lipoprotein, and a shortening

of the average length of glycan strands. Signoretto et al. (2002) further suggested that the
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unusual DAP-DAP crosslinking seen in the VBNC state might occur in response to a
shortage of the pentapeptide.

In their experiments with vancomycin, Del Mar Lleo et al. (2007) suggested a lack of
synthesis of D-ala-D-ala by E. faecalis VBNC cells. According to the shotgun proteomic data
in my work (Table 4.1), decreases in the protein levels of D-alanine-D-alanine ligase and D-
alanyl-D-alanine carboxypeptidase were observed in VBNC protein samples. As
peptidoglycan rearrangements have been observed in both Gram-positive and -negative cells
as they enter the VBNC state (Costa ef al., 1999; Signoretto ef al., 2002), such changes may
be hallmarks of the VBNC state (Oliver, 2010).

6.5. A Model for L. pneumophila VBNC within The Developmental Cycle

Differentiation mainly refers to distinct morphological, physiological, or biochemical
characteristics expressed by an organism at some particular stage of development (Garduno
et al., 2008). During the development of living organisms, cells displaying specific sets of
distinguishing characteristics are produced, which are referred to as 'forms'. Unicellular
organisms usually follow a 'circular' sequence of differentiation steps that may define a
developmental cycle. The alternating nature of this developmental process implies that the
closing step of any given cycle constitutes the opening step of the next cycle. The
development of any specialized form that withstands specific physiological challenges (like
starvation), while keeping the ability to quickly resume replication in favourable conditions,
is an excellent example of bacterial differentiation (Garduno et al., 2008).

The synthesis of stage-specific proteins controlled by temporally integrated regulatory
networks can lead to complex forms within markedly different phenotypes (Errington, 2003).
Stage specific proteins may have direct regulatory or structural roles, and/or be involved in
the synthesis of compounds necessary to carry out specific changes that will ultimately
determine the differentiation stage of the organisms (Garduno et al., 2008).

As explained in Chapter 3, VBNC L. pneumophila displayed unique morphology. In
comparison to the culturable cells, VBNC Legionella underwent changes in cell shape,
membrane, cytoplasm density, and inclusions. Legionella VBNC cells were environmentally
fit since they resisted SDS-mediated lysis and digestion inside Tetrahymena food vacuoles.

Moreover, these VBNC cells showed a distinct protein profile than that of the culturable
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Legionella. Therefore, using the same criteria used by Garduno et al. (2002) to define the
MIF as a developmental form of L. pneumophila, 1 postulate that the consistent
morphological traits of VBNCC:s, their fitness profile and their unique complement of
proteins, support the notion that VBNCCs are separate developmental forms of L.
pneumophila. Moreover, the resuscitation processes itself suggest that the VBNCC is a
developmental form that keeps the genetic program to differentiate back to the culturable
state. Thus, the above-mentioned findings suggest that the VBNC cell can be considered as a
differentiated form and hence, VBNC L. pneumophila could be integrated into L.
pneumophila developmental cycle as shown in Figure 6.1.

The absence of existence of protein related to the oxidative stress (stochastic
detorioratio model) or Rel E-Rel B toxin-antitoxin proteins (programmed cell death model)
in the shotgun prteomic data of the MIF-VBNCCs suggest that these two models are not
involved in the VBNC cell diffrentiation. Also, the infinte level of the viability once the
bacteria enter the VBNC state role out out any role for the stochastic detorioratio or
programmed cell death models. On the contrast, proteins related to the adaptive response
model, for example Rel A and GGDEF-EAL domain, were increased in their level in MIF-
VBNCC:s indicating that VBNC formation is differentiantion process in response to an stress.

The data from the current study widen our knowledge about VBNC Legionella.
However, further studies are required to understand the pathway through which such
differentiation proceed. These studies may include monitoring changes in protein level at
different time points during Legionella entry into the VBNC state or monitoring L.
pneumophila ability to enter the VBNC state after deleting (or expressing ) genes that could
be within the putative VBNC regulatory network.

6.6. Proteomic Analysis as A Tool to Study Gene Products Important for VBNC Cell
Formation

The study of gene expression can be undertaken at the transcriptional level, with
technologies such as cDNA and oligonucleotide microarrays facilitating the quantitative
analysis of the expression of thousands of genes. However, the abundance and activity of the
end product of genes (i.e., proteins) is not exclusively determined by regulatory events at the

transcriptional level. Indeed, it is proteins that act as the cellular building blocks that
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Fig.6.1. A model for integration of VBNC cells into the developmental cycle of L.
pneumophila. Black arrows represent the known pathways from literature, red arrows
represent the pathways found in the current study. L. pneumophila alternates in vitro between
the RF and the SPF. MIFs are produced from infecting amoeba. In this model, VBNC cells
are produced either from SPFs or MIFs in water. The VBNC cells are resuscitated in amoeba
and are suspected to differentiate into MIFs. The VBNC cells are environmentally fit as they
get packaged in Tetrahymena food vacuoles and expelled as pellets containing intact cells.
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ultimately carry out the function of genes, including enzymatic catalysis, molecular
signaling, and physical interactions. Analyses undertaken at the protein levels are necessary
for the following reasons. First, there is poor correlation between mRNA abundance and
corresponding protein levels, indicating that protein levels cannot simply be predicted from
corresponding mRNA levels. Second, the translocation of each protein from its site of
synthesis to its site of activity cannot always be deduced from sequence data. Third, proteins
undergo post-translational modifications that have potentially enormous functional
consequences but cannot always be predicted from gene sequences (reviewed in Pardanani et
al., 2002).

Common post-translational modifications include phosphorylation, acetylation,
glycosylation, ubiquitination, and hydroxylation. Post-translational modifications of proteins
influence the enzyme activity, protein turnover and localization, protein-protein interactions,
modulation for various signaling cascades, DNA repair, and cell division For example,
phosphorylation of B. subtilis single stranded DNA-binding protein (SsbA) at Tyr82
significantly increases binding affinity with single-stranded DNA in vitro (Karve and
Cheema, 2011).

Some of the techniques used to identify post-translation modifications are targeted
towards identifying specific post-translational modifications. For example, kinase activity
assays, phospho-specific antibody development, western blot, mass spectrometry, enzyme-
linked immunosorbent assay, intracellular flow cytometry and immunocytochemistry/
immunohistochemistry can be used to assess phosphorylation of proteins (R & D systems,
2002).

The lack of correlation between mRNA abundance and corresponding protein levels
can be attributed to the short half-life of mMRNA compared to proteins, which are more stable.
Moreover, different proteins may vary substantially in their in vivo half-lives: regulatory
proteins, for example, may have to be produced and degraded very rapidly in order to
respond to changing stimuli, whereas structural or housekeeping proteins are more long-lived
(Vogel and Marcotte, 2012). In addition, there are many complicated and varied post-
transcriptional mechanisms involved in turning mRNA into protein that are not yet
sufficiently well defined to be able to compute protein concentrations from mRNA

(Greenbaum et al., 2003).
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Due to cessation or decrease in the level of gene transcription in the VBNC state
(Gonzalez-Escalona et al, 2006), as well as the short half-life of prokaryotic mRNA (Rauhut
and Klug, 1999), it seems reasonable to speculate that VBNC bacteria might contain very
little or no mRNA. This was evident in my work when RT-PCR failed to detect mRNAs of
BdhA, HspC2, and Lpg0634 proteins that had been detected by SDS-PAGE analysis of
VBNC bacteria. In this case, studying gene expression at the level of proteins has the
potential to provide a more meaningful understanding of changes in the gene expression.
However, studying changes in the protein level after entry into the VBNC state will not
clearly indicate the point at which protein levels changed (i.e., prior or after entry into the
VBNC state), owing to the long half-lives of proteins (Maier ef al., 2011). A solution for this
problem would be to take protein samples at different time points during the process of entry
into the VBNC state. Nevertheless, studying changes in protein level between the VBNC and
culturable state might help to understand the mechanism by which bacteria enter this survival
state.

For many years, the only option for comparative proteomic studies was staining two-
dimensional gels and examining patterns of spots. These types of comparisons are
complicated by gel-to-gel differences that can affect spot positions, potentially resulting in
false-positives and false-negatives. Even though analysis software has improved greatly,
these experiments still require a significant amount of manual intervention, as well as
numerous repeats, to ensure trustworthy results (Peck, 2005). Additionally, this approach
detects only those proteins that are expressed at relatively high levels and that have long half-
lives. Given these limitations, conventional two-dimensional electrophoresis technology has
limited potential for large-scale proteome analysis (reviewed in Greenbaum et al., 2003).

Recent technological advances, particularly in mass spectrometry, have allowed for
large-scale surveys of the proteome (Vogel and Marcotte, 2012). Mass spectrometry, which
uses mass analysis for protein characterization, is the most comprehensive and versatile tool
in large-scale proteomics. The overall goal of such analysis is to obtain a snapshot of
concentrations of proteins associated with different states. In the last few years, the shotgun
proteomics approach has become the method of choice for identifying and quantifying
proteins in most large-scale studies. This strategy is based on the digestion of proteins into

peptides, followed by peptide sequencing using tandem mass spectrometry (MS/MS) and
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automated database searching. Compared to two-dimensional gels, shotgun proteomics
allows higher data throughput and better protein detection sensitivity (reviewed in
Nesvizhskii, 2007).

In shotgun proteomics, a complex protein sample is digested by trypsin and analysed
using LC-MS techniques. The heterogeneous sample, with proteins of different chemical and
physical behavior, is broken down to a mixture of tryptic peptides complex. Because of the
heterogeneous nature of the sample, the intensity of a peptide peak depends on the
concentration of the peptide, its propensities for ionization, and post-translational
modifications that may result in lower quality MS spectra. In contrast to shotgun proteomic
studies, MRM measurements are quantitative analyses strictly targeting a predetermined set
of peptides, and depend on specific MRM transitions for each targeted peptide. Therefore,
the results from MRM represent more precise measurement of the fold change compared to
shotgun proteomics.

In this study, the shotgun proteomics method was applied to screen and quantify the
abundance of proteins in the VBNC state in comparison to the culturable bacteria. The
shotgun proteomic analysis of MIF-VBNCCs in dd-water revealed a number of proteins with
increased and decreased level in comparison to the culturable MIFs (Apendices I and II).
Similarly, E. faecalis VBNC cells exhibited a different protein profile from that of either
starved or exponentially growing bacteria, demonstrating that the VBNC cells are in a
distinct physiological state (Heim ez al., 2002).

In my current work, the majority of proteins with increased expression were those
involved in metabolic processes, suggesting that L. pneumophila VBNC cells are retaining
some metabolic activity in the VBNC state. In VBNC E. coli, about 937 genes displayed
increased expression using DNA microarray. The induced genes were those necessary for the
metabolism of small molecules, energy metabolism, the TCA cycle, and pyruvate
dehydrogenase, in addition to genes involved in chemotaxis, mobility, surface structures and
flagella biosynthesis (Rozen et al., 2002).

In V. parahaemolyticus, the protein profile of VBNC also contained a number of
proteins that exhibited elevated levels and were suggested to play important roles in the
induction or maintenance of VBNC. The proteins with elevated levels are known to be

associated with transcription (two homologues of alpha subunit RNA polymerase,
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phosphoribosylaminoimidazole carboxamide formyltransferase/IMP cyclohydrolase),
translation (ribosomal protein S1, two homologues of elongation factor TU, elongation factor
EF-G), ATP synthase (F1 alpha subunit), gluconeogenesis-related metabolism
(dihydrolipoamide acetyltransferase, glyceraldehyde 3-phosphate dehydrogenase), and
antioxidants (2 homologues of peroxiredoxins, AhpC/Tsa family); the elevated proteins also
included a conserved hypothetical protein with unknown function (Lai et al., 2009). In this
study, NADH dehydrogenase transmembrane protein, putative alpha-amylase, and GTP
pyrophosphokinase ((p)ppGpp synthetase I) stringent stress response (RelA) are a few
examples of proteins with increased expression that have metabolic activity in L.
pneumophila MIF-VBNCCs (Apendix I).

In E. coli and some other bacteria including L. pneumophila, the relA gene is the
genetic determinant of the stringent response, with the RelA-catalysed increase in the cellular
(p)ppGpp leading to the rapid inhibition of stable RNA biosynthesis, ribosome and protein
synthesis, and ultimately, to growth arrest (Chatterji and Ojha, 2001). In my work, RelA was
shown to have a 1.8-fold increased level in the VBNC state using the quantitative MRM
analysis (Table 4.1). In V. cholerae, Gonzalez-Escalona et al. (2006) found that the
expression of rel4 was greater in the VBNC state (induced at 4°C) than in the starvation state
(15°C), suggesting that the VBNC bacteria may be capable of adapting to environmental
signals via such stringent response. The increased expression of rel4 in the VBNC state
suggests that the intracellular level of (p)ppGpp in the VBNC bacteria is higher than that in
the culturable cells, which may also lead to the activation of a variety of cellular metabolic
events.

The genetic pathways underlying the VBNC response in E. faecalis were in part the
same as those leading to the starvation response, as indicated by the presence of similar
expression profiles for certain proteins. However, major differences in the expression
patterns of some proteins (e.g., EF-Ts, fructose-bisphosphate aldolase, and mannose-specific
PTS system) were observed, suggesting that the underlying pathways in the starvation and
VBNC states do not overlap completely but rather share a few crossing points. Moreover, the
VBNC state also differs from other general stress responses, as indicated by the down-
regulation of general stress proteins such as the mannose-specific PTS system (Heim et al.,

2002).
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In addition to proteins with metabolic activity, several stress proteins exhibited
increased expression in MIF-VBNCCs, as was shown by MRM analysis, including sensory
box protein/GGDEF/EAL domains and two small HspC2 heat shock proteins (Lpg2192 and
Lpg2493). In my work, MRM analyses showed a 2.34 fold increase in the GGDEF-EAL
protein in MIF-VBNC compared to the culturable MIF (Table 4.1). Diguanylate cyclase and
phosphodiesterase activities, associated with GGDEF and EAL domains, respectively,
controls the intracellular level of of bis-(3'-5')-cyclic dimeric guanosine monophosphate (c-
di-GMP), a second messenger that plays a key role in many physiological processes
(Romling and Amikam, 2006).

Cyclic-di-GMP can control gene expression and function at a variety of different
levels, including transcriptional activity, post-transcriptional activity, enzymatic activity,
and protein-protein interactions. For example, c-di-GMP controls the production
of P.aeruginosa extracellular polysaccharide (EPS) by altering DNA binding of the FleQ
transcriptional regulator (Hickman and Harwood, 2008). Cyclic di-GMP also regulates gene
expression post-transcriptionally by binding to riboswitches and affecting mRNA translation
(Sudarsan et al., 2008). In addition to its role in transcriptional and post-transcriptional gene
regulation, c-di-GMP allosterically controls enzyme activity: binding of c-di-GMP to the
PilZ domain of cellulose synthase, BcsA, is required for optimal activity of this enzyme
(Benach et al. 2007).

In S. typhimurium, mutation in an EAL-domain protein influencing c-di-GMP levels
has been linked to the ability of the organism to kill macrophages and resist peroxides (Hisert
et al., 2005). In L. pneumophila, over-expression of several proteins containing domains
related to cyclic diguanylate synthesis, hydrolysis, and recognition strongly decreased the
ability of L. pneumophila to grow inside host cells (Levi et al., 2011). Thus, GGDEF/EAL
domain proteins might have an influence on the activity or level of other proteins during
entry of L. pneumophila into the VBNC state, potentially affecting the ability of VBNC
L. pneumophila to infect host cells.

As shown by MRM analysis, two small heat shock proteins (sHsps) (with accession
numbers G8UX67 and GEUYH4) increased 2.05 and 30.66 fold, respectively, in MIF-
VBNCCs compared to the culturable MIF (Table 4.1). sHsps have the ability to protect

cellular proteins and maintain cellular viability under intensive stress conditions such as heat
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shock or chemical treatments. While most chaperone machineries such as DnaK-DnaJ-GrpE
or GroEL-GroES consume energy, sHsps are generally believed to be ATP-independent.
Nevertheless, sHsps have been added to the catalogue of molecular chaperones because they
bind to denatured proteins as holding chaperones and thereby suppress unintended
interactions that may lead to the precipitation of aggregates.

This function of sHsps maintains their substrate proteins in a folding-competent state,
keeping these proteins amenable to subsequent refolding by the major chaperone
machineries. The sHsps have no function in degradation, unlike the general heat shock
proteins, which have dual functions as chaperones and proteases (Han et al., 2008). Thus, L.
pneumophila might be responding to environmental stress through these proteins, which in
turn might participate in refolding of proteins important for entry of L. pneumophila into the
VBNC state.

It is noteworthy that the two small HspC2 proteins confirmed by MRM analysis of
MIF-VBNCCs in dd-water were also found in the SDS-PAGE and mass spectrometry
analysis of SPF-VBNCCs in tap water. Thus, sHsps might play a role in the process of L.
pneumophila entry into the VBNC state regardless of the bacterial form or the type of water
in which the bacteria entered the VBNC state; however more work is needed to explore the
role of sHsps in VBNC cell formation. Interestingly, chaperones involved in bacterial
envelope stress response, such as the peptidyl-prolyl cis-trans isomerase and the Skp
chaperone, decreased in expression in the VBNC state despite exposure of the bacteria to
high temperature and changes in the cell wall structure. Probably, their expression was
enhanced earlier (prior to entry into the VBNC state) and decreased once the cells were
adapted to the stressful environment.

Among the increased-expression proteins, EnhA increased about 1.73-fold in the
VBNC state, as validated by MRM analysis. Together with enhB and enhC, enhA is located
within the enh2 locus, which was found to be important for entry of L. pneumophila into
monocytes (Cirillo et al., 2000). Thus, L. pneumophila might be retaining its infectivity in
the VBNC state, which would facilitate its entry into new host cells and stimulate it to regain
culturability.

Proteins related to type IV secretion system were also enhanced. These included

IcmW and IcmO/DotL (both important for macrophage infection and killing) (Brand et al.,
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1994; Segal and Shuman, 1997), IcmL-like protein, IcmK/DotH, Dot/Icm effector Ceg25
(coiled coil domain protein Ipg1836 regulated by PmrA (Zusman ef al., 2008), and Dot/Icm
effector LirA (hypothetical protein Lpgl1960 which is positively regulated by 7poS (Zusman
et al., 2008). The hypothetical protein Lpg1960 was also found in SDS-PAGE analysis of
MIF-VBNCCs in dd-water. The enhancement of type IV secretion system proteins suggest
that these proteins might be important in order for VBNC cells to infect an appropriate host
cell upon contact. However, this will need further investigation. Moreover, the type of host
cell that can resuscitate the MIF-VBNCCs needs further study to be identified.

Two proteins involved in PHB degradation, acetoacetyl CoA synthetase, and 3-
hydroxybutyrate dehydrogenase (BdhA), were among the proteins with increased levels in
Legionella VBNC state (Apendix I), as confirmed by MRM analysis (Table 4.1). In
Sinorhizobium melilot, acetoacetyl CoA synthetase has been shown to be important for cell
survival ability. Viable cell counting after transfer of bacteria to carbon nutrient-free medium
indicates that the S.melilot acetoacetyl CoA synthetase (acsA) mutants do not propagate as
well as the wild-type strain (Cai et al., 2000). The importance of BdhA for survival is
discussed in section 6.7.

On the other hand, in my current study, more proteins with decreased levels were
found than with increased levels in the VBNC state. Among proteins with decreased levels in
the VBNC state were many involved in metabolic processes, which constitute the major
category. This was not a surprising result considering that cells in the VBNC state are
thought to be metabolically dormant. Examples of these proteins include malate
oxidoreductase, cysteine synthase, enolase, tryptophan synthase, glucose-1-dehydrogenase,
phosphoenolpyruvate synthase, and acetyl CoA carboxylase.

In my work, proteins involved in cell division, cell organization and biogenesis were
found exclusively among those with decreased levels. In VBNC E. coli, about 320 genes
exhibited decreased gene expression in seawater as revealed by DNA microarray. The
repressed genes included those necessary for cell division in addition to nucleotide
biosynthesis. This was not surprising given the lack of cell growth and division in the
stressed state (Rozen et al., 2002).

As revealed by MRM analysis, proteins involved in cell wall biogenesis and

modification decreased in the VBNC state as well. These proteins include D-alanyl-D-
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alanine ligase, which catalyzes the ligation of 2 D-alanine into D-alanyl-D-alanine, and D-
alanyl-D-alanine carboxypeptidase, which is involved in peptidoglycan remodeling viai
removal of terminal D-alanine from muramyl pentapeptide. The lack of these proteins would
result in the lack of synthesis of D-ala-D-ala, which has been suggested to be the cause for
the insensitivity of E. faecalis VBNC cells to vancomycin (Lleo et al., 2007).

The shotgun proteomic analysis was applied in this study on MIF-VBNCCs from dd-
water because they retained the highest viability among other VBNC L. pneumophila
samples. Thus, the protein profile will represent mostly the viable cells in the samples.
However, in the future it will be recommended that the shotgun proteomics screen analysis
be applied on MIF-VBNCCs from tap-water since tap water is a man-made water system that

can represent a source of infection to humans by Legionella.

6.7. 3-Hydroxybutyrate Dehydrogenase Enhances L. pneumophila Survival in Water

Allelic exchange was used to mutate the bdhA gene. The reason for not getting highly
efficient transformation and allelic exchange when mutating with aphA3 could be due to
degradation of the electroporated fragment in the cytoplasm of the transformed cells or could
be due to non-specific integration of the fragment in the L. pneumophila chromosome which
may lead to genetic change that make bacteria resistance to the antibiotic. Another reason
could be could be degradation of the antibiotic during the long period of incubation. Similar
explanation could apply for mutation with the ermAM.

One of the noticeable morphological changes observed in both SPF-VBNCCs and
MIF-VBNCCs in tap water was the lack of PHB inclusion bodies (Fig.3.5 and Fig.3.6B). The
level of BdhA enzyme, as observed by SDS-PAGE and shotgun proteomics analysis,
increased in the VBNC state, suggesting a role for the degradation of PHB polymer in this
survival strategy.

Similar to other PHA-producing bacteria, such as Azotobacter spp., L. pneumophila
possesses most of the enzymes that catalyze synthesis and degradation of PHB, except for
PHB depolymerase, as revealed by NCBI blast search. However, homologues proteins
involved in PHB regulation such as PhaR and PhaP (phasin) found in Ralstonia were not

found in Legionella. Phasins are present in all PHA-synthesizing bacteria even though they
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generally are not conserved in amino acid sequences (Jurasek and Marchessault, 2002). Thus,
PHB regulation in L. pneumophila might be mediated by some hypothetical proteins.

It has been hypothesized that PHB accumulated by Rhizobium prior to infection
serves to fuel infection and/or bacteroid differentiation (Lodwig et al., 2005). Aurass ef al.
(2009) constructed Legionella bdhA-patD double mutant by EZ-Tn5 and showed that the
double mutant bdhA-patD was defective for lipolytic activity and degradation of PHB as well
as it was defective in infecting amoeba. However, the L. pneumophila bdhA mutant
constructed in my study by allelic exchange, which was confirmed by lossing the BdhA
enzyme activity (Fig. 5.12) and showed no polar effect as confirmed by RT-PCR (Fig. 5.7C),
successfully infected amoeba. As well, the mutant differentiated into MIFs, as evident from
TEM studies and Giménez staining. These results suggest that bdhA plays little or no role in
L. pneumophila SPF differentiation into MIF.

In contrast to the parent and bdhA mutant strains, attempts to infect amoeba using the
complemented bdhA strains Comp 1P and Comp 4P were unsuccessful. As shown in Figure
5.12, Comp 1P and Comp 4P exhibited maximal BdhA enzyme activity compared to the
parent strain. A possible explanation is that bdhA is highly expressed from the
complementing plasmids in Comp 1P and Comp 4P and this high BdhA level could have an
inhibitory effect on L. pneumophila infectivity to amoeba. The sequence upstream of the
bdhA promoter, which contains potential regulatory sites (as predicted using virtual footprint

website http://www.prodoric.de/vip/vip promoter.php), might have a role in suppression of

bdhA expression in the parent strain, whereas its expression in the complementing plasmid is
unregulated due to lack of this upstream region and thus may result in constitutive expression
of bdhA. This hypothesis may also explain the lack of BdhA enzyme activity in the Comp 3P
strain whereas both Comp 1P and Comp 4P displayed enzymatic activity.

L. pneumophila is known to utilize PHB reserves during starvation, and such
utilization correlated with loss of culturability (James et al., 1999). Several studies have
shown that the wild-type bacterial strains survived starvation better than either PHA
polymerase or PHA depolymerase-negative mutants (Ruiz et al., 1999; Ruiz et al., 2001,
Lopez et al., 1995; Povolo and Casella, 2004; Lodwig ef al., 2005; Tal and Okon, 1985;
Kadouri et al., 2003a). My results showed that the survival of the L. pneumophila bdhA

mutant in dd-water was reduced when compared to the parent strain. The mutant SPF in dd-
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water lost both culturability and viability in 15 days. In contrast, the parent strain lost
culturability at 18 days with a final proportion of VBNCCs of 6.2 + 0.9%. For the bdhA
mutant MIF in dd-water, a dramatic decrease in viability was also observed. At day 90, the
final mean percentage of VBNCCs was 11.45 + 0.35% for the mutant strain compared to
73.2 + 1.69% for the parent strain. Together, these findings indicate that BdhA plays an
important role in extending survival of both SPF- and MIF-VBNCCs.

PHA biosynthesis and utilization has been linked to survival strategies in other
bacterial forms, such as spore and cyst production. PHB plays an important role in
encystment of the genus Azotobacter. Encystment is the process of cyst formation under
nutrient limiting conditions in which PHAs serve as carbon and energy sources that
encourage the extensive formation of cysts (Stevenson and Socolofsky, 1966). In Bacillus
cereus cells that had accumulated PHA, the polymer disappeared after sporulation, while the
degradation products were incorporated into the spore. In that case PHA may serve as a
carbon and energy reserve for sporulation (Nakata, 1966).

Moreover, Lopez et al. (1995) observed that in a PHA negative mutant of Bacillus
megaterium, sporulation occurred immediately after exposure to river water, while survival
of vegetative cells decreased as compared to wild type, indicating that in an oligotrophic
environment, cells with depleted intracellular carbon source may be committed to earlier
sporulation than normal cells (Lopez et al. 1995). This is similar to what was observed in my
work, where the L. pneumophila MIF bdhA mutant entered the VBNC state earlier than the
parent strain.

In contrast to its role in L. pneumophila survival in dd-water, BdhA did not seem to
play a role when bacteria were suspended in tap water. Aneja ef al. (2005) suggested that
alternate 3-hydroxybutyrate dehydrogenase-independent pathways might exist for utilization
of PHB-derived 3-hydroxybutyrate. Thus, L. pneumophila might feature an alternative
pathway for degradation of PHB, possibly requiring the presence of ions or minerals to
catalyze utilization of PHB.

Another suggested reason for the difference could be the osmotic pressure
encountered in dd-water—an additional stress that PHB would be required to resist. In
A.brasilense, for example, after exposure to osmotic pressure, the survival of PHA-rich

bacteria was higher than that of PHA-poor ones (Tal and Okon, 1985). In another study, E.
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coli DH5a with a PHB degradation system exhibited the highest survival rate when treated
by a glucose-induced osmotic pressure (Wang et al., 2009).

Another possibility for the requirement of BdhA in dd-water might be related to
reactive oxygen species (ROS). It is known that in water under the action of various physical
factors (ionizing radiation, heat, electromagnetic radiations of extremely high frequencies,
and electrolysis), ROS are formed; among these, the most substantial role belongs to
hydrogen peroxide, which is the most long-lived species of ROS (cited in Gudkov ef al.,
2012). In tap water the presence of salts and ions might have a role in reducing the effect of
ROS, while their absence in dd-water may require the presence of PHB and/or a functioning
PHB cycle to minimize the effect of ROS.

In a very special case, PHB serves as an oxidizable substrate which provides
respiratory protection to nitrogenase of Azotobacteriaceae (Anderson and Dawes, 1990). The
nitrogenase system of Azotobacter is very sensitive to oxygen and high concentration of
oxygen is inhibitory to this strain. Senior et al. (1972) suggested that degradation of PHB
could increase the respiratory activity and reduce the concentration of oxygen, thus
protecting the nitrogenase system. In this regard, some studies have found that the ability of
phaC and phaZ mutants of A. brasilense to tolerate osmotic shock and to grow in the
presence of hydrogen peroxide was significantly affected (Kadouri et al., 2002; Kadouri et
al., 2003a; Kadouri ef al., 2003b).

The mechanisms by which the PHA cycle favours stress alleviation are not yet fully
understood. It was found that a rise in ATP and guanosine tetraphosphate (ppGpp) levels
occured concomitantly with PHA degradation. This phenomenon was only observed in wild
type Pseudomonas oleovorans and not in a PHA depolymerase-deficient strain unable to
degrade the polymer (Ruiz ef al., 2001). In my current study, RelA was shown to be at an
increased level in the VBNC state, suggesting a similarly elevated ppGpp level. The effector
ppGpp was shown to increase the translation of the central stationary phase regulator RpoS
(Brown et al., 2002), which activates the expression of genes involved in cell survival and
provides cross-protection to various environmental insults such as ethanol, H,O,, and high
temperature (Lange and Hengge-Aronis, 1991; Ramos-Gonzalez and Molin, 1998; Ruiz et
al.,2001).

In this regard, RT-PCR study showed an increase in 7poS expression in wild type A.
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hydrophila cells compared to a phbC mutant when exposed to high temperature (48°C) and
changing NaCl concentrations (Zhao et al., 2007). In addition, Peralta-Gil ef al. (2002)
showed that one of the promoters that control PHA synthesis in A. vinelandii is regulated by
RpoS (Peralta-Gil et al., 2002). Thus, it seems that, in order to respond properly to diverse
stresses, PHA-producing bacteria require the 7poS gene product. This product induces
expression of many genes, including the ones responsible for PHA depolymerization, and
allows the organism to mediate changes in cellular physiology and structure and to adapt,
resist, and survive under stress conditions. While stress response players such as rpoS and
ppGpp (or their functional homologues in different organisms) are central in determining the
type and the strength of the response by redirecting cellular resources to the synthesis of the
appropriate effectors, the PHA cycle could be responsible for providing the fuel necessary for
this response—and therefore could also determine its intensity (Kadouri et al., 2005).

For the best of my knoldege, this the first time to identify gene involved in VBNC
formation in Legionella. Moreover, This is the first time to mutate a gene in Legionella by

electroporating a linear DNA fragment into electro-shocked cells.

6.8. Concluding Remarks

L. pneumophila VBNC was largely uncharacterized. In this study, and for the first time,
two different L. pneumophila developmental forms, SPFs and MIFs, were shown to produce
VBNC cells that displayed very different characteristics in terms of morphology, survival,
and environmental fitness. These different characteritics depended also on the surrounding
water microcosm in which the VBNC cells were produced. This indicates that not all L.
pneumophila VBNC cells are equal.

L. pneumophila lost its culturability faster in dd-water than in tap water. Moreover,
only SPF-CBNCCs produced in tap water could be resuscitated in amoeba. Thus, tap water
has an enhancing effect on survival of L. pneumophila in the VBNC state that may impose
health risks if VBNC cells regain culturability after encountering amoeba in tap water
systems. Tap water ions were suggested to play a role in this enhancing effect of tap water on
survival of L. pneumophila. Several ions were found to have a beneficial effect in extending
the culturability of SPFs and improving the yield of SPF-VBNC cells. The role of ions in

extending L. pneumophila survival in tap water is unknown; however, they might act as co-
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factors for some enzymes that participate in catalyzing important processes like utilization of
energy sources. A more extensive and comprehensive study would be required to identify the
specific ions responsible.

In this study I created a novel way to quantify the number of resuscitated bacteria out
of the total VBNC L. pneumophila cells, and found that only ~1 out of 10° VBNC cells could
be resuscitated in amoeba. Moreover, I found that resuscitation of VBNC cells was
successful in amoeba but not in macrophages, suggesting that amoeba might be providing
molecules essential for this process.

Proteomic shotgun analysis revealed that L. pneumophila VBNC cells have a distinct
protein profile compared to culturable bacteria. The majority of proteins with increased
expression were those involved in metabolic processes, suggesting that L. pneumophila
VBNC cells are retaining some metabolic activity in the VBNC state. Among proteins with
increased expression was RelA, which suggests that the intracellular level of (p)ppGpp in the
VBNC bacteria is higher than that in the culturable cells. This, in turn, suggests that the
VBNC L. pneumophila may be capable of adapting to environmental signals via stringent
response. Moreover, shotgun proteomics revealed enhancement in the level of pathogenesis-
related proteins such as EnhA, which is involved in entry of L. pneumophila into monocytes.
Proteins related to the type IV secretion system were also enhanced. Thus, L. pneumophila
might be retaining its infectivity in the VBNC state, which would facilitate its entry into new
host cells and stimulate its regaining of culturability. Further study is required to determine
the stage at which these proteins were elevated and to evaluate the role of specific proteins in
L. pneumophila entry into the VBNC state.

SDS-PAGE and MRM showed that the 3-hydroxybutyrate dehydrogenase (BdhA)
enzyme level was more abundant in the MIF-VBNCCs than the culturable MIFs. Moreover,
an important change observed in VBNC L. pneumophila cells produced in tap water was the
lack of PHB inclusions. It seems that L. pneumophila degrades PHB in order to maintain an
active metabolism and extend its culturability during starvation. Accordingly, to evaluate the
role of BdhA in VBNC cell formation, I constructed a bdhA mutant and used the mutant to
produce VBNC cells. BdhA seems to influence L. pneumophila survival and VBNC cell
formation. This the first time to identify a gene involved in VBNC formation in Legionella.

Moreover, This is the first time to mutate a gene in Legionella by electroporating a linear
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DNA fragment into electro-shocked cells.
The data from the current study widen our knowledge about VBNC Legionella, such
that VBNC L. pneumophila could be integrated into L. pneumophila life cycle.

6.9. Future Directions

VBNC cells found in nature might be infectious to humans; therefore, future work
should include attempts to infect different human cell lines. Another suggestion would be to
monitor viability and culturability of MIFs produced from human macrophages and HeLa
cells in water. This will help to determine if the VBNC cells produced from human cells
survive better than those produced from amoeba and whether, in human lungs, VBNC cells
are produced and expelled to the environment to infect other people.

Guinea pig is the animal model of Legionella, and attempts to infect the animal with
VBNC have been conducted by intraperitoneal injection (Steinert et al/ .1997). Since humans

get the LD by water aerosoles, another suggestion is to use VBNC aerosols to infect guinea

pigs.
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