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Abstract 

 

 

Background: Legionella pneumophila is a gram-negative bacterial species that has a 

wide distribution in both natural and artificial fresh water systems. Amoebas in biofilm in 

the water environment play a crucial role in the survival of L. pneumophila. Once 

ingested by an amoeba, Legionella multiply inside the amoeba instead of dying. Hence, 

the amoeba host facilitates the intracellular replication and spread of L. pneumophila. The 

organism is then released when the amoeba host ruptures. Inhalation by humans of 

aerosols contaminated with L. pneumophila causes Legionnaires’ disease, a community-

acquired pneumonia that has been reported worldwide in association with 

immunocompromised individuals. The virulence of the pathogen in humans is mainly due 

to its resistance to macrophages. 

 

The survival of L. pneumophila within various hosts hinges on its successful evasion of 

the hosts’ conserved phagocytic killing pathways. The organism possesses a repertoire of 

effector proteins that manipulate the host cell signaling and metabolic pathways. 

However, whether similar L. pneumophila virulence factors are expressed during 

intracellular replication in amoebas and macrophages remains unknown. The underlying 

mechanisms that lead to the outcomes of the two host types after L. pneumophila 

infection are also poorly understood. 
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Evidence has shown that L. pneumophila grown in the environmental host Acanthamoeba 

castellanii were more virulent and more readily infected human monocytes and 

macrophages. To understand the interactions between L. pneumophila and amoebas, a 

detailed analysis of gene expression must be performed in both the organism and the 

host. 

 

 

Aims: The main studies involved in this thesis include a detailed comparison of the 

intracellular bacterial replication and the virulence gene expression levels of L. 

pneumophila and host cell death during intracellular growth in A. castellanii and 

monocyte THP-1. To determine precisely the interaction between L. pneumophila and its 

natural host Acanthamoeba, gfp-transfected L. pneumophila was used to infect A. 

castellanii, fluorescence-activated cell sorting was used to isolate the L. pneumophila–

infected Acanthamoeba, and dual transcriptome profiling was performed for both the 

bacterial pathogen and the amoeba host. 

 

 

Key findings: For intracellular growth of L. pneumophila in different hosts, the findings 

show that the growth of L. pneumophila in THP-1 cells caused no apparent increase in 

the bacterial count during the first 24 h after infection and an increase in bacterial cells of 

less than 10-fold from T36 to T48. In contrast, the growth of L. pneumophila in A. 

castellanii led to a 10-fold increase in the L. pneumophila count during the first 24 h after 
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infection, and the bacterial count remained stable from T24 to T48. The results show that 

L. pneumophila replicated more rapidly in Acanthamoeba than in THP-1 cells. 

 

The two hosts showed different expression patterns of L. pneumophila virulence genes 

during intracellular growth. When L. pneumophila was grown in THP-1, flaA involved in 

the induction of pyroptosis was downregulated, whereas sdhA involved indirectly in the 

inhibition of host cell death was upregulated during the infection. The vipD and sidF 

genes involved in the induction and suppression of apoptosis showed no obvious change. 

In contrast, when L. pneumophila was grown in Acanthamoeba, flaA and vipD were 

upregulated during the late phases of infection, whereas sdhA and sidF were 

downregulated during the late phases. The gene expression patterns of L. pneumophila 

suggest that, during intracellular growth, cell death was suppressed in THP-1 but induced 

in Acanthamoeba. 

 

In our investigation of host cell death, L. pneumophila induced the expression of caspase-

1 but not caspase-3 or cell death in THP-1 at T48. The findings show that active caspase-

1–associated pyroptosis could be more involved in THP-1 death than caspase-3–

associated apoptosis. Notably, very small differences in active caspase production and 

cell death percentages between L. pneumophila–infected and uninfected THP-1 were 

seen, which suggests that L. pneumophila infection had little effect on THP-1 death. In 

contrast, L. pneumophila caused a high rate of cell death in A. castellanii from T12 to 

T48. Microscopic studies showed that the infected A. castellanii generated large numbers 

of rounded-up cells and cysts during the late stages. Furthermore, the metacaspase-1 
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responsible for encystation was upregulated in Acanthamoeba during the later stages of 

Legionella infection; this finding differs from the reports of other research groups. This 

study showed that A. castellanii cell death-mediated lytic release and A. castellanii 

encystment-mediated nonlytic release could co-occur in L. pneumophila–infected A. 

castellanii. 

 

To elucidate the interactions between L. pneumophila and Acanthamoeba, A. castellanii 

infected with gfp-transfected L. pneumophila for 48 h was enriched by fluorescence-

activated cell sorting for dual transcriptome analysis. The results show that the 

transcriptome of L. pneumophila genes was dominated by the upregulation of genes 

involved in flagellar activity, bacterial protein synthesis, and amino acid metabolism. 

However, the transcriptome of L. pneumophila–infected A. castellanii was dominated by 

the downregulation of genes involved in protein synthesis and amino acid metabolism. In 

addition, it was observed that the pvc genes in L. pneumophila were significantly 

upregulated during intracellular growth. The putative functions of the pvc genes were 

involved in the amino acid metabolism. The pvcA-knockout and pvcB-knockout L. 

pneumophila released from A. castellanii showed lower replication in THP-1 when 

compared with wild-type L. pneumophila. Replication in Acanthamoeba triggered the 

expression of L. pneumophila pvc genes, which could regulate the L. pneumophila 

virulence that further affects bacterial pathogenesis in human macrophages.  
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Conclusions: The studies performed as part of this thesis demonstrated that Legionella 

pneumophila better adapted to and more readily induced cell death to facilitate bacterial 

release in Acanthamoeba castellanii. In contrast, THP-1 preferentially induced pyroptosis 

during Legionella infection, which led to host cell death and limited bacterial growth. 

Dual transcriptomes of both the pathogen and amoeba host indicated that during the late 

stages of intracellular growth, flagellar assembly and energy metabolism were activated 

in L. pneumophila, whereas metabolic activities were inhibited in the Acanthamoeba 

host.    
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1. Introduction 

1.1 General properties of Legionella pneumophila  

 

Legionella is an aerobic gram-negative bacillus of the γ-proteobacterial lineage (Hubber 

and Roy 2010). More than 55 Legionella species with 70 serogroups were isolated from 

various environmental water sources (Hilbi et al. 2011, Hubber and Roy 2010), and 30 of 

them were identified as pathogenic and as causing respiratory tract infections in humans 

(Cunha et al. 2016). Most infections were caused by Legionella pneumophila serogroup 1 

strain (Diederen 2008, Phin et al. 2014). Legionella infection can be caused by the 

inhalation of pathogen-containing aerosols (Figure 1.1). Legionella can survive in a 

temperature range between 5°C and 63°C and a pH range of 5.0 to 9.0 in various 

environmental habitats, including soil and water supplies (Fields 1996, Jules and 

Buchrieser 2007). Legionella is nutritionally fastidious organism whose growth requires 

the presence of L-cysteine and iron (Feeley et al. 1979, Pine et al. 1979). However, 

fastidious Legionella are ubiquitous in artificial water systems such as cooling towers, 

evaporative condensers, whirlpools, and water outlets; and environmental protozoa 

support Legionella growth (Declerck 2010, Fields 1996). Legionella are motile, rod-

shaped bacteria with monopolar flagella (Diederen 2008). The average size of the 

Legionella cell has been given as 2 μm long and 0.75 μm wide (Hilbi et al. 2001, Segal et 

al. 1999).  
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Figure 1.1 Legionella life cycle from environmental reservoir to human infection. Legionella 

is frequently distributed in artificial water system, and amoeba species are their environmental 

hosts. Legionella can then replicate with amoeba support, and aerosols that contain the bacteria 

can be inhaled by humans to cause infections (Richards et al. 2013). 
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1.2 Diseases caused by L. pneumophila 

1.2.1 L. pneumophila is the major pathogen in Legionnaires’ disease 

 

Artificial water systems are common reservoirs of Legionella spp., so humans have a 

great likelihood of exposure to this environmental pathogen. Among the various 

Legionella species (Figure 1.2), L. pneumophila is the most well known to cause the 

respiratory tract infection known as Legionellosis, which takes two forms: Legionnaires’ 

disease (LD), a severe type of pneumonia, and Pontiac fever, a milder illness with fever-

like symptoms (Lau and Ashbolt 2009). It has been reported that the L. pneumophila 

serogroup 1 accounts for more than 90% of all clinical cases of Legionella infection, but 

only 28% of environmental isolates belong to this strain (Doleans et al. 2004, Yu et al. 

2002), which suggests that the L. pneumophila serogroup 1 is more pathogenic (Newton 

et al. 2010) than the other Legionella strains. As a result, L. pneumophila is also the main 

research focus for determination of its virulence pathway. 

 

The fatality rate of LD has been reported at around 10%, and this rate is even higher 

among immunocompromised populations (Fields et al. 2002, Lam et al. 2011). L. 

pneumophila infection in sensitive human populations such as the elderly, smokers, and 

hospitalized individuals can develop from Pontiac fever into LD because of a lack of 

awareness (Demirjian et al. 2015). The unspecific symptoms of LD, including cough, 

fever, muscle aches, and malaise, are easily ignored or underestimated (Cunha et al. 

2016). 
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Figure 1.2 Documentation of identified Legionella spp. from different clinical cases during 

1995−2005. This chart is based on data provided from the European Working Group for 

Legionella infections (EWGLI) (Diederen 2008).             
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1.2.2 Macrophages: accidental human hosts of L. pneumophila 

 

L. pneumophila can accidentally infect alveolar macrophages and cause LD (Diederen 

2008), which  implies that macrophages can support L. pneumophila multiplication and 

development. The presence of antimicrobial mechanisms inside the macrophage 

compromises the intracellular replication of L. pneumophila (Copenhaver et al. 2014). L. 

pneumophila derived from environmental amoebas is frequently associated with human 

infections, but person-to-person transmission of L. pneumophila infection has never been 

reported (Khodr et al. 2016), which suggests that L. pneumophila may not be well 

adapted to macrophages. It remains unknown whether L. pneumophila derived from 

macrophages lack specific virulence traits or whether macrophages cannot fully equip L. 

pneumophila to cause transmission between humans. 

 

Because primary macrophages possess heterogeneity between people (Qin 2012), the use 

of primary macrophages to study the L. pneumophila life cycle and virulence may cause 

variations between experiments (Daigneault et al. 2010). The human monocytic leukemia 

cell line THP-1 bears a genetic resemblance to primary monocytes and macrophages. 

THP-1 cells can differentiate into macrophages upon induction by phorbol-myristate-

acetate (Geissmann et al. 2010). Due to its ease of manipulation, THP-1 is widely used to 
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investigate L. pneumophila infection (Dreskin et al. 2001, Qin 2012). Monocytic THP-1 

was used to investigate L. pneumophila infection in this study. 

 

1.3 Diagnosis and treatment 

 

Accurate diagnosis of LD relies upon the isolation of L. pneumophila. The isolation and 

identification of Legionella spp. from clinical specimens is based on the culture method. 

The Legionella culture method is time-consuming with the use of a specific Legionella-

selective culture medium. Nonculture methods include PCR-based identification 

(Mentasti et al. 2012) and urinary antigen testing. The latter method can be applied 

directly to urine specimens and has been reported to be specific and accurate for 

serogroup 1 strain (Pierre et al. 2017). A combination of both culture and nonculture 

methods has been suggested to obtain a diagnosis with a high degree of accuracy. 

 

There is currently no useful vaccine to prevent infection from L. pneumophila. The 

effective treatment of L. pneumophila infection or LD has been explored. Because L. 

pneumophila is an intracellular pathogen, the antimicrobial agents should be bioactive in 

infected cells, and therapy with most macrolides and quinolones, but not β-lactams, is 

effective (Cunha et al. 2016). Erythromycin is a macrolide antibiotic that is used to treat 

both community-acquired and nosocomial pneumonia (Roig et al. 1993). 

Fluoroquinolones are also used to treat LD because its effectiveness is similar to that of 

erythromycin (Sabria et al. 2005).  
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1.4 Epidemiology of LD 

 

Since the first identified case of LD in Philadelphia in 1976, many outbreaks of LD 

caused by L. pneumophila infection in humans have been documented around the world 

(Figure 1.3). One large documented outbreak of LD occurred in Murcia, Spain, in 2001 

that involved more than 800 reported cases (Garcia-Fulgueiras et al. 2003, Joseph 2004). 

The sporadic cases of pneumonia caused by L. pneumophila are deserving of greater 

research attention. The average mortality rate of LD was reported to be 15-20% in 

hospitalized cases (Gacouin et al. 2002, Roig and Rei 2003). A recent report from the 

United States of cases caused by a hospital’s potable water system demonstrated that 

nosocomial-associated LD had a 30% fatality rate (Demirjian et al. 2015). In contrast, the 

fatality rate of the Murcia outbreak was only 1%. This discrepancy could be a result of 

the clinicians’ awareness of the risk of LD when outbreaks occur (Fields et al. 2002, 

Joseph 2004). The first reported case of travel-associated LD occurred in 2010 in Mexico; 

it was then suggested to make LD reportable in Mexico (Hampton et al. 2016). In New 

York City, 213 LD cases with 18 deaths were reported from 2005 to 2015, of which the 

2015 outbreak included 138 infected patients and 16 deaths (Fitzhenry et al. 2017). The 

LD outbreaks were often associated with cooling towers, which highlighted the necessity 

of appropriate maintenance of cooling tower systems (Weiss et al. 2017). It has been 

suggested that LD has a high incidence in tropical and temperate areas (Garrison et al. 

2016, Hampton et al. 2016); however, its reported incidence (rate per million people) in 
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Singapore is lower than in European countries, the United States, and Australia (Phin et 

al. 2014). 

 

In Hong Kong, 460 cases of LD were reported between 1994 and 2017 (Figure 1.4). The 

number of reported LD cases increased sharply from 2004 to 2015 in Hong Kong, 

possibly as a result of increased awareness and improved diagnostic methods. In addition, 

some mild cases of Legionellosis could be under-reported (Chan-Yeung and Yu 2003). 

From an environmental survey in Hong Kong, the frequently reported identifications in 

both household and public water systems indicates a potential threat to public health 

(Chan-Yeung and Yu 2003, Chen et al. 2014). The incidence of LD in Hong Kong is 

close to 10 per million people based on the reported cases in 2016 and 2017. The 

incidence in Hong Kong was higher than those in Canada, Japan, and Singapore (Figures 

1.3 and 1.4). The variation in the incidence of LD could be due to the differences in 

reporting and surveillance systems in various countries and strategies adopted for the 

prevention of LD (Kruse et al. 2016). 
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Figure 1.3 Rate of Legionnaires’ disease per million people in different regions. Data are 

based on reported cases divided by the total population (Phin et al. 2014), as compared with the 

average incidence in Hong Kong between 2014 and 2017.  
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Figure 1.4 Summary of reported cases of Legionnaires’ disease from 1994 to 2017 in Hong 

Kong. Data were collected based on the reported cases shown on the website 

(https://www.chp.gov.hk/en/static/24012.html) of the Centre for Health Protection, Department of 

Health, Hong Kong. 
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1.5 Roles of biofilm and amoebas in L. pneumophila survival 

1.5.1 Biofilm mediates the environmental spread of L. pneumophila 

 

Biofilms include densely packed microorganisms growing on a solid surface in contact 

with water. Legionella that grows inside biofilm obtains nutrients and protection from an 

adverse environment (Declerck 2010, Guerrieri et al. 2008). Biofilms have been reported 

to provide replicative support for environmental microbes, including L. pneumophila, 

which displays complicated microbe-microbe interactions (Abdel-Nour et al. 2013, Bitar 

et al. 2004). L. pneumophila exists in the anthropogenic water biofilm, which also 

includes other opportunistic waterborne pathogens, including Pseudomonas, 

Sphingomonas, and Mycobacterium species (Falkinham et al. 2015). Sphingomonas 

species have been revealed as antagonistic to L. pneumophila, but Mycobacterium has 

been reported to enhance L. pneumophila cultivability (Giao et al. 2011). Pseudomonas 

aeruginosa is frequently identified in association with L. pneumophila (Abdel-Nour et al. 

2013), and P. aeruginosa has the antagonistic effect to inhibit L. pneumophila 

colonization in biofilm; however, Klebsiella pneumonia was reported to alleviate this 

antagonistic effect (Stewart et al. 2012). The molecular mechanisms involved in L. 

pneumophila interaction with other microbial species remain unclear. In addition to 

prokaryotic microbes, eukaryotic amoebae were reported to correlate with the L. 

pneumophila biomass in plumbing biofilm (Liu et al. 2012b). Amoebas such as 

Hartmannella vermiformis and Acanthamoeba castellanii are widely distributed in 

biofilm and support the survival of L. pneumophila (Hilbi et al. 2007, Lam et al. 2011) 

(Figures 1.5.1 and 1.5.2). Knowledge of the potential interactions of L. pneumophila with 
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other species in the biofilm facilitates the formation of strategies to prevent infection with 

this pathogen. 

 

1.5.2 Acanthamoeba castellanii: environmental host  

 

Free-living amoebas (FLAs) play important roles in the dissemination of L. pneumophila 

in water (Scheid 2014). Acanthamoeba and Hartmanella are the two most frequently 

identified FLAs in water (Valster et al. 2010). Like biofilm-associated amoeba, FLAs 

feed on bacteria (Delafont et al. 2013). However, certain bacteria can survive inside 

FLAs, including L. pneumophila. It has been reported that FLAs are able to resuscitate 

starved viable but noncultivable L. pneumophila from environmental water (Garcia et al. 

2007). FLAs have been found to support L. pneumophila survival in heat-treated water, 

especially Acanthamoeba (Dobrowsky et al. 2016). 

 

Acanthamoeba spp. have been reported as the most-identified L. pneumophila 

environmental host (Shoff et al. 2008), possibly because the optimal growth temperature 

of Acanthamoeba species is close to room or environmental temperature (25°C to 29°C) 

(Buse and Ashbolt 2011). It has also been reported that the persistence of Acanthamoeba 

in the water system enhances the spread of L. pneumophila and may account for LD 

(Magnet et al. 2015). 
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A. castellanii is a major environmental host of L. pneumophila and an opportunistic 

pathogen that causes keratitis in humans (Lorenzo-Morales et al. 2015). A. castellanii can 

act as a reservoir of pathogens in the environment that subsequently cause human 

infection (Khan 2006, Magnet et al. 2015). A. castellanii exists in two forms: trophozoite 

and cyst (Figure 1.5.1). The A. castellanii trophozoite is mobile and replicative, which 

engulfs bacteria. The formation of cysts in A. castellanii is induced when the growth 

conditions become unfavorable; the cysts enable the Acanthamoeba to survive (Siddiqui 

and Khan 2012). Acanthamoeba cysts are also resistant to biocides and chemicals (Khan 

2006, Khunkitti et al. 1998); hence, the cysts protect the intracellular L. pneumophila 

from disinfectant treatment in water (Shanmuganathan and Khan 2009). 

 

In addition to protecting intracellular L. pneumophila from environmental challenges, A. 

castellanii enhances the ability of L. pneumophila to invade macrophages (Cirillo et al. 

1994b). Acanthamoeba play important roles in the adaptation to intracellular life and 

propagation of L. pneumophila (Escoll et al. 2013). The successful intracellular 

replication of L. pneumophila in A. castellanii is a prerequisite for the dissemination of L. 

pneumophila in the aquatic environment and transmission of the pathogen to humans (Al-

Quadan et al. 2012). 
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Figure 1.5.1 Life cycle of A. castellanii in environment. Acanthamoeba are widely distributed 

in the environment, including swimming pools, tap water, and soil. There are two forms of 

Acanthamoeba: cyst and trophozoite. The morphology of feeding and dividing trophozoite was 

reported as acanthopoda around 20 to 50 μm that have a rough exterior with several spine-like 

projections (Siddiqui and Khan 2012). The cyst is spherical, around 15 μm in diameter, and 

double-walled with pores (Trabelsi et al. 2012). 
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1.5.3 Biphasic life cycle of L. pneumophila  

 

Extracellular and intracellular L. pneumophila both have biphasic life cycles that consist 

of replicative and transmissive phases. During extracellular growth, L. pneumophila 

undergoes exponential growth when nutrients and conditions are optimal, which is the 

replicative phase (Declerck 2010, Newton et al. 2010). When nutrients become limited, L. 

pneumophila enters a transmissive phase during which it expresses virulence factors 

(post–exponential growth phase) (Manske and Hilbi 2014).  

 

During intracellular growth, L. pneumophila also has both replicative and transmissive 

phases (Al-Bana et al. 2014). During the replicative phase, L. pneumophila grows 

exponentially. At the late stage of intracellular growth, L. pneumophila enters a 

transmissive phase and expresses virulence strongly related to transmission (Schunder et 

al. 2014). L. pneumophila is also known as the mature infection form at this stage, during 

which it has been reported to have a greater capacity to infect phagocytes and survive in 

environmental biofilms (Molofsky and Swanson 2004) (Figure 1.5.2). Studies have 

demonstrated that L. pneumophila shows different virulence traits between the replicative 

and transmissive phases. L. pneumophila becomes more motile and resistant during the 

transmissive phase (Molofsky and Swanson 2003). Bacterial regulators such as LetA and 

sigma factors such as RpoS are induced during the late stage of L. pneumophila 

intracellular growth to activate the expression of flagellin (Molmeret et al. 2010). The 

differentiation of replicative L. pneumophila to transmissive L. pneumophila can trigger 

the development of virulent traits (Robertson et al. 2014). Bacteria in the two growth 



17 
 

phases have also exhibited different protein expression profiles (Garduño 2008), and L. 

pneumophila in the transmissive phase has been considered as more virulent via 

expression of abundant virulent or effector proteins (Hayashi et al. 2010). Due to this 

characteristic, L. pneumophila in the transmissive phase is generally used to investigate 

the virulence expression of the pathogen. 
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Figure 1.5.2 L. pneumophila life cycle from biofilm and amoeba to human macrophage. L. 

pneumophila is widely distributed in biofilm of artificial water systems, and amoeba as predator 

of bacteria are often located on surface of biofilm. The amoebas and biofilms are the major 

survival environment of L. pneumophila (Hilbi et al. 2010). After L. pneumophila underwent 

either intracellular replication in amoeba or extracellular replication in biofilm, the bacteria 

entered the transmissive phase. At this stage, L. pneumophila was more virulent and ready to 

infect macrophages (Garduño 2008). The transmissive L. pneumophila with greater survival 

ability can also be dispersed in water and begin another environmental life cycle. 
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1.6 L. pneumophila virulence factor and effector proteins  

 

L. pneumophila virulence factors are widely defined as bacterial proteins that can affect 

the intracellular survival and growth of L. pneumophila (Cianciotto 2001, Zhu 2015). L. 

pneumophila virulence factors that can be translocated via a type IV secretion system 

(T4SS) have been defined as effector proteins. As a result, the virulence factor but not 

effector was defined as the T4SS-independent bacterial protein that played a virulent role 

in the survival and growth of L. pneumophila (Bruggemann et al. 2006). L. pneumophila 

virulence factors were found throughout the intracellular life, and Table 1.1 exhibits 

virulence factors but not effector proteins that work in different ways to affect bacterial 

survival. The T4SS-independent virulence factors are often related to bacterial surface 

and structural proteins that affected bacterial attachment to the host cell and intracellular 

survival (Zhu 2015). 

 

T4SS-independent virulence factors have been less reported than effector proteins. Most 

interestingly, L. pneumophila secreted more than 300 effector proteins. The quantity of 

effectors was reported to be remarkable relative to other well-known bacteria, including 

Salmonella enterica and Escherichia coli (Ensminger 2016). The L. pneumophila T4SS 

and effectors are introduced as follows. 
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Table 1.1 L. pneumophila virulence factors are involved in intracellular growth and 

pathogenesis  

Gene Virulence 

proteins 

Proposed function Pathways and 

Interactions 

References 

lpg2515 RtxA Structural toxin 

protein 

Adherence and entry 

into cell 

(Cirillo et al. 

2001, Cirillo et 

al. 2002) 

lpg2639 EnhC Enhanced entry 

protein 

Bacterial cell wall 

maintenance 

(Liu et al. 2008, 

Liu et al. 

2012a) 

lpg0791 Mip Peptidyl-prolyl 

isomerase 

Pathogenesis,  

amoeba/macrophage 

infectivity potentiator 

(Cianciotto and 

Fields 1992, 

Fischer et al. 

1992) 

lpg1284 RpoS Sigma factor  Trigger virulence 

expression at 

transmissive phase 

(Abu-Zant et al. 

2006, Bachman 

and Swanson 

2004) 

lpg1782 FliA Sigma factor that 

triggers flagellum 

expression 

Flagella biosynthesis 

and motility 

(Heuner et al. 

2002, Schulz et 

al. 2012) 
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Table 1.1 Continued 

Gene Virulence 

proteins 

Proposed function Pathways and 

Interactions 

References 

lpg0748 LPS Lipopolysaccharide 

protein 

Bacterial surface 

antigen that can trigger 

proinflammatory 

response 

(Case et al. 

2013, Helbig et 

al. 1997, Zhu 

2015) 

lpg2657 FeoB Ferrous iron 

transport protein 

Iron acquisition (Cianciotto 

2007, Robey 

and Cianciotto 

2002) 
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1.6.1 L. pneumophila T4SS: built by Dot/Icm proteins  

 

1.6.1.1 Introduction of L. pneumophila T4SS 

 

The translocation of L. pneumophila effector proteins depended mainly on the T4SS 

(type IV secretion system), which is the core transporter system (Luo and Isberg 2004). 

Gram-negative bacteria including Coxiella burnetii and L. pneumophila use a type IVB 

secretion system (T4BSS) to inject effectors into the host cell to ensure bacterial safety 

and reproduction inside the cell during pathogenesis (Nagai and Kubori 2011). The T4SS 

is also called the Dot/Icm (defect in organelle trafficking/intracellular multiplication) 

secretion system because the dot/icm loci genes encode the constructs of this core 

secretion complex. The dot/icm mutants are unable to multiply in both macrophages and 

Acanthamoeba (Al-Khodor et al. 2008). 

 

 

1.6.1.2 Dot/Icm secretion system 

 

There were 26 identified dot/icm genes in the Dot/Icm T4SS core system (Seshadri et al. 

2003) (Figure 1.6). DotC, DotD, DotF, DotG, and DotH formed the core transmembrane 

complexes (Vincent et al. 2006). Components located in the bacterial cytoplasm included 

IcmS and IcmW, which adapted with bacterial effector proteins (Coers et al. 2000). The 

cytoplasmic DotB was regarded as the ATPase of this secretion system (Nagai and 
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Kubori 2011). IcmQ was reported to insert pores into the lipid membrane via regulation 

of the chaperone protein IcmR (Dumenil et al. 2004). DotU and IcmF were reported to be 

conserved among diverse species, and both were involved in maintaining the stability of 

the Dot/Icm system (Sexton et al. 2004). Transmembrane protein IcmT was also reported 

to be essential for bacteria-mediated pore formation during infection (Molmeret et al. 

2002), which is important for bacterial egress. The transmembrane protein DotK was 

reported to facilitate the stabilization of the Dot/Icm apparatus (Nagai and Kubori 2011). 

Despite the essential role of the core Dot/Icm secretion system, the secreted effector 

proteins also contributed to L. pneumophila pathogenesis in various ways. The key 

process involved in the intracellular growth of L. pneumophila, including bacterial 

attachment and entry, modulation of vesicle trafficking, lysosome avoidance, and host 

cell death manipulation were reported as Dot/Icm-dependent (Ensminger and Isberg 

2009). 
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Figure 1.6 The Dot/Icm T4SS of L. pneumophila. Twenty-six Dot/Icm substrates facilitate the 

T4SS to deliver various effector proteins. The key Dot/Icm substrates have multiple roles, it can 

function as core transmembrane proteins, translocators, and signal transduction mediators (Nagai 

and Kubori 2011, van Schaik et al. 2013).     
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1.6.2 Effector proteins  

 

More than 300 effector proteins were translocated throughout L. pneumophila T4SS to 

manipulate the host cell functions and support the pathogenesis of L. pneumophila, and 

the family of T4SS-dependent effectors continued to grow during past years (Isaac and 

Isberg 2014). L. pneumophila effector proteins were involved in the entire intracellular 

life from entry to release, and Table 1.2 exhibits some well-studied effector proteins. 

  

L. pneumophila effector SdeA (LaiA) has been reported to contribute to bacterial 

adhesion and entry into the host cell (Bruggemann et al. 2006). After being uptaken, L. 

pneumophila LidA can cooperate with SidM (DrrA) to recruit host cell Rab1 (GTPase-

activating protein) to the Legionella-containing vacuole (LCV) where L. pneumophila 

resides and replicates (Hubber and Roy 2010, Murata et al. 2006). Eukaryotic Rab1 and 

Arf1 (ADP-ribosylation factor 1) are involved in trafficking endoplasmic reticulum (ER) 

and Golgi vesicles, respectively (Isberg et al. 2009). The RalF can recruit Arf1 to the 

LCV (Nagai et al. 2002). Most interestingly, the bacterial LepA and LepB effectors were 

reported to be similar to the eukaryotic SNAREs, which are often involved in vesicle 

fusion. L. pneumophila LepA and LepB were both proposed to be involved in vesicle 

fusion to the LCV, and both were involved in bacterial nonlytic release (Chen et al. 2004, 

Chen et al. 2007). 

 

This pathogen has many other effector proteins that have homology with eukaryotic 

proteins, and the redundancy of L. pneumophila effectors also enhance the difficulty of 
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exploring one effector’s role. One example is LegK1, which is similar to eukaryotic 

serine/threonine protein kinase that may be involved in vesicle trafficking and NFĸB 

pathway disruption (Haenssler and Isberg 2011). Another example is the effector AnkX, 

which contains ankyrin repeats domain, and AnkX was found to be the phosphocholine 

transferase involved in vesicle trafficking to LCV and in lysosome avoidance (Allgood et 

al. 2017, Hubber and Roy 2010). L. pneumophila SidK is another effector that avoids 

lysosomal digestion by targeting host cell v-ATPase to repress LCV acidification (Xu et 

al. 2010). 

 

L. pneumophila can also disrupt host cell transcription and translation (Rolando and 

Buchrieser 2014). RomA was found to methylate host chromatin histone to inhibit host 

cell gene transcription (Rolando et al. 2013). L. pneumophila Lgt1/2/3 belongs to 

glucosyltransferase that can inhibit host cell elongation factor (eEF1A) (Belyi et al. 2006, 

Belyi et al. 2008), and SidI is another effector that targets eEF1A (Shen et al. 2009). Both 

SidI and Lgt1/2/3 can activate the NFĸB pathway by disrupting the NFĸB inhibitory 

factor IĸB. Moreover, L. pneumophila had different effector proteins to modulate the host 

cell death pathway (Table 1.2), which is introduced later. 

 

L. pneumophila produces large numbers of effectors, and this pathogen can also grow in 

wide range of hosts. Ensminger (2016) suggested an interesting concept that L. 

pneumophila could use different patterns of effector proteins when grown in different 

host cells (Ensminger 2016). Amoebic species played an important role in L. 



27 
 

pneumophila evolution, and L. pneumophila grown in wide ranges of host cells could be 

one trigger to equip this pathogen with so many eukaryote-like effector proteins (Cazalet 

et al. 2004, Escoll et al. 2013, Isaac and Isberg 2014). Amoebas may have selective 

pressure for L. pneumophila virulence expression, which makes this pathogen further 

transmissive to macrophages; as a result, the interaction of L. pneumophila and amoebas 

may be a valuable treasure to reveal the pathogen-host interaction. This further indicates 

that a comparison of L. pneumophila gene expression patterns when grown in amoebas 

and in macrophages may help to reveal how L. pneumophila interacts differentially with 

two evolutionarily distant hosts. 
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Table 1.2 L. pneumophila effector proteins that manipulate diverse host cell 

pathways during intracellular growth 

Gene Effector 

proteins 

Proposed function Pathways and 

Interactions 

References 

lpg2157 SdeA 

(LaiA) 

Adhesion protein Promote bacterial 

internalization 

(Bruggemann 

et al. 2006) 

lpg1950 RalF Guanine nucleotide 

exchange protein 

Recruit and activate 

Arf1 (ADP 

ribosylation factor) 

on the LCV 

(Amor et al. 

2005, Nagai et 

al. 2002) 

lpg0940 LidA Located on the 

surface of LCV to 

cooperate with Rab1 

GEF 

Promote the 

recruitment of Rab1 

to LCV 

(Conover et al. 

2003, Machner 

and Isberg 

2006) 

lpg2464 SidM 

(DrrA) 

Rab1 guanine 

nucleotide-exchange 

factor 

Rab1 recruitment to 

LCV 

(Machner and 

Isberg 2006, 

Murata et al. 

2006) 

lpg0695 AnkX Ankyrin repeat 

containing protein, 

phosphocholine 

transferase 

Prevent LCV fusion 

with lysosome 

(Allgood et al. 

2017) 

lpg1483 LegK1 Ser/Thr kinase ER recruitment, and 

activation of NF-ĸB 

signaling 

(Ge et al. 2009, 

Hervet et al. 

2011) 

lpg2556 LegK3 Ser/Thr Kinase Modulates 

saccharomyces 

vesicle trafficking 

(Wang et al. 

2014) 
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Table 1.2 Continued 

 

Gene Effector 

proteins 

Proposed function Pathways and 

Interactions 

References 

lpg2793 LepA GTP-binding 

protein, homology to 

SNAREs 

Promote exocytic 

(nonlytic) release 

from protozoan 

(Chen et al. 

2004) 

lpg2490 LepB Homology to 

SNAREs that 

mediate vesicle 

fusion 

Regulate Rab1 

cycling, and related 

to nonlytic release 

(Chen et al. 

2007) 

lpg0968 SidK Inhibit ATP 

hydrolysis 

Blocking vacuolar 

acidification through 

targeting host v-

ATPase 

(Xu et al. 

2010) 

lpg2504 SidI Inhibition of 

elongation factor 

(eEF1A and 

eEF1BƳ) 

Induction of host 

stress response  

(Shen et al. 

2009) 

lpg1368 Lgt1 glucosyltransferase Inhibit host 

elongation factor 1A 

(Belyi et al. 

2006, Belyi et 

al. 2008) 

lpg2815 MavN 

(IroT) 

Intravacuolar 

associated protein 

responsible for iron 

acquisition 

Iron acquisition 

during intracellular 

growth 

(Isaac et al. 

2015, Portier et 

al. 2015) 

lpg1683 RavZ Autophagy related 

protein Atg8 

deconjugation 

Inhibition of host 

cell autophagy 

(Choy et al. 

2012) 
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Table 1.2 Continued 

 

Gene Effector 

proteins 

Proposed function Pathway and 

Interactions 

References 

lpg1184 RomA Methyltransferase 

that involved in 

histone 

posttranslational 

modification 

Control host cell 

gene expression 

(Rolando et al. 

2013) 

     

lpg0376 SdhA Work with 

phospholipase plaA 

to maintain the LCV 

integrity 

Inhibit pyroptosis 

and LCV 

maintenance 

(Creasey and 

Isberg 2012, 

Laguna et al. 

2006) 

lpg2584 SidF phosphoinositide 

phosphatase 

Inhibit apoptosis by 

targeting Bcl2 

proteins 

(Banga et al. 

2007, Hsu et al. 

2012) 

lpg2831 VipD phospholipase Modulation of 

phospholipids 

(Gaspar and 

Machner 2014, 

Zhu et al. 

2013) 

lpg1340 FliC 

(FlaA) 

flagellin protein 

induced pyroptosis 

Induced the 

inflammatory 

pyroptosis and 

promote bacterial 

egress 

(Ren et al. 

2006, Silveira 

and Zamboni 

2010) 
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1.7 L. pneumophila intracellular interaction with hosts during intracellular growth 

L. pneumophila can grow in a wide range of host cells, from environmental protozoa to 

mammalian cells. The intracellular growth ability of L. pneumophila could differ when 

grow in different hosts (Ensminger 2016, Xiong et al. 2017). It has been reported that L. 

pneumophila cannot grow in monocyte culture medium supplied with lysed monocytic 

cells, but the bacteria can infect and replicate inside live human monocytes (Horwitz and 

Silverstein 1980). The multiplication of intracellular L. pneumophila involves not only 

the bacterial acquisition of nutrients from host cells, the complex pathogen and host 

interaction could also be dominant which is poorly understood (Shin and Roy 2008). 

 

Although L. pneumophila has been reported to use similar strategies to avoid host cell 

defenses in both mammalian cells and protozoa (Gao et al. 1997), differences remain 

between macrophages and Acanthamoeba. The phagocytic cell–like macrophages have 

pathogen-recognition receptors and can thus induce a signaling cascade for immune 

defense. Acanthamoeba was not found to have pathogen-recognition receptors to induce 

immune response cascades. Still, numerous studies have used Acanthamoeba as the 

infection model of L. pneumophila (Garrison et al. 2016, Hilbi et al. 2007) because 

Acanthamoeba played an important role in the evolution of the virulence of L. 

pneumophila. Comparison of L. pneumophila grown in environmental host A. castellanii 

and human monocyte THP-1 may help to reveal the underlying differences in 

permissiveness and pathogenesis. 
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1.7.1 L. pneumophila entry into host cells 

 

The replication of L. pneumophila inside host cells involves a conserved intracellular life 

cycle in protozoa and in human macrophages (Figure 1.6). However, there were different 

observations on the entry of L. pneumophila into host cells (Newton et al. 2010). The 

uptake of L. pneumophila by coiling phagocytosis has been documented in both 

Acanthamoeba and macrophages (Haenssler and Isberg 2011). Macrophages also have 

various pattern-recognition receptors to internalize pathogens, and Nod-like receptor was 

reported to internalize L. pneumophila and activate an inflammasome-associated 

signaling cascade (Wen et al. 2013). Despite the host cell’s active uptake of L. 

pneumophila, a flagella-mediated motility and Dot/Icm secretion system was reported 

that induces L. pneumophila to invade the hosts (Hubber and Roy 2010). In addition, L. 

pneumophila has different virulence factors, including RtxA and EnhC (Table 1.1), that 

enhance bacterial adherence to the host cell, which facilitates bacterial entry. The entry of 

L. pneumophila into the host cell is believed to be a two-way interaction, which may lead 

to differences in the number of L. pneumophila that are internalized by various hosts 

(Xiong et al. 2017). Although macrophages possess various mechanisms for the uptake of 

L. pneumophila, no study has shown that macrophages can internalize more L. 

pneumophila than Acanthamoeba when challenged with same dosage of bacteria. 

 

 

 



33 
 

1.7.2 Intracellular L. pneumophila replicated inside LCV  

After entry into the host cell, L. pneumophila resides and replicates in an LCV. The LCV 

has a connection with the host cell ER and Golgi complex, which can secrete and recycle 

vesicles that can be recruited by L. pneumophila effectors to the LCV. After entering the 

host cell, L. pneumophila inside the LCV were found to be surrounded by mitochondria 

and vesicles (Figure 1.7). The vesicles were derived from ER-Golgi trafficking by 

subverting the host cell Rab1 (cell membrane organizer) and Arf1 (vesicle trafficking-

related protein), as introduced in Section 1.6.2 (Derre and Isberg 2004, Ensminger and 

Isberg 2009, Kagan et al. 2004). 

 

The LCV was then reported to be surrounded by ribosomes instead of vesicles and 

mitochondria (Ge and Shao 2011, Xu and Luo 2013), and L. pneumophila inside the LCV 

were found to begin replication at this stage (Hubber and Roy 2010). L. pneumophila 

effector proteins, including SidD and LepB, can inactivate Rab1 for removal and 

recycling of vesicles (Neunuebel et al. 2011). The development and maturation of the 

LCV remains under discussion. One can be sure that LCV development is strongly 

connected with the host cell rough endoplasmic reticulum and that L. pneumophila has 

various effectors to subvert host cell vesicle trafficking (Garrison et al. 2016). 

 

L. pneumophila inside LCV were protected from host cell defenses, including lysosomal 

digestion and the macrophage inflammatory response (Creasey and Isberg 2012). It was 

reported that the LCV fused with the lysosomal compartment during the final stage of L. 
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pneumophila intracellular life (Isaac and Isberg 2014, Shin and Roy 2008), as it was 

found that L. pneumophila was resistant to acid when it reached the end of the replicative 

phase (Hubber and Roy 2010, Newton et al. 2010). When the bacteria completed 

replication inside the LCV, it sought to escape or egress from the host cells and infect the 

neighboring cells. 

 

1.7.3 L. pneumophila egress from host cell 

 

Observations have differed about how L. pneumophila escaped the host cell after 

intracellular replication. One argument regards whether L. pneumophila was released 

from the LCV into the host cell cytoplasm before its egress or whether L. pneumophila 

inside the whole LCV escaped from the host cell without first releasing into the 

cytoplasm (Appelt and Heuner 2017). There were two forms of L. pneumophila egress, 

lytic and nonlytic release, which have both been observed in L. pneumophila–infected 

Acanthamoeba cells. The involvement of L. pneumophila LepA and LepB were reported 

in bacterial nonlytic release via exocytosis (Chen et al. 2004, Chen et al. 2007), and it has 

been observed that multiple LCVs contained with L. pneumophila are released from the 

Acanthamoeba cell (Berk et al. 1998). Another form lytic release observed in L. 

pneumophila–infected Acanthamoeba was mediated via rapid necrosis (Gao and Kwaik 

2000). 
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Gao and Kwaik also reported that the escape of L. pneumophila from macrophages was 

mediated mainly via apoptosis (Gao and Abu Kwaik 1999a), which cannot be used by L. 

pneumophila inside Acanthamoeba to release bacteria (Gao and Abu Kwaik 1999b, 

Hagele et al. 1998). Despite host cell death–mediated pore formation or membrane 

destruction, L. pneumophila was reported to have a potential pore-forming toxin to 

trigger cytolysis (Molmeret and Kwaik 2002). The L. pneumophila mutant of icmT 

caused dysfunction of cytolysis, and bacteria could not be released at the end of 

intracellular replication (Molmeret et al. 2002, Zink et al. 2002). 

 

It was later revealed that exposure of L. pneumophila flagellin FlaA (FliC) during the late 

stage of intracellular life could trigger host cell pyroptosis-mediated pore formation and 

bacterial rupture in macrophages (Alli et al. 2000, Silveira and Zamboni 2010). L. 

pneumophila is a potential pathogen that can trigger various forms of host cell death, 

including apoptosis, necrosis, and pyroptosis, all of which have been reported (Speir et al. 

2014). The egress of L. pneumophila is strongly associated with host cell death. 
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Figure 1.7 Intracellular growth pathway of L. pneumophila. After L. pneumophila entered 

host cells, the bacteria could facilitate the formation and maturation of LCV by secreting various 

effector proteins to subvert the host cell’s ER-Golgi trafficking. The bacteria Dot/Icm type IV 

secretion system (T4SS) can translocate multiple effector proteins to facilitate bacterial 

intracellular survival and growth with modulation of the host cell’s normal functions (Isberg et al. 

2009). 
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1.8 Host cell death pathway induced by L. pneumophila infection 

1.8.1 L. pneumophila induces cell death in macrophages 

Key L. pneumophila virulence factors, including FlaA, VipD, SdhA, and SidF, contribute 

to regulate macrophage cell death (Creasey and Isberg 2012, Lamkanfi and Dixit 2010). 

Of these, flaA encodes L. pneumophila flagellin, a flagellar component produced during 

the post–exponential growth phase of L. pneumophila (Molofsky et al. 2005). In addition 

to its role as a structural protein, flagellin exhibits effector functions. For example, the 

injection of flagellin into the host cytoplasm from the LCV leads to activation of the 

inflammasome and caspase-1 and thus to pyroptosis (Silveira and Zamboni 2010). 

Biofilm-derived L. pneumophila has been reported to be more pathogenic than planktonic 

L. pneumophila in murine macrophages by inhibiting flagellin expression to limit the 

induction of host cell death (Abu Khweek et al. 2013). 

 

Several researchers have studied the role of VipD, a phospholipase. Gaspar et al. 

demonstrated that VipD could inhibit endosomal fusion with the LCV in COS-1 and 

CHO cell models, and they observed rounding and death in cells that produce VipD 

(Gaspar and Machner 2014). In addition, Zhu et al. described VipD-induced apoptosis in 

L. pneumophila–infected macrophages and observed that this phospholipase hydrolyzed 

both phosphatidylethanolamine (PE) and phosphocholine to destabilize the mitochondrial 

membrane, and that the consequent release of cytochrome c led to caspase-3 activation 

and apoptosis (Zhu et al. 2013). 
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In contrast to flaA and vipD, which trigger death in L. pneumophila–infected host cells, 

sdhA and sidF have been shown to inhibit host cell death (Figure 1.8). The gene sdhA 

encodes a Dot/Icm-translocated effector protein that prevents pyroptosis by blocking the 

activation of AIM2 inflammasome and caspase-1 and is therefore required for 

multiplication of L. pneumophila within macrophages (Ge et al. 2012). L. pneumophila 

SdhA may also be involved in the maintenance of LCV integrity (Creasey and Isberg 

2012). In the absence of sdhA, L. pneumophila infection causes nuclear degradation, 

mitochondrial disruption, and significant cell death in infected macrophages (Laguna et al. 

2006). In addition, an infection study reported an association of sdhA-deficient L. 

pneumophila with an increase in dendritic cell death (Nogueira et al. 2009). The SidF 

effector inhibits macrophage apoptosis by interacting with the endogenous proapoptotic 

Bcl-2 family proteins to facilitate the intracellular multiplication of L. pneumophila 

(Banga et al. 2007). However, the L. pneumophila virulence genes (flaA, vipD, sdhA, and 

sidF) have been less explored in Acanthamoeba. 
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Figure 1.8 Pathway involved in L. pneumophila–induced host cell death. Two major types of 

cell death were identified during L. pneumophila infection: apoptosis and pyroptosis. The 

bacterial effector FlaA could activate caspase-1–dependent pyroptosis, but SdhA functions in the 

opposite way. The L. pneumophila effector SidF inhibits apoptosis by blocking death proteins, 

but VipD could work in the opposite way (Speir et al. 2014). 
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The L. pneumophila flagellin effector FlaA and the surface protein LPS can both directly 

induce the caspase-1–associated inflammasome activation and then cause pyroptosis in 

human macrophages (Lamkanfi et al. 2007); the inflammation leads to cell death and 

eventually clears the bacterial infection. This may be one reason why macrophages are 

only accidental hosts of the pathogen L. pneumophila. In contrast to caspase-1-associated 

pyroptosis caspase-3-associated apoptosis belongs to non-inflammatory cell death, 

caspase-3 activation was also detected during the early stage of L. pneumophila 

intracellular replication, which was found to have importance in the protection of the 

LCV from the endosomal pathway (Molmeret et al. 2004). The regulation of the host cell 

death pathway by L. pneumophila is believed to depend upon the bacterial dose and 

growth phase (Molmeret et al. 2004).                  

 

Once L. pneumophila completed intracellular replication, the bacteria activated the host 

cell death program to escape from the human host. Programmed cell death, including 

both pyroptosis and apoptosis, can lead to cell membrane destruction, which finally 

promotes the release of bacteria from the host cells (Speir et al. 2014). The difference 

between apoptosis and pyroptosis is that pyroptosis can directly cause lysis of the cell 

membrane and release inflammatory cytokines, but late apoptosis can cause cell 

membrane destruction without releasing cytokines. Both pyroptosis and apoptosis have 

been observed in L. pneumophila–infected macrophages, but it remains unknown whether 

L. pneumophila uses both to release the bacteria or whether L. pneumophila selectively 

induces different programmed cell deaths in different circumstances. 
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1.8.2 L. pneumophila infection and Acanthamoeba cell survival 

 

Acanthamoeba can live with bacteria with symbiotic status, but Legionella was found to 

have the ability to trigger necrosis of Acanthamoeba after intracellular replication (Gao 

and Abu Kwaik 2000). It has also been shown that after L. pneumophila replication, LCV 

were released from Acanthamoeba before encystation (Ohno et al. 2008). The encystation 

process was mediated by metacaspase-1, which could be a marker of Acanthamoeba 

differentiation from trophozoite to cyst. Encystation is often used by Acanthamoeba to 

avoid cell death. A recent study reported that L. pneumophila infection reduced the 

production of cell cycle protein and impaired the cell proliferation of Acanthamoeba 

(Mengue et al. 2016) in the co-culture. It remains unclear whether Legionella infection 

caused the death of Acanthamoeba cells after intracellular growth. 

 

Neither apoptosis nor pyroptosis were found in L. pneumophila–infected Acanthamoeba 

cells. The exploration of the killing mechanism initiated by L. pneumophila when grown 

in A. polyphaga inspired researchers to determine whether the bacteria could activate the 

host cell death pathway and further facilitate bacterial rupture after intracellular 

replication (Gao and Kwaik 2000). It is a sophistic regulation, because the bacteria could 

choose to either activate or inhibit host cell death based on differences in the growth 

phase. As the L. pneumophila environmental host and virulence developing field, 
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Acanthamoeba is a key element to explore the evolution or development in L. 

pneumophila of the ability to regulate the host cell death pathway in mammalian cells. 
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2. Aims and Objectives 

  

2.1 Research gaps  

 

The pathogenesis of L. pneumophila depends on its successful replication and release 

from the host cells. L. pneumophila can grow in both Acanthamoeba and macrophages, 

which are two evolutionarily distant hosts. There are still a lot of questions remained to 

be addressed regarding the intracellular life of L. pneumophila. Can L. pneumophila 

replicate in macrophage to the same extend as it does in Acanthamoeba? Because 

macrophages have a pattern recognition receptor, can the macrophage internalize more L. 

pneumophila when challenged with the same dose of bacteria as Acanthamoeba? Can L. 

pneumophila infection cause the same extend of host cell death in either macrophage or 

Acanthamoeba?  

 

After intracellular replication of L. pneumophila, bacteria must be released from the host 

cell. Previous observations of the release of L. pneumophila from Acanthamoeba and 

macrophages are very diverse. Both lytic (necrosis) and nonlytic (exocytosis) release 

have been reported in L. pneumophila–infected Acanthamoeba, but it remains unclear 

whether both lytic and nonlytic L. pneumophila release can occur simultaneously in the 

Acanthamoeba population in the presence of L. pneumophila infection. Both apoptosis 

and pyroptosis were reported in L. pneumophila–infected macrophages, but it is unknown 

whether apoptosis or pyroptosis predominates in L. pneumophila–infected macrophages. 

Although studies have evaluated the roles of L. pneumophila genes flaA, vipD, sdhA, and 
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sidF in host death after L. pneumophila infection, no study has examined their expression 

patterns when grown in Acanthamoeba and when grown in macrophages. A detailed 

investigation about the expression patterns of these genes in various hosts during 

different stages of L. pneumophila intracellular growth would enable a better 

understanding of the interaction between L. pneumophila and its hosts. 

 

L. pneumophila can replicate in a wide range of hosts, from protozoa to mammalian cells. 

One obvious and mysterious property of L. pneumophila is that the human infections it 

causes are often associated with environmental protozoa; however, human-to-human 

transmission has never been reported. L. pneumophila is a model organism to explore 

host and pathogen interaction, as this pathogen encodes a large number of effectors to 

adapt to intracellular life, including many homologues of eukaryotic proteins. It has been 

discussed that protozoa including Acanthamoeba play an important role in the evolution 

of L. pneumophila virulence, but the underlying mechanism remains less explored. The 

transcriptome comparison between extracellularly grown L. pneumophila during the 

transmissive phase and L. pneumophila grown in Acanthamoeba during the transmissive 

phase could help to determine why L. pneumophila derived from Acanthamoeba is more 

virulent and transmissive. Dual transcriptome analysis of both L. pneumophila and 

Acanthamoeba could further enrich our understanding of host and pathogen interaction. 
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 2.2 Aims 

 

This project aimed to explore the interaction between L. pneumophila and its two hosts 

(A. castellanii and human monocyte THP-1) by investigating bacterial virulence gene 

expression patterns and their association with bacterial intracellular growth and host cell 

death. Because L. pneumophila from A. castellanii were found to be more virulent and 

transmissive, the dual-transcriptome analysis of L. pneumophila grown in A. castellanii 

could help to describe the pathogen and host interactions. 

  

2.3 Objectives 

 

Objective 1: To investigate and compare the intracellular growth of L. pneumophila in 

Acanthamoeba and THP-1. Both plate counts and microscopic observation of gfp (green 

fluorescence protein)–transfected L. pneumophila grown in two hosts were used to 

evaluate whether A. castellanii or THP-1 could support greater replication of intracellular 

L. pneumophila. 

 

Objective 2: To compare the bacterial expression of flaA, vipD, sdhA, and sidF in 

intracellular L. pneumophila during different growth phases in A. castellanii and THP-1 

monocyte hosts. The correlated host cell genes metacapase-1 (A. castellanii), caspase-1 

(THP-1), and caspase-3 (THP-1) were also investigated and compared with the 

uninfected host cells after various durations of growth. 
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Objective 3: To investigate host cell death after infection with L. pneumophila based on 

propidium iodide (PI) staining and active caspase-1 and caspase-3 staining (only for 

THP-1). 

 

Objective 4: To analyze the transcriptomic profiles of the intracellular L. pneumophila 

and the A. castellanii hosts. To achieve this objective, RNA sequencing was done in L. 

pneumophila–infected A. castellanii after FACS (fluorescence-activated cell sorting) 

enrichment.  
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3. Materials and Methods 

 

3.1 Overview of workflow  

L. pneumophila and gfp-transfected L. pneumophila were used in this study. Both were 

subjected to co-culture with two host cells: THP-1 and A. castellanii. The co-cultures 

were collected for different experiments, as shown in Figure 3.1. 
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Figure 3.1 Overview of project workflow. 
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The gfp-transfected L. pneumophila–infected A. castellanii were enriched by 

FACS for RNA sequencing and dual transcriptome profiles analysis 

THP-1 culture 
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3.2 Bacterial strain, Acanthamoeba, and THP-1 cell lines used  

3.2.1 Standard ATCC Legionella strain  

 

L. pneumophila Philadelphia strain (ATCC 33152) was used in this study. L. 

pneumophila was cultured on αBCYE agar plates supplemented with αBCYE growth 

supplement (Oxoid, Appendix 2) and GVPC selective reagents (Oxoid). The cultures 

were incubated at 37°C with 5% CO2 for 3 to 5 days. For the liquid culture, L. 

pneumophila was grown in the liquid BYE broth (Appendix 1). 

 

3.2.2 Acanthamoeba castellanii strain 

 

Standard Acanthamoeba castellanii (ATCC 30234) was cultured in peptone yeast glucose 

(PYG) medium (Appendix 1) at 25°C for 1 to 2 weeks to obtain confluent growth of A. 

castellanii trophozoites before use. 

 

3.2.3 THP-1 cell line 

 

Human monocyte THP-1 (ATCC TIB-202) was used in this study; the cells were grown 

in RPMI 1640 growth medium (Gibco) supplemented with 10% fetal bovine serum 

(Gibco) and 1% penicillin-streptomycin (Gibco) at 37°C with 5% CO2 for 3 to 5 days 

before use.  
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3.3 Extracellular growth of L. pneumophila in BYE broth  

 

To determine the duration required for L. pneumophila to reach the post–exponential 

phase, a liquid culture was set up, and viable L. pneumophila were counted every 12 h 

from 0 to 48 h. One hundred microliters of L. pneumophila at a concentration of 109 

colony-forming units (CFU)/mL was inoculated in 10 mL of BYE broth (Appendix 1) 

and incubated at 37°C with agitation at 250 rpm. The bacterial density was enumerated 

by plate counting. 

 

3.4 Intracellular growth of L. pneumophila in A. castellanii and THP-1 

3.4.1 L. pneumophila intracellular growth in A. castellanii 

 

The co-culture of L. pneumophila and A. castellanii was performed by challenging A. 

castellanii culture in PYG with bacteria at a multiplicity of infection (MOI) of 10. Two 

milliliters of A. castellanii culture at a concentration of 106 cells per mL was inoculated 

in each well of a six-well plate (Corning), followed by the addition of 20 μL of L. 

pneumophila suspension (109 CFU/mL) grown during the post–exponential phase. After 

centrifugation at 900 ×g for 5 min, the plate was incubated at 37°C in 5% CO2 for 3 h. 

After washing in Page’s amoeba saline (PAS) buffer (Appendix 1), the co-culture 

medium in each well was replaced with 2 mL of gentamicin (100 μg/mL in PYG). After 

incubation for 2 h, the co-culture was washed twice with PAS and replaced with 2 mL of 

fresh PYG in each well. This time point was denoted as T0. For plate counting of 

intracellular bacteria, the co-culture in each well was added to 2 mL of sterile distilled 

water and incubated for 10 min, followed by lysis via 5-10 forced passage through a 
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syringe (5 mL; Terumo) with a 23-gauge needle (Dietersdorfer et al. 2016). The L. 

pneumophila released from the lysed co-culture were enumerated by plate counts. The 

plate counts were performed every 12 h from 0 to 48 h. Co-cultures were also performed 

and collected at each time point for RNA isolation. All experiments were repeated in 

triplicate. 

 

3.4.2 L. pneumophila intracellular growth in THP-1 

 

L. pneumophila was co-cultured with THP-1 cells at an MOI of 10. Briefly, 2 mL of 

THP-1 (106 cells/mL) in RPMI 1640 medium (without 10% fetal bovine serum and 1% 

penicillin/streptomycin) were mixed with 20 μL of L. pneumophila (109 CFU/mL) during 

the post–exponential phase in every 5-mL centrifuge tube (SPL). The mixture was 

centrifuged at 900 ×g for 5 min, followed by incubation at 37°C in 5% CO2 for 3 h. After 

incubation, the pellet was washed once with PBS (Gibco) buffer and replaced with 2 mL 

of RPMI 1640 medium containing gentamicin (100 g/mL) for another 2 h of incubation 

at 37°C in 5% CO2 to kill extracellular L. pneumophila. The co-culture was then washed 

twice with PBS and resuspended in 2 mL of fresh RPMI 1640 medium. This point was 

regarded as “time zero” (T0). At T0 and at every 12-h interval up to 48 h (T12 to T48), 

the THP-1 cells were incubated with 2 mL of sterilized distilled water at room 

temperature for 10 min. The THP-1 cells were then lysed by forcing through a 23-gauge 

syringe needle (5 mL; Terumo) five to ten times. The L. pneumophila released from the 

lysed co-culture were enumerated by plate counting. The co-culture was also collected at 

every 12 h from 0 to 48 h for isolations, and all experiments were repeated in triplicate. 
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3.5 RNA isolation and two-step RT-quantitative PCR 

3.5.1 RNA isolation 

 

The L. pneumophila co-cultures collected above at each time point were centrifuged at 

8000 ×g for 5 min, and the pellets could be stored at −80°C before RNA isolation. One 

hundred microliters of lysozyme (10 mg/mL, Sigma) was added into each pellet followed 

by passing through a 21-gauge syringe (1 mL, Terumo) to homogenize the sample in 5 

min. One milliliter of Trizol reagent (Invitrogen) was then added to the homogenized 

pellet, followed by incubation at room temperature for 30 to 60 min. Two hundred 

microliters of chloroform (Sigma) was then added to the previous 1-mL Trizol 

suspension, and the tube was shaken vigorously for 15 s and then incubated for another 2 

or 3 min. The sample was then centrifuged at 12,000 ×g for 15 min at 4°C, and the upper 

aqueous portion was transferred carefully into a new tube for the following RNA wash 

and elution. 

The above aqueous phase was added to an equal volume (approximately 500 μL) of 75% 

ethanol, followed by vortexing to mix it well. The sample was then transferred to a Spin 

Cartridge (PureLink RNA Mini Kit, Invitrogen) according to the manufacturer’s 

instructions. After centrifugation at 12,000 ×g for 15 s, the flow-through was discarded, 

followed by washing with Wash Buffer I and Wash Buffer II (PureLink). Finally, the 

RNA in the Spin Cartridge was eluted in 50 μL of RNase-free water (stored at −80°C 

before use). 
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3.5.2 DNA removal of RNA samples and reverse transcription (RT) 

 

The concentrations of the isolated RNA samples were measured via the NanoDrop 

spectrophotometer (Thermo Fisher Scientific) reading to evaluate purity (A260/280 in the 

range of 1.8 to 2.1 was considered pure) and quantity. A consistent quantity of RNA 

(<800 ng RNA per DNase I reaction) was then digested using the DNase I kit (Sigma) at 

37°C for 30 min to remove any DNA contamination in the RNA sample. Digested RNA 

(10 μl) was reverse-transcribed into cDNA using a RevertAid First Strand cDNA 

Synthesis kit (Fermentas). To monitor the presence of DNA contamination in the 

digested RNA sample, a second reverse transcription without reverse transcriptase (no-

reverse transcriptase control) was set up simultaneously. The no-reverse transcriptase 

control was tested by quantitative real-time PCR, and a Ct (threshold cycle) value larger 

than 35 represented clean removal of DNA in RNA samples. 

 

3.5.3 Quantitative real-time PCR for gene expression studies 

 

Quantitative real-time PCR was performed in 20-μL PCR mixtures consisting of 1 μL of 

cDNA, 1×SYBR Green Mastermix (Roche), and 500 μM of each forward and reverse 

primer (Life Technologies). For TaqMan probe assay, the 20-μL PCR mix comprised 1 

μL of cDNA, 1× TaqMan Universal PCR Mastermix (ABI), and 1 μL of 20× TaqMan 

probes (containing the 4-μM probe, and 10 μM of each forward and reverse primer). The 

primers and probes used in this study are shown in Table 3.1. PCRs were run on an 

ABI7500 system (Applied Biosystems). The thermal cycling conditions comprised an 

initial denaturation step at 95°C for 10 min, followed by 40 cycles of 95°C for 30 s and 
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60°C for 1 min. (For the primers and Roche SYBR Green Mastermix used, a melting 

curve stage was added in the thermal cycling to ensure the specific PCR product 

produced.) The threshold cycle (CT) values of the target genes were normalized to those 

of the reference genes. The fold changes in the expression of various target genes at T12 

to T48 were compared with the expression at T0. 

Threshold cycles of target genes were normalized to the housekeeping gene: 

ΔCt = Cttarget − Cthousekeeping 

The differences in the normalized threshold cycle from T12 to T48 were compared with 

T0: 

ΔΔCt= ΔCtT12-T48 − ΔCtT0 

Fold change of genes expression was calculated as: 2−ΔΔCt 
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Table 3.1 Primers and TaqMan probes used in gene expression study. All primers and probes 

were designed using online Primer-BLAST program of NCBI (National Centre for Biotechnology 

Information). 

Gene Primer/probe Sequence (5’-3’) Amplicon 

size (bp) 

Primers and probes for L. pneumophila-specific genes 

gyrB  

(reference gene) 

Forward: AGCGATGAATCAATTACCGT  

Reverse: ATCAAATTTACCTCCGGCAT 

123 

flaA Forward: GTTGCTGCTCCTCCTCCAAT  

Reverse: ATGGTTCTTTCTCTGGCGCA 

178 

sdhA Forward: ATCCAGAGCTTCTTGCGCTT  

Reverse: TACGCATCCAAACCCGTCAA 

159 

sidF Forward: GTTACAGGGCAGCCTGATGT  

Reverse: CCGCTTTTGCTTTGTCGGAA 

190 

vipD Forward: CAGCGCATGCACAAGCTATT  

Reverse: GAGGGCAAAGGCCTTCTCTT 

161 

Primers and probes for THP-1-specific genes 

GAPDH 

(reference gene) 

Forward: GACTCATGGTATGAGAGCTGG  

Reverse: TGGTCTGCAAAAGGAGTGAG 

205 

CASP-1 Forward: CCTCCTCACAGTTGGGTAAT  

Reverse: GCAGCAGTGGTTCCTAAATG 

225 

CASP-3 Forward: GATTATCCTGAGATGGGT 

Reverse: TTGCTGCATCGACATCTG 

Probe: FAM-GGAATGACATCTCGGT-MGB 

100 
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Table 3.1 Continued  

 

Gene Primer/probe Sequence (5’-3’) Amplicon 

size (bp) 

Primers and probes for A. castellanii–specific genes 

18S rDNA gene Forward: CTGCGAAAGCATCTGCCAAG 

Reverse: TGGTCGGCATCGTTTATGGT 

106 

  

MCASP-1 

Forward: CGTACACTCGATTTAGAAGC  

Reverse: CCCTGCTGGTATGGATCAGG 

Probe: FAM-ATGGCATACCCCTACG-MGB 

100 

 

 

 

 

 

 

 

 

 

 



57 
 

3.6 Transformation of L. pneumophila with plasmid pBC(gfp)Pmip 

3.6.1 Electroporation of L. pneumophila  

 

L. pneumophila was transformed with the plasmid pBC(gfp)Pmip via electroporation. 

pBC(gfp)Pmip is a 4600-base pair (bp) plasmid that harbors the gene encoding gfp 

(Figure 3.2). The plasmid was a generous gift from Prof. Lu of the Sun Yat-Sen 

University, Guangzhou. 

 

3.6.1.1 Competent bacterial cell preparation 

 

L. pneumophila colonies freshly grown on αBCYE plates were harvested and suspended 

in sterilized double-distilled water (ddH2O). The L. pneumophila suspension was adjusted 

to an OD600nm of 1, and 4 mL of the suspension was centrifuged at 5000 ×g for 10 min at 

2°C. The pellet was washed twice with 4 mL of ice-cold ddH2O and then with 4 mL of 

ice-cold 10% (v/v) glycerol solution (Sigma). The centrifuged pellet was then 

resuspended in 40 μL (~1010 cells) of 10% glycerol solution (Appendix 1). 

 

3.6.1.2 Electroporation  

 

An aliquot of 0.2 μg of pBC(gfp)Pmip was mixed with the 40 μL suspension of L. 

pneumophila. The mixture was transferred aseptically to a prechilled electroporation 

cuvette (0.2-cm electrode gap, Bio-Rad). Electroporation was carried out with Bio-Rad 

Gene Pulser apparatus under 25 μF capacitance, 0.5 to 2.4 kV voltage, and 100 to 1000 Ω 
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resistance. The pulsed suspension in the cuvette was immediately suspended in 3 mL of 

BYE broth without antibiotics and incubated at 37°C for 4 h with agitation at 150 rpm. 

The suspension was serially diluted and evenly spread onto the selective αBCYE agar 

supplemented with 5 μg/mL chloramphenicol (Sigma). 
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Figure 3.2 Map of plasmid pBC(gfp)Pmip. The plasmid was constructed by inserting the L. 

pneumophila mip promoter and gfp gene from the vector pKEN into the pBC KS+ plasmid. It has 

been shown that the constructed pBC(gfp)Pmip can be kept and stably expressed in L. 

pneumophila (Chen et al. 2006, Kohler et al. 2000). 
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3.6.1.3 Identification of L. pneumophila carried with pBC(gfp)Pmip (gfp-transfected 

L. pneumophila) 

 

The identities of the colonies grown on the selective agar plates were confirmed using the 

Biotyper matrix-assisted laser desorption/ionization–time of flight (MALDI-TOF) mass 

spectrometry system (Bruker). After confirmation of the bacterial identity, the plate was 

examined under an ultraviolet (UV) box (Chromato-Vue) at a λ of 302 nm to observe for 

the presence of colonies with green fluorescence (Figure 3.3.1). 

A L. pneumophila colony with green fluorescence was further sub-cultured onto αBCYE 

plate supplemented with 15μg/mL chloramphenicol. The grown colonies on 

chloramphenicol supplemented αBCYE plate were used for plasmid isolation by using 

QIAprep kit (Qiagen). Isolated plasmid was also used for digestion with KpnI (Fermentas; 

37°C for 2 h) followed by gel electrophoresis. The plasmid with the 4600-bp band in gel 

electrophoresis (arrow indicates in Figure 3.3.2) indicated that L. pneumophila was 

successfully transformed with pBC(gfp)Pmip (gfp-transfected L. pneumophila).        

The gfp-transfected L. pneumophila colonies was stored in 20% glycerol (Appendix 1) at 

−80°C for long-term use and was used for following co-cultures with A. castellanii and 

THP-1.                      
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Figure 3.3.1 Identification of L. pneumophila colonies with green fluorescence. After 

electroporation, bacteria were grown on an αBCYE plate supplemented with chloramphenicol. 

The plates were examined under a UV lamp at λ of 302 nm, and the image was taken under a UV 

box (Chromato-Vue). The transformed L. pneumophila colonies with green fluorescence are 

indicated by red arrows.            
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Figure 3.3.2 Gel electrophoresis identification of the plasmid pBC(Pmip)gfp. 1, Lambda 

DNA/HindIII Marker (Fermentas); 2, Plasmid pBC(gfp)Pmip isolated from DH5α; 3, KpnI-

digested pBC(gfp)Pmip isolated from DH5α; 4, plasmid DNA from transformed L. pneumophila; 

5, KpnI-digested plasmid DNA from transformed L. pneumophila; 6, plasmid DNA from 

untransformed L. pneumophila; 7, KpnI-digested plasmid DNA from untransformed L. 

pneumophila. The plasmid pBC(gfp)Pmip had more than 2 bands in lane 2, which could contain 

relaxed circular plasmid forms (higher than 4600 bp), and the genomic DNA of bacteria that has 

not been completely removed could also be mixed with the plasmid DNA. After KpnI digestion, 

the relaxed circular plasmid forms were linearized, and a band at 4600 bp was obtained (lane 3, 

arrow indicates). The transformed L. pneumophila colonies (lane 5) also showed a narrow 4600 

bp band (arrow indicates).                     
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3.6.2 Extracellular growth of gfp-transfected L. pneumophila 

 

The gfp-transfected L. pneumophila was grown in BYE broth containing 15 μg/mL 

chloramphenicol. The number of bacteria grown was plate counted every 12 h from 0 to 

48 h. Fresh bacterial colonies grown on an αBCYE plate supplemented with 

chloramphenicol (15 µg/mL) were suspended in PBS buffer, and the OD600nm was 

adjusted to 1; 0.1 mL of the suspension was then added to 15-mL BYE broth (this time 

point was denoted as 0 h, T0). At every time point (T0, T12, T24, T36, and T48), 100 µL 

of bacterial broth culture was collected and serially diluted in PBS buffer. One hundred 

microliters of the diluted bacterial suspension were used for plate enumeration. The 

grown colonies were counted, and the bacterial concentration in broth was calculated as 

the number of colonies × dilution factor ×100 CFU per mL. The experiments were 

repeated three times.   

 

3.6.3 Intracellular growth of gfp-transfected L. pneumophila  

 

The gfp-transfected L. pneumophila was co-cultured with THP-1 and A. castellanii. The 

co-cultures were used for live image microscopy studies to examine the intracellular 

growth of gfp-transfected L. pneumophila. The intracellular growth of gfp-transfected L. 

pneumophila in A. castellanii was also measured via standard plate counts.  
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3.6.3.1 Co-culture with THP-1  
 

Co-culture of gfp-transfected L. pneumophila with THP-1 was performed by adding 4 

mL of 48-h BYE broth culture of gfp-transfected L. pneumophila (~108 bacteria) into the 

10 mL of THP-1 (106 per mL) in RPMI 1640 medium supplemented with 15 μg/mL 

chloramphenicol. After initial centrifugation (900 ×g; 5 min), the co-culture was 

incubated at 37°C in 5% CO2 for 3 h. The co-culture was then washed with PBS buffer 

and replaced with 10 mL of RPMI 1640 medium supplemented with 100 µg/mL 

gentamicin and 15 µg/mL chloramphenicol for incubation at 37°C in 5% CO2 for 2 h. 

After incubation, the co-culture was washed twice with PBS buffer and replaced with 10 

mL of 15-μg/mL chloramphenicol-supplemented RPMI 1640 medium, and this time 

point was denoted as T0. The co-culture of THP-1 and gfp-transfected L. pneumophila 

were collected for microscopic observation. 
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3.6.3.2 Co-culture with A. castellanii 

 

The co-culture of A. castellanii and gfp-transfected L. pneumophila was performed by 

challenging A. castellanii with bacteria at MOI of 10. Every 800 μL of bacterial broth 

culture at T48 (~2×107 bacteria) was added to 2 mL of A. castellanii culture (106 cells per 

mL) in a six-well plate, and the plate was centrifuged at 900 ×g for 5 min. The plate was 

incubated at 37°C in 5% CO2 for 3 h and replaced with PYG broth containing 100 µg/mL 

gentamicin and 15 µg/mL chloramphenicol. The plate was further incubated at 37°C in 5% 

CO2 for 2 h, and the co-culture was then washed three times with PAS. The co-culture 

was finally replaced with fresh PYG medium containing 15 µg/mL chloramphenicol, and 

this time point was denoted as 0 h (T0). 

For plate counting of intracellular bacteria, the co-culture in each well was added to 2 mL 

of sterile distilled water and incubated for 10 min, followed by lysis via five to ten forced 

passages through a syringe with a 23-gauge needle. The gfp-transfected L. pneumophila 

released from the lysed co-culture were enumerated by plate counting. The plate counts 

were performed every 12 h from 0 to 48 h. Co-cultures were also performed and collected 

at each time point for cell sorting. 
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3.7 Flow cytometry for host cell death staining measurement and for FACS 

enrichment of gfp-transfected L. pneumophila–infected A. castellanii 

 

3.7.1 Flow cytometry startup operation  

 

FACSAriaIII (Becton-Dickinson [BD]) was used for host cell death staining 

measurement, and AriaIII (BD) was used to sort gfp-transfected L. pneumophila–infected 

A. castellanii cells based on the manufacturer’s instructions. The FACSDiva software 

(BD) was used to control the flow cytometry and cell sorting. 

A 100-µm nozzle was selected for detection of both THP-1 (9 to 18 µm diameter) (Wang 

et al. 1992) and A. castellanii cells (trophozoite length, 25 to 40 µm; cyst diameter, 13 to 

20 µm) (Marciano-Cabral and Cabral 2003). Lasers with wavelengths of 488, 633, and 

375 nm were used to detect green, red, and blue fluorescence, respectively. The stream 

shown on the breakoff window was automatically adjusted before turning on the sweet 

spot, which maintained a stable flow stream during sample collection and cell sorting 

(Figure 3.4). 

Before flow cytometry and cell sorting, the cytometer setup and tracking performance 

was calibrated using cytometer setup and tracking standard beads (BD) to check the 

cytometer-collected fluorescence signals run in normal spectrums. Once the cytometer 

setup and tracking check was successfully reported, flow cytometer was continued to 

follow the detection of fluorescence signal measurement and sorting. 
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3.7.2 Propidium iodide (PI) staining  

 

Propidium iodide was used to stain the L. pneumophila–infected THP-1 and A. castellanii 

cells every 12 h from 0 to 48 h. THP-1 and A. castellanii cells without challenging 

bacteria were used to perform the same operation as co-culture for collection of 

uninfected host cells. At each time point, 1 mL of both uninfected and infected host cells 

(A. castellanii and THP-1) at a concentration of 106/mL were collected and washed twice 

with 1 mL of PBS buffer. The washed cells were resuspended in 500 μL of wash buffer 

with 1 μL of PI solution (500× concentrated, Abcam) and then incubated in 37°C 

incubator with 5% CO2 for 1 h. The PI-stained cells were then washed twice with 500 μL 

of wash buffer (Abcam) and resuspended in 500 μL of wash buffer. The PI-stained cells 

were loaded into AriaIII, and phycoerythrin fluorochromes (excitation/emission = 

566/576 nm) were selected for fluorescence measurement. Before PI-stained cell loading, 

50,000 unstained cells were subjected to flow cytometry, and the unstained cells were 

used for target cell gating and to set the baseline for the fluorescence signals. The PI-

stained cells were analyzed with the flow cytometer, and fluorescence values greater than 

baseline were interpreted as positive. The data are shown as the percentage of cells with 

positive fluorescence signals. The PI-stained cells were also seeded into 48-well plates 

(Corning) for visualization using an Eclipse Ti Inverted Microscope (Nikon) within 1 h. 

All experiments were repeated three times.    
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3.7.3 Active caspase-1 staining 

 

Active caspase-1 staining (ab219935, green fluorescence) kit (Abcam) was used to stain 

both the L. pneumophila–infected and uninfected THP-1 cells. This assay kit was based 

on the fluorescence inhibitor of caspase-1, FAM-YVAD-FMK (Broz et al. 2010), which 

is permeable inside THP-1 cells to specifically bind with active caspase-1, and the 

fluorescence intensity reflected the amount of active caspase-1. L. pneumophila–infected 

THP-1 co-cultures (~106 cells at each time point) were collected every 12 h from 0 to 48 

h. At the same time, the uninfected THP-1 cells (~106 cells) were also collected every 12 

h. The collected cells were washed twice with PBS buffer and resuspended in 900 μL of 

wash buffer (supplied in ab219935 kit, Abcam), and 6 μL of FAM-YVAD-FMK solution 

(150× concentrated) was added to the wash buffer. The above cells were incubated in a 

37°C incubator in 5% CO2 for 1 h in the dark. The stained THP-1 cells were then 

centrifuged at 200 ×g for 5 min and washed twice with 1 mL of wash buffer. After 

washing, the cells were suspended in 500 μL washing buffer. 

Before examining active caspase-1–stained cells, unstained THP-1 cells were loaded in 

the flow cytometer for target cell gating and to set the fluorescence reading baseline by 

selecting fluorescein isothiocyanate (FITC) fluorochromes channel (excitation/emission = 

495/519 nm). The positive caspase-1–stained cells (over baseline) were presented as a 

percentage. The caspase-1–stained cells were also seeded in 48-well plates at every time 

point for microscopic examination using an Eclipse Ti inverted microscope (Nikon) 

within 1 h. All experiments were performed three times.    
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3.7.4 Active caspase-3 staining 

 

An active caspase-3 staining kit (ab65617, red fluorescence; Abcam), based on the red 

fluorescence–labeled caspase-3 inhibitor DEVD-FMK (Springer et al. 1999) as the 

fluorescent in situ marker to stain both L. pneumophila–infected and uninfected THP-1 

cells at each time point (T0 to T48). For active caspase-3 staining, 1 μL of Red-DEVE-

FMK (Abcam) was added to each of the collected and washed cells (~5×105 cells 

suspended in 300-μL supplied wash buffer) based on manufacturer’s instructions. The 

caspase-3 staining suspensions were incubated at 37°C in 5% CO2 for 1 h, and the cells 

were then washed twice with 500 μL of wash buffer (Abcam). The stained THP-1 cells 

were finally resuspended in 500 μL of wash buffer for flow cytometry and microscopy. 

Unstained THP-1 cells were first loaded into the flow cytometer for target gate and 

baseline setting under PE fluorochromes (excitation/emission = 566/576 nm) selection. 

Fifty thousand caspase-3–stained positive cells were detected and expressed as 

percentages in all gated cells. The stained cells were also seeded in 48-well plates for 

microscopic visualization using an Eclipse Ti inverted microscope (Nikon) within 1 h. 

All experiments were repeated three times.       
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3.7.5 FACS enrichment of gfp-transfected L. pneumophila–infected A. castellanii 

 

At each time point, the A. castellanii infected with gfp-transfected L. pneumophila were 

collected and loaded onto the AriaIII (BD) to sort the host cells with green fluorescence. 

The FITC fluorochrome channel was used. Before cell sorting, the A. castellanii cells 

infected with L. pneumophila were loaded into the flow cytometer for gating target cells 

and to set the fluorescence measurement baseline under the FITC channel. A. castellanii 

infected with gfp-transfected L. pneumophila within the gate with a fluorescence signal 

higher than the baseline was selected for sorting. 

 

3.7.5.1 Drop delay value setting  

 

Before cell sorting, the drop delay value was set by running the Accudrop beads (FACS, 

BD), and the “Auto Delay” mode was used to automatically run and select the most 

appropriate drop delay value to achieve sorted beads with more than 90% purity. The 

drop delay value determined which drop needed to be deflected and sorted from the 

flowed sample during the sorting process (Figure 3.4). 

 

3.7.5.2 Sample loading and sorting  

 

After the drop delay setting, ~106 per mL of A. castellanii infected with gfp-transfected L. 

pneumophila at various time points were loaded into the flow cytometer, and cell sorting 

began (Figure 3.4, sample loading and sorting). The positive population (A. castellanii 

containing gfp-transfected L. pneumophila) was selected for sorting according to the set-
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up protocol. The sorting was performed continuously until the loaded samples were 

exhausted. The positive population contained drops in the left sorting tube in the sorting 

chamber (Figure 3.4). 

Sorting was stopped by unloading the samples or automatically when the loaded samples 

were exhausted, and the number of sorted cells was shown on the “Sort Layout” window. 

The number of sorted positive gfp-transfected L. pneumophila–infected A. castellanii 

cells shown on the “Sort Layout” window fell between 104 and 105 each time. As a result, 

the sorted cells were pelleted and stored at −80°C until enough cells were collected for 

RNA extraction. 
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Drop Delay performance 

Sample loading and sorting 

Sorting chamber and collection of tube containing sorted drops  

Figure 3.4 Key operations for FACS. After regular start-up 

and CS&T performance of BD FACSAriaIII, the drop delay 

setting was performed to ensure that the sorting purity 

exceeded 90%. After drop delay performance, the samples 

were loaded into the flow cytometer, and the sort button 

(arrow) was clicked to continuously (circle) collect sorted 

drops. After the loaded samples were aspirated to the bottom, 

the sorting was stopped automatically. The sorted drops in 

the left tube were collected from the sorting chamber. 
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3.8 Microscopic observation of A. castellanii and THP-1 infected with gfp-

transfected L. pneumophila 

 

3.8.1 Co-culture preparation and microscopy settings  

 

An Eclipse Ti inverted microscope (Nikon) was used for visualization of the gfp-

transfected L. pneumophila–infected A. castellanii and THP-1. Because THP-1 cells are 

difficult to focus under a microscope, THP-1 was differentiated to adherent macrophage-

like cells using 100-nM phorbol-12-myristate 13-acetate (PMA, Sigma) supplement 

medium for 48 h before co-culture. Before microscopic examination of A. castellanii and 

THP-1 differentiated macrophage-like cells that were infected with gfp-transfected L. 

pneumophila, co-culture operations were set up as described in Sections 3.7.2 and 3.7.3. 

 

The NIS Element software was operated to control the settings of live-image visualization 

from T0 to T48. The phase contrast objective (40×, Nikon Advanced Modulation 

Contrast) was selected to focus on the A. castellanii and THP-1 differentiated 

macrophage-like cells. An appropriate laser pathway (GFP for green fluorescence) was 

selected to visualize the gfp-transfected L. pneumophila fluorescence (Figure 3.5, 4) and 

was then merged with the phase contrast images. The LUTs (look-up table) control panel 

(NIS-Elements Viewer, Nikon) was used to make appropriate adjustments to the light 

intensity to decrease the background intensity by comparison with the unstained cell 

control.     
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3.8.2 Live-image of host cells infected with gfp-transfected L. pneumophila 

 

Co-cultures of gfp-transfected L. pneumophila with host cells at T0 in a six-well plate 

(Corning) were placed in the box incubator on the inverted microscope (Figure 3.5, 2). 

The surrounded groove of the box incubator was filled with deionized water to maintain a 

humidified environment. The temperature and gas controller (Figure 3.5, 1) was operated 

to monitor the box incubator temperature. The lens heater was set at 37°C, the bath heater 

was set at 41°C, and the stage heater was set at 35.5°C, with all tested to ensure that the 

temperature of the box incubator remained at around 37°C. The controller also indicated 

the input of 5% CO2 by showing the pumped-up beads (gas pressure), which was 

connected to the box incubator (Figure 3.5, 3) to maintain the co-culture incubation in 

humidified conditions at 37°C in 5% CO2 for 48 h.     

After plate incubation setting, the NIS-Element software (Nikon) was connected to the 

microscope. A. castellanii cells and THP-1 differentiated macrophage-like cells were 

examined in different co-cultures under 40× NAMC phase contrast objective. After this 

procedure, the appropriate visualization settings were selected from the ND Acquisition 

menu of the NIS-Element software (Figure 3.5, 4). Images were taken each hour during 

the 48-h incubation, and the settings was fixed throughout 48 hours, which facilitated 

continuous observation of the targeted host cells infected with gfp-transfected L. 

pneumophila.                      
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1: Temperature and gas controller  2: Box Incubator 

3: Connection of 

controller and box 

incubator on 

microscope 

4: NIS-Elements software (Nikon) operation for 

visualization 

Figure 3.5 Facilities for co-culture 

visualization. 1, Temperature and 

gas controller that controlled and 

indicated the temperatures 

surrounding the box incubator, and 

the 5% CO2 input shown on the pump 

indicator (red circle). 2, Box 

incubator was filled with deionized 

water in the surrounding groove. 3, 

Box incubator connected to 

temperature and gas controller, which 

maintained incubation around 37°C 

in 5% CO2. 4, NIS-Elements software 

(Nikon) controlled the visualization 

settings.    
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3.9 Transcriptome analysis of gfp-transfected L. pneumophila grown in A. castellanii 

at transmissive phase 

 

3.9.1 RNA Preparation for RNA-sequencing 

 

A 48-h co-culture of A. castellanii and gfp-transfected L. pneumophila with a volume of 

36 mL was collected and flowed through the Aria III (BD). The sorted population (A. 

castellanii containing gfp-transfected L. pneumophila) was collected to 106 cells (stored 

under −80°C before RNA isolation). Extracellular grown gfp-transfected L. pneumophila 

in BYE broth at T48 (10 mL), A. castellanii co-culture without challenging bacteria at 

T48 (10 mL), and 106 FACS-enriched gfp-transfected L. pneumophila–infected A. 

castellanii were collected for RNA isolation using a Purelink RNA mini kit (Invitrogen) 

according to the manufacturer’s instructions. 

The isolated RNA was digested with DNaseI (Sigma), and the Purelink RNA mini kit 

was used to further purify the RNA. The RNA purity was measured using a NanoDrop 

2000 spectrophotometer (Thermo Fisher Scientific) to ensure an OD260/280>2.0. The 

RNA concentration was measured with a Qubit 3.0 fluorometer (Invitrogen) to ensure 

that the concentration exceeded 50 µg/mL. The RIN (RNA integrity number) was 

measured with an Agilent 2100 Bioanalyzer (Centre of Genomic Science, the University 

of Hong Kong), and when the RIN exceeded 6.0, 3 µg of each RNA sample was sent for 

Illumina Sequencing (Groken Bioscience, Hong Kong). 
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3.9.2 Library generation and RNA-sequencing 

 

The total RNA was fragmented (100 to 500 nt), and the RNA fragments were ligated to 

barcoded adaptors with a 5' phosphate and a 3' blocking group. The barcoded RNAs were 

pooled and depleted of rRNA using an rRNA depletion kit (Ribo-Zero rRNA Removal 

kit, Illumina). Primers adapted to the barcoded adaptor were used for first-strand cDNA 

synthesis, and a second adaptor was ligated to the first-strand cDNA. Primers targeting 

the constant region of the 3' and 5' ligated adaptors were used in PCR amplification for 

cDNA library generation (NEBNext UltraII Directional RNA Library Prep Kit for 

Illumina). 

The synthesized cDNAs were then used for Illumina HiSeq 2500 sequencing (Figure 3.6). 

Quality control ensured that Q20 (i.e., the probability of incorrect base calling of 1 in 100) 

exceeded 98% for sequencing reads. Sequencing readings were mapped to the L. 

pneumophila Philadelphia genome (NC_002942.5) and to the A. castellanii Neff genome 

(NW_004457442.1). 

The computational analysis of RNA-seq data was performed by standard workflow 

(Figure 3.7) (Groken Bioscience, Hong Kong). Raw reads were filtered and aligned with 

reference genomes (A. castellanii strain Neff, 42 Mb genome; L. pneumophila strain 

Philadelphia 1, 3.4 Mb genome). The values in reads per million were calculated for 

unigene (Mortazavi et al. 2008) and compared with different transcripts. The expression 

difference was measured using log2 ratio. An analysis of differential expressed genes 

(DEGs) in L. pneumophila–infected A. castellanii was performed by comparing the gene 

expression levels of intracellular L. pneumophila with extracellular L. pneumophila, 
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using gyrB (lpg0004) as the reference gene. The DEGs of infected A. castellanii were 

compared with uninfected A. castellanii, and 18S rRNA (ACA1_053610) was used as the 

reference gene. Hypergeometric analysis was performed to calculate the false discovery 

rate (Benjamini and Yekutieli 2001); if the false discovery rate was less than 0.001 and 

the log2 ratio of the target gene expression under different conditions exceeded 2, the 

gene was considered to be significantly expressed. GO (gene ontology) functional 

analysis and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis were 

then conducted from the DEGs. 
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Figure 3.6 Workflow of RNA preparation for Illumina sequencing (Groken Bioscience, 

Hong Kong). 
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Figure 3.7 Standard Groken Bioinformatics workflow. Enriched pathways and gene ontology 

were generated through differential expressed genes allocation from RNA-sequencing reads 

(Groken Bioscience, Hong Kong).  
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3.9.3 Verification of gene expression result using two-step quantitative RT-PCR 

3.9.3.1 RNA preparation and DNA removal of FACS-enriched A. castellanii infected 

with gfp-transfected L. pneumophila 

 

Co-cultures of gfp-transfected L. pneumophila with A. castellanii were collected at T24 

and T48 for FACS enrichment, as introduced in Section 3.7.5. The FACS-enriched cells 

were accumulated to 106 at each time point for RNA isolation (Section 3.5). A consistent 

quantity of RNA (<800 ng RNA per DNase I reaction) was then digested using DNase I 

at 37°C for 30 min to remove any DNA contamination in the RNA sample. Digested 

RNA (10 μL) was then reverse transcribed into cDNA using a RevertAid first-strand 

cDNA synthesis kit. A second reverse transcription without reverse transcriptase (no-

reverse transcriptase control) was set up simultaneously to monitor for the effective 

removal of DNA. The no-reverse transcriptase control was tested by quantitative real-

time PCR, and a Ct (threshold cycle) value larger than 35 represented clean removal of 

the DNA in RNA samples. Extracellular grown gfp-transfected L. pneumophila at T48 

and A. castellanii co-culture without challenging L. pneumophila at T48 were also 

collected for RNA isolation, DNA removal, and reverse transcription to cDNA.  

 

3.9.3.2 Quantitative real-time PCR of synthesized cDNA  

 

Quantitative real-time PCR was performed in 20-μL PCR mixtures consisting of 4 μL of 

cDNA, 1×SYBR Green Mastermix (Roche), and 500 μM of each forward and reverse 

primer (Life Technologies). For probe assay, the 20-μL PCR mix comprised 4 μL of 
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cDNA, 1× PrimeTime Gene Expression Mastermix (IDT), and 1 μL of 20× Probe assay 

mix (containing the 4-μM probe and 10 μM of each forward and reverse primer). The 

primers and probes used in this study are shown in Table 3.2. PCR was run on a 

LightCycler480 real-time PCR system (Roche). The thermal cycling conditions 

comprised an initial denaturation step at 95°C for 10 min, followed by 40 cycles at 95°C 

for 30 s and 60°C for 1 min. For the primers and Roche SYBR Green Mastermix used, a 

melting curve stage was added after thermal cycling to ensure the specific PCR product 

produced. The threshold cycle (CT) values of the target genes were normalized to those 

of the reference genes. The fold changes of the intracellular L. pneumophila target genes 

at T24 and T48 were compared with those of extracellular grown L. pneumophila at T48. 

The expression of A. castellanii genes in FACS-enriched A. castellanii infected with L. 

pneumophila at T24 and T48 were compared with the uninfected A. castellanii at T48. 

The formula for the calculation of fold change was the same as described in Section 3.5.3. 
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Table 3.2 Primers and probes used in RT-qPCR verification of gene expression. The primers 

and probes were designed using the IDT (Integrated DNA Technology) Primer Quest Tool.  

 

Gene Primer/probe Sequence (5'-3') Amplicon 

size (bp) 

Primers and probes for L. pneumophila-specific genes 

gyrB  

(reference gene) 

Forward: CGTGGAAAGCAGGAGCAATA  

Reverse: GAACCTCTTTGGCGGGATAAA 

Probe: FAM-TCTAACTCAGTGCGCGTTGGATGG-IBFQ 

103 

flaA Forward: GCAACGGCATTAACCAACTC  

Reverse: AGCAGCAGTGAGTGTCATATT 

Probe: FAM-TGGCGTCAGCCAAACTGGAGT-IBFQ 

108 

vipD Forward: CCTTACAAGAGCGCGGAAA  

Reverse: TCCATGCCAACGGCTAATATAC 

Probe: FAM-AATCTGACCCATGTTAGCGGAGCA-IBFQ 

94 

fliA Forward: AAAGGATGCCCCCTTGGATG 

Reverse: TCATCTGCTCGGGCGATTAC 

115 

sidI Forward: GCAAAAACAGGTGATGGGCA 

Reverse: CCTGTTGGGAATGGGATGCT 

125 

legK1 Forward: CCTTAGTGAGACGCCCAAGA 

Reverse: ACACAATACCGTACGCTCCC 

102 

legK3 Forward: TGCAGGCGAAGACGATAACC 

Reverse: AGCACTTTCGCCCCATAAGA 

139 

tnpA Forward: GACGCCTGGTGGTTCTCTTT 

Reverse: GGAGAGCGTGGTTGTGTCTT 

187 
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Table 3.2 Continued   

Gene Primer/probe Sequence (5'-3') Amplicon 

size (bp) 

pvcA Forward: GTGTCCCGGAAACCATTAGT 

Reverse: CGGGAAGGCAGGCAATATAA 

Probe: FAM-AAAGTGCGCTTCACCTCATTTGCC-IBFQ 

125 

pvcB 

 

Forward: AGCGTTACAGTTTGCCTCTT  

Reverse: GGTGATACCGTCTTGCTGTTAT 

Probe: FAM-AGGTGAGTGGTACCTACCAAAGGA-IBFQ 

102 

pvcC Forward: GCACATGGTCATGCATTTCG  

Reverse: AGCTCACCGGAAGTCTCTAT 

Probe: FAM-TGAAGCTGAGCGTAAGCCAGTAGC-IBFQ 

102 

Primers and probes for A. castellanii-specific genes 

 

Acanthamoeba 

ribosomal 18S 

(reference gene) 

Forward: CAAAGCAGGCAGATCCAATTT 

Reverse: CCTTAGTCCTCAAACCAACTGA 

Probe: FAM-TGCCACCGAATACATTAGCATGGGA-IBFQ 

99 

Acanthamoeba  

ATPeV 

Forward: GCTGGTCTCACGCAGAAGAA 

Reverse: GGACCAGAGACCAAACGAGG 

154 

Acanthamoeba 

IRSp53 

Forward: AGCCGATCTCACCAATCGAC 

Reverse: TGATTCGCTTCGGCCTTCTT 

117 

Acanthamoeba 

ATG14 

Forward: ATCCAACGAACGCGAACTCT 

Reverse: GGAGGGTTTGTGGGATCTGG 

113 

Acanthamoeba  

ribosomal S4 

Forward: TCGAAGGTTCCGCTATGCTC 

Reverse: TGAAGACCTGGGTCTGGAGG 

132 
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Table 3.2 Continued 

Gene Primer/probe Sequence (5'-3') Amplicon 

size (bp) 

Acanthamoeba 

ribosomal L35 

Forward: GTGATCAGCCAGACCCAGAG 

Reverse: ACGGTCTTGGCGTTCTTCTC 

137 

Acanthamoeba 

CoA Kinase 

Forward: AGCACAGCAACGAAGACAGA 

Reverse: GAGCGCATCAGCTTCCGATA 

161 

Acanthamoeba 

Ser/Thr 

phosphatase 

Forward: CGACCTATAGGCCCAAGCTG 

Reverse: CTCGTCTTCATGCGGTTCCT 

134 

Acanthamoeba 

ATPase 

Forward: TAACGGACGCCACTTCCTTC 

Reverse: CCGATGCTGCCATAGTCCAA 

193 

Acanthamoeba 

MCM8 

Forward: GAGCAACTCGGTCTTCACCA 

Reverse: GGTCCGCTTTTGAGGAGGAA 

129 
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3.10 Knockout study in L. pneumophila 

 

3.10.1 Knockout of pvcA and pvcB in L. pneumophila by allelic exchange 

 

The plasmids pJS5 and pJS6 (gifts from Prof. Cianciotto, Northwestern University, 

Chicago) were used to generate pvcA-knockout and pvcB-knockout L. pneumophila 

strains, respectively. The plasmids pJS5 and pJS6 were constructed by cloning 

pGEMTeasy plasmid cloned with gene aph(3’)-I in pvcA and pvcB DNA fragments into 

the counter-selective plasmid pBOC20, respectively (Allard et al. 2006) (Figure 3.8, A). 

The aph(3’)-I (aminoglycoside-O-phosphotransferase) gene encoding kanamycin 

resistance. The plasmid with the specific constructs can be transformed by L. 

pneumophila to facilitate allelic exchange, and transformed plasmids can finally be 

excreted by culturing the transformed bacteria in selective medium supplemented with 

sucrose (Allard et al. 2006, Cianciotto et al. 1988). The plasmids pJS5 and pJS6 were 

transfected in L. pneumophila. (The transfection operation is described in Section 3.6.1) 

(Figure 3.8, B). Transfected L. pneumophila were spread onto the selective αBCYE plate 

supplemented with 25 μg/mL kanamycin (Sigma) and 10% sucrose (Sigma). 
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Figure 3.8 Instruction of plasmids pJS5 and pJS6 facilitated site-directed mutagenesis in L. 

pneumophila. A. Constructs of plasmids pJS5 and pJS6, which were used for knockout of gene 

pvcA and pvcB, respectively. B. Workflow of pJS5 facilitated site-directed mutagenesis in L. 

pneumophila; furthermore, the pvcA could be knocked out by inserting aph(3’)-I in the L. 

pneumophila genome. The pJS6 was done in the same way for knockout of pvcB gene in L. 

pneumophila genome. 
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3.10.2 Verification of pvcA-knockout and pvcB-knockout L. pneumophila  

 

The pJS5 and pJS6 facilitated allelic exchange in the L. pneumophila genome, which led 

to the insertion of a aph(3’)-I gene that encoding kanamycin resistance in the pvcA and 

pvcB genes, respectively. The selective αBCYE plate supplemented with kanamycin and 

sucrose facilitated the selection of the successful pvcA-knockout and pvcB-knockout L. 

pneumophila. Colonies grown on the selective plates were further obtained and 

subcultured on the αBCYE plate supplemented with 25 μg/mL kanamycin and 10% 

sucrose for five passages to obtain the pvcA-knockout and pvcB-knockout L. 

pneumophila strains with the excretion of plasmid pJS5 and pJS6, respectively. The 

grown colonies were further subjected to verification by PCR, gel electrophoresis, and 

Sanger sequencing (Figures 3.9 and 3.10). 

 

For PCR verification of pJS5 and pJS6 transformed L. pneumophila, one colony grown 

on the selective plate was selected in the 50-μL PCR mix that comprised 1× Phusion 

high-fidelity buffer (NEB), 200 μM of dNTPs, 200 nM of forward and reverse primers, 

nuclease-free water, and 1 unit of Phusion DNA polymerase (NEB). Allard et al. (2006) 

used primers pvcA9F and pvcB6 to confirm insertion in L. pneumophila pvcAB (Allard et 

al. 2006); furthermore, their study used primers aligned to the aph(3’)-I fragment to 

confirm the junction of pvcAB with aph(3’)-I by sequencing. The primer information is 

shown in Figure 3.10. PCRs were run on a Veriti 96-well thermal cycler (ABI). The 

thermal cycling conditions comprised an initial denaturation step at 98°C for 1 min, 

followed by 40 cycles of 98°C for 30 s, 56°C for 30 s, and 72°C for 1 min. The PCR 
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products were further loaded onto 1.2% agarose gel (Sigma) supplemented with 1× 

SYBR safe stain dye (Thermo Fisher) for electrophoresis at 120 V for 1 h. The DNA in 

the gel was further exposed under ChemiDoc MP system (Bio-Rad) with Image Lab 

software, and the result is shown in Figure 3.9. The specific PCR products of primers 

pvcA9F and Kan1R and of primers pvcB1F and Kan2R were respectively cut from the 

gel (indicated by red arrow in Figure 3.9) for purification with a PureLink Quick gel 

extraction kit (Invitrogen). The purified PCR products were further subjected to Sanger 

sequencing to confirm the insertion of aph(3’)-I in pvcA and pvcB, respectively (Tech 

Dragon Sequencing, Hong Kong). 

 

L. pneumophila with aph(3’)-I insertion in pvcA and pvcB gene were confirmed as pvcA-

knockout L. pneumophila and pvcB-knockout L. pneumophila, respectively (Figure 3.10). 

The pvcA-knockout L. pneumophila and pvcB-knockout L. pneumophila were further 

stored in 20% glycerol at −80°C, respectively. 
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Figure 3.9 Gel electrophoresis identification of aph(3’)-I insertion in L. pneumophila pvcA 

and pvcB. From left to right lanes: 1, GeneRuler 100bp Plus DNA Ladder (Fermentas); 2, wild-

type L. pneumophila in PCR with pvcA9F and Kan1R primers; 3, negative control of pvcA9F 

and Kan1R PCR; 4, pJS5-transformed L. pneumophila in pvcA9F and Kan1R PCR; 5, wild-type 

L. pneumophila in PCR with pvcB1F and Kan2R primers; 6, negative control of pvcB1F and 

Kan2R PCR; 7, pJS6-transformed L. pneumophila in pvcB1F and Kan2R PCR; 8, wild-type L. 

pneumophila in PCR with pvcA9F and pvcB6R primers; 9, negative control of pvcA9F and 

pvcB6R PCR; 10, pJS5-transformed L. pneumophila in pvcA9F and pvcB6R PCR; 11, pJS6-

transformed L. pneumophila in pvcA9F and pvcB6R PCR.  

 

 

 



91 
 

 

 

Figure 3.10 Verification of pvcA-knockout and pvcB-knockout L. pneumophila strains. L. 

pneumophila transformed with pJS5 and pJS6 were subjected to PCR with primers pvcA9F-

Kan1R and PCR with primers pvcB1F-Kan2R, respectively. The two PCR products (indicated in 

Figure 3.9) were subjected to Sanger sequencing (Tech Dragon Sequencing, Hong Kong). The 

two pairs of primer sequences are shown on the right. The upper panel shows the PCR product’s 

sequence of pJS5 transformed L. pneumophila, and the insertion of aph(3’)-I in pvcA can be seen. 

The lower panel shows the PCR product’s sequence of pJS6 transformed L. pneumophila, and the 

insertion of aph(3’)-I in pvcB can be seen.     
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3.10.3 Growth assay of pvcA-knockout and pvcB-knockout L. pneumophila  

 

3.10.3.1 L. pneumophila and mutant strains grown in BYE broth with and without 

L-cysteine supplement  

 

L. pneumophila samples, including wild-type, pvcA-knockout, and pvcB-knockout strains, 

were grown in BYE broth. Two different groups of BYE broth were used, with and 

without supplementation with cysteine. (The recipes are listed in Appendix 1.) First, L. 

pneumophila grown on selective BCYE plates (4-day culture) were picked and suspended 

in 2 mL of PBS, and the OD600nm was adjusted to 1. A 20-μL L. pneumophila suspension 

was then added into every 20 mL of BYE broth in a 50-mL conical tube (Corning), and 

this time point was denoted as T0. The conical tube was incubated in a shaking incubator 

at 37°C with 200-rpm shaking. Every 12 h from T0 to T72, a 100-μL suspension of each 

group of L. pneumophila grown in BYE broth was added to one well of a 48-well plate 

(Corning) to measure the OD600nm with a DTX800 Multimode Microplate Reader 

(Beckman Coulter). The final optical density of L. pneumophila grown in BYE broth was 

normalized to BYE broth read under OD600nm. The experiments were repeated three times, 

and the data are expressed as the percentage of each hour’s optical density divided by that 

of T0. 
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3.10.3.2 Intracellular growth assay of L. pneumophila and mutant strains 

 

L. pneumophila pvcA-knockout and pvcB-knockout strains were grown on αBCYE plates 

supplemented with 25 μg/mL kanamycin, and wild-type L. pneumophila was grown on 

αBCYE plates. The fresh-grown colonies (4-day culture) were suspended in 2 mL of PBS, 

and the OD600nm was adjusted to 1 (~109 L. pneumophila per mL), and the L. 

pneumophila in PBS suspension with an OD600nm of 1 were then used for co-cultures. 

 

Each 20 μL sample of L. pneumophila was added to 2 mL of A. castellanii (106 cell per 

mL) cultured in PYG, and the co-culture operation proceeded as described in Section 

3.4.1. PYG was used as the co-culture medium for the wild-type L. pneumophila, and 

PYG supplemented with 25 μg/mL kanamycin was used as the co-culture medium for 

both pvcA-knockout and pvcB-knockout L. pneumophila. The plate counts of L. 

pneumophila grown in A. castellanii were performed every 12 h from 0 to 48 h. 

 

The L. pneumophila suspension in PBS with an OD600nm of 1 was also used for co-culture 

with THP-1, and each 20-uL sample of L. pneumophila was added to 2 mL of THP-1 

cultured in RPMI 1640 medium (Gibco). The co-culture operation was as described in 

Section 3.4.2. RPMI 1640 was used as the co-culture medium for the wild-type L. 

pneumophila, and RPMI 1640 supplemented with 25 μg/mL kanamycin was used as the 

co-culture medium for pvcA-knockout and pvcB-knockout L. pneumophila. The co-

culture was collected every 12 h from 0 to 48 h for plate counts. The data were expressed 
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as percentages of each hour’s plate count divided by the plate count at 0 h. Each 

experiment was performed three times.  

 

 

3.10.3.3 Growth assay of L. pneumophila and mutant strains released from A. 

castellanii in THP-1 

 

Based on the plate counts of L. pneumophila and mutant strains’ intracellular growth in A. 

castellanii (Section 3.10.3.2), 10-mL samples of wild-type L. pneumophila co-culture 

with A. castellanii, 18-mL samples of pvcA-knockout L. pneumophila co-culture with A. 

castellanii, and 100-mL samples of pvcB-knockout L. pneumophila co-culture with A. 

castellanii were used to further release the bacteria to be challenged into 10-mL samples 

of THP-1 culture in RPMI 1640 at an MOI of 1. 

 

The L. pneumophila co-cultured with A. castellanii (as introduced in Section 3.10.3.2) at 

T48 were collected and released by adding the same volume of sterile distilled water to 

the co-culture and incubating for 10 min, followed by five to ten passages through a 

syringe with a 23-gauge needle (10 mL; Terumo). The lysed L. pneumophila were further 

collected in 50-mL conical tubes and centrifuged at 150 ×g for 2 min to remove the A. 

castellanii debris. The bacterial pellets of L. pneumophila and the mutant strains were 

then suspended in 100-μL PBS and inoculated into each 10-mL sample of THP-1 cells at 

a concentration of 106 per mL in co-culture medium. The co-culture operations were the 
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same as described above. Each 2-mL co-culture was collected for plate counts every 12 h 

from 0 to 48 h. The data are expressed as the percentage of each hour’s plate count 

divided by the plate count at 0 h. All experiments were performed three times.  

 

 

3.11 Statistical analysis 

 

The data are presented as means ± SEM (standard error of mean) and analyzed with 

SPSS software (v24.0; IBM). Curves and histograms were generated in Excel (Microsoft 

Office 2016). The normal distribution of data was verified by Shapiro-Wilk testing; a p 

value of greater than 0.05 on the Shapiro-Wilk test indicates that the data set has a normal 

distribution. Statistical comparisons among multiple groups regarding plate counts, fold 

changes, and flow cytometry percentages were performed by either paired t-test or 

Wilcoxon-signed test (if the data were not normally distributed). Differences were 

considered to be statistically significant if the p value was less than 0.05. 
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4. Results 

 

4.1 Intracellular growth of L. pneumophila in A. castellanii and THP-1 

4.1.1 Extracellular growth of L. pneumophila in BYE broth 

 

Before L. pneumophila was used to infect the host cells, extracellular growth in broth 

was set up to investigate the extracellular grown bacterial number and to determine 

the post–exponential growth phase in BYE broth. The standard L. pneumophila strain 

(ATCC33152) grown on αBCYE plates (fresh L. pneumophila colonies were 

suspended in PBS and adjusted to an OD600nm of 1, which represented ~109 bacteria 

per mL) was inoculated in the BYE broth for bacterial extracellular growth. A growth 

curve was generated with the standard plate count method every 12 h from 0 to 48 h. 

During extracellular growth in the BYE broth, the number of L. pneumophila 

increased from 108 to 1010 CFU per mL during the first 24 h. From 24 to 48 h, the 

number of viable L. pneumophila remained near 1010 CFU per mL (Figure 4.1.1), 

which suggests that the L. pneumophila had reached the post–exponential growth 

phase that was reported to be more virulent and ready to infect host cells (Molofsky 

and Swanson 2004). The 48-h L. pneumophila broth culture was used to infect the 

host cells, including A. castellanii and THP-1 cells. 
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Figure 4.1.1 Extracellular growth curve of L. pneumophila. The number of viable and 

culturable L. pneumophila grown in BYE broth was enumerated every 12 h with the plate 

count method. BCYE agar plates were used for plate counts. Wilcoxon-signed rank test was 

used to compare the bacterial counts from 12 to 48 h to that of the previous time point, and p 

values less than 0.05 were considered to indicate statistical significance (*). 

 

 

 

 

 

 

7.5

8

8.5

9

9.5

10

10.5

0 12 24 36 48

Lo
g 

(C
FU

 p
er

 m
L)

Hours grown in BYE Broth

*

*
*



98 
 

4.1.2 Intracellular growth of L. pneumophila in A. castellanii and THP-1 by plate 

counts 

A standard plate count method was used to compare the number of viable L. 

pneumophila in A. castellanii and THP-1. After the A. castellanii and THP-1 were 

challenged with L. pneumophila for 3 h, the extracellular bacteria were removed by 

gentamicin treatment. A. castellanii and THP-1 from the co-culture were collected for 

plate counts at various time points. THP-1 and A. castellanii cells were both 

challenged with L. pneumophila at an MOI of 10. However, the initial intracellular L. 

pneumophila count at 0 h in THP-1 was 1-log less than that in A. castellanii, 

indicating a difference in the hosts’ ability to uptake L. pneumophila (Figure 4.1.2). 

  

Figure 4.1.2 illustrates the growth pattern of L. pneumophila in the two hosts. When 

grown in THP-1 cells, the intracellular Legionella number remained stable during the 

first 24 h after infection and exhibited a 0.4-log increase from 24 to 36 h after 

infection. Although the increase between 24 and 36 h after infection was small, the 

difference reached statistical significance (p=0.043). A 0.2-log increase was seen 

between 36 and 48 h after infection (p=0.310). 

 

In contrast, the intracellular L. pneumophila in A. castellanii exhibited a 1-log 

increase in growth during the first 24 h (p=0.043) and no further increase up to 48 h 

(p=0.068). The results show that L. pneumophila replicated better in A. castellanii. 
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Figure 4.1.2 Intracellular growth curve of L. pneumophila in A. castellanii and THP-1. 

Viable and culturable L. pneumophila grown in THP-1 and A. castellanii were released via 

lysis of the host cells at 12-h intervals up to 48 h. The released L. pneumophila cells were 

enumerated with the plate count method. BYE agar plates were used for plate counts. The 

Wilcoxon-signed rank test was used to compare the bacterial counts at 12 to 48 h with those 

at the previous time points (T0 and T12; T12 and T24; T24 and T36; T36 and T48). A p value 

of less than 0.05 was considered to indicate statistical significance (*). 
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4.1.3 Microscopic observation of gfp-transfected L. pneumophila–infected A. 

castellanii and THP-1 

 

The A. castellanii and THP-1 were infected with gfp-transfected L. pneumophila; 

after the co-culture, live images of gfp-transfected L. pneumophila–infected host cells 

(from T0 to T48) were visualized with the inverted confocal microscope (Eclipse Ti, 

Nikon).       

 

4.1.3.1 A. castellanii infected with gfp-transfected L. pneumophila 
 

The microscopic images of gfp-transfected L. pneumophila–infected A. castellanii 

show an obvious increase in the number of A. castellanii cells rounded up together 

with the GFP signals (Figure 4.1.3.1). This indicates that the replication of L. 

pneumophila inside the A. castellanii increased gradually during the first 12 h and 

then more rapidly from T12 to T24 (Figure 4.1.3.1). 

 

The GFP signals showed no obvious increase or propagation after T36, which could 

be due to the decreased viability of A. castellanii (Figure 4.1.3.1). The host A. 

castellanii also showed obvious morphological changes between T0 and T48. A. 

castellanii cells were confluent and adhesive during the early phase and were rounded 

up and floating in the late stage. The morphological changes of A. castellanii could 

have been caused by L. pneumophila infection or deprivation of nutrients in the co-

culture. 
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Our microscopic study also showed that the GFP signals were both focal and 

dispersed from T16 to T28 (Figure 4.1.3.1). However, the GFP signals were dispersed 

in most of the infected A. castellanii cells from T32 to T48 (Figure 4.1.3.1). The focal 

GFP indicated that gfp-transfected L. pneumophila was encapsulated in the LCV, and 

the dispersal signals indicated the presence of motile gfp-transfected L. pneumophila 

inside the A. castellanii cell (Xiong et al. 2017), ready for rupture and release from the 

host. 
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T0 T4 

T8 T12 

Figure 4.1.3.1 Images of gfp-transfected L. pneumophila–

infected A. castellanii. A. castellanii were infected with gfp-

transfected L. pneumophila and observed under an inverted 

confocal microscope. The co-culture was visualized every hour 

from T0 to T48; this page shows images of every 4 hours from T0 

to T24. Black arrow indicates A. castellanii cells contained with 

focal GFP signal, and red arrow indicates A. castellanii contained 

with disperse GFP signals.            

T16 T20 

T24 
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T28 T32 

T40 T36 

T44 T48 

Figure 4.1.3.1 Continued. Images of gfp-transfected L. pneumophila–infected A. castellanii. A. 

castellanii were infected with gfp-transfected L. pneumophila and observed under an inverted 

confocal microscope. The co-culture was visualized every hour from T0 to T48; this page shows 

images of every 4 hours from T28 to T48. Black arrow indicates A. castellanii cells contained with 

focal GFP signal, and red arrow indicates A. castellanii contained with disperse GFP signals.     
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4.1.3.2 Gfp-transfected L. pneumophila grown in THP-1 for 48 h  
 

When gfp-transfected L. pneumophila was grown in THP-1–differentiated 

macrophages, the green fluorescence signals were less obvious than that grown in A. 

castellanii (see Figure 4.1.3.2). Because THP-1 cells are nonadhesive, THP-1 cells 

were differentiated into adhesive macrophages using PMA (Phorbol-12-myristate 13-

acetate) before challenge with gfp-transfected L. pneumophila. THP-1 at a 

concentration of 106/mL was treated with 100-nM PMA in supplied RPMI medium 

for 2 days and used for co-culture (introduced in Section 3.6.3). 

 

The images show fewer macrophages with green fluorescence. The microscopic 

observation agreed with the plate counts of intracellular L. pneumophila released from 

THP-1, which also demonstrated an increase of less than 1-log in L. pneumophila 

(from T0 to T36). Some THP-1 cells have internalized the gfp-transfected L. 

pneumophila, but no growth is visible inside the host. Some GFP signals internalized 

by THP-1 cells had disappeared in the next visualization (Figure 4.1.3.2; T0 and T4; 

arrows), possibly because of the antimicrobial activities of the THP-1 cells.            
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T20 

T24 

T0 

Figure 4.1.3.2 Images of gfp-transfected L. pneumophila–

infected THP-1–differentiated macrophages. THP-1–

differentiated macrophages were infected with gfp-transfected L. 

pneumophila and visualized under an inverted confocal 

microscope (Nikon) from T0 to T48 (this page shows T0 to T24). 

White arrow shows macrophage cell contained with GFP signal 

that has disappeared by next time point. Black arrow represents 

macrophage cell internalized with GFP signal that is sustained in 

next time point. 

T16 

T4 

T8 T12 
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T28 T32 

T40 T36 

T44 T48 

Figure 4.1.3.2 Continued. Images of gfp-transfected L. pneumophila–infected THP-1–

differentiated macrophages. THP-1–differentiated macrophages were infected with gfp-transfected L. 

pneumophila and were visualized under an inverted confocal microscope (Nikon) from T0 to T48 (this 

page shows T28 to T48). White arrow shows macrophage cell contained with GFP signal that has 

disappeared by next time point. Black arrow represents macrophage cell internalized with GFP signal 

that is sustained in next time point.    
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4.2 Differential virulence expression of Legionella pneumophila grown in 

amoebas and monocytes 

4.2.1 Expression of L. pneumophila virulence genes in different hosts 

4.2.1.1 L. pneumophila expression patterns in THP-1 

 

When grown in THP-1 cells, the expression of the pyroptosis-related genes flaA and 

sdhA varied dynamically over time. The expression of flaA decreased from −3.6-fold 

to −6.7-fold over time, whereas the expression of sdhA was upregulated at all time 

points (T0 to T48), increasing from 1.5-fold upregulation at 12 h to 8.1-fold at 48 h 

after infection. In contrast, the expression of the apoptosis-related genes vipD and 

sidF was more static, with slight decreases (<2-fold downregulation) over time 

(Figure 4.2.1.1). 

 

4.2.1.2 L. pneumophila expression patterns in A. castellanii  

 

The expression of both flaA and vipD was upregulated in A. castellanii. During the 

first infection cycle, the expression of flaA had not obviously changed (1.7-fold 

upregulation) at 12 h after infection, but it peaked (13.1-fold) at 24 h, followed by 

decreases during the second infection cycle to 8.6- and 7.4-fold upregulation at 36 and 

48 h, respectively. Although vipD exhibited 1.8- and 1.3-fold downregulation at 12 

and 24 h, respectively, the expression levels increased during the second infection 

cycle, with 1.8- and 4.6-fold upregulation at 36 and 48 h, respectively (Figure 4.2.1.2). 

In contrast, sdhA and sidF exhibited changes of less than 2-fold at most time points, 

except for 4.3-fold downregulation of sdhA at 48 h after infection (Figure 4.2.1.2). 
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In summary, these gene expression studies indicate that during growth in THP-1 cells, 

the L. pneumophila genes responsible for pyroptosis activation were downregulated, 

whereas those involved in the suppression of host pyroptosis were activated. In 

contrast, the L. pneumophila genes responsible for the initiation of host cell death 

were upregulated during growth in A. castellanii. 
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Figure 4.2.1.1 Expression of L. pneumophila virulence genes during intracellular growth 

in THP-1. L. pneumophila grown in THP-1 were collected for RNA isolation at various time 

points and used to run quantitative RT-PCR. All virulence genes had been normalized to the 

housekeeping gene gyrB. The data are expressed as the mean fold change (2-∆∆CT) from T0. 

Error bars show the SEM (standard error of the mean). The fold changes at T24 and T48 were 

statistically compared with that at T12 with the Wilcoxon signed rank test; asterisks (*) 

represent significant differences (p ˂ 0.05). 
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Figure 4.2.1.2 Expression of L. pneumophila virulence genes during intracellular growth 

in A. castellanii. L. pneumophila grown in A. castellanii were collected for RNA isolation at 

various time points and used to run quantitative RT-PCR. All virulence genes had been 

normalized to the housekeeping gene gyrB. The data are expressed as the mean fold change 

(2-∆∆CT) from T0. Error bars show the SEM (standard error of the mean). The fold changes at 

T24 and T48 were statistically compared with that at T12 with the Wilcoxon signed rank test; 

asterisks (*) represent significant differences (p ˂ 0.05). 
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4.2.2 Expression of CASP genes in the THP-1 host cells 
 

To understand the host cell responses during L. pneumophila infection, we 

investigated the expression of CASP-1 and CASP-3 in THP-1 cells (Figure 4.2.2). In 

the uninfected THP-1 cells, the expression of CASP-1, which encodes caspase-1, 

showed strong upregulation, with increases ranging from 6.1- to 16.3-fold between 12 

and 48 h. Despite the strong upregulation of CASP-1 at 48 h, however, the number of 

viable cells was not remarkably reduced (Figure 4.3.3.1). In contrast, CASP-1 was 

only modestly upregulated in L. pneumophila–infected THP-1 cells, with increases 

ranging from 2- to 3.2-fold between 12 and 48 h after infection. Overall, our results 

show that CASP-1 expression was lower in the L. pneumophila–infected THP-1 cells 

than in the uninfected THP-1 cells. 

The expression of CASP-3, which encodes the apoptotic protein caspase-3, was lower 

in the L. pneumophila–infected THP-1 cells than in the uninfected cells at all time 

points except for T36, when the pattern reversed slightly (Figure 4.2.2). The 8.6-fold 

downregulation of CASP-3 expression seen at 48 h after infection may have been 

caused by a decrease in the number of viable THP-1 cells. In summary, our results 

demonstrate reduced activation of caspase genes in Legionella-infected cells relative 

to uninfected cells. 
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Figure 4.2.2 Expression of CASP genes during L. pneumophila infection in THP-1. Fold 

changes in the expression of CASP-1 and CASP-3 in THP-1 were detected with quantitative 

RT-PCR every 12 h from T0 to T48. The expression levels of the THP-1 genes were 

normalized to those of its housekeeping gene GAPDH. The data are expressed as the mean 

fold change. Error bars show the SEM (standard error of the mean). Fold changes at T24 and 

T48 were statistically compared with that at T12 with the Wilcoxon signed rank test; asterisks 

(*) represent significant differences (p ˂ 0.05). 
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4.2.3 Metacaspase-1 (MCASP-1) expression of infected and uninfected A. 

castellanii 
 

The expression of the A. castellanii metacaspase-1 gene (MCASP-1) was also 

investigated (Figure 4.2.3, left panel). In uninfected A. castellanii, a change in 

MCASP-1 expression of less than 2-fold was observed between the 12- and 48-h time 

points. In Legionella-infected A. castellanii, however, MCASP-1 expression kept 

increasing between 12 and 48 h after infection. The MCASP-1 expression was 

downregulated by 4.5-fold at 12 h, downregulated by only 1.5-fold at 24 and 36 h, 

and upregulated by 3.5-fold at 48 h, indicating that MCASP-1 activation occurred later 

after L. pneumophila infection. Because MCASP-1 promotes amoeba encystment, we 

performed microscopic examinations of both uninfected and infected cells for the 

presence of amoeba cysts at various time points. At 48 h, amoeba cysts were present 

in 1% and 32% of the uninfected and infected A. castellanii, respectively, which 

demonstrates that L. pneumophila infection led to increased cyst formation (Figure 

4.2.3, right panel).       

From microscopic observation of the A. castellanii cells’ morphology co-cultured 

with L. pneumophila, the A. castellanii cells exhibited an obvious blebbing 

appearance and/or encystment 24 h after infection. MCASP-1 was reported to express 

the caspase-like protein metacaspase-1, which may be involved in Acanthamoeba 

encystment. The accumulated number of L. pneumophila in the late stage grown in A. 

castellanii is associated with the upregulation of MCASP-1 at T48 in A. castellanii. 
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Figure 4.2.3 Expression of MCASP-1 during L. pneumophila grown in A. castellanii that 

changed from trophozoites to cysts. Fold changes in the expression of MCASP-1 in A. 

castellanii were detected with quantitative RT-PCR every 12 h from T0 to T48 (left). The 

expression level of MCASP-1 was normalized to that of A. castellanii 18S rRNA gene. The 

data are expressed as the mean fold change. Error bars show the SEM (standard error of the 

mean). Fold changes at T24 to T48 were statistically compared with that at T12 with the 

Wilcoxon signed rank test; asterisks (*) represent a significant change (p ˂ 0.05). Microscopic 

images (right) show the uninfected and infected A. castellanii. Black arrows indicate 

trophozoites, and white arrows indicate cyst forms with a two-layer cell wall (scale bar = 25 

μm; magnification 400×). 
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4.3 Investigation of cell death in L. pneumophila–infected THP-1 and 

Acanthamoeba castellanii 

 

For accurate investigation of whether caspase-1–mediated pyroptosis or caspase-3–

mediated apoptosis dominated in THP-1 cells’ death when infected with L. 

pneumophila, active caspase-1 and active caspase-3 were stained in both infected and 

uninfected THP-1. Propidium iodide staining was used to compare cell death between 

L. pneumophila–infected and uninfected host cells, which helped us to evaluate the 

ability of cell death caused by L. pneumophila. 

  

4.3.1 Production of active caspase-1 in L. pneumophila–infected and uninfected 

THP-1 cells 

 

Figure 4.3.1.1 shows the results of flow cytometry of active caspase-1 protein. The 

percentage of caspase-1–positive cells was measured at each time point in both groups. 

The percentages of caspase-1–positive cells increased gradually from T0 to T48. The 

percentage of THP-1 cells that produced caspase-1 ranged from 1.9% to 14.9% in the 

L. pneumophila–infected group and from 1.5% to 13.6% in the uninfected group. 

From T0 to T12, the percentages of caspase-1–positive cells were similar in both 

groups. At T24, the percentage of caspase-1–positive cells was lower in the L. 

pneumophila–infected group than in the uninfected group, and a statistically 

significant difference was observed at T24 (p=0.015). In contrast, from T36 to T48, 

the percentages of caspase-1–positive cells were higher in the L. pneumophila–
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infected group, and a statistically significant difference was observed at T48 

(p=0.019). 

 

Microscopic examination was performed on the THP-1 cells stained with FITC-

labelled FAM-YVAD-FMK. When observed under a confocal microscope, a gradual 

increase was seen in the caspase-1–positive cells in both the L. pneumophila–infected 

and uninfected THP-1 cells between T0 and T48 (Figure 4.3.1.2). It was also 

observed that both uninfected and infected groups had cells with stronger green 

fluorescence than others obtained in the same image, representing the greater 

production of active caspase-1 in these cells (arrows indicate in Figure 4.3.1.2). It is 

well known that active caspase-1 can further induce pyroptosis, that is, inflammatory 

cell death (Miao et al. 2010). The increase in active caspase-1 production in both L. 

pneumophila–infected and uninfected THP-1 suggests that L. pneumophila infection 

was not the only reason that caspase-1 activation was triggered.          
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Figure 4.3.1.1 Active caspase-1 production in L. pneumophila–infected and uninfected 

THP-1 cells. THP-1 cells obtained at various time points were stained with FITC-labeled 

FAM-YVAD-FMK, and the signals were detected with a BD FACSAria III flow cytometer. 

The data are presented as the percentage of cells that express caspase-1. The percentages in 

the L. pneumophila–infected and uninfected groups were compared at each time point with a 

paired t-test. A p value of less than 0.05 was considered to indicate statistical significance (*). 
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Infected 

Figure 4.3.1.2 Microscopic examination of 

active caspase-1 production in THP-1 

cells. A Nikon Eclipse Ti inverted 

microscope was used to visualize the THP-1 

cells stained with FITC-labeled FAM-

YVAD-FMK from T0 to T48. The left and 

right panels represent L. pneumophila–

infected and uninfected THP-1 cells, 

respectively. Arrow indicates cell with 

stronger green fluorescence. Green 

fluorescence indicates cells that produced 

active caspase-1. Bar – 50 μm.    

 

Uninfected 

T0 

T12 

T24 

T36 

T48 



119 
 

4.3.2 Production of active caspase-3 in L. pneumophila–infected and uninfected 

THP-1 cells 

 

Flow cytometry measurements of the active caspase-3 in both L. pneumophila–

infected and uninfected THP-1 cells were made every 12 h from T0 to T48. The 

percentages of THP-1 cells that produced active caspase-3 ranged from 0.6% to 1.1% 

in the L. pneumophila–infected group and from 0.7% to 1.3% in the uninfected group. 

Both groups had much lower percentages of cells that produced caspase-3 than those 

that produced caspase-1, and the percentage of caspase-3–positive cells was increased 

mildly from T0 to T24. During this period, the L. pneumophila–infected group had a 

lower percentage of caspase-3–positive cells than the uninfected group, but the 

difference was not statistically significant. At T36 and T48, the percentages of 

caspase-3–positive cells had decreased to a level similar to that seen at T12. The L. 

pneumophila–infected group had a higher percentage of caspase-3–positive cells than 

the uninfected group at T48, but the difference was not statistically significant (Figure 

4.3.2.1).      

 

The microscopic images of the L. pneumophila–infected and uninfected groups show 

that most cells were negative for active caspase-3 (Figure 4.3.2.2). Our data show that 

less than 2% of cells were caspase-3–positive at all time points, which suggests less 

involvement of active caspase-3 protein in both the L. pneumophila–infected and 

uninfected THP-1 cells. 
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Figure 4.3.2.1 Active caspase-3 production in L. pneumophila–infected and uninfected 

THP-1 cells. THP-1 cells obtained at various time points were stained with PE-labeled 

DEVD-FMK, and signals were detected with a BD FACSAria III flow cytometer. The data 

are presented as the percentages (%) of cells that expressed caspase-1. The percentages in the 

L. pneumophila–infected and uninfected groups were compared at each time point with a 

paired t-test. A p value of greater than 0.05 was considered to indicate a lack of a significant 

difference. 
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Infected Uninfected 

T0 

T12 

Figure 4.3.2.2 Microscopic examination of 

active caspase-3 production in THP-1 cells. 

A Nikon Eclipse Ti inverted microscope was 

used to visualize THP-1 cells stained with PE-

labeled DEVD-FMK from T0 to T48. The left 

and right panels show L. pneumophila–

infected and uninfected THP-1 cells, 

respectively. Arrow indicates THP-1 cell with 

the weak red fluorescence. Red fluorescence 

indicates cells that produced active caspase-1 

protein. Bar – 50 μm.    
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4.3.3 Cell death assay in THP-1 cells 

 

PI can penetrate damaged cells and bind to nucleic acids. Hence, the percentage of PI-

positive cells reflects the percentage of damaged cells as a result of cell death. Figure 

4.3.3.1 shows the percentages of PI-positive cells in the L. pneumophila–infected and 

uninfected groups. Our results show that 1.4% of the L. pneumophila–infected THP-1 

cells stained positive with PI at T0, and a sharp increase to 7.05% and 7.7% was seen 

at T12 and T24, respectively. The percentage of PI-positive cells continued to 

increase to 9.4% at T36 and 12.9% at T48. The pattern of the infected THP-1 cells 

was similar to that of the uninfected counterpart. In the uninfected group, the 

percentage of PI-positive cells increased sharply from 2.2% at T0 to 8.93% at T24. 

Little change was seen in the PI-positive percentage from T24 to T36, but the 

percentage increased from 9.05% at T36 to 11.2% at T48. The infected group had a 

significantly higher percentage of PI positive cells than the uninfected group at T48 

(p=0.031).  

The microscopic observation (Figure 4.3.3.2) of PI-stained THP-1 cells showed no 

obvious difference between the L. pneumophila–infected and uninfected THP-1 cells 

from T0 to T48. We observed that certain PI-positive cells were dilated (blue arrow in 

Figure 4.3.3.2) in both the L. pneumophila–infected and uninfected THP-1 cells, 

which suggests the possible involvement of necrosis or pyroptosis (Kroemer et al. 

2009, Ziegler and Groscurth 2004). 

From cell death staining (Table 4.3.1), including active caspase-1, active caspase-3, 

and PI staining, narrow gaps were seen between the L. pneumophila–infected and 

uninfected THP-1 cells at all time points. THP-1 cell death could be triggered by 

nutrient deprivation instead of bacterial infection. 
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Figure 4.3.3.1 Comparison of PI-positive percent between L. pneumophila–infected and 

uninfected THP-1 cells. THP-1 cells obtained at various time points were stained with PI, 

and the signals were detected with a BD FACSAriaIII flow cytometer. The data are presented 

as the percentage (%) of cells with PI-stained red fluorescence. The percentages in the L. 

pneumophila–infected and uninfected groups at each time point were compared with a paired 

t-test. A p value of less than 0.05 was considered to indicate statistical significance (*).  
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T48 

Figure 4.3.3.2 Microscopic examination 

of PI-stained THP-1 cells. A Nikon 

Eclipse Ti inverted microscope was used to 

visualize the THP-1 cells stained with PI 

from T0 to T48. The left and right panels 

represent L. pneumophila–infected and 

uninfected THP-1 cells, respectively. Red 

fluorescence indicates PI-positive cells. 

Blue arrow indicates PI-positive cell with 

dilated morphology compared to some PI-

negative cells (white arrows indicate). Bar – 

50 μm. 
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Table 4.3.1. Summary of flow cytometry data of active caspase-1 staining, active 

caspase-3 staining, and PI staining in THP-1 cells. L. pneumophila–infected and uninfected 

THP-1 were compared at each time point with a paired t-test. A p value of less than 0.05 

indicates a statistically significant (*) difference. 

 

 % of active caspase-1 stain 

positive 

% of active caspase-3 stain 

positive 

% of PI stain positive (cell death) 

Time 

point 

Infected 

THP-1 

Uninfected 

THP-1 

p value Infected 

THP-1 

Uninfected 

THP-1 

p 

value 

Infected 

THP-1 

Uninfected 

THP-1 

p 

value 

T0 1.88±0.21 1.52±0.23 0.149 0.6±0.21 0.7±0.4 0.371 1.4±0.4 2.2±2.05 0.250 

T12 7.06±0.76 7.22±0.88 0.972 0.8±0.4 0.99±0.7 0.532 7.05±2.02 6.06±0.95 0.192 

T24 8.52±0.64 10.5±0.47 0.015* 1.09±0.26 1.32±0.7 0.319 7.7±1.6 8.93±0.6 0.085 

T36 11.6±0.44 11.05±1.1 0.491 0.96±0.38 0.96±0.5 0.977 9.4±0.8 9.05±1.6 0.489 

T48 14.9±0.55 13.6±0.53 0.019* 1.07±0.4 0.86±0.2 0.088 12.9±1.4 11.2±1.78 0.031* 
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4.3.4 Cell death assay in A. castellanii cells 

 

The results of PI staining in A. castellanii differed greatly from those in the THP-1 

cells. The percentages of PI-positive A. castellanii were significantly higher in the L. 

pneumophila–infected groups than in the uninfected cells from T12 to T48 (Figure 

4.3.4.1). The percentage of PI-positive Acanthamoeba increased rapidly from 1.53% 

at T0 to 10.9% at T12, 16.8% at T24, 22.6% at T36, and 39.3% at T48. In contrast to 

the uninfected group, the percentages of PI-positive Acanthamoeba varied from 1.1% 

to 4.65% from T0 to T48. The difference in the PI-positive percentages between the 

two groups was significant from T12 to T48 (p = 0.017, 0.013, 0.003, and 0.004, 

respectively). 

  

Figure 4.3.4.2 shows PI-positive A. castellanii cells with red fluorescence in both L. 

pneumophila–infected and uninfected groups. L. pneumophila–infected A. castellanii 

had more cells with red fluorescence than uninfected A. castellanii from T12 to T48. 

We also observed that PI-positive cells had reduced cell volume (white arrow 

indicates) compared with A. castellanii trophozoite cell (black arrow indicates) in 

both L. pneumophila–infected and uninfected groups. It was also shown that A. 

castellanii infected with L. pneumophila at T48 had cysts penetrated by PI (blue 

arrow indicates).      
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Figure 4.3.4.1 Comparison of PI-positive percent in A. castellanii cells between L. 

pneumophila–infected and uninfected groups. A. castellanii cells obtained at various time 

points were stained with PI, and the signals were detected with a BD FACSAriaIII flow 

cytometer. The data are presented as the percentage (%) of PI-positive cells. The percentages 

in the L. pneumophila–infected and uninfected groups were compared at each time point with 

a paired t-test. A p value of less than 0.05 was considered to indicate statistical significance 

(*).  
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Figure 4.3.4.2 Microscopic examination of 

PI-stained A. castellanii cells. A Nikon 

Eclipse Ti inverted microscope was used to 

visualize the A. castellanii cells stained with 

PI from T0 to T48. The left and right panels 

represent L. pneumophila–infected and 

uninfected A. castellanii, respectively. Red 

fluorescence indicates PI-positive cells. 

White arrow indicates PI-positive cell, black 

arrow indicates trophozoite cell, and blue 

arrow indicates cyst stained with PI. Bar – 

50 μm. 
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4.3.5 Microscopic observation of THP-1 and A. castellanii cell death when 

infected with gfp-transfected L. pneumophila 

 

THP-1 and A. castellanii were challenged with gfp-transfected L. pneumophila, and 

the cells were then collected for PI staining. Figure 4.3.5 shows that THP-1 and A. 

castellanii cells infected with gfp-transfected L. pneumophila at T48 showed green 

fluorescence and simultaneously presented PI-positive cells that showed red 

fluorescence. 

 

A. castellanii cells with both gfp-transfected L. pneumophila and PI penetration were 

observed (white arrow in upper panel of Figure 4.3.5), which suggests that L. 

pneumophila infection in A. castellanii could directly cause cell death. In contrast, 

THP-1 cells with gfp-transfected L. pneumophila cannot be penetrated by PI (yellow 

arrow in lower panel of Figure 4.3.5), which suggests that L. pneumophila infection 

could prevent membrane destruction in THP-1 cells. At the same time, THP-1 cells 

with red fluorescence showed no green fluorescence (blue arrow indicates), which 

suggests that THP-1 cell death was not caused by L. pneumophila infection. 
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Figure 4.3.5 Microscopic examination of gfp-transfected L. pneumophila–infected A. 

castellanii and THP-1 at T48 that were stained with PI. An inverted confocal microscope 

(Nikon) was used to visualize A. castellanii and THP-1 infected with gfp-transfected L. 

pneumophila at T48 that were stained with PI. The upper and lower panels represent gfp-

transfected L. pneumophila–challenged A. castellanii and THP-1, respectively. Green 

fluorescence indicates the presence of gfp-transfected L. pneumophila, and red fluorescence 

indicates PI-staining positive. Bar – 50 μm.      
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4.4 Transcriptome of FACS-enriched A. castellanii infected with gfp-transfected 

L. pneumophila 

 

4.4.1 Extracellular and intracellular growth of gfp-transfected L. pneumophila 

 

4.4.1.1 Extracellular growth of gfp-transfected L. pneumophila in BYE broth  

 

The gfp-transfected L. pneumophila grown in BYE broth showed a slight decline 

from T0 (7.01-log CFU per mL) to T12 (6.56-log CFU per mL) and then increased by 

more than 1-log from T12 to T24 (8-log CFU per mL). When grown in BYE broth, 

the number of gfp-transfected L. pneumophila peaked at T36 (8.1-log CFU per mL). 

No increase was seen in gfp-transfected L. pneumophila at T48 (7.55-log CFU per 

mL), and the bacteria from this phase were used to infect A. castellanii. 

 

The L. pneumophila grown in BYE broth had a 2-log increase in the number of 

bacteria from T0 (8-log CFU per mL) to T36 (10-log CFU per mL) and then showed 

no further increase at T48 (9.6-log CFU per mL). When we compared growth in BYE 

broth between the wild-type L. pneumophila and gfp-transfected L. pneumophila, the 

duplication of gfp-transfected L. pneumophila showed about 2-log lower replication 

(Figure 4.4.1.1), but this could have been caused by a lower gfp-transfected L. 

pneumophila count at T0. Nevertheless, both bacterial strains entered the late 

stationary phase, which was considered to be more virulent and infectious, at T48. 
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Figure 4.4.1.1 Extracellular growth of L. pneumophila and gfp-transfected L. 

pneumophila in BYE broth. L. pneumophila and gfp-transfected L. pneumophila were 

grown on αBCYE and αBCYE with chloramphenicol, respectively. The two bacterial strains 

were then inoculated in BYE broth and in BYE broth with chloramphenicol, respectively. The 

number of bacteria grown in broth was counted every 12 h from 0 to 48 h with a standard 

bacterial enumeration method. 
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4.4.1.2 Intracellular growth of gfp-transfected L. pneumophila in A. castellanii  

 

L. pneumophila grown in A. castellanii underwent two cycles of intracellular growth: 

from T0 (5.2-log CFU per mL) to T24 (6.67-log CFU per mL) and from T24 to T48 

(6.99-log CFU per mL) (Figure 4.1.2). Few A. castellanii cells were available at T48 

to support further bacterial infection and growth (Figure 4.2.3) in the co-culture. 

 

When gfp-transfected L. pneumophila was grown in A. castellanii co-culture, the 

number of bacteria peaked at T36 and reached the intracellular transmissive phase at 

T48 (Figure 4.4.1.2). The gfp-transfected L. pneumophila grown in A. castellanii 

showed less than 1-log growth from T0 (4.91-log CFU per mL) to T24 (5.58-log CFU 

per mL), and the number of bacteria increased further to 5.87-log CFU per mL at T36. 

The bacterial number showed no further increase at T48 (5.86-log CFU per mL). The 

L. pneumophila grown in A. castellanii in the late phase was considered to be more 

virulent and transmissive (Hammer et al. 2002). As a result, the gfp-transfected L. 

pneumophila grown in A. castellanii at T48 was collected for FACS enrichment and 

RNA sequencing. 
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Figure 4.4.1.2 Intracellular growth curve of L. pneumophila and gfp-transfected L. 

pneumophila in A. castellanii. Co-culture of A. castellanii with L. pneumophila and gfp-

transfected L. pneumophila was done at each time point. Bacteria grown in A. castellanii were 

released from the host cells every 12 h from 0 to 48 h and enumerated onto αBCYE with a 

standard plate count method. 

 

 

 

 

 

4

4.5

5

5.5

6

6.5

7

7.5

8

0 12 24 36 48

Lo
g 

(B
ac

te
ri

al
 c

o
u

n
t 

p
er

 m
L)

Hours post infection

L. pneumophila

gfp-L. pneumophila



135 
 

4.4.1.3 Gfp-transfected L. pneumophila–infected A. castellanii in the transmissive 

phase was used for transcriptome analysis 

 

L. pneumophila is widely known to have a biphasic life cycle (Hammer and Swanson 

1999). When L. pneumophila reached the exponential growth phase, their major task 

was to duplicate themselves. They acquired nutrients from the living surroundings, 

but bacteria obtained in the post–exponential growth phase would be more virulent 

and transmissive (Byrne and Swanson 1998). Previous studies elucidated that L. 

pneumophila in the transmissive phase expressed many virulent traits (Bachman and 

Swanson 2004). As a result, the use of gfp-transfected L. pneumophila in the 

transmissive phase would be valuable to uncover the virulence and pathogenesis of 

this bacteria. The following bacterial transcriptome analysis was based on the 

comparison of L. pneumophila–infected A. castellanii with extracellular L. 

pneumophila. The A. castellanii transcriptome analysis was based on the contrast 

between L. pneumophila–infected A. castellanii and uninfected A. castellanii.       

     

Figure 4.4.1.3 shows that the FACS-enriched A. castellanii co-culture (approximately 

90% gfp-positive A. castellanii) had a higher proportion of A. castellanii infected with 

gfp-transfected L. pneumophila than the non-enriched infected A. castellanii 

(approximately 40% gfp-positive A. castellanii). FACS helped to eliminate the 

interference of extracellular bacteria and uninfected A. castellanii in co-culture.                
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Non-enriched gfp-transfected L. pneumophila-infected A. 

castellanii at T48 

FACS-enriched gfp-transfected L. pneumophila–infected 

A. castellanii at T48 

Figure 4.4.1.3 Non-enriched and FACS-enriched A. castellanii infected with gfp-

transfected L. pneumophila at T48. A. castellanii co-culture with gfp-transfected L. 

pneumophila at T48 was collected for FACS by BD FACSAria III. Non-enriched and FACS-

enriched co-culture were visualized with an inverted confocal microscope (Nikon). The upper 

and lower panels represent the non-enriched L. pneumophila–infected A. castellanii at T48 

and the FACS-enriched L. pneumophila–infected A. castellanii at T48, respectively.     
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4.4.2 RNA sequencing information and alignment to reference genomes 

 

When the reads were mapped to the L. pneumophila Philadelphia genome 

(NC_002942.5), 44,796,251 of 79,038,670 reads (56.7%) from the extracellular-

grown gfp-transfected L. pneumophila and 6,803,944 of 86,120,934 reads (8%) from 

the FACS-enriched L. pneumophila–infected A. castellanii were respectively matched 

to the unique genomic locations of the bacterial reference genome. The reads of L. 

pneumophila-infected A. castellanii were matched to L. pneumophila and A. 

castellanii genomes, respectively.             

 

When the readings were mapped to the A. castellanii Neff genome 

(NW_004457442.1), 7,282,551 of 111,144,916 reads (6.6%) from the FACS-enriched 

L. pneumophila–infected A. castellanii and 5,997,422 of 108,562,376 reads (5.5%) 

from the uninfected A. castellanii matched the unique genomic locations of the 

reference genome. Because this is the first transcriptome study of A. castellanii 

infected with gfp-transfected L. pneumophila with the use of RNA-sequencing, no 

reference exists to determine whether the low percent of mapping is normal. However, 

one transcriptome analysis between A. castellanii cysts and trophozoites presented 

12.4% DEGs allocations (Moon et al. 2011b). A. castellanii activated only a small 

part of the genes from the genome to facilitate its differentiation activity from 

trophozoites to cysts. In this study, the A. castellanii cells could also activate a small 

part of the genome against L. pneumophila infection.          
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It was recommended that the optimal sequencing depth for Illumina RNA-sequencing 

for differential expression study ensure 5 million reads for bacterial genomes and 10 

million reads for intermediate genomes like Drosophila (Encyclopedia of DNA 

Elements, ENCODE 2011 RNA-Seq Standards). The current dual RNA-sequencing 

profiles provided at least 20 million reads for sufficient sequencing depth 

(Westermann et al. 2017). According to the results, the sequencing depth for L. 

pneumophila and A. castellanii transcriptomes study reached the required standard.        

 

After the read sequences were mapped to the reference genomes, the gene expression 

levels were calculated based on the RPKM (reads per kb bases per million reads) 

method (Mortazavi et al. 2008). L. pneumophila gyrB was used as reference gene, and 

A. castellanii 18S rDNA was used as reference gene. The FDR (false discovery rate) 

less than 0.001 was used to exclude those low-quality readings. The results showed 

that 729 genes were differentially expressed in L. pneumophila–infected A. castellanii 

compared with the extracellular L. pneumophila and that 1941 genes were 

differentially expressed in the L. pneumophila–infected A. castellanii compared with 

the uninfected A. castellanii.                                        
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4.4.3 Upregulated metabolism of L. pneumophila correlated with downregulated 

amino acid metabolism in A. castellanii 

 

4.4.3.1 Gene ontology enrichment analysis of DEGs in the intracellular L. 

pneumophila and infected A. castellanii host 

 

GO classified the DEGs into three categories: molecular function (MF), cellular 

component (CC), and biological process (BP). To determine the functions of DEGs, 

all DEGs were mapped to the terms in the GO database. There were 502 DEGs that 

mapped to L. pneumophila GO identity, and 1264 DEGs mapped to A. castellanii GO 

identity. Our GO enrichment analysis showed that most genes were upregulated in the 

intracellular L. pneumophila as compared with the extracellular L. pneumophila. In 

the GO enrichment analysis of DEGs of the intracellular L. pneumophila, the most 

enriched terms under MF, CC, and BP were “catalytic activity,” “cell,” and 

“metabolic process,” respectively (Figure 4.4.3.1). Among the three GO terms, 

“metabolic process” was dominant in the intracellular L. pneumophila (Figure 4.4.3.1). 

For the A. castellanii host, most genes in the infected A. castellanii were 

downregulated as compared with the uninfected A. castellanii. In the GO enrichment 

analysis of DEGs of the infected A. castellanii, the most enriched terms under MF, 

CC, and BP were “ATP binding,” “cytoplasm,” and “translation,” respectively (Figure 

4.4.3.2). The GO term “ATP binding” was the most enriched term in the infected A. 

castellanii (Figure 4.4.3.2). 
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Figure 4.4.3.1 Enriched GO terms by 

comparing L. pneumophila–infected 

A. castellanii with extracellular L. 

pneumophila. Molecular function 

(MF), cellular component (CC), and 

biological process (BP) were the three 

major GOs. The enriched GO terms 

were generated by comparing gfp-

transfected L. pneumophila–infected A. 

castellanii at T48 with extracellular-

grown gfp-transfected L. pneumophila 

at T48. The number of upregulated and 

downregulated genes of intracellular L. 

pneumophila is also presented on the 

bar chart.                        
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Figure 4.4.3.2 Enriched GO terms by 

comparing L. pneumophila-infected A. 

castellanii with uninfected A. castellanii. 

The orange bar represents the downregulated 

genes of infected A. castellanii compared to 

the uninfected ones, and the blue bar represent 

the upregulated genes in the enriched GO 

terms, including MF, CC, and BP. The 

number of both upregulated and 

downregulated genes are presented on each 

enriched GO term.              
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4.4.3.2 Differentially regulated pathways in the intracellular L. pneumophila and 

A. castellanii host 

 

Mapping of the DEGs to KEGG pathways (Nakao et al. 1999, Ogata et al. 1999) 

provides an idea about the functional relationship of a set of genes. There were 541 

DEGs from the intracellular L. pneumophila and 894 from the infected A. castellanii 

that mapped to the terms in the KEGG database. The KEGG pathway enrichment 

analysis showed that the cysteine metabolism (ko00270) was differentially regulated 

in both intracellular L. pneumophila and infected A. castellanii (Figures 4.4.3.3 and 

4.4.3.4). Figure 4.4.3.3 shows that the biosynthesis of serine and transformation from 

L-serine to L-cysteine were highly up-regulated in intracellular L. pneumophila. 

However, in infected A. castellanii the degradation of L-cysteine and L-methionine 

was down-regulated as shown in figure 4.4.3.4. The pathways were deduced from 

RNA sequencing reads aligned to KEGG allocation, this inspires further works to 

prove whether those marked genes function in the same way.                  

 

The figure 4.4.3.5 summarizes the key metabolism pathways that related to glycolysis, 

biosynthesis and degradation of amino acids in both infected A. castellanii and 

intracellular L. pneumophila. In infected A. castellanii, the production of glycine, 

citrate and phosphoribosyl pyrophosphate (PRPP) were up-regulated. However, the 

citrate cycle was inhibited in infected A. castellanii. The biosynthesis of amino acid 

threonine, both degradation and biosynthesis of lysine were up-regulated in infected A. 

castellanii. However, the degradation of serine and cysteine were inhibited in infected 

A. castellanii. In the intracellular L. pneumophila, phenylalanine biosynthesis was 

inhibited. However, the biosynthesis of alanine, histidine, lysine and tryptophan were 
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up-regulated in intracellular L. pneumophila. Furthermore, the glycolysis in 

intracellular L. pneumophila was highly activated from the dual RNA sequencing 

alignments (Figure 4.4.3.5).                         

 

L-cysteine is known to be an essential amino acid for the support of L. pneumophila 

growth (Pine et al. 1979). It has been demonstrated that intracellular L. pneumophila 

uses host cell amino acids during infection (Wieland et al. 2005). Both L. 

pneumophila and A. castellanii were reported to be auxotrophic to arginine, isoleucine, 

leucine, methionine and valine; and furthermore L. pneumophila was reported to be 

auxotrophic for cysteine and threonine (Best and Kwaik, 2018). Infected A. castellanii 

produced more threonine that could also be used by intracellular L. pneumophila 

(Figure 4.4.3.5). Serine has also been reported as the major amino acid consumed by 

intracellular L. pneumophila (Oliva et al. 2018). Intracellular L. pneumophila also had 

activated production of serine synthesized from glycine, which could be derived from 

the infected A. castellanii which limited self’s catabolism of glycine (Figure 4.4.3.5).                                                
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Figure 4.4.3.3 Enriched cysteine and methionine metabolism revealed upregulated L. 

pneumophila genes. The upregulated intracellular gfp-transfected L. pneumophila genes 

involved in cysteine and methionine metabolisms are labeled in red. Five bacterial genes 

(with KEGG enzyme alignments) were upregulated: lpg0606 (EC 2.3.1.30 for serine 

acetyltransferase, 4.1-log2 ratio), lpg0178 (EC 2.5.1.47 for acetylserine sulfhydrylase, 3.4-log2 

ratio), lpg2306 (EC 2.8.1.2 for β-mercapto pyruvate sulfur transferase, 2.9-log2 ratio), 

lpg1236 (EC 2.1.1.37 for methyltransferase, 1.4-log2 ratio), and lpg0690 (EC 2.5.1.16 for 

spermidine synthase, 1.3-log2 ratio).                    
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Figure 4.4.3.4 Downregulated genes of infected A. castellanii in cysteine and methionine 

metabolism. The downregulated genes in infected A. castellanii are labeled in green, and the log2 

ratio of genes (with KEGG enzyme alignments) are presented: 14920058 (EC 4.4.1.1 for cysteine 

desulfhydrase): -5.58; 14926712 (EC 2.6.1.1 for transaminase): -2.65; 14925099 (EC 1.1.1.37 for 

malate dehydrogenase): -4.28; 14911994 (EC 4.2.1.22 for serine sulfhydrase): -3.02; 14921544 

(EC 3.3.1.1 for adenosylhomocysteine hydrolase): -8.26; 14918298 (EC 2.1.1.13 for 

methyltransferase): -2.43; 14915670 (EC 2.1.1.14 for homocysteine transmethylase): -6.48; 

14913646 (EC 2.5.1.6 for methionine adenosyltransferase): -2.57; 14916546 (EC 4.1.1.50 for 

adenosylmethionine decarboxylase): -4.02; 14921984 (EC 2.6.1.5 for tyrosine transaminase): -

4.02; and 14914823 (EC 3.1.3.77 for acireductone synthase): -4.02.                    
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4.4.4 Enriched KEGG pathway in gfp-transfected L. pneumophila–infected A. 

castellanii 

 

The DEGs were subjected to GO functional classification and KEGG pathway 

analysis. The KEGG pathways were analyzed based on the allocation of DEGs in the 

pathogen and in the host. The p value was generated with a hypergeometric test, and a 

p value of less than 0.05 was considered to indicate statistical significance. Tables 

4.4.1 and 4.4.2 present the most enriched pathways in intracellular L. pneumophila 

and in infected A. castellanii, respectively. 

  

In the KEGG analysis, the most enriched pathway of L. pneumophila was ribosome, 

followed by flagella biosynthesis, which was associated with L. pneumophila 

virulence and differentiation (Heuner et al. 1997, Ren et al. 2006). In both the bacteria 

and the host cell, the most-enriched pathways were involved in ribosomal protein 

synthesis. 

 

In addition to ribosome biosynthesis and flagella assembly, metabolism-related 

pathways were involved in nucleic acid synthesis (RNA polymerase, pyrimidine, and 

purine metabolism) and carbohydrate metabolism (glycolysis, pentose phosphate 

pathway, and ascorbate metabolism), which were highly enriched in the intracellular 

L. pneumophila (Table 4.4.1). Pentose phosphate pathway can transfer ribose-5-

phosphate into phosphoribosyl pyrophosphate that can further be used in purine, 
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pyrimidine and histidine metabolisms. Those metabolisms were also considered to 

extract carbon and energy sources for intracellular L. pneumophila (Oliva et al. 2018). 

 

The metabolism pathways within L. pneumophila–infected A. castellanii, including 

citrate cycle, pyruvate metabolism, and amino acid metabolisms, were significantly 

enriched. The enriched pathways involved in ribosome activity and metabolisms were 

anticipated in the infected A. castellanii and could be induced by intracellular 

bacterial growth. The enriched pathway of cardiac muscle contraction also showed 

significance (Table 4.4.2), and this pathway was involved in actin and myosin 

rearrangement. The involvement of cellular filament protein contraction in bacterial 

intracellular growth remains a mystery. It has been revealed that the host cell actin 

rearrangement can promote bacterial internalization (Zhou et al. 2001). The amoeba 

(Dictyostelium) actin was reported to contribute to L. pneumophila uptake and 

bacterial delivery (Lu and Clarke 2005). 
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Table 4.4.1 Top 10 enriched KEGG pathways by comparing FACS-enriched gfp-

transfected L. pneumophila–infected A. castellanii with extracellular L. pneumophila at 

T48  

Pathway DEGs with 

pathway 

annotation 

(541) 

All genes 

with 

pathway 

annotation 

(1037) 

P-value Q-value Pathway 

ID 

Ribosome 44 (8.13%) 59 (5.69%) 2.47E-04 3.17E-02 ko03010 

Flagellar assembly 14 (2.59%) 17 (1.64%) 9.80E-03 4.06E-01 ko02040 

Metabolic pathways 203 (37.52%) 355 

(34.23%) 

1.16E-02 4.06E-01 ko01100 

Glycolysis / 

Gluconeogenesis 

15 (2.77%) 19 (1.83%) 1.49E-02 4.06E-01 ko00010 

Pentose phosphate 

pathway 

13 (2.4%) 16 (1.54%) 1.59E-02 4.06E-01 ko00030 

Pyrimidine 

metabolism 

31 (5.73%) 46 (4.44%) 2.39E-02 5.10E-01 ko00240 

Purine metabolism 38 (7.02%) 59 (5.69%) 3.49E-02 5.45E-01 ko00230 

Ascorbate and 

aldarate metabolism 

5 (0.92%) 5 (0.48%) 3.83E-02 5.45E-01 ko00053 

RNA polymerase 5 (0.92%) 5 (0.48%) 3.83E-02 5.45E-01 ko03020 

Pentose and 

glucuronate 

interconversions 

7 (1.29%) 8 (0.77%) 4.51E-02 5.78E-01 ko00040 
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Table 4.4.2 Top 10 enriched KEGG pathways by comparing FACS-enriched gfp-

transfected L. pneumophila–infected A. castellanii with uninfected A. castellanii at T48 

Pathway DEGs in term 

(1251) 

All gene in 

term (7525) 

P-value Q-value Pathway 

ID 

Ribosome  62 (4.96%) 101 (1.34%) 2.52E-24 7.12E-22 ko03010 

Citrate cycle 

(TCA cycle)  

22 (1.76%) 39 (0.52%) 1.74E-08 2.46E-06 ko00020 

Aminoacyl-

tRNA 

biosynthesis  

21 (1.68%) 56 (0.74%) 1.36E-04 1.19E-02 ko00970 

Pyruvate 

metabolism  

19 (1.52%) 49 (0.65%) 1.68E-04 1.19E-02 ko00620 

Carbon 

metabolism 

36 (2.88%) 130 (1.73%) 9.49E-04 5.22E-02 ko01200 

Biosynthesis of 

amino acids 

29 (2.32%) 99 (1.32%) 1.11E-03 5.22E-02 ko01230 

Arginine and 

proline 

metabolism 

15 (1.2%) 45 (0.6%) 4.58E-03 1.84E-01 ko00330 

beta-Alanine 

metabolism 

12 (0.96%) 34 (0.45%) 6.48E-03 2.28E-01 ko00410 

Ribosome 

biogenesis in 

eukaryotes  

31 (2.48%) 122 (1.62%) 8.35E-03 2.62E-01 ko03008 

Cardiac muscle 

contraction  

7 (0.56%) 16 (0.21%) 9.85E-03 2.78E-01 ko04260 
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4.4.4.1 Pathway of ribosomal protein biosynthesis in gfp-transfected L. 

pneumophila–infected A. castellanii  

 

Figures 4.4.4.1 and 4.4.4.2 present the most enriched ribosome biosynthesis pathways 

in intracellular L. pneumophila and infected A. castellanii, respectively. In L. 

pneumophila, most genes involved in the biosynthesis of large and small ribosomal 

subunits were upregulated (Figure 4.4.4.1), which suggests that intracellular L. 

pneumophila translation activity could be activated. 

 

However, most genes involved in ribosome biosynthesis in the infected A. castellanii 

were downregulated (Table 4.4.5), including the large and small ribosomal subunits 

(Figure 4.4.4.2). This indicates inhibited translation in L. pneumophila–infected 

Acanthamoeba. The inhibition of ribosomal biosynthesis indicates that the L. 

pneumophila–infected A. castellanii could be in a repressed state. 
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Figure 4.4.4.1 Ribosomal protein biosynthesis pathway enriched in intracellular L. 

pneumophila transcriptome analysis. DEGs were annotated to the KEGG pathway analysis. 

L. pneumophila ribosome biosynthesis was the most enriched, and the genes involved were 

upregulated (labeled in red). The eight most upregulated genes were rplK encoding 50S 

ribosomal protein L11 (lpg0318, 4.6-log2 ratio), rpsJ encoding 30S ribosomal protein S10 

(lpg0328, 4.2-log2 ratio), rplJ encoding 50S protein L10 (lpg0320, 4-log2 ratio), rplW 

encoding 50S protein L23 (lpg0331, 3.8-log2 ratio), rpsN encoding 30S protein S14 (lpg0342, 

3.7-log2 ratio), rplL encoding 50S protein L7/L12 (lpg0321, 3.6-log2 ratio), rplD encoding 

50S protein L4 (lpg0330, 3.5-log2 ratio), and rplA encoding 50S protein L1 (lpg0319, 3.4-log2 

ratio).               
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Figure 4.4.4.2 Ribosomal protein biosynthesis pathway of infected A. castellanii from 

transcriptome analysis. From the DEG annotation in infected Acanthamoeba, the most-

enriched pathway is ribosome biosynthesis. Most genes involved were downregulated 

(labeled in green), except the putative Rpl7A encoding ribosomal protein (14915188, 1.2-log2 

ratio). The ten most downregulated genes related to ribosomal protein were 14924264 

encoding L35 (-9-log2 ratio), 14914629 encoding S4 (-8.1-log2 ratio), 14926214 encoding S8e 

(-8-log2 ratio), 14923544 encoding S10p/S20e (-7.3-log2 ratio), 14913021 encoding S27 (-7.2-

log2 ratio), 14926158 encoding L4/L1 family protein (-6.8-log2 ratio), 14926793 encoding 

eukaryotic L18 (-6.6-log2 ratio), 14925005 encoding 60S acidic ribosomal protein (-6.6-log2 

ratio), 14917001 encoding 60S protein L23 (-6.3-log2 ratio), and 14915869 encoding 40S 

ribosomal protein S3a (-6.2-log2 ratio).                                   
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4.4.4.2 L. pneumophila flagellar assembly 

 

The intracellular L. pneumophila flagellar assembly was the second most-enriched 

pathway. From the KEGG pathway, eight bacterial virulence genes were upregulated 

(Figure 4.4.4.3), of which seven (flgB, C, D, E, G, H and I) were known to be 

involved in the construction of bacterial flagellar hooks. This finding indicates the 

activated biosynthesis of L. pneumophila flagella when grown in A. castellanii in the 

late phase. L. pneumophila motAB were reported to be ion channels that could 

generate the power to rotate, and the second encoding operon of motAB (motA2B2) 

has also been reported (Appelt and Heuner 2017); the roles of motAB are still under 

discussion. 

The biosynthesis of L. pneumophila flagella occurs in a highly regulated order 

(Schulz et al. 2008), The flgBCDEGHI construct the class II of the flagellum, and the 

motAB belong to class III of L. pneumophila flagella, whose construction is followed 

by that of the class II structures. All class II flagellum genes were upregulated, which 

implies that the pathway of L. pneumophila flagellum biosynthesis was triggered 

during the transmissive phase. 
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Figure 4.4.4.3 L. pneumophila flagellar assembly was highly induced in gfp-transfected L. 

pneumophila–infected A. castellanii. Eight virulence factors (labeled in red) were 

upregulated, and only motA (labeled in green) was downregulated (-2.5-log2 ratio). The 

upregulated genes are flgB (1.8-log2 ratio), flgC (2.3-log2 ratio), flgD (3.6-log2 ratio), flgE (1-

log2 ratio), flgG (1.7-log2 ratio), flgH (2.1-log2 ratio), flgI (1.9-log2 ratio), and motB (1.4-log2 

ratio). 
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4.4.4.3 Citrate cycle in infected A. castellanii  

 

Figure 4.4.4.4 shows the DEGs involved in the enriched citrate cycle (also known as 

the tricarboxylic acid cycle) pathway from the L. pneumophila–infected A. castellanii 

transcriptome. Of the 22 DEGs involved in the citrate cycle, 16 were downregulated. 

Of the six upregulated genes, the most upregulated gene (14917823, 3.17-log2 ratio) 

was encoding the putative aconitase involved in reversible isomerization of citrate. 

The most downregulated A. castellanii genes were encoding putative isocitrate 

dehydrogenase (KEGG enzyme EC1.1.1.42; 14923358, -6.3-log2 ratio; 14925186, -6-

log2 ratio; and 14916566, -4.6-log2 ratio). Isocitrate dehydrogenase is known for its 

simultaneous involvement in the oxidation of isocitrate and the generation of reduced 

nicotinamide adenine dinucleotide, which can further be used for mitochondrial ATP 

production. The inhibited energy generation seen in the infected A. castellanii could 

be the response against bacterial infection.                                                 
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Figure 4.4.4.4 DEG annotation in citrate cycle pathway from infected A. castellanii 

transcriptome analysis. Most genes were downregulated during the citrate cycle (also called 

the tricarboxylic acid cycle). KEGG enzyme classification numbers are shown in the pathway. 

Upregulated genes are labeled in red, and downregulated genes are labeled in green. 
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4.4.5 DEG annotation of gfp-transfected L. pneumophila–infected A. castellanii  

 

4.4.5.1 L. pneumophila DEGs grown in A. castellanii during transmissive phase 

 

From the DEG annotation (Tables 4.4.3 and 4.4.4) calculated with the RPKM (reads 

per kb per million) method, bacterial pvcA (lpg0174, 6.98-log2 ratio), pvcB (lpg0175, 

8.2-log2 ratio), and putative pvcC (lpg0176, 7.37-log2 ratio) genes were highly 

upregulated in intracellular L. pneumophila. A transcriptome analysis by Faucher et al. 

(2011) also uncovered the upregulation of pvcA and pvcB genes in L. pneumophila 

grown in macrophages (Faucher et al. 2011). The role of pvc genes of L. pneumophila 

in macrophages is unknown. No study has yet revealed the functional role of the pvc 

genes of L. pneumophila when grown in amoebas and macrophages. 

 

From the DEG allocation in the KEGG pathways analysis, L. pneumophila enzyme 

encoded by pvcA (acted as monooxygenase, EC1.14.14.1) was shown to be involved 

in fatty acid degradation, tryptophan metabolism, and aminobenzoate degradation for 

microbial metabolism in diverse environments. These pathways of L. pneumophila 

could explain their ability to persist and survive in different environments by using 

various carbon and energy sources (Ehrhardt and Rehm 1985, Shinoda et al. 2004). 

pvcB encoding enzyme that was involved in lysine degradation and sulfur metabolism 

(Figure 4.4.5). Taurine can be catalyzed to sulfite with the L. pneumophila pvcB 

encoded enzyme (acted as taurine dioxygenase, EC 1.14.11.17), and sulfite can then 

be used to synthesize L-cysteine. pvcC encoded 3-propionate hydroxylase (EC 

1.14.13.127, family of oxidoreductases) that was involved in phenylalanine 

metabolism. The DEG allocation in the KEGG pathway analysis revealed that the pvc 
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gene clusters (pvcA, pvcB, and pvcC) were related to microbial amino acid 

metabolism, which also suggests that L. pneumophila can survive in different host 

cells, including A. castellanii. 

 

In addition to pvc genes, the most downregulated gene tnpA (lpg1086, -12.48-log2 

ratio) in L. pneumophila grown in A. castellanii has been poorly explored. No study 

has yet examined the role of L. pneumophila tnpA in host cells, but it has been 

revealed that tnpA encoded transposase that may be involved in homologous 

recombination and gene repair in bacteria (De Palmenaer et al. 2008). The inhibition 

of L. pneumophila tnpA may be due to its survival in A. castellanii, which may trigger 

genetic modification of L. pneumophila.      

 

L. pneumophila legK3 (lpg2556, -3.89-log2 ratio) was also highly downregulated, and 

legK3 encoded the eukaryote-like serine/threonine protein kinase that could be 

involved in the activation of host cell transcriptional factor (Haenssler and Isberg 

2011). The inhibition of L. pneumophila legK3 indicates the repressed modification of 

A. castellanii host transcriptional activity during the late stage. 
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4.4.5.2 A. castellanii DEGs when infected with gfp-transfected L. pneumophila  

 

In the gfp-transfected L. pneumophila–infected A. castellanii, the most upregulated A. 

castellanii gene (14917946, 8.85-log2 ratio) encoded Ser/Thr phosphatase that might 

have been involved in cell differentiation during the transmissive phase, and the gene 

that encoded ATPase (14920057, 8.12-log2 ratio) could have supplied the energy for 

A. castellanii cell differentiation. Most interesting, the A. castellanii genes encoding 

MCM8 (14918687, 7.7-log2 ratio) and transposase (14918687, 7.5-log2 ratio) that 

were involved in homologous recombination repair were highly upregulated in L. 

pneumophila–infected A. castellanii during the transmissive phase (Table 4.4.5). The 

activated homologous recombination repair in A. castellanii could be triggered by 

intracellular L. pneumophila. 

 

The most downregulated genes in the infected L. pneumophila–A. castellanii encoded 

the ribosomal protein L35 (14924264, -9.0-log2 ratio) and ribosomal S4 

(14914629, -8.1-log2 ratio), indicating the inhibition of ribosomal biosynthesis and 

transcriptional activity in L. pneumophila–infected A. castellanii hosts (Table 4.4.5). 

The gene that encoded the dephosphoCoA kinase (14921988, -8.539-log2 ratio) was 

also highly downregulated, which implied downregulation of the amino acid 

metabolism in the L. pneumophila–infected A. castellanii host. 
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Table 4.4.5 Top 10 upregulated and downregulated genes of A. castellanii infected with 

gfp-transfected L. pneumophila compared with uninfected A. castellanii at T48. 

Upregulated Downregulated 

Gene ID Gene product log2 ratio Gene ID Gene product log2 ratio 

14917946 Ser/Thr phosphatase, 

putative 

8.849 14924264 ribosomal protein L35, 

putative 

-8.999 

14920057 ATPase, AAA 

domain containing 

protein 

8.115 14921988 dephosphoCoA kinase -8.539 

14918687 MCM8 protein 7.741 14921544 Sadenosyl-L-homocysteine 

hydrolase, putative 

-8.264 

14920053 hypothetical 

transposase protein 

7.536 14914629 ribosomal protein S4, 

putative 

-8.103 

14918289 WD40 repeat protein, 

COMPASS complex 

protein 

7.485 14920060 SAM domain (Sterile alpha 

motif) domain containing 

protein 

-8.034 

14920054 zinc finger, c2h2 type 

domain containing 

protein 

7.483 14926214 ribosomal protein S8e, 

putative 

-8.016 

14913122 inosineuridine 

nucleoside N-

ribohydrolase 

7.419 14917963 hypothetical mRNA 

splicing factor protein 

-7.855 

14918461 hypothetical 

nucleotidyltransferase 

protein 

7.174 14911452 hydroxymethylglutarylCoA 

synthase 

-7.584 

14922083 regulator of 

chromosome 

condensation (RCC1) 

repeat domain 

containing protein 

7.141 14918945 ankyrin 2,3/unc44, putative -7.584 

14925472 serine/threonine 

protein kinase, 

putative 

7.102 14920148 Golgi family protein, 

putative 

-7.584 
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Table 4.4.5 Continued. 

Upregulated Downregulated 

Gene ID Gene product log2 ratio Gene ID Gene product log2 ratio 

14917430 hypothetical 

transporter protein 

7.001 14911825 PHD-finger domain 

containing protein 

-7.518 

14917431 CBS domain 

containing protein 

6.920 14913532 hypothetical cell surface 

protein 

-7.475 

14921606 tetratricopeptide 

repeat domain 

containing protein 

6.885 14920276 SAM domain (Sterile alpha 

motif) domain containing 

protein 

-7.475 

14924039 IQ calmodulin-

binding motif domain 

containing protein 

6.881 14917906 short chain 

dehydrogenase/reductase 

family oxidoreductase 

-7.458 

14913653 uncharacterized 

protein 

6.812 14924759 PWWP domain containing 

protein 

-7.458 

14919893 protein kinase 

domain containing 

protein 

6.605 14912867 Hypothetical signal 

transduction protein 

-7.338 

14923730 hypothetical 

cytoplasmic tRNA-

thiolation protein 

6.560 14921969 Leucine rich repeat domain 

containing protein 

-7.338 

14920462 Sestrin-like protein 6.556 14923544 ribosomal protein 

S10p/S20e, putative 

-7.264 

14920129 RFX DNA-binding 

domain containing 

protein 

6.529 14912475 F-box domain containing 

protein 

-7.169 

14917912 Rho-GEF domain 

containing protein 

6.314 14913021 ribosomal protein s27, 

putative 

-7.169 
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4.4.6 Quantitative RT-qPCR verification of DEGs in FACS-enriched gfp-

transfected L. pneumophila–infected A. castellanii 

 

4.4.6.1 Virulence genes expression of intracellular L. pneumophila 

 

L. pneumophila grown in A. castellanii had upregulated pvcA, pvcB, and pvcC at both 

T24 and T48 as compared with the extracellular-grown L. pneumophila during the 

transmissive phase (Figure 4.4.5). pvcA, pvcB, and pvcC were upregulated by 5.4-, 

14.6-, and 14.7-fold, respectively, at T24; and pvcA, pvcB, and pvcC were upregulated 

by 4.2-, 3.8-, and 4.5-, respectively, at T48. The lower level of upregulation of 

pvcABC in L. pneumophila when grown in A. castellanii at T48 could be due to the 

faded growth during the transmissive phase. 

  

L. pneumophila fliA and flaA involved in flagellar biosynthesis were both highly 

upregulated (Figure 4.4.5) at intracellular T24 and T48, indicating that the activation 

of the flagellar biosynthesis pathway when L. pneumophila are grown in A. castellanii. 

fliA was upregulated by 10- and 21.3-fold at T24 and T48, respectively, and flaA was 

upregulated by 8.6- and 23-fold at T24 and T48, respectively. L. pneumophila 

flagellin proteins were often activated after the exponential growth phase (Schulz et al. 

2012). The increase in the upregulation of flagellin proteins at the end of the second 

round of intracellular replication (T48) indicates that more flagellated L. pneumophila 

had been generated after replication in A. castellanii. 
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In addition to flagellar biosynthesis, flaA is widely known to activate pyroptosis 

(Silveira and Zamboni 2010). vipD encoded a phospholipase, and its intracellular role 

has been revealed to promote the release of cytochrome c (Zhu et al. 2013) to induce 

apoptosis. vipD was downregulated by 2.19-fold at T24, but vipD was mildly 

upregulated (1.9-fold) at T48 when compared with the extracellular-grown L. 

pneumophila at T48. Both flaA and vipD involved in the activation of programmed 

cell death were upregulated during the intracellular transmissive phase (T48) (Figure 

4.4.5).         

 

tnpA was downregulated by 7.2- and 8.4-fold at T24 and T48, respectively. 

Intracellular L. pneumophila tnpA was highly downregulated at both T24 and T48 as 

compared with extracellular-grown L. pneumophila, which implies that the 

transposase activity was repressed when L. pneumophila was grown in A. castellanii. 

legK3 was downregulated by 4.1- and 5.5-fold at T24 and T48, respectively. legK1 

was downregulated by 2- and 3.4-fold at T24 and T48, respectively. Both L. 

pneumophila legK1 and legK3 belong to the family that encodes serine/threonine 

protein kinase (Haenssler and Isberg 2011), furthermore both LegK1 and LegK3 

effectors have the potential to phosphorylate host cell proteins for modulation of 

signal transduction.               

 

legK3 was identified to activate the host cell NFĸB pathway via cooperation with sidI. 

Intracellular L. pneumophila sidI was also highly downregulated at T24 (-6.4-fold 

change) and T48 (-5.3-fold change). sidI and legK1 can work together to suppress 

host death, in which sidI sustainably blocks host cell IĸB (kinase) binding to NFĸB 
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and legK1 activates NFĸB to further delay cell death and promote cytokine release 

(Ge and Shao 2011, Ge et al. 2009, Shen et al. 2009). The upregulation of flaA and 

vipD and the downregulation of sidI and legK1 at intracellular T48 suggest that 

intracellular L. pneumophila during the late phase can trigger cell death that in turn 

facilitates its release from the host. 
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Figure 4.4.5 Virulence gene expression of FACS-enriched gfp-transfected L. 

pneumophila–infected A. castellanii. L. pneumophila virulence gene expression was studied 

in FACS-enriched gfp-transfected L. pneumophila–infected A. castellanii at T24 and T48. 

Two-step quantitative RT-qPCR was used to quantify the gene expression normalized with 

housekeeping gene gyrB, and gene expression levels were calculated based on a comparison 

with extracellular-grown gfp-transfected L. pneumophila at T48. The Wilcoxon-signed test 

was used to compare the data (2-ΔΔCt) between T24 and T48. A p value of greater than 0.05 

indicates a lack of a significant difference. 
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4.4.6.2 Expression of genes in infected A. castellanii  

 

The A. castellanii gene encoding serine/threonine (Ser/Thr) phosphatase was mildly 

upregulated at T24 (1.78-fold change), followed by a great increase in upregulation at 

T48 (8-fold change), which agrees with the transcriptome DEGs allocation. However, 

the A. castellanii gene encoding ATPase showed no change at T24 and was 

upregulated by 1.28-fold at T48, possibly the gene encoding ATPase has low copy 

numbers that can lead to the RNA-seq quantification different from the RT-qPCR 

quantification. When A. castellanii was infected with L. pneumophila, the gene 

encoding MCM8 (minichromosome maintenance protein) showed no change at T24 

(0.96-fold change), followed by a great increase in upregulation at T48 (7.95-fold 

change) when compared with uninfected A. castellanii at T48. The activated MCM8 

involved in DNA repair in L. pneumophila–infected A. castellanii during the late 

stage could be caused by L. pneumophila infection led to more cell damage. The 

activated activity of DNA repair in L. pneumophila–infected A. castellanii at T48 

could also be a signal of A. castellanii cell differentiation into cyst before the release 

of L. pneumophila.                                                               

 

In comparison, A. castellanii IRSp53 was found to be involved in eukaryotic cell actin 

rearrangement (Ridley 2006), and ATG14 is an autophagy-related protein that seemed 

to be less involved in L. pneumophila–infected A. castellanii. The gene encoding 

IRSp53 had no change at T24 and was 1.5-fold upregulated at T48; the gene encoding 

ATG14 was downregulated by 1.9-fold at T24 and upregulated by 1.15-fold at T48. 

The A. castellanii gene encoding ATPeV was downregulated by 3.5- and 1.2-fold at 
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T24 and T48, respectively. This finding implies that the lysosomal pathway of A. 

castellanii was repressed when L. pneumophila was grown in A. castellanii. 

 

The A. castellanii gene encoding ribosomal L35 was downregulated by 6.89- and 1.6-

fold at T24 and T48, respectively. The ribosomal S4-related gene was downregulated 

by 5.17- and 1.5-fold at T24 and T48, respectively. The gene encoding the 

dephospho-coenzyme kinase (CoAK) was downregulated by 7.15- and 1.4-fold at T24 

and T48, respectively. The three genes were all highly downregulated in the 

transcriptome analysis of gfp-transfected L. pneumophila–infected A. castellanii at 

T48 (Table 4.4.5). Although the three genes were all highly downregulated when A. 

castellanii was infected with L. pneumophila at T24, the infected A. castellanii at T48 

showed less downregulation of the three genes. The decreased viability of infected A. 

castellanii at T48 could have affected the RNA quality during RT-qPCR verification.  
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Figure 4.4.6 Two-step RT-qPCR verification of A. castellanii genes expression. FACS-

enriched gfp-transfected L. pneumophila–infected A. castellanii at T24 and T48, and A. 

castellanii without challenging L. pneumophila at T48 were respectively collected for RNA 

extraction. Total RNA was reverse transcribed to cDNA, and cDNA were used for 

quantitative PCR and normalized to the housekeeping 18S rRNA gene. The expression levels 

of genes were calculated based on a comparison with the uninfected A. castellanii at T48. The 

data were expressed as the fold change (2-ΔΔCt). Wilcoxon-signed tests were used to compare 

the fold changes between infected A. castellanii at T24 and T48. 
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4.4.7 L. pneumophila and mutant strains grown in L-cysteine–limited and 

supplied BYE broths  

 

L. pneumophila pvcA and pvcB were both highly upregulated when L. pneumophila 

was grown in A. castellanii, and both pvcA and pvcB are allocated in the amino acid 

metabolism, including the L-cysteine anabolism in KEGG allocation. The functional 

roles of L. pneumophila pvcAB have yet to be revealed. This study generated pvcA-

knockout and pvcB-knockout L. pneumophila strains to determine whether pvcA-or 

pvcB-knockout affects L. pneumophila growth under L-cysteine-limited conditions. L. 

pneumophila, pvcA-knockout, and pvcB-knockout L. pneumophila were grown in two 

different BYE broths, supplemented with L-cysteine and without L-cysteine. 

 

When the wild-type L. pneumophila, pvcA-knockout, and pvcB-knockout L. 

pneumophila were grown in BYE broth supplemented with L-cysteine, no obvious 

difference was seen in the bacterial growth between the wild-type and mutant L. 

pneumophila strains (Figure 4.4.7, upper panel). When cultured in L-cysteine–

sufficient medium, wild-type L. pneumophila showed 434% and 488% greater growth 

at T12 than pvcA-knockout (p=0.00001) and pvcB-knockout (p=0.0001) L. 

pneumophila, respectively. However, no significant difference was seen between 

wild-type L. pneumophila with either pvcA-knockout or pvcB-knockout L. 

pneumophila between T24 and T72. The wild-type L. pneumophila showed 3740% 

growth during the 72-h culture in the supplied BYE broth, and pvcA-knockout and 

pvcB-knockout L. pneumophila showed 3404% and 3500% growth, respectively, from 

T0 to T72 in the supplied BYE broth. 
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When the L. pneumophila and mutant strains were grown in L-cysteine–limited BYE 

broth (Figure 4.4.7, lower panel) from T0 to T72, the wild-type L. pneumophila 

showed 1133% growth; however, pvcA-knockout and pvcB-knockout L. pneumophila 

showed 678% and 654% growth, respectively. When grown in L-cysteine–limited 

medium, the wild-type L. pneumophila showed 46.28% and 44.22% higher growth at 

T24 than the pvcA-knockout (p=0.034) and pvcB-knockout (p=0.007) strains, 

respectively. The wild-type L. pneumophila also showed 96.48% and 122.11% higher 

growth at T36 than the pvcA-knockout (p=0.01) and pvcB-knockout (p=0.002) strains, 

respectively. The wild-type L. pneumophila showed 349% and 322.75% higher 

growth at T60 than the pvcA-knockout (p=0.0003) and pvcB-knockout (p=0.001) L. 

pneumophila, respectively. The wild-type L. pneumophila showed greater growth in 

the L-cysteine–limited condition than either the pvcA-knockout and pvcB-knockout 

strains from T0 to T72, and the gap between the wild-type L. pneumophila and the 

two mutant strains continued to increase from T0 to T72. 
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Figure 4.4.7 L. pneumophila and mutant strains grown in BYE broths. Upper and lower 

panels show three different L. pneumophila strains grown in BYE broth with L-cysteine 

(upper panel) and without L-cysteine supplement (lower panel). The optical density at each 

time point was normalized to T0’s optical density, and the data are expressed as percentages. 

A paired t-test was used to compare the wild-type L. pneumophila with either pvcA-knockout 

or pvcB-knockout L. pneumophila, and a p value of less than 0.05 indicates a significant 

difference (*). 
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4.4.8 Intracellular growth of pvcA-knockout and pvcB-knockout L. pneumophila 

strains 

 

4.4.8.1 pvcA-knockout and pvcB-knockout L. pneumophila grown in A. castellanii 

and THP-1 

 

When L. pneumophila and the mutant strains were grown in A. castellanii (Figure 

4.4.8.1), the wild-type L. pneumophila, pvcA-knockout, and pvcB-knockout L. 

pneumophila showed 4135%, 4279%, and 2490% growth, respectively, during the 48 

h after infection. All three L. pneumophila strains had growth from T0 to T48 in A. 

castellanii. No significant difference was seen in the growth between the wild-type L. 

pneumophila with either the pvcA-knockout or the pvcB-knockout L. pneumophila 

between T12 and T48. The results show that the knockout of neither L. pneumophila 

pvcA nor pvcB had a visible negative effect on the intracellular growth of L. 

pneumophila in A. castellanii. 

 

When L. pneumophila and the mutant strains were grown in THP-1 (Figure 4.4.8.2), 

both wild-type and pvcA-knockout L. pneumophila showed 296% growth during the 

48 h after infection. However, the pvcB-knockout L. pneumophila showed 522% 

growth between T0 and T48. The wild-type L. pneumophila showed 237% and 241% 

higher growth at T24 and T36, respectively, than pvcA-knockout L. pneumophila, but 

neither difference was statistically significant (T24, p=0.25; T36, p=0.304). Although 

pvcB-knockout L. pneumophila showed 30% greater growth at T24 than the wild-type 

strain, the difference was not statistically significant (p=0.836). The wild-type L. 
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pneumophila showed 44% higher growth than the pvcB-knockout strain at T36, but 

the difference was not statistically significant (p=0.852). Most interestingly, the pvcB-

knockout L. pneumophila showed 226% higher (p=0.022) growth than the wild-type L. 

pneumophila at T48, possibly because the growth rate of wild-type L. pneumophila 

peaked at T36 (603%), whereas that of pvcB-knockout L. pneumophila peaked at T48 

(622%). The results show that pvcA-knockout L. pneumophila displayed lower growth 

rates at T24 and T36 than wild-type L. pneumophila in THP-1; the knockout of pvcB 

showed no negative effect on the intracellular growth of L. pneumophila in THP-1. 
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Figure 4.4.8.1 Intracellular growth of wild-type, pvcA-knockout, and pvcB-knockout L. 

pneumophila in A. castellanii. The three bacteria grown on αBCYE agar plates were 

challenged into A. castellanii at an MOI of 10. After co-culture, the L. pneumophila strains 

grown in A. castellanii were respectively released and counted with a standard plate count 

method every 12 h from 0 to 48 h after infection. The data are expressed as the percentage of 

the bacterial count at each time point normalized to T0’s counts. A paired t-test was used to 

compare the data of wild-type L. pneumophila with either pvcA-knockout or pvcB-knockout L. 

pneumophila from T12 to T48, and a p value of greater than 0.05 indicates a lack of a 

significant difference.  
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Figure 4.4.8.2 Intracellular growth of wild-type, pvcA-knockout, and pvcB-knockout L. 

pneumophila in THP-1. The three bacteria grown on αBCYE agar plates were challenged 

into THP-1 at an MOI of 10. After co-culture, L. pneumophila strains grown in THP-1 were 

released and counted using a standard plate counting method every 12 h from 0 to 48 h after 

infection. The data are expressed as the percentage of the bacterial count at each time point 

normalized to T0’s counts. A paired t-test was used to compare the data of wild-type L. 

pneumophila with either pvcA-knockout or pvcB-knockout L. pneumophila from T12 to T48; 

a p value of less than 0.05 indicates a significant (*) difference. 
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4.4.8.2 pvcA-knockout and pvcB-knockout L. pneumophila released from A. 

castellanii showed lower replication in THP-1  

 

Wild-type, pvcA-knockout, and pvcB-knockout L. pneumophila were co-cultured with 

A. castellanii and then released from A. castellanii at T48 (transmissive phase) via 

hypotonic lysis (described in Section 3.4.1). The released bacteria were further used 

to infect THP-1. 

From the intracellular growth assay (Figure 4.4.8.3), the growth rate of the wild-type 

L. pneumophila continued to increase between T12 (585.5%) and T36 (765.3%), and 

the growth rate then declined by T48 (667%). pvcA-knockout L. pneumophila (pvcA 

mutant) had the most growth at T12 (493.6%); it then decreased to 459.9% at T24 and 

to 194.1% at T36 and then increased to 401.28% at T48. pvcB-knockout L. 

pneumophila (pvcB mutant) also had the most growth at T12 (434.4%), and the 

growth rate remained around 370% between T24 and T48. The wild-type L. 

pneumophila showed 190.7% and 517.2% higher growth at T24 (p=0.007) and T36 

(p=0.005), respectively, than the pvcA-knockout L. pneumophila. The wild-type L. 

pneumophila also showed 285.4%, 403.9%, and 286.1% higher growth at T24 

(p=0.0001), T36 (p=0.002), and T48 (p=0.006), respectively, than the pvcB-knockout 

L. pneumophila. The greater degree of significance shown in Figure 4.4.8.3 than in 

Figure 4.4.8.2 could be a result of the greater number of bacterial counts collected in 

this study for statistical analysis. As a result, the knockout of either pvcA or pvcB in L. 

pneumophila had a negative effect on the bacteria released from Acanthamoeba to 

further infect THP-1. 
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Figure 4.4.8.3 L. pneumophila strains released from A. castellanii grown in THP-1. Wild-

type L. pneumophila, pvcA, and pvcB mutated strains were co-cultured with A. castellani and 

released at T48. The released bacteria were respectively co-cultured with THP-1 at an MOI of 

1. After co-culture, the L. pneumophila strains grown in THP-1 were counted every 12 h from 

0 to 48 h after infection. The data are expressed as the percentage of the bacterial count at 

each time point normalized to T0’s counts. A paired t-test was used to compare the data of the 

wild-type L. pneumophila with either pvcA-knockout or pvcB-knockout L. pneumophila from 

T12 to T48, and a p value of less than 0.05 indicates a significant (*) difference. 
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5. Discussion 

 

5.1 Intracellular growth of L. pneumophila and virulence gene expression  

 

This study investigated the intracellular growth of L. pneumophila in two different 

hosts—A. castellanii and human monocyte THP-1—and the association with L. 

pneumophila virulence gene expression. The successful pathogenesis of L. 

pneumophila depends upon its intracellular replication in hosts. A comparison of the 

intracellular growth of L. pneumophila in different hosts could reveal the differences 

in permissiveness, and a study of the virulence gene expression patterns can further 

uncover the underlying mechanisms. This exploration contributes to a more integrated 

view of the interaction of L. pneumophila with various host cells. 

 

Intracellular-grown L. pneumophila experienced various growth phases and finally 

differentiated into a mature intracellular form that could be more transmissive at the 

end of the growth cycle (Garduno et al. 2002), and virulent traits were expressed at 

this stage (Bruggemann et al. 2006). L. pneumophila intracellular replications were 

reported to contribute to our understanding of growth dynamics inside various hosts 

(Molofsky and Swanson 2004). 
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5.1.1 A. castellanii showed greater support for L. pneumophila intracellular 

replication than THP-1 

 

Our results indicate that A. castellanii showed greater support for the intracellular 

replication of L. pneumophila than THP-1, which could explain why L. pneumophila 

is ubiquitous in environmental water. Although THP-1 has a pattern recognition 

receptor, THP-1 internalized less L. pneumophila than A. castellanii at the initial time 

point. The video microscopic visualization of gfp-transfected L. pneumophila–

infected macrophages revealed that internalized gfp-transfected L. pneumophila 

disappeared in some macrophages during the 48-h infection. The low growth of L. 

pneumophila in macrophages might have been caused by the macrophage defense 

system rather than an inability to internalize L. pneumophila.    

 

Studies of the intracellular growth of L. pneumophila have been performed by various 

research groups (Table 5.1). Our findings regarding the intracellular growth of 

Legionella species in Acanthamoeba and THP-1 cells were similar to those reported 

by Weissenmayer et al. (2013) and Roland et al. (2013), respectively, but differed 

from those reported by Dey (Dey et al. 2009) and Lebeau (Lebeau et al. 2004), 

respectively. Dey et al. (2009) reported the exponential replication of Legionella in 

Acanthamoeba only after 24 h, whereas Lebeau et al. (2004) observed Legionella 

duplication for up to 72 h after infection. The discrepancies in these findings might 

have been the result of differences in the experimental operations. 
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Previous studies reported that monocyte-derived macrophages supported a higher 

level of L. pneumophila replication (Alli et al. 2000, Horwitz and Silverstein 1980) 

than Acanthamoeba (Holden et al. 1984), but other studies showed that 

Acanthamoeba supported greater and quicker replication of L. pneumophila. Rolando 

et al. (2013) indicated that L. pneumophila grown in A. castellanii showed more than 

100-fold replication between T0 and T50, whereas L. pneumophila in THP-1 

replicated only 10-fold over a 50-h period (Rolando et al. 2013), which is similar to 

our findings. 

 

The underlying reasons for the variations in the results regarding the intracellular 

growth of L. pneumophila could be caused by the different MOIs, a counting method 

bias, and differences in the cell lysis method used before the cells were spread onto 

the plate (Dietersdorfer et al. 2016). Researchers have also indicated that the co-

culture conditions, including the temperature and the co-culture medium, could affect 

the results obtained (Buse and Ashbolt 2011, Dey et al. 2009). 
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Table 5.1 Summary of Legionella growth in different hosts reported by different 

research groups. Standard plate counting techniques were used to measure the bacterial CFU 

per mL in co-cultures. Information including host cells, the initial concentration of host cells, 

and MOIs is shown. All data are presented as bacterial CFU per mL at various times after 

infection. 

  

Acanthamoeba host 

A. castellanii (105/mL), MOI=0.5 (Holden et al. 1984) 

 

Time points (h)  T1 T24 T48 T72 

Total Legionella  5×104 3×105 1×106 2×107 

 

 

A. castellanii (~105/mL), MOI=2 (Lebeau et al. 2004) 

Time points (h) T0 T24 T48 T72 

Intracellular Legionella  6×104 2×105 6×106 4×107 

 

 

A. polyphaga (105/mL), MOI=10 (Abu-Zant et al. 2006) 

 

Time points (h) T2 T24 T48 T72 

Intracellular Legionella  5×104 107 5×108 108 

 

 

A. castellanii (~105/mL), MOI=50 (Dey et al. 2009) 

 

Time points (h) T0 T24 T48 T72 T96 

Intracellular Legionella  5×106 5×106 4×107 108 8×107 

 

 

A. castellanii (106/mL), MOI=100 (Weissenmayer et al. 2011) 

 

Time points (h) T0 T8 T12 T14 

Intracellular Legionella  8×106 8×106 3×107 108 
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A. castellanii (105/mL), MOI=0.1 (Rolando et al. 2013) 

 

Time points (h) T0 T50 T100 T150 

Intracellular Legionella  10-5 10-3 10-1 1 

 

 

Human cell host  

Human Blood Monocyte (5×106/mL), MOI=5 (Horwitz and Silverstein 1980) 

Time points (h)  T0 T24 T48 T72 

Total Legionella  103 105 5×105 105 

 

 

U937 macrophage (105/mL), MOI=0.5 (Alli et al. 2000) 

 

Time points (h) T0 T20 T40 T50 

Intracellular Legionella  5×104 5×107 109 4×109 

 

 

 

Human monocyte derived macrophage (105/mL), MOI=10 (Abu-Zant et al. 2006) 

 

Time points (h) T2 T24 T48 T72 

Intracellular Legionella  105 5×106 106 8×105 

 

 

THP-1 (105/mL), MOI=10 (Rolando et al. 2013)  

Time points (h) T0 T20 T40 T60  

Intracellular Legionella  10-2 10-2 10-1 10-1  

 

 

 

Table 5.1 Continued 
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5.1.2 L. pneumophila virulence genes involved in host cell death showed 

differences in expression in A. castellanii and THP-1  

 

5.1.2.1 L. pneumophila virulence gene expression associated with THP-1 CASP 

genes expression patterns 

 

This study compares the expression pattern of L. pneumophila genes involved in the 

manipulation of host cell death. When L. pneumophila was grown in THP-1 cells, the 

expression of the pyroptotic protein flaA was downregulated over time. In contrast, 

the expression of sdhA, which stabilized the LCV and inhibits pyroptosis, increased 

steadily after infection with L. pneumophila. The expression profiles of flaA and sdhA, 

together with the reduced expression of CASP genes in L. pneumophila–infected 

THP-1 cells, indicated that the cell death pathways were inhibited after infection. 

Although this inhibition of host death favored the intracellular multiplication of L. 

pneumophila, it might have also hindered the egress of L. pneumophila and decreased 

the overall number of intracellular L. pneumophila in THP-1 cells. 

  

In a transcriptome study, Faucher et al. demonstrated the upregulation of sidF in 

Legionella–infected THP-1 macrophages (Faucher et al. 2011). Legionella sidF is 

involved in phosphoinositide metabolism and remodeling and is therefore essential to 

LCV maintenance (Hsu et al. 2012). In our study, we observed downregulation of less 

than 2-fold in sidF expression at all time points. We similarly observed changes of 

less than 2-fold in vipD expression levels. The involvement of both sidF and vipD in 

apoptosis suggests that pyroptosis, which involves pore formation and thus facilitates 
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the release of intracellular agents, plays a greater role in THP-1 monocytes during 

Legionella infection. Despite the small changes in vipD and sidF expression, however, 

we observed downregulation of 8.6-fold in CASP-3 expression at 48 h after infection 

that might have been caused by a decrease in the total number of viable THP-1 cells. 

Accordingly, this decrease might have also induced only slight upregulation of CASP-

1 at 48 h after infection. 

 

In infected THP-1 cells, the downregulation of flaA occurred gradually, although 

significant changes in gene expression were observed at the late time point (48 h) 

rather than at earlier time points. The downregulation of flaA could have been due to 

the low number of intracellular Legionella and the slow consumption of nutrients that 

failed to induce flaA expression. sdhA was upregulated gradually over the time points 

studied, and the expression levels were significantly higher at 24 to 48 h after 

infection. sdhA played an indirect role in inhibiting cell death by maintaining the 

integrity of LCV, and an increased level of sdhA ensured protection of the Legionella 

replication niche. 

 

In uninfected THP-1 cells, upregulation of 16.3-fold was observed in CASP-1 

expression at 48 h, with no corresponding remarkable reduction in the number of 

viable cells. Accordingly, we did not identify a clear relationship between the pattern 

of cell death and the CASP-1 expression, possibly due to the decreased number of 

viable cells, particularly at 48 h, because this would have affected the RNA yields and 

quantified gene expression levels. Previous reports did not describe the expression 

pattern of flaA, vipD, sdhA, and sidF during L. pneumophila infection in A. castellanii. 
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In this study, we found that the expression patterns of these four genes differed 

somewhat from those in monocytes. 

 

 

5.1.2.2 L. pneumophila grown in A. castellanii presented different virulence gene 

expression patterns than that grown in THP-1 

 

The growth of L. pneumophila in A. castellanii led to the upregulation of flaA and 

vipD and the downregulation of sdhA at later time points. Bruggemann et al. (2006) 

demonstrated upregulation of flaA (lpg1340) from 4 to 11 h after infection during 

intracellular growth in Acanthamoeba (Bruggemann et al. 2006). The activation of 

flaA is known to promote cell death (Ren et al. 2006). Our findings show that the 

expression of flaA were highly induced during 24-48 h after infection during the 

intracellular growth phase of L. pneumophila in A. castellanii. The activated L. 

pneumophila flaA could be one trigger for cell death in Acanthamoeba, and there is an 

exponential increase of the proportion of dead cell from 24 h to 48 h after L. 

pneumophila infection. This increase in host cell death after replication facilitated the 

egress of Legionella and the further infection of new host cells.     

 

Although we observed a sharp increase in flaA expression during the first infection 

cycle, this expression decreased and then rebounded to a lower peak during the 

second cycle. This decrease in flaA corresponded to the invasion of new hosts and the 

multiplication of L. pneumophila and might have been attributable to the increased 
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frequency of encystation. Furthermore, the second infection cycle was slower than the 

first, which led to a subdued flaA response. Nevertheless, in infected A. castellanii, 

significant changes in flaA expression were observed at an early time point (24 h), 

corresponding to the time point at which the intracellular Legionella had multiplied to 

the point of release. Therefore, the Legionella genes responsible for the control of 

host cell death were better adapted to Legionella replication within A. castellanii than 

the THP-1 cells. Accordingly, Legionella species were better adapted to 

Acanthamoeba than to macrophages. 

 

Although vipD expression was downregulated during the first infection cycle, the 

expression levels exhibited an increasing from T12 to T48. Although the slow 

activation response is not fully understood, vipD may play a less important role than 

flaA in the regulation of Legionella growth within an Acanthamoeba host. In the 

second infection cycle, no obvious increase was observed in the intracellular L. 

pneumophila count, despite upregulated levels of vipD. During the second cycle, the 

proportion of Acanthamoeba cysts increased, and lysosomal proteases might have 

degraded cytosolic proteins and organelles within these cysts (Leitsch et al. 2010). 

Notably, because vipD is an inhibitor of lysosome fusion, its upregulation might have 

reduced the fusion of lysosomes with LCVs during encystation. The expression levels 

of sdhA varied slightly from 12 to 36 h, followed by a decrease at 48 h. sdhA is 

involved in the stabilization of LCV and protection from cell death. Accordingly, its 

downregulation destabilizes vacuoles, leading to cell death and the release of L. 

pneumophila from the host. 
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We observed an initial downregulation of MCASP-1 expression in Legionella–

infected A. castellanii, followed by increased expression over the course of infection. 

In a previous study, bacteria-infected amoebae grown at lower temperatures exhibited 

upregulated expression of MCASP-1 at 48 h compared with their uninfected 

counterparts (Ohno et al. 2008). The protozoan metacaspase has been shown to 

activate encystment (Saheb et al. 2013, Trzyna et al. 2008). Over the course of 

infection, we observed cysts in both uninfected and L. pneumophila–infected A. 

castellanii at various time points, but it should be noted that more cysts were observed 

in the latter group at 24 h and thereafter.                                                                  

 

5.1.2.3 Limitations of gene expression study  

 

We note that our study of Legionella gene expression is subject to several limitations. 

First, the number of viable host cells decreased at later time points. Although no host 

cell exhaustion was observed at late time points, a decrease in the number of viable 

host cells could affect the Legionella replication cycle, which might consequently 

affect gene expression. The second limitation concerns the growth of A. castellanii in 

PYG media at later time points. Although amoebas can grow in PYG medium, our 

study used an incubation temperature of 37°C, which was not optimal for amoeba 

multiplication. However, we note that Legionella could not grow in PYG medium, 

which lacked a growth supplement. Third, the Legionella burden (i.e., the number of 

intracellular bacteria) differed between the monocyte THP-1 cells and the A. 

castellanii. To overcome this discrepancy, we normalized the expression of the four 

target genes to that of the reference gene gyrB, thus minimizing the effects of 

variations in the bacterial burden on the quantification of gene expression. Fourth, the 
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accumulation of metabolic waste in the culture environment could have interfered 

with host viability; to minimize the background interference, uninfected cell controls 

were set up in the study. 

 

 

5.2 Host cell death after infection by L. pneumophila  

 

It has been widely recognized that bacteria can manipulate host cell death when 

grown in host cells during different phases (Ashida et al. 2011). Two different types 

of cell death—apoptosis and pyroptosis—were observed in the L. pneumophila–

infected hosts (Speir et al. 2014). Both caspase-3–associated apoptosis and caspase-1–

associated pyroptosis have been reported in L. pneumophila–infected macrophages 

(Miao et al. 2011, Zhu et al. 2013). However, it remains unknown whether apoptosis 

or pyroptosis were predominant in facilitating the release of L. pneumophila in THP-1 

cells. In this study, the production of active caspase-1 and caspase-3 proteins in THP-

1 cells was investigated during L. pneumophila infection. 

 

5.2.1 Cell death responses of THP-1 after infection by L. pneumophila  

 

Our results show that the L. pneumophila–infected THP-1 had a significantly higher 

percentage of cells that produced active caspase-1 than the uninfected THP-1 only 

during the late stage (T48) of infection. However, the microscopic visualization of 

cells positive for caspase-1 staining in L. pneumophila–infected THP-1 revealed less 

intensive green fluorescence than the caspase-1–positive cells in the uninfected group. 
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The gene expression study of CASP-1 also indicated that uninfected THP-1 showed 

greater upregulation of CASP-1 than infected THP-1 at every time point. Although L. 

pneumophila–infected THP-1 had a higher percentage of caspase-1–positive cells 

than uninfected THP-1 during the late stage, the production of caspase-1 in infected 

THP-1 was lower than that in the uninfected THP-1. The percentage of caspase-1–

positive cells in the infected group was significantly lower than that in the uninfected 

group at T24. According to the intracellular growth curve, a 0.4-log increase in L. 

pneumophila occurred from T24 to T36; it is possible that the L. pneumophila was 

ready to duplicate at T24 and suppressed cell death in THP-1. These findings also 

concurred with the downregulation of flaA and the upregulation of sdhA in L. 

pneumophila. L. pneumophila flaA was found to trigger caspase-1–associated 

pyroptosis to clear bacterial infection (Miao et al. 2010), and sdhA could prevent L. 

pneumophila in LCV from exposure to the macrophage proinflammatory response 

(Creasey and Isberg 2012). Although flaA was repressed when L. pneumophila was 

grown in THP-1, L. pneumophila had many other effectors, such as legK1, which was 

also found to be able to trigger the NFĸB signaling pathway to further promote the 

release and pyroptosis of inflammatory cytokines (Ge et al. 2009, Gomes et al. 2015). 

This could explain the higher percentage of caspase-1–positive cells in L. 

pneumophila–infected THP-1 during the late stage.  

 

This study showed that the percentages of infected and uninfected THP-1 cells that 

produced active caspase-3 were very low (less than 1.5%) at all time points compared 

with those that produced caspase-1. This finding generally complies with the gene 

expression patterns, in which the CASP-3 gene in the infected group was not activated 

at most time points studied but was only slightly upregulated at T36. CASP-3 gene 
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expression in the uninfected group was only slightly upregulated at most time points, 

except at T24, at which the gene was upregulated by 4.35-fold. This study of the 

production of active caspase-3 protein suggested that L. pneumophila infection could 

not trigger the activation of caspase-3. Although the activation of caspase-3 was 

reported in L. pneumophila–infected U937 macrophages (Molmeret et al. 2004), it 

was considered necessary to halt lysosomal degradation during LCV formation. Most 

importantly, Molmeret et al. (2004) showed that L. pneumophila had more than 1-log 

replication grown in U937 macrophages during the 24 h after infection. This study 

showed less than 1-log replication of THP-1 in L. pneumophila during the 48 h after 

infection, which might have been one reason why L. pneumophila was unable to 

trigger caspase-3 activation. The intracellular activation of caspase-3 might have 

depended on the bacterial dose. 

 

Although no significant difference was seen in the percentage of caspase-3–positive 

cells between the infected and uninfected groups, the difference in the percentage of 

active caspase-1–positive cells between the L. pneumophila–infected and uninfected 

THP-1 was also small (less than 2%) at all time points, which also suggested the weak 

impact of triggering caspase-1 activation in L. pneumophila–infected THP-1. From 

the gene expression study and PI staining of gfp-transfected L. pneumophila–infected 

THP-1, L. pneumophila showed the ability to inhibit THP-1 cell death. However, L. 

pneumophila was unable to replicate greatly in THP-1. As a result, the effect of L. 

pneumophila on THP-1 cell death also presented at a less discernible level. 
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This was the first combination study to compare the production of active caspase-1 

and caspase-3 in both L. pneumophila–infected and uninfected THP-1 at various time 

points after infection. The results show that both L. pneumophila–infected and 

uninfected THP-1 had higher percentages of active caspase-1–producing cells than 

active caspase-3–producing cells at all time points, suggesting less involvement of 

caspase-3–induced apoptosis in THP-1 death. The increased production of active 

caspase-1 in uninfected THP-1 might have resulted from the culturing of THP-1 in a 

nutrient-limited co-culture medium, which could have triggered the autophagy 

pathway, and the highly activated autophagy could have further triggered the active 

caspase-1–mediated pyroptosis (Byrne et al. 2013, Labbe and Saleh 2008). The results 

of this study are also supported by the results of a recent report by Speir’s group, who 

demonstrated that L. pneumophila infection in macrophages could not directly trigger 

apoptosis but that L. pneumophila could trigger pyroptosis, which could then further 

activate the apoptotic pathway (Speir et al. 2017). 

 

5.2.2 Cell death responses in A. castellanii after L. pneumophila infection 

 

PI staining was used to assess the extent of cell death in A. castellanii after L. 

pneumophila infection. In this study, it was observed that L. pneumophila–infected A. 

castellanii had significantly higher percentages of PI-permeable cells than uninfected 

A. castellanii from T12 to T48. The intracellular growth of L. pneumophila in A. 

castellanii also showed high duplication levels during the first 24 h of infection, and 

the rapid intracellular replication of L. pneumophila could trigger A. castellanii cell 

death to release L. pneumophila once intracellular replication is complete. 
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In contrast, a mild gap (~1%) was seen in the PI-permeable cells between L. 

pneumophila–infected and uninfected THP-1 from T0 to T36; the only exception was 

that the L. pneumophila–infected THP-1 had significantly (1.7%) more PI-permeable 

cells than the uninfected THP-1 at T48. The low gap in the cell death rate between L 

pneumophila–infected and uninfected THP-1 also reflected the low impact of L. 

pneumophila infection on THP-1 cell death, which could be due to its low growth 

level in THP-1. 

 

L. pneumophila flaA and vipD, which have been reported to induce cell death (Speir et 

al. 2014), were both downregulated in L. pneumophila–infected THP-1; however, 

both were upregulated in L. pneumophila–infected A. castellanii. Our gene expression 

study suggests that L. pneumophila infection could have triggered A. castellanii cell 

death but inhibited THP-1 cell death. This finding was further supported by the use of 

gfp-transfected L. pneumophila to infect THP-1 and A. castellanii at T48 before 

staining with PI. The results show that THP-1 cells with gfp (indicating the presence 

of L. pneumophila) could not be stained with PI, whereas PI-permeable THP-1 cells 

had no gfp, which suggests that L. pneumophila infection could prevent THP-1 death. 

In contrast, A. castellanii had both gfp-positive and PI-positive cells, which suggests 

that L. pneumophila infection could directly trigger A. castellanii cell death. This 

study showed that the intracellular-grown L. pneumophila activated A. castellanii cell 

death, which could further facilitate the lytic release of L. pneumophila. However, the 

nonlytic release of L. pneumophila from A. castellanii was also seen in this study. The 

upregulated gene encoding metacaspase and the increased cysts in L. pneumophila–

infected A. castellanii during the later hours, and the gfp-transfected L. pneumophila–

infected A. castellanii at T48 after staining with PI, also showed that the cells carried 
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only intensive green fluorescence without red fluorescence, which suggested the 

existence of nonlytic release. All evidence shows that both lytic and nonlytic release 

can be used by L. pneumophila to escape from A. castellanii. 

 

 

 

5.2.3 Difference between THP-1 and A. castellanii cell death 

 

Interestingly, differences in cell morphology were seen between cell death in the L. 

pneumophila–infected THP-1 and that in the infected A. castellanii cells. The dead L. 

pneumophila–infected A. castellanii cells showed cell shrinkage and fragmentation 

with a reduced cellular volume, which resembles apoptosis. Apoptosis was reported 

as programmed cell death with nuclear condensation and cell shrinkage (Ziegler and 

Groscurth 2004), but it is possible that L. pneumophila infection induced apoptosis-

like programmed cell death in A. castellanii. 

 

In contrast, it has been reported that both necrosis and pyroptosis result in abnormal 

cell morphology, such as cell swelling and dilated cell volume (Miao et al. 2011), 

both of which may facilitate the release of cytokines for further inflammatory 

response (Bergsbaken et al. 2009). The dead cells in both L. pneumophila–infected 

and uninfected THP-1 cells had a larger cell volume than viable cells, which 

resembles necrosis and pyroptosis. This may explain why both L. pneumophila–

infected and uninfected THP-1 cells showed increased production of caspase-1 
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between T0 and T48. It is possible that nutrient deprivation in the co-culture medium 

induced sufficient autophagy in THP-1 and further triggered active caspase-1 and 

pyroptosis in both L. pneumophila–infected and uninfected THP-1 cells. Meanwhile, 

L. pneumophila struggled to prevent THP-1 cell death for intracellular replication. 

The very low counts of L. pneumophila grown in THP-1 cells indicate that L. 

pneumophila was not successful in this battle. 

 

 

 

5.3 Dual transcriptome analysis of FACS-enriched gfp-transfected L. 

pneumophila–infected A. castellanii  

 

L. pneumophila has a wide range of hosts, from environmental amoeba to human 

macrophages (Al-Quadan et al. 2012). It has been widely reported that L. 

pneumophila released from amoeba are more transmissive to humans (Cirillo et al. 

1999); however, human-to-human L. pneumophila transmission has not been reported 

(Cunha et al. 2016). L. pneumophila could be more adaptive to environmental amoeba 

hosts, which has a selective effect on L. pneumophila virulence expression that 

ultimately enhances the pathogen’s invasiveness in human cells (Escoll et al. 2013). 

However, the underlying mechanisms are poorly understood. 

 

Transcriptome analysis of L. pneumophila grown in host cells can provide a 

comprehensive picture for bacteria and host interaction. Previous researchers have 
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also used L. pneumophila co-culture with various host cells, including Acanthamoeba 

and macrophages, to reveal the bacterial transcriptome profile (Bruggemann et al. 

2006, Faucher et al. 2011). This study was the first to use FACS-enriched gfp-

transfected L. pneumophila–infected A. castellanii for dual transcriptome analysis 

based on Illumina NGS reads. 

 

 

5.3.1 L. pneumophila protein synthesis, amino acid metabolism, and flagellar 

assembly were activated when grown in A. castellanii 

 

From DEG allocation of gfp-transfected L. pneumophila grown in A. castellanii 

compared with extracellular-grown gfp-transfected L. pneumophila, ribosomal 

biosynthesis, flagellar assembly, and amino acid metabolism were the three most 

significantly enriched pathways. Genes related to ribosomal biosynthesis, amino acid 

metabolism, and flagellum biosynthesis were also highly upregulated in L. 

pneumophila grown in A. castellanii, suggesting activation of L. pneumophila protein 

translation, metabolism, and flagellar assembly when grown in A. castellanii during 

the late phase. This finding agrees with the previous transcriptome profiles of L. 

pneumophila grown in A. castellanii (Bruggemann et al. 2006, Weissenmayer et al. 

2011) regarding the upregulated flagellar assembly and amino acid metabolism. 

Bruggemann et al. (2006) reported the enriched pathway of flagellar assembly, 

metabolism, and glycolysis. Weissenmayer et al. (2011) had findings similar to those 

reported by Bruggemann et al. (2006); however, neither transcriptome profile of 

intracellular L. pneumophila showed upregulation of ribosomal biosynthesis. The 
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difference could be that their results were generated based on a comparison of L. 

pneumophila between the transmissive phase and the replicative phase in A. 

castellanii co-culture. Our transcriptome profiles were generated based on a 

comparison of L. pneumophila grown in A. castellanii during the transmissive phase 

with extracellular L. pneumophila during the stationary phase, which aimed to reveal 

the differences between intracellular L. pneumophila and extracellular L. pneumophila. 

Upregulation of ribosomal biosynthesis was shown in our transcriptome profiles, 

possibly because intracellular L. pneumophila translated higher dosages of effector 

proteins than extracellular L. pneumophila.                   

  

In addition to amino acid metabolism and ribosomal and flagellar biosynthesis, L. 

pneumophila glycolysis was significantly enriched in this transcriptome profile, which 

suggests that significant sources of carbon and energy were produced by intracellular 

L. pneumophila (Price et al. 2014). L. pneumophila has been reported to use the 

Entner-Dondoroff pathway for glycolysis of exogenous glucose, and the L. 

pneumophila genes edd-glk-eda-ywtG form an operon involved in glucose 

metabolism (Harada et al. 2010). All four genes were also upregulated in this 

transcriptome profile. The finding is supported by Eisenreich and Heuner’s theory that 

L. pneumophila grown in Acanthamoeba became flagellated and metabolically 

dormant in the transmissive phase as compared with the exponential phase 

(Eisenreich and Heuner 2016). Our study further proves that L. pneumophila grown in 

A. castellanii became highly flagellated and metabolically active in the transmissive 

phase compared with the extracellular stationary phase. The release of L. 

pneumophila from A. castellanii has been reported to be more resistant and virulent 
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(Cirillo et al. 1994a, Molofsky and Swanson 2004), possibly because the L. 

pneumophila in A. castellanii are highly flagellated and metabolically active. 

 

This study revealed the activation of the amino acid metabolism in L. pneumophila 

grown in A. castellanii, and the L. pneumophila pvc genes involved in amino acid 

metabolism were also highly upregulated. Compared with the L. pneumophila 

transcriptome profiles reported by Faucher et al., pvcA and pvcB were both 

upregulated when L. pneumophila was grown in macrophages; however, bacterial 

genes related to glucose metabolism were not differentially expressed (Faucher et al. 

2011). This finding suggests that pvc genes involving the bacterial amino acid 

metabolism were activated in macrophages but that L. pneumophila could not activate 

glycolysis when grown in macrophages. However, pvcA and pvcB were not 

upregulated in the transcriptome data of Bruggemann et al. (2006) when comparing L. 

pneumophila grown in A. castellanii in the transmissive phase and in the replicative 

phase. The transcriptomic raw data of Weissenmayer et al. (2011) did not show 

upregulated pvc genes when the L. pneumophila grown in A. castellanii co-culture 

were compared with the extracellular-grown L. pneumophila during the post–

exponential growth phase. The difference could be that this transcriptome study was 

generated based on FACS-enriched L. pneumophila–infected A. castellanii; a more 

concentrated target population yielded different results. 
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5.3.2 A. castellanii protein synthesis and amino acid metabolism were repressed 

when infected with L. pneumophila 

 

No study of the transcriptomes of L. pneumophila–infected A. castellanii has been 

published. Our study explores the transcriptional response of the A. castellanii host 

against L. pneumophila infection. This transcriptomic profile revealed that the L. 

pneumophila–infected A. castellanii had downregulated pathways related to protein 

translation and amino acid metabolism as compared with uninfected A. castellanii. 

The comparison between A. castellanii cyst and trophozoite transcriptomes showed 

inhibited ribosomal activity and amino acid metabolism in the cyst, which was a 

suppressed state of A. castellanii (Moon et al. 2011b). An isotope-labeled amino acid 

metabolism study showed that A. castellanii amino acids were used mainly for 

intracellular L. pneumophila metabolism (Schunder et al. 2014). As a result, the 

suppression of the amino acid metabolism of A. castellanii could have been caused by 

L. pneumophila, which consumed amino acids from the A. castellanii host to support 

the intracellular growth of L. pneumophila. 

 

The microarray analysis of the amoeba Dictyostelium host’s transcriptional response 

to L. pneumophila infection showed that the genes involved in ribosomal proteins and 

the tricarboxylic acid cycle for energy production were also downregulated at 48 h 

after infection as compared with uninfected Dictyostelium (Farbrother et al. 2006), 

which agrees with our findings regarding the A. castellanii host’s response to L. 

pneumophila infection. The transcriptomic profiles of Dictyostelium and A. castellanii 

also differed after infection with L. pneumophila. This study also showed the 
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significantly but not most enriched pathway of cytoskeleton rearrangement in L. 

pneumophila–infected A. castellanii; however, the Dictyostelium genes related to 

cytoskeletal activity showed no change 48 h after infection with L. pneumophila 

(Farbrother et al. 2006). Amoeba cytoskeletal activity is related to bacterial uptake 

and delivery (Miki et al. 2000, Rivero 2008), and the enriched cytoskeleton 

rearrangement reflected its involvement in L. pneumophila delivery during the late 

phase when grown in A. castellanii. The A. castellanii genes involved in the 

tricarboxylic acid cycle were downregulated, which suggests that L. pneumophila–

infected A. castellanii could have entered a suppressed state with reduced 

consumption of carbon and energy sources. 

 

A previous transcriptome analysis of macrophages infected with L. pneumophila 

revealed upregulated inflammatory signaling and downregulated translation, 

proteolysis, and DNA damage repair (Price and Abu Kwaik 2014). The inflammatory 

pathway of L. pneumophila–infected A. castellanii differs from that of macrophages, 

but they share a similar response to L. pneumophila infection, including inhibited 

protein translation and amino acid catabolism. This study showed that genes that 

encode MCM8 and transposase involved in DNA damage repair were highly 

upregulated in L. pneumophila–infected A. castellanii as compared with uninfected A. 

castellanii. It is possible that L. pneumophila infection activated the A. castellanii 

pathway related to DNA damage repair for cell cycle arrest that further triggered 

apoptosis (Branzei and Foiani 2008), or that L. pneumophila caused a modification of 

the A. castellanii genome that triggered DNA damage repair. 
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5.3.3 Verification of both L. pneumophila and A. castellanii gene expression in 

FACS-enriched gfp-transfected L. pneumophila–infected A. castellanii 

 

This study used two-step RT-qPCR to verify the gene expression of both L. 

pneumophila and A. castellanii in FACS-enriched gfp-transfected L. pneumophila–

infected A. castellanii. L. pneumophila pvc genes were upregulated at both T24 and 

T48 when grown in A. castellanii but only at T48 in the extracellular-grown L. 

pneumophila. The intracellular L. pneumophila showed higher upregulation of pvc 

genes at T24 than at T48, indicating that the pvc genes could be more involved in the 

early stage of intracellular growth. Both fliA and flaA were highly upregulated in 

intracellular L. pneumophila at both T24 and T48, indicating the activation of flagellar 

assembly (Appelt and Heuner 2017) in L. pneumophila grown in A. castellanii at the 

end of each round of intracellular replication. 

L. pneumophila legK1, legK3, and sidI involved in the activation of the NFĸB 

pathway for the delay of cell death (Haenssler and Isberg 2011) were all 

downregulated when grown in A. castellanii in the late phase. The most 

downregulated L. pneumophila gene tnpA, which encoded transposase related to 

bacterial homologous recombination for DNA damage repair (De Palmenaer et al. 

2008), was also highly downregulated in RT-qPCR verification at both T24 and T48 

in L. pneumophila grown in A. castellanii. Although L. pneumophila tnpA is less 

studied, it has been shown that the removal of L. pneumophila tnpA can enhance the 

stability of the knockout of other genes in L. pneumophila (Wiater et al. 1994). This 

finding suggests that the inhibition of L. pneumophila tnpA by A. castellanii may be 
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due to maintenance of the modification of the L. pneumophila genome. Overall, the 

RT-qPCR verification results agree with those in the transcriptome profile. 

 

The DEG annotation of gfp-transfected L. pneumophila–infected A. castellanii 

transcriptome analysis revealed that the most upregulated A. castellanii genes 

encoded Ser/Thr phosphatase, Genes encoding ATPase and MCM8, were all 

upregulated in RT-qPCR verification of infected A. castellanii at T48 as compared 

with uninfected A. castellanii. Genes encoding Ser/Thr phosphatase and MCM8 

protein were especially highly upregulated in infected A. castellanii at T48. The DEG-

encoded Ser/Thr phosphatase was aligned to cell differentiation in KEGG pathway 

analysis, indicating that L. pneumophila triggered A. castellanii differentiation in the 

late phase. L. pneumophila could also trigger infected A. castellanii DNA repair 

pathway for cell cycle arrest–mediated apoptosis (Branzei and Foiani 2008) in the late 

phase by activating MCM8.                                                                       

The transcriptomic profile of gfp-transfected L. pneumophila–infected A. castellanii 

revealed that the host genes encoded ribosomal proteins related to translation and 

dephospho-coenzyme kinase (CoAK) involved in amino acid metabolism were mostly 

downregulated. The RT-qPCR verification revealed that the highly downregulated 

genes encoding ribosomal L35, CoAK, and ribosomal S4 in L. pneumophila–infected 

A. castellanii at T24; however, the three genes were only mildly downregulated at 

T48. A. castellanii infected with L. pneumophila at T48 showed a decrease in viable 

cells that may have further affected the RNA quality and led to the above results. The 

A. castellanii gene encoding IRSp53 involved in actin rearrangement was only 

upregulated at T48 in L. pneumophila–infected A. castellanii, indicating that the actin 
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rearrangement could be involved in bacterial delivery in the late phase (Miki et al. 

2000). The A. castellanii gene encoding ATPeV that facilitates lysosomal channel 

formation was downregulated at both T24 and T48 in L. pneumophila–infected A. 

castellanii, indicating the inhibition of the lysosomal pathway when L. pneumophila 

is grown in A. castellanii. L. pneumophila–infected A. castellanii gene encoded 

ATG12 (autophagy-related protein) was mildly downregulated at T24, but was mildly 

upregulated at T48 as compared with uninfected A. castellanii. This pattern was 

similar to the expression of the Dictyostelium gene encoded ATG8, which was mildly 

downregulated at T24 and showed no change at T48 when infected with L. 

pneumophila (Farbrother et al. 2006). Furthermore, A. castellanii autophagy-related 

proteins were reported to be involved in A. castellanii encystment (Moon et al. 2011a), 

and L. pneumophila grown in A. castellanii could trigger host encystment in the late 

stage by activating the host genes that encode autophagy-related proteins. Because the 

remianing RNA sample of FACS-enriched L. pneumophila-infected A. castellanii is 

insufficient for investigating more genes, the enriched RNAs need to be collected 

more in future to verify more genes expression that revealed by dual transcriptome 

profiling.                                             
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5.3.4 Growth assay of pvcA-knockout and pvcB-knockout L. pneumophila in 

different conditions 

 

Both pvcA and pvcB were highly upregulated in the intracellular L. pneumophila. This 

study generated pvcA-knockout and pvcB-knockout L. pneumophila, both of which 

showed lower growth in L-cysteine–limited BYE broth than wild-type L. 

pneumophila. KEGG analysis of the L. pneumophila transcriptome revealed that pvcA 

and pvcB were related to amino acid metabolism, including L-cysteine metabolism. 

The pvcA-knockout and pvcB-knockout L. pneumophila also showed an effect on 

bacterial replication when grown in an L-cysteine–limited environment, perhaps due 

to the decrease in L-cysteine assimilation when pvcAB is lacking. No study has yet 

revealed the functional role of L. pneumophila pvcAB. It has been shown that 

knockout of Legionella pvcAB affected the biofilm-forming ability of L. pneumophila 

in an iron-overloaded environment (Hindre et al. 2008). Our study showed that the 

activation of pvc genes co-occurred with the upregulation of flagellum activity, and L. 

pneumophila pvc activation might have been associated with the L. pneumophila 

flagellum activity that was reported to positively regulate L. pneumophila biofilm 

formation (Schulz et al. 2012). 

 

The intracellular growth assays of pvcA-knockout and pvcB-knockout L. pneumophila 

revealed that the two mutant strains showed no significant difference from the wild-

type L. pneumophila regarding intracellular growth in both A. castellanii and THP-1. 

The results agree with those of a previous study of L. pneumophila in which the 

pvcAB knockout also showed no impact on the intracellular growth of L. pneumophila 
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in macrophages and A. castellanii (Allard et al. 2006). We can still observe the 

difference between pvcA-knockout and pvcB-knockout L. pneumophila when grown 

in two different hosts. When grown in A. castellanii, L. pneumophila without pvcA 

had higher growth at T48 compared to pvcB-knockout strain. This could imply that L. 

pneumophila without pvcB was more affected for growth at late stage. However, 

pvcB-knockout L. pneumophila had higher replication in THP-1 compared to pvcA-

knockout L. pneumophila. This indicated that pvcA could be more important than 

pvcB in support of L. pneumophila intracellular growth in THP-1.       

 

However, the L. pneumophila strains released from A. castellanii that further infected 

THP-1 showed differences in growth between wild-type L. pneumophila and pvcA-

knockout and pvcB-knockout L. pneumophila. Both pvcA-knockout and pvcB-

knockout L. pneumophila presented significantly less growth than the wild-type L. 

pneumophila released from A. castellanii and grown in THP-1. Later the three L. 

pneumophila strains grown in BYE broth need to respectively compare with the 

bacteria released from A. castellanii to infect THP-1, which will provide a more 

integrated view.                   

 

During the past 40 years of exploration of L. pneumophila, researchers have attempted 

to determine how environmental host cells facilitate the evolution of this pathogen. 

Intracellular L. pneumophila has shown differentiation from the replicative form to a 

mature infection form (Garduño 2008). L. pneumophila in the mature infection form 

was reported to be metabolically dominant (Eisenreich and Heuner 2016), which 

could regulate the virulence of this pathogen (Oliva et al. 2018). L. pneumophila 
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released from A. castellanii possessed activated pvc genes that could play a regulative 

role in L. pneumophila virulence, which is crucial for its further infection of human 

cells. 

 

 

5.3.5 Advantages and limitations of this dual transcriptome study  

 

This study took the very first action of using FACS-enriched L. pneumophila–infected 

A. castellanii for RNA sequencing and performed dual transcriptome analysis, 

including both L. pneumophila and the host cell A. castellanii. First, the use of FACS 

to collect A. castellanii infected with gfp-transfected L. pneumophila could reduce the 

interference of extracellular bacteria in the co-culture. Second, the simultaneous 

transcriptional profiling of both pathogen and host provided a more integrated picture 

of the interaction between the pathogen and the host (Dillon et al. 2015). 

 

This study also had limitations. First, FACS was a high-voltage facilitated designation 

that might have damaged the FACS-enriched A. castellanii cells. Second, gfp-

transfected L. pneumophila showed lower replication in both extracellular and 

intracellular growth during the late phase, which could have reduced the quantity of 

RNA for sequencing. Third, it was difficult to efficiently remove both prokaryotic and 

eukaryotic ribosomal RNA during library preparation for dual transcriptional profiling 

(Avraham et al. 2016). These challenges must be overcome to improve the accuracy 

of dual transcriptome analysis.  
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5.4 Conclusions 

 

This study demonstrated that L. pneumophila was more adaptive to its environmental 

host A. castellanii than to human THP-1. One underlying reason could be that A. 

castellanii lacks an antimicrobial inflammatory response, such as pyroptosis. L. 

pneumophila showed greater replication in A. castellanii and induced more cell death 

in the infected A. castellanii via activation of the bacterial flaA and vipD effector 

proteins. Environmental A. castellanii can activate intracellular L. pneumophila pvc 

gene expression, which may play a regulative role in L. pneumophila virulence. This 

is important for further pathogenesis in macrophages. 

 

 

In summary, we demonstrated that the expression patterns of L. pneumophila genes 

involved in host cell death differed between THP-1 macrophages and A. castellanii 

hosts. Notably, in THP-1 cells, the genes involved in cell death were downregulated, 

whereas those involved in the suppression of cell death were upregulated, and the 

expression of the cell death–related genes CASP-1 and -3 was lower in L. 

pneumophila–infected vs. uninfected THP-1 cells. However, the opposite expression 

pattern was observed in A. castellanii with regard to L. pneumophila genes, and 

increased expression of the A. castellanii MCASP-1 gene from T12 to T48 was also 

observed in the L. pneumophila–infected group. Both L. pneumophila and A. 

castellanii are natural biofilm inhabitants, and our results demonstrate that the 

expression pattern of flaA, the Legionella gene responsible for inducing host death, is 

better adapted to the Legionella replication cycle within A. castellanii than to that 
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within the THP-1 macrophages. Therefore, Legionella is better adapted to A. 

castellanii and more readily induces cell death therein.    

 

L. pneumophila–infected THP-1 showed only very small differences from uninfected 

THP-1 in producing active caspase-1 and caspase-3. The percentages of dead cells in 

L. pneumophila–infected THP-1 and uninfected THP-1 showed a very mild gap. In 

contrast, L. pneumophila–infected A. castellanii had a higher proportion of dead cells 

than uninfected A. castellanii. Overall, L. pneumophila showed lower replication in 

THP-1, and L. pneumophila infection also showed little effect on THP-1 cell death. In 

contrast, L. pneumophila showed greater higher replication in A. castellanii, and 

bacterial infection triggered more cell death in the infected A. castellanii. 

 

The simultaneous transcriptional profiling of L. pneumophila–infected A. castellanii 

showed that intracellular-grown L. pneumophila activated ribosomal biosynthesis for 

protein synthesis and amino acid metabolism for carbon and energy assimilation. In 

contrast, L. pneumophila–infected A. castellanii showed inhibited ribosomal activity 

and amino acid metabolism. L. pneumophila grown in A. castellanii may have used 

most of the amino acid resources to support bacterial growth; however, the L. 

pneumophila–infected A. castellanii were in a suppressed state with low consumption 

of carbon and energy. 

 

L. pneumophila pvc genes that encode enzymes involved in amino acid metabolism 

were highly upregulated, which co-occurred with the involvement of upregulated L. 

pneumophila fliA and flaA in flagellar assembly when grown in A. castellanii. Both 
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pvcA-knockout and pvcB-knockout L. pneumophila released from A. castellanii 

showed lower replication in THP-1 than the wild-type L. pneumophila. L. 

pneumophila pvc genes were activated in A. castellanii, which could play a regulative 

role in L. pneumophila virulence that can further affect intracellular growth in human 

cells. 

 

 

5.5 Suggestions for future works 

 

This study used FACS-enriched gfp-transfected L. pneumophila-infected A. 

castellanii for transcriptional profiling and revealed highly upregulated pvc genes. L. 

pneumophila pvc genes encoded enzymes involved in amino acid metabolism in our 

DEGs allocation analysis; however, their functional roles in L. pneumophila grown in 

a host cell remain unknown. Although we proved that L. pneumophila pvc genes 

could regulate the pathogen virulence when grown in A. castellanii and further affect 

its pathogenesis in macrophages, the exact regulative role of pvc genes requires 

further exploration. Our DEG analysis of L. pneumophila grown in A. castellanii 

revealed the co-occurrence of upregulated pvc genes and flagellum-related genes, and 

a further study could investigate whether an association exists between the activation 

of pvc genes and the activation of flagellar assembly. Whether pvc genes that encode 

protein are Dot/Icm-associated effectors could be investigated via β–lactamase fusion 

translocation assay (Faucher et al. 2011). More biochemical and cellular studies 

should be performed to examine pvc gene cluster–encoded enzyme functions in L. 

pneumophila. 
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This study revealed that L. pneumophila showed lower replication in THP-1 and that 

L. pneumophila also showed little effect in inducing THP-1 cell death; however, L. 

pneumophila showed high replication in A. castellanii and triggered significant cell 

death in infected A. castellanii. A further study could use different MOIs to infect 

THP-1 and A. castellanii with L. pneumophila to investigate whether L. pneumophila–

infected host cell death is dependent on the bacterial dose. A further study could also 

compare the transcriptome of L. pneumophila–infected THP-1 and L. pneumophila–

infected A. castellanii during the transmissive phase to obtain a more integrated and 

comprehensive view of the manner in which the two hosts differentially manipulate 

and affect the virulence of L. pneumophila. 

 

As gfp-transfected L. pneumophila showed lower growth compared to wild-type L. 

pneumophila in both extracellular and intracellular growth. It is unknown whether the 

expressing of green fluorescence protein increase the metabolic burden for growth. 

Whether the low copy of plasmid pBC(gfp)Pmip caused the low growth of L. 

pneumophila under the supplement of chloramphenicol. As a result, it would be better 

to compare the growth between L. pneumophila with plasmid pBC(gfp)Pmip and L. 

pneumophila with the plasmid pBC-Pmip that without the fragment for expressing 

green fluorescence protein in future study. It has also introduced that the modification 

of pBC(gfp)Pmip on its promoter could increase copy numbers of the plasmid in L. 

pneumophila (Chen et al. 2006). Later it would be valuable to use the modified 

pBC(gfp)Pmip to transfect L. pneumophila and see if the bacterial number in both 
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extracellular and intracellular growth increase, which will greatly enhance the 

efficiency for collecting sufficient FACS-enriched A. castellanii infected with gfp-

transfected L. pneumophila.                                                                                                                                                                             
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Appendices  

 

Appendix 1 Culture media, buffers and reagents  

 

αBCYE growth supplement: 

ACES (N-(2-Acetamido)-2-aminoethanesulfonic acid)         10g 

KOH                                                                                        2g 

L-cysteine                                                                                0.4g 

Ferric pyrophosphate                                                                0.25g  

α-ketoglutarate                                                                           1g  

Dissolved in 200-mL distilled water, filter through 0.2μm membrane filter (filter 

sterilize); and then added into 800-mL CYE agar base (autoclave sterilized, and kept 

at 50°C) to a final 1-litre BCYE medium. 

 

GVPC selective supplement (for 1-litre BCYE medium) (Oxoid):  

Glycine (Ammonia free)                   3g 

Vancomycin hydrochloride              1mg 

Polymyxin B sulphate                     80,000 IU 

Cycloheximide                                 80 mg  

Dissolved in 10-mL sterilized distilled water, and then added into 1-litre BCYE 

medium.   
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BYE broth:  

ACES                        5g  

Yeast extract              5g   

Added with 400-mL distilled water, adjust pH to 6.9, autoclave; and then added with 

following supplements:  

2.5g Bovine Serum Albumin (BSA) dissolved in 50mL distilled water, filter sterilize; 

0.2g L-cysteine and 0.125g Ferric pyrophosphate dissolved in 50mL distilled water, 

filter sterilized;  

Added into cooled 400-mL autoclaved medium to a final 500-mL BYE broth.     

 

 

10% Glycerol solution (v/v) for electroporation:  

10mL Glycerol (Sigma, >99%)  

90mL Deionized water   

Mix, and filter sterilize.  
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PYG broth:  

Propeose Peptone (Peptone Water, Oxoid)                       18.48g  

Yeast Extract                                                                       0.92g    

Dissolved in 878-mL distilled water, adjust pH to 6.5, autoclave; and then added with 

following supplements: 

MgSO4 (0.4M, 9.9g in 100mL distilled water)                                    9.2mL 

CaCl2 (0.05M, 0.7g in 100mL distilled water)                                     7.4mL 

Sodium Citrate·2H2O (0.1M, 2.9g in 100mL distilled water)              31.4mL 

FeNH4(SO4)2·12H2O (0.005M, 0.2g in 100mL distilled water)           9.2mL 

Na2HPO4·12H2O (0.25M, 8.95g in 100mL distilled water)                  9.2mL 

KH2PO4 (0.25M, 3.4g in 100mL distilled water)                               9.2mL 

Glucose (2M, 36g in 100mL distilled water)                                     46.22mL 

Filter sterilize all the above 7 supplements together through 0.2μM membrane filter, 

and then added into the autoclaved 878-mL medium to a final 1-L PYG medium.  
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PAS buffer: 

NaCl                                  0.12g 

MgSO4·7H2O                  0.004g 

CaCl2·2H2O                     0.004g 

Na2HPO4                           0.142g 

KH2PO4                             0.136g 

Dissolved in 1-litre distilled water, adjust pH to 6.5, and then filter sterilize. 

 

 

20% Glycerol for bacterial freezer store:  

20mL Glycerol (Sigma, >99%) 

80mL BYE broth  

Mix, and filter sterilize  
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BYE broth with/without L-cysteine supplement:  

ACES                        5g  

Yeast extract              5g   

Added with 400-mL distilled water, adjust pH to 6.9, autoclave; and then added with 

following supplements:  

ACES (N-(2-Acetamido)-2-aminoethanesulfonic acid)         5g 

KOH                                                                                        1g 

L-cysteine                                                                                0.2g/0g 

Ferric pyrophosphate                                                                0.125g  

α-ketoglutarate                                                                           0.5g  

the above supplements dissolved in distilled water and filter sterilized, and 

subsequently added into cooled 400-mL autoclaved medium to a final 500-mL BYE 

broth.     
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Appendix 2 Sources of materials, reagents and equipment  

 

Reagents and supplements  

 

CYE agar base Oxoid, Basingstoke, UK 

αBCYE growth supplement                                  Oxoid, Basingstoke, UK 

GVPC selective supplement                                  Oxoid, Basingstoke, UK 

ACES (BioUltra, 99.5%)                                     Sigma-Aldrich, St. Louis, US 

L-Cysteine hydrochloride                                     Sigma-Aldrich, St. Louis, US 

Yeast Extract                                                                         Oxoid, Basingstoke, UK 

Iron(III) pyrophosphate (Ferric 

pyrophosphate)                     

Sigma-Aldrich, St. Louis, US 

Bovine Serum Albumin (A2058, for cell 

culture)                   

Sigma-Aldrich, St. Louis, US 

Peptone Water                                                                          Oxoid, Basingstoke, UK   

RPMI 1640 medium                                                 Gibco, Fisher Scientific, Pittsburg, US 

Fetal Bovine Serum (FBS)                                       Gibco, Fisher Scientific, Pittsburg, US 

Penicillin−Streptomycin (5,000 U/mL)                   Gibco, Fisher Scientific, Pittsburg, US 

PBS (Phosphate-buffered saline, 10×, pH 

7.4)         

Gibco, Fisher Scientific, Pittsburg, US 



220 
 

Trizol Reagent                                      Invitrogen, Thermo Fisher Scientific, 

Waltham, US 

Chloroform (C2432)                                                    Sigma-Aldrich, St. Louis, US 

Gentamicin sulfate salt                                               Sigma-Aldrich, St. Louis, US 

Chloramphenicol succinate sodium salt                       Sigma-Aldrich, St. Louis, US 

Lysozyme chloride (L2827)                                             Sigma-Aldrich, St. Louis, US 

Faststart Universal SYBR Green 

Mastermix                   

Roche, Basel, Switzerland 

TaqMan Universal Mastermix                                  Applied Biosystems, Foster City, US 

Ethanol (absolute, ≥99.8%)                                    Sigma-Aldrich, St. Louis, US 

Glycerol (G5516)                                                        Sigma-Aldrich, St. Louis, US 

Matrix for MALDI-TOF Mass 

Spectrometry                 

Bruker, Billerica, US 

CS&T Beads                                                            BD, New Jersey, US 

Accudrop Beads                                                        BD, New Jersey, US 

Propidium Iodide                                                 Abcam, San Francisco, USA    

PrimeTime Gene Expression Mastermix    Integrated DNA Technologies, 

Coralville, USA                        
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Consumables and Kits  

Syringe with needle (1-mL, 5-mL)                                        Terumo, Tokyo, Japan 

Centrifuge tube (1-mL, 5-mL) SPL LifeSciences, Pocheon, South 

Korea 

Culture plate (6-well, 48-well, 96-well)                  Corning, New York, US 

PureLink RNA mini Kit                       Invitrogen, Thermo Fisher Scientific, 

Waltham, US 

DNaseI (Amplification Grade, AMPD1-Kit)          Sigma-Aldrich, St. Louis, US 

RevertAid First Strand Kit                Fermentas, Thermo Fisher Scientific, 

Waltham, US 

QIAprep plasmid Miniprep kit Qiagen, Hilden, Germany 

96-well PCR plate                                   Eppendorf, Hamburg, Germany 

Gene Pulser Electroporation Cuvettes         Bio-Rad, Hercules, California, USA 

FastDigest KpnI                               Fermentas, Thermo Fisher Scientific, 

Waltham, US 

Caspase 1 (active) Staining Kit                     Abcam, San Francisco, USA 

Caspase 3 (active) Red Staining Kit              Abcam, San Francisco, USA        
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Equipment   

NanoDrop 2000 spectrophotometer                               Thermo Fisher Scientific  

ABI7500 real-time system                                              Applied Biosystems 

Veriti 96-well thermal cycler                                          Applied Biosystems  

DTX800 Multimode Microplate Reader                        Beckman Coulter  

Gene Pulser Electroporation apparatus                          Bio-Rad  

UV Box                                                                          Chromato-Vue  

MALDI-TOF Mass Spectrometry                                  Bruker 

FACSTM AriaIII                                                            Becton-Dickinson  

Eclipse Ti Inverted Microscope                                     Nikon 

Qubit 3.0 fluorometer                                                   Invitrogen  

LightCycler 480                                                            Roche  
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